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A Centrifugal Particle Mass Analyzer and modified Differential Mobility Spectrometer
were used to measure the mass and mobility of particulate matter emitted by CFM56-
5B4/2P, CFM56-7B26/3 and PW4000-100 gas turbine engine sources. The mass-mobility
exponent of the particulate matter from the CFM 56-5B4/2P engine ranged from 2.68 to 2.82,
while the effective particle densities varied from 600 to 1250 kg/m® depending on the static
engine thrust and sampling methodology used. The effective particle densities from the
CFM56-7B26/3 and PW4000-100 engines also fell within this range. The sample was
conditioned with or without a catalytic stripper and with or without dilution, which caused
the effective density to change, indicating the presence of condensed semi-volatile material
on the particles. Variability of the determined effective densities across different engine
thrusts, based on the scattering about the line of best fit, was lowest for the diluted samples
and highest for the undiluted sample without a catalytic stripper. This variability indicates
that the relative amount of semi-volatile material produced was engine thrust dependent. It
was found that the non-volatile PM effective particle density (in kg/m3) of the CFM56-
5B4/2P engine at relative thrusts below 30% could be approximated using the particle

mobility diameter (dmein m) with 11.92dme> 763



Nomenclature

dne =  particle mobility diameter

k =  mass-mobility pre-factor

m =  particle mass

n =  particle number concentration

Ux = uncertainty of parametar

C = mass-mobility scaling component
CMD =  count median diameter

Dm = mass-mobility exponent

M =  suspended particle mass concentration
P =  DMS classifier pressure

Qs = DMS classifier sample flow rate
Qsh = DMS classifier sheath flow rate
Te = DMS classifier temperature

peii =  effective particle density

. Introduction
AIRCRAFT gas turbine engine emissions can negatively impact the enenbriin2], the global climatg8-5]

and human health [6,7These emissions are expected to grow as revenue passenger mitesliatedpto increase
an average of 2.2% per year domestically in the United States and 4.2% mpimtereationally over the next 20
years [8] Therefore, accurate characterization is required for effective and potential feguiation.

Non-volatile particulate matter (PM) emissions at the turbine engine éxplame consist mainly of black
carbon (BC) aggregates [IBC aggregates are an example of mass-fractal aggregates which are exbropris
primary particles [10] where measurable features of the aggregatesladesl to desired properties such as the
number of primary particles per aggregate or the aggregate mass usinggwwaationships [1114]. One such
relationship involves the msamobility exponent D) which relates the particle mass)(to its mobility diameter

(dme) by:

m=C-d’x (1)



whereC is a scaling constant. McMurry et al. [15] extended this theorpndutby definiig the effective particle

density per) as:

Peff = =k-dpn® %)
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dme
wherek is the mass-mobility pre-factok<£6C/x). This equation is typically fitted to mass-mobility results of aerosol
samples extracted from combustion sources, such as flames [16]iemedl €hgines[1719], as these particles
usually exhibit fractal-like properties.

Mass-mobility relationships can be used to determine characteristics of partipleotogy [20] or to calculate
mass distributions from mobility size distributions [21,2fevious aerosol studies of gas turbine engine exhaust,
based on the measurement of particle mobility size distributions, haveeaksthahthe particles were solid spheres
that have unit density [228] or the bulk density of carbon (150900 kg/n¥) [29-31] to determine mass
distributions. These assumptions are questionable as the particles are expectedrtesfigerical and follow a
fractal-like relationship causing the effective density to be a funcfidheoparticle size. Therefore, knowledge of
the mass-mobility relationship or a known density function woulnicathese assumptions and could yield more
accurate results in predicting mass distributions and emissions.

Many studies have characterized aircraft exhaust in terms of PM numtssiamindices [32,33]PM mass
emission indices [34,35], gas phase emissions [36,37] or othmactéristics [38]; however, only a few studies have
determined the effective PM density. Onasch et al. [39], using the rskiporetween particle vacuum
aerodynamic diameter (measured using an Aerosol Mass Spectromd®),afvd mobility diameter (measured
using a Scanning Mobility Particle Sizer, SMPS), reported an average efféetigity of the soot produced by a
CFM56-2-C1 turbine engine at high throttle to be approximately 1000%kgirdones et al. [40] also inferred an
average effective density of 1000 kg/from a T700GE-700 helicopter engine at idle conditions, using gravimetric
filters to determine the total particle mass and the measured size distribution to caleutatal tharticle volume.
Timko et al. [9] determined the effective densities from a PW308 turbmieeensing two different methodologies.
The first method, like the previous studies, determined the average effearsitydising an AMS and SMPS. This
value was found to be between 710 k§tm840 kg/m depending on the type of fuel used and engine thrust. The

second method determined the average effective density from the total paaiclenmasured using a Multi-Angle



Absorption Photometer (MAAP) and the total particle volume measured usiB§IBS. This value was found to
range from 400 kg/fto 820 kg/m depending on the type of fuel used and engine thrust.

This paper describes the mass-mobility distributions of aircraft exhaust pantietesired using a Centrifugal
Particle Mass Analyzer (CPMA, Cambustion) and modified Differential Mot#jtgctrometer (MDMS, based on a
Cambustion DMS500) system. This system provides the size-resofeetivef densities oPM, allowing the non-
volatile particulate matter (nvPM) mass concentration to be calculated from the edeasorvolatile mobility size
distribution. Thus one mobility-sizing instrument, such as a SMPEM®, could potentially be used to measure
both the number and mass concentration measurements requireapbgqu future regulations [41] if the mass-
mobility relationship was determined for the given engine, its operatinditmns and sampling parameters.
Previous aircraft effective density studies, as described above, measurstasheveighted average effective
density and therefore did not account for the change in effetgiveity with particle mobility size when calculating
the nvPM mass concentration. Furthermore, this paper discusses the dffeatgple dilution, a catalytic stripper

(CS), engine type and thrust on the effective density functions.

[I. Experimental Setup

The SAMPLE IlIl.2 campaign was completed at the SR Technics gas turbine engine testihgda&irich
airport, Switzerland from April 23rd to May 4th 2012. The campaigs warried out by a collaboration of
international researchers and involved several simultaneous tests duriadt @ingine exhaust sampling. Three
days of dedicated testing of the CFM56-5B4/2P turbofan engine gvtherengine test conditions were set by the
researchers, were completed from April 28th to 30th 2012. The dedicatew ¢asts were complemented by
measurements during postaintenance runs of SR Technics customers’ engines CFM56-7B26/3 and PW4000-100.
The dedicated engine CFM56-5B4/2P has a dual annular combustor (DAC) desigloed N x emissions. Non-
volatile particulate matter emissions from this engine peak at around f3@ftxomum thrust before the combustor
staging point and with further thrust drop virtually to zero. The latter engine models (CFM56-7B26/3 and
PW4000-100) are equipped with traditional single annular combustafs) (@here the non-volatile PM emissions
increase monotonically with thrust [42JAlthough the SAC engines prevail in the current fleet, the newest low
emissions combustors with twin annular premixing swirlersKBAhave emissions characteristics very similar to

the DAC engines when the certification smoke number is taken as a surooghterfon-volatile PM [43]



A. Sampling air craft turbine engine exhaust

The experimental set-up used to collect, condition, and transport the aircriaii¢ texhaust to the measurement
systems is shown in Fig. 1. A table outlining the components, matanal dimensions of the sampling system is
shown in the online Supplemental Information. The sample was collectegl arsi8 mm ID single point probe
placed downstream of the engine exhaust nozzle. The horizontakdisththe exhaust plane to the sampling head
inlet was 1.055 m for the CFB6-5B4/2P, 0.695 m for the CFM56-7B26/3 and 1.735 m for the GO&4L.00
engine. The probe was traversable in the vertical plane, but was maintaingueatoaisly determined engine
specific vertical location. The sampling probe temperature was kept ab0W®using a35 mm ID coaxial probe
sleeve that forced hot exhaust flow around the 10 mm OD sampliagfithe probe. All components downstream
of the probe were maintained at the shown temperatures in Fig. 1alsatgcal heat tracing or heating bags to

avoid the condensation of semi-volatile material or water (Table S1).
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Fig. 1 Sampling system used to collect aircraft exhaust from the engine exit plane and transport it to the
measurement systems. The sampling system consisted of the following components: (A) Sample Praobe; (B)
Primary Sample Line; (S.1) Diluted Primary Line A; (U.1) Undiluted Primary Line; (F.1) Diluted Primary
Line B; (S.2) Primary Dilutor A; (F.2) Primary Dilutor B; (S.3) Diluted Sample Line A; (G.3) Short
Undiluted Sample Line; (A.3) Annex 16 Undiluted Sample Line; (F.3) Diluted Sample Line B; (S.4) BGI
Sharp-Cut Cyclone; (G.4) BGI Sharp-Cut Cyclone; (F.4) URG Stairmand Cyclone; (S.5) Diluted Secondary
LineA; (G.5) Short Undiluted Secondary Line; (F.5) Diluted Secondary Line B.

Particles were sampled at the end of four sampling lines as shown ifh. Fijwo sample lines were diluted
relatively near the sample probe (Diluted Lines A and B) and twoledmps were undiluted (the Short Undiluted
Line and the Annex 16 Undiluted Line). Diluted Lines A and B bdlitetl the sample with 5.0 nitrogen by a
10(£2):1 ratio using a Dekati DI-1000 eductor diluter and a nitrogateh (DH-1723, Dekati). These diluted lines

had the following differences; Diluted Line A had a 1 inch to 3/8 inch IBetlway splitter (S.1) and the main



sample line (S.3) was 25 m long with a 7.75 mm ID. Diluted Line Bama® mmiD three-way splitter (F.1) and the
main sample line (F.3) was 24.5 m long with an 8 mm ID. These diffesewere assumed to have negligible
impact on the sample conditioning imparted by the sampling linenvgenerating the results for this paper. The
Short Undiluted Line was used to measure the sample as close asepostile engine exhaust nozzle, while the
Annex 16 Undiluted Line was used to complete gas phase regutai@surements [44]. Both of these undiluted
lines only conditioned the sample through line heating at 160°C. Tdlddngth of the Annex 16 Undiluted Line
and Short Undiluted Line from the primary sample line (labelled as Bgnl) outlet were 25.34 m and 1.74 m
respectively (1.11 m and 24.71 m shorter than Diluted Line A respeagtivel
The placement of the aerosol characterization instruments on each sampledinthe CPMA-mDMS system

was used is shown in Fig. 2. A table outlining the characteristichesktinstruments is shown in the online
Supplemental Information. The CPMA-mDMS system measured the exhamsa f{CFM56-5B4/2P turbine engine
on April 29th and April 30th, a CFM56-7B26/3 turbine engine on Mag &nd a PW4000-100 turbine engine on
May 3rd. The arrangement of the instruments changed fromoddgy to test the effects of different sampling
parameters such as the sample line temperature and length on ltse Festher details about the sampling system

and the results comparing the sampling parameters are described myrCehydl. [45].
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Fig. 2 Aerosol instrumentation used for: (a) CFM56-5B4/2P turbine engine on April 29" 2012; (b) CFM 56-

5B4/2P turbine engine on April 30th 2012; (¢) CFM56-7B26/3 turbine engine on May 2@ 2012; (d) PW4000-
100 turbine engineon May 3rd 2012. The arrangement of the CPMA-mDM Srelativeto the AM S system (Fig.
2b) isshown in Fig. 3.
B. CPMA-mDM S system
The experimental configuration of the CPMA-mDMS system is shown inJFighis set-up was used rather
than a Differential Mobility Analyzer (DMA), CPMA and Condensation Particdei@er (CPC) system due to the
short sampling time allowed at each engine thrust point. The DMA-CPMASB®€m must scan the mass-space of
the mobility size selected particles to determine the average particle mass, whilBEM#eDMS system can
measure the real-time effective density at one mass setpoint [46]. The@fGPMA-DMS system is capable of
measuring an eight point effective density function in approximaleysame time as a DMA-CPMA-CPC system
measuring one point [46T he higher temporal resolution of the CPMA-mDMS system results liglalg higher
effective density uncertainty (9.5%-10.4%) compared to the one dbtiA-CPMA-CPC system (9.4%) [46]
Three-way valves A and B, shown in Fig. 3, were only usedipril 30th and allowed the CPMA-mDMS
system to sample from either Diluted Sample Line B or the AnBedridiluted Sample Line. To maintain system
flow balance, the line that was not being sampled by the CPMA-mDMi8raywas sampled by an Aerosol Mass
Spectrometer (AMS). For the other test days valves A and B were reraodethe CPMA sampling locations
indicated in Fig. 2 were connected directly to the inlet of three-way vali® @&st the effects of particle volatility,

three-way valve C allowed the sample to bypass the catalytic st(ipBien 7-49]. The catalytic stripper was heated

to 350C and consisted of two ceramic substrates: an oxidation catalyst andrarsilfu
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Fig. 3 Experimental set-up of the CPMA-mDMS system that was used to measure the mass-mobility of
individual aerosol particles where: CSis a catalytic stripper, Qs isthe DM S classifier sample flow rate, Qs is
the DM S classifier sheath flow rate, Tcisthe DM S classifier temperatureand P isthe DM S classifier pressure.

A radioactive neutralizer was used to bring the sample upstream ofPtiA @o a defined bipolar charge
distribution. The CPMA classifies charged particles by their mass-to charge 5@kiorhis is accomplished by
passing the sample between two concentric spinning cylindersapipligng a centrifugal force to the particles. A
voltage potential is also placed across the cylinders applying an electrostati fiivegarticles as well. Therefore
particles of a set mass-charge ratio induce an equal electrostatic and centrifugal force in oppositeodgend
pass through the classifier. By changing the voltage and speed appiedcylinders, the mase-charge setpoint
can be controlled. Uncharged particles can also pass through the CPMA ifetsgadier than the cut-off mass for
a given rotational speed [51].

A modified DMS500 (mDMS) was used to measure the mobility size distribafiche CPMA classified
particles. The DMS500 classifies particles by their electrical mobility near real time \&ithHz resolution, thus
measuring the transient mobility size distribution [52,53]. A voltagtemiial is placed between two concentric
cylinders and the path of the particles from the inside cylinder toutsde cylinder is only dependent on their
electrical mobility. Twenty-two electrometer rings are placed on the innexceuof the outer cylinder and measure
the current generated from these particles grounding their chargesaat.iy applying an inversion to these
measured currents the electrical mobility size spattf the particles is determined.

The DMS500 unipolar charger is a significant source of uncertaiatly,for particles in the range of 20-80 nm
(in the region where doubly-charged particles start to occur), and duerpiatogical sensitivity of the charging
process [54,55], compared with its classifier alone. Therefore the cheageatisabled and the mDMS was run as a
particle mobility classifier, relying on the pre-existing charge froenrtutralized and CPMA classified aerosol, in

an attempt to improve the sizing accuracy and remove most ofmtirphological dependence from the



measurement. As a result, the particles had lower charge states and thus lower etettiiiitizls and required a
longer residence time within the mDMS to be classified. This was achieveecbgading the mDMS sheath and
sample flow rates from 30 L/min to 20 L/min a@d/min to 1.5 L/min respectively compared to the standard DMS
These modifications limited the sizing range of the mDMS from 10 to &@ampared to the standard 5 to 1000
nm range. The inversion matrix applied to the mDMS assumed all particlesiwghe charged and generated 64
size-classes per decade compared to the standard DMS inversion whirdtepbd6 size-classes per decddwese
modifications allowed the CPMA to operate at higher resolutions at lowerssijgee to the lower sample flow
through the CPMA). In addition, the mDMS measurements were fatted by small uncharged particles that
passed through the CPMA, as these particles were not detected on the mDMS electragaeter rin

The mDMS measured the mobility size distribution of several different particleesnagsce the CPMA
classified the particles by their masseharge ratio and multiply-charged particles were present. Therefore the
results had to be corrected for this effect. The average shift dbis tmultiply-charged particle correction was less
than 5% in terms of effective density for all of the data herein. Thiea@n was accomplished by measuring the
aerosol size distribution independe#ti{#, using either an SMPS or DMS. The charge distribution of the
neutralized aerosol was calculated using the bipolar charging approximatiatioag developed by Wiedensohler
[56], then the theoretical CPMA and DMS transfer functions were applig¢digadistribution, determining the
theoretical DMS ring currents generated. The difference between the exp@iirand theoretical DMS ring
currents was minimized using three scaling factors. After minimization db&dn of DMS ring current generated
by multiply-charged particles was removed and the corrected currents werertegino determine the corrected
DMS mobility size distribution. This distribution was fitted with a lognormaiction and the fitted count median
diameter (CMD) was corrected with the size calibration curve shown in time Gupplemental Information. The
average shift due to this size calibration was less than 7% in termeadfwSffdensity for all of the data herein. By
combining the multiply-charge corrected and size calibrated CMD and PiMACmMassto-charge setpoint the
average effective density of that setpoint was determined. Further dethies ©PMA-mDMS setup, the multiple-
charge correction process and its experimental validation are describechbgrlehal. [46]. The uncertainty of the

CPMA-mDMS system was 3.0-3.4% in terms of mobility size and 9.8%0in terms of effective density

I For some cases the unclassified mobility size distribution wasipated from a distribution measured on a
different sample line by accounting for the different dilution ratios oreasusing gas analyzers and using a model
developed by Liscinsky and HollickT] to approximate the differences in the particle losses between the two lines.



depending on the particle mobility size [4Bhese uncertainties apply to all of the effective density results shown in

this paper.

I1l.  Resultsand discussion

The effective particle densities measured from the CFM56-5B4/2P turbiimee emgApril 29th and 30th at each
engine thrust point are shown in Fig. Hypical of combustion sources, the effective particle density decreased as
mobility size increased indicating the particles were fractal-like aggregates. Thettefoexperimental data were
fitted with the mass-mobility relationship for a fractal-like particle, as definefquation (2), using chi-squared
minimization. The quality of the fit was determined by the standard efritras defined by Figliola and Beasley

[57], which measures the deviation of the data from the line of best fit.
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Fig. 4 Effective particle density results from CFM56-5B4/2P turbine engine at (a) 9.5%; (b) 17.4%; (¢
21.7%; (d) 24.4%; (€) 30.9% maximum thrust (measured ambient test cell corrected static thrust).

Effective density functions that did not follow a fractal-like relationshgreanot fitted. This case occurred
where a maximum effective density appeared in the middle of the effelgisity function as shown in the Annex
16 Undiluted Line without a CS data in Fig. 4c, Fig. 4d and Fig. #e. @@ssible explanation for this peak is the
CPMA classified an externally mixed, or multiple species, sample of peffactive densities. The undiluted line
without a CS had the highest possibility of delivering a multi-specieplsariurthermore, the CPMA-mDMS
system did not have the resolution to resolve these different modes. The CPMdépevased using a lower
resolution of 3 or a normalized transfer function full width at half imarm of 1/3 to ensure the mDMS had
adequate signal. Therefore, the CPMA-mDMS system determined the average eefbectivle density of the

mixture, which could be dominated by one mode or another depeowlitie CPMA setpoint, thus generating the



effective density pealNarrow effective density functions were also not fitted with the mass-nmpoi@lationship,
as shown in Fig. 4e Diluted Line B with a CS. This effective densitgtim only consisted of a few data points,
due to insufficient mMDMS signal from low particle concentrations, and therdfdraot accurately represent the
mass-mobility relationship over the entire particle mobility size distribution.

The mass-mobility exponent varied between 2.68 and 2.82 foFMI56-5B4/2P engine thrusts and different
sample conditioning. A few mass-mobility exponents did fall outsigertinge. Fig. 4a Diluted Line B with a CS
depicts a mass-mobility exponent of 2.91. This high value wasedaby the data points with the two smallest
mobility sizes having lower effective particle densities than the rest ofutietion. If these data points are
considered outliers the remaining effective density function followé&addal-like relationship. A mass-mobility
exponent of 3.00 is also shown in Fig. 4e Annex 16 Undiluted Lineavil!s. The effective particle densities for
this engine thrust point and sample conditioning were approximatetactnThe exact particle compositions of
this particular mass-mobility relationship are still unknown and requiiteefr investigation.

The mass-mobility pre-factor was found to be highly sensitivegartass-mobility exponent. Disregarding the
two outlier cases, the mass-mobility exponent varied by a maximum %f & %s average value, while the mass-
mobility pre-factor varied by an order of magnitude, 3.57 to/33The mass-mobility pre-factor increased
exponentially as the mass-mobility exponent decreased. Due to this eepgtige change in effective density was
essentially described by the change in the mass-mobility exponent alone.

At the same particle mobility sizes across all engine thrust poiitiistine sample passing through the CS,
Diluted Line B had on average a 7&$m® lower effective density than the Annex 16 Undiluted Line. If trage
bypassed the CS, Diluted Line B had on average a 17C kgwar effective density than the Annex 16 Undiluted
Line. Similarly, sample that passed through the CS had on average kgi¥4ower effective density than the
sample that bypassed the CS from Diluted Line B and ak#ys6® lower effective density from the Annex 16
Undiluted Line. These shifts in the effective density functions indicat@risence of semi-volatile material within
the sample. As expected the shift with and without a CS was smalter dileited line than the undiluted line, as the
dilution lowered the semi-volatile material partial vapor pressure in the linengnakess likely for semi-volatile
material to condense. The presence of semi-volatile material in aircraft exhabsehasbserved in other studies,

such as Anderson et al. [58] and Peck et al. [28]. Therefor¢hdoconditions described above sufficient sample



dilution and to a smaller extent a volatile component remover, such aticasadipper, volatile particle remover
(VPR) or thermodenuder, should be used to characterize the non-voldtdalate matter.

Semi-volatile material usually has a lower bulk density than non-volatile mgesgalmed to be black carbon),
approximately 900 kg/tnvs. 1800 kg/i[59] respectively. Nonetheless, as the fraction of semi-volatile material
increases the effective particle density will also increase due to the branchedasggrature of a soot particle,
where the semi-volatile material fills in the voids around the primarypaotitles, thus increasing the particle mass
significantly, while only causing a small increase in the particle moldigyneter. This theory is supported by the
values above as the measured effective density, at the same mobiliip@ieased under conditions where more

semi-volatile material was likely present.
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Fig. 5 Effective density functions for different engines at different thrust levels, where the solid lines indicate
the limits of the standard error of fit, measured from: (a) Annex 16 Undiluted Line with a CS; (b) Annex 16
Undiluted Linewithout a CS; (c) Diluted Line B with a CS; (d) Diluted Line B without a CS.

The variations in effective density functions due to engine thrugtafch sample conditioning are shown in Fig.
5. The color of each data point corresponds to the engine thrustNéuey. of the cases show that the effective
particle density increased as engine thrust increased. However, Fig. Satédkstnother trend that the effective
density initially increased as engine thrust increased, then dedreachigher engine thrust. Timko et al. [9] found
that the average effective density, measured using an AMS and SMPS, insliggglgdas engine thrust increased.
However using a MAAP and SMPS, which measures a different definitioneaftigff density than the AMS and
SMPS, Timko et al. [9] found that this average effective density initiallseased as engine thrust increased then
decreased at higher engine thrust. The CPMA-mDMS results can be comgaireiTimko’s second measurement
of effective density as both methods are based on particle mass and mabitigyed. Using the MAAP and SMPS,
Timko et al. [9] measured a mass-weighted average effective dendi®@ ddg/ni to 820 kg/m, which falls within
the range of the size-resolved effective densities measured by the CENWS-raystem of approximately 600
kg/m? to 1250 kg/m

To determine the change in effective density due to engine thaisicgount for the effective density being a
function of particle mobility size, the standard error of fit was detexdchifor each sampling condition. With and
without the CS the samples from Diluted Line B had standard erfditsod 55 kg/m® and 53kg/m?® respectively
while with and without the CS the samples from the Annex Idilubed Line had standard errors of fit @® kg/m?
and102 kg/n¥ respectively. Therefore, engine thrust had the smallest effect alilutes line (Fig. 5¢ and Fig. 5d
and the largest effect on the undiluted line without a CS (Fig. 5b) as depictbe spread of the effective density
in each plot at common mobility sizes. These trends indicate greater variabéitiective particle density for the
undiluted lines and that this is likely linked to the different partitiomihthe semi-volatile content in the two lines.

Fig. 5b also shows the effective densities from three differebinkiengines: CFM56-5B4/2P, CFM56-7B26
and PW4000-100. At low thrust, the effective densities of PM pratibgehese two other engines were similar to
the CFM56-5B4/2P engine results.

Fig. 6 shows all of the results from the diluted line with a CS on#®M effective densities measured across all
of the CFM56-5B4/2P engine thrust points. The shaded region simoig. 6 outlines the standard error of the

mass-mobility fit, as described previously, and was determined to bekg/68. Therefore, due to the small



variation in nvPM effective density from engine thrust, the nvPM #¥feciensity function for the CFM56-5B4/2P

engine at relative thrust levels below 30% can be approximated by:
Dot =11.92.d27573 + 55 (3)

wheredme is in m andper is in kg/n?.
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Fig. 6 Average non-volatile effective particle density, measured on Diluted Line B with a CS, from a CFM 56-
5B4/2P turbine engine across all measured thrust points and compared against previous studies of diesel
engine soot.

For comparison Fig. 6 also shows effective density data (and fite offatia) from two diesel engines [17,19] at
operating conditions that produce little volatile material, and thus, shouldvgacable to the non-volatile effective
density of the turbine soot. The mass-mobility exponent dd 2o¥ the turbine soot is higher than previously
measured values from PM produced by a diesel engine. Park[&8Jameasured a diesel engine mass-mobility
exponent of 2.32, while Olfert et al. [19], at low diesel engine load paimeasured mass-mobility exponents of
2.22 to 2.48. A typical mass-mobility exponent for fractal agafesgis approximately 2.2 [14], however Ghazi et
al. [60] have shown that the mass-mobility exponent can be highee firimary particle size increases with the
aggregate mobility size. Transmission electron microscopy images coltkaied the SAMPLEIII.2 campaign

have shown that the primary particle size of aircraft turbine engine PM idoesase with the project-area



equivalent diameter [61], which is directly proportional to the particlilityp diameter [62]. This effect could
explain why the mass-mobility exponent of aircraft turbine engine iBMigher than diesel engine PM.
Furthermore, the effective density of the aircraft PM tends to be lovesr the diesel PM. As shown by
Eggersdorfer et al. [63], a smaller primary particle size will result in a leffective density for a given aggregate
mobility. The primary particle size of the aircraft turbine engine PM (613D nm for the aggregate sizes measured
here [59]) is generally smaller than typical diesel engine PM (20-40 rijn [18

The measured effective density functions can be used to calculate thadadparticle mass distribution if the
particle mobility size-distribution is known or measured using a DMSMPS, for examplePrevious studies with
diesel engine soot have shown that the DMS is capable of measuringonasstrations with a known density
function [64]. These measurements are expected to be within 37.5%tafehalue for a 95% confidence interval,
determined by propagating the DMS particle mobiligirgy uncertainty of 1% [55] and DMS particle number
counting uncertainty without dilution of 20 [55] with the CPMA-mDMS system upper limit effective density
uncertainty of 10.% [46].5%%%% Similarly, an SMPS is expected to measure the suspended particle mass
concentration within 17.0% of the true value for a 95% confidence aitefihis was determined by propagating
the CPC counting uncertainty of 10% [65] with the DMA particle mob#ie uncertainty of 3% [66] and the

CPMA-mDMS system upper limit effective density uncertainty of 10[464.

IV. Conclusion

A CPMA-mDMS system was used to measure the size-resolved effective ddraityraft particle matter. The
mass-mobility exponent was found to be between 2.68 and 2.8arfging CFM56-5B4/2P engine thrust points,
with only two exceptions. Effective density functions that displaggzbak in the middle were not fitted with the
mass-mobility relationship. This peak was thought to be caused byRNRA &lassifying multiple species of

varying particle effective densities. The shift in effective density wiitth without a CS of 44.4 kgPon the diluted

N
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line and 156kg/m® on the undiluted line indicates the presence of condensed semi-volatile matelda. thrust
points, the effective particle densities from CFM56-782#61d PW4000-100 engines were similar to the CFM56-
5B4/2P engine. The change in effective density due to engine traadound to be the smallest on the diluted line
and largest on the undiluted line. This variability in effective particle dewsityd be caused by higher semi-
volatile content aerosol in the undiluted samples. The overall small deviatioe nvPM effective density from the
CFM56-5B4/2P engine at low thrust allowed it be approximated using amudsbty pre-factor of 11.92 and

exponent of 2.76, with a standard error of fit of 55 kKg/m
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