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Motivation

 Aircraft exhaust is a unique anthropogenic source of soot inthe
upper troposphere and near airports

» Aircraft exhaust interacts with radiation and clouds

« Contrall cirrus is the largest aviation related net radiative effect
(Burkhardt & Karcher, 2011)

* Role of soot in ice nucleation is not yet completely understood
(Zhou & Penner, 2014)

« Metal containing particles are a dominant fractionof ice crystal
residuals (Cziczo et al., 2014)

 Air traffic increases ~5 % per year (ICAQO, 2013)

[Motivation|

ATOFMS

Campaigns Conclusions




Manuel Abegglen, Institute for Atmospheric and Climate Science

Zurich, June 16, 2016

PG - = e S :
‘r(:%'f' - 6 d . e S

The A-PRIDE Campaigns (Aviation Particle Regulatory
Instrumentation Demonstration Experiments)
* Took place at Zurich Airport in the SR Technics facilities

* Measurements during commercial test procedures using the
aircraft engine test cell

 Sampling and non-volatile particulate matter (nvPM)
measurements according to new aircraft engine nvPM
standard

* The system allows the connection of ancillary instruments for
the purpose of emission research

ATOFMS Conclusions
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Experimental Set-Up at the Zurich Airport

—» 160 °C PM li - . . ~ TN
-+ 60°C — — —“— — —| Ejector dilutor  |---= PM Instrumentation( [~ ATOFMS >
— unheated I

- —‘%D— — Spill

| ——— - Annex 16 instrumentation (gas)

j | Annex 16 line 4
Sample probe

Ancillary Annex 16 instruments

Engine
| Nafion dryer
SMPS
DMA + CPMA — CPC
ATOFMS: Aerosol Time-of-Flight Mass Spectrometer

ATOFMS Conclusions
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ATOFMS - Aerosol Time-of-Flight Mass Spectrometer

Aerosol In e S \—|

Ellipsoidal / (- /J
Mirrors Aerodynamic
iode- i Split Flow ] -
SI:::S‘L:;TSD&%ZS ‘;l:::) Turbo Pumps Part.lcle Sampling
(Sizing Lasers)\ ! Region (~2 Torr)
Split Flow ' Photo Multiplier . .
Turbo Pump !/@\ s Tubes (PMTs) Pl;zlg'ti'ocllle (E;Z(;ggTorr)
1 :
mmuwu\Posmve_l_opg ........ 1 Negative tons 1 | vias Spectromenry
T i -z Region (~10"® Torr)
I W }\W i
] AN ]
Reﬂe/ctron Flight Tube Microchannel Plate
Ion Detectors
Ultraviolet Laser (266 nm)  Source Plates

Model TSI 3800-030

(Desorption/Ionization Laser)
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ATOFMS - Aerosol Time-of-Flight Mass Spectrometer

The ATOFMS allows the simultaneous measurement of size and chemical
composition of single airborne particle

Chemical properties Mixing state
 Information on refractory (metals, EC)
and non-refractory material (e.g. Internally Externally
sulfate, organics) mixed mixed ®
« Chemical composition of individual “ ) O
particles ® o ©

« Mixing state " ‘ ‘
* Non-quantitative
Physical property

« Aerodynamic size

Motivation  Campaigns  |ATOFMS|  Conclusions
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ATOFMS Results from a Turbofan engine

Mass spectra
. Typical EC particle
» Typical EC pattern, &

C, peaks: (m/z = 12 PG Jeog, s
* n)

« Only few negative G
spectra were

2¢c + 120¢  +
recorded 6

=10
96c£+

Intensity

* The analyzed 180+
15

.
particles represent PChae h i

the fraction of the “Zu )MJM—LMM_M
largest exhaust 0O 20 40 60 80 100 120 140 160 180 200
particles m/z
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Identification of Major Average Particle Types

Turbofan 1 (9875 particles) Turbofan 2 (317 p.)
(3) Ca-Al-K-metal 2 %  (2) K-Na-Ca-EC 5 % (5) EC-S-K-metal 6 %
(3) EC-Na-metal 25 % V (4) Ca-metal-Na-EC 8 %

(2) metal-N 16 %

(1) EC-Na-metal 93 % (1) EC-S-metal 44 %
Mixed-Flow Turbofan (466 p.) Background (325 p.)
(5) metal 3 % (7)K-CN-N2% () EC-Ca-K-S 5 %

(1) EC-Na-metal 23 % (5) Ca-N-Na 6 %

.
(2) metal-S-EC 18 % 'I ,f
(4)Fe-N7 %

) (3) K-N-EC 7 %

i 0,
(4) metal-N 12 % (1) K-N-Na 54 %

(2) S-Fe-K 18 %

(3) EC-S-metal 44 %

Motivation Campaigns ATOFMS Conclusions
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3000 - *c;} -
© 12+
o i C i
< 2000
§ 40Ca+
o

1000 - 245+ PK* -

72A~+ +
0 | I_C6 |8407 |

0 10 20 30 40 50 60 70 80 90 100
m/z

* Clear EC pattern from fresh soot plus some metals: Silicon, Chromium, Iron
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Metal Detected in Exhaust Particles

* Determination of the particle fraction containing the
iIndividual metals

* Metals detected (abundance, max. value)

« >10 %: Sodium, Iron, Calcium and Chromium

1% — 10 %: Silicon, Aluminium, Cobalt, Copper, Molybdenum and
Magnesium

e <1%: Vanadium, Manganese, Nickel, Barium, Titanium and

Lead (and Zirconium)

Motivation  Campaigns  |ATOFMS|  Conclusions
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Results — Trace elements found in fuel and oill

* Inductively coupled plasma mass spectrometry results from jet fuel and
lubricant oil samples (EMPA)
* Quantitative results obtained with inductively coupled plasma mass

spectrometry
Most abundant elements in Jet A1 Fuel [ppmm] Most abundant elements in Mobile Jet Il Oil [ppmm]
V; 3.59
Al 3.08 Ca; 30.82
Ti; 6.01
Al;4.35
Pb; 1.98
Fe; 1.69 %321
Mg; 2.25
Cu; 0.96
Others; 4.91 V; 1.82 Others; 5.3

Motivation Campaigns ATOFMS Conclusions
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Thrust dependent occurrence of metals from fuel and oil

04 | * Ba, Naand Ca:

l.Barium probably decrease
0.35¢ MSodium - due to higher particle
CCalcium | 5 centration
0.3+ [ JLead -
* Na and Ca also
g°'25 ] ' show a decrease in
5 02l | relative peak area
© . :
o, |+ Pb: probably_ ste.ms
from contamination
01+ |+ of the fuel tank (only
tiny amount found in
0.05+ - .
. oil)
0 | —— |
3-7 % 21-65 % 85-120 %
Thrust [%]
Motivation Campaigns ATOFMS Results




Manuel Abegglen, Institute for Atmospheric and Climate Science ’ _ : ETH
Zurich, June 16, 2016 B e T Sk = "J.;\.; X B Eidgendssische Technische Hochschule Ziirich

Swiss Federal Institute of Technology Zurich

14

Thrust dependent occurrence of metals probably from
engine wear (used as alloys)

* Co: (not in fuel or oil)

0.25 T \
MiCobalt | » Fe (fuel and oil) and Cu
Bliron (Oi|)'
0.2 .c°ppe'.' I .
[-IChromium « Cu occurs always
o | |Aluminium :
o | together with Fe -
2 probably from engine
§ wear
L. 0.1 I
— « Conc. decreases
with increasing
0.05 .
thrust
0 | | |, * Cr(alsoin oil)
3-7% 21-65 % 85-120 % °

Thrust [%] Al (also in fuel and oil)
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Metals found in fuel, oil and used as alloys in aircraft engines

. | Vanadium
B Vanadium . -
Miron Ir(_)n. occurs mainly
0.2. DMonpdenum_ with copper >
L [Titanium probably from engine
c 015+ . wear
@]
3 Molybdenum: occurs
T : at highest thrust
Titanium: probably
005+ . underestimated
0 ! R I
21-65 % 85-120 %
Thrust [%]
Motivation Campaigns ATOFMS Results
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Summary and conclusions

* Measurements were conducted on individual, freshly emitted aircraft exhaust
particles considering the entire engine operating range

* First in-line measurements of chemical composition of single particles show

Motivation

Almost all particles showed EC pattern

All detected metals were internally mixed with soot

36% of the analyzed particles contained a metallic compound

Most metals are detected in more than one source (fuel, oil, engine wear)

Cobalt and Zirconium result only from engine wear

ATOFMS

Conclusions |
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Thank you for your attention!

Motivation Campaigns ATOFMS Conclusions




Manuel Abegglen, Institute for Atmospheric and Climate Science
Zurich, June 16, 2016

Acknowledgements:

This research was made possible by

Swiss Federal Office of Civil Aviation
US Federal Aviation Administration
Transport Canada

European Aviation Safety Agency

= Financial support

—

—

EMPA

SR Technics crew
Frithjof Siegerist =—  Technical assistance
Theo Rindlisbacher
Adrian Wichser

—

Motivation ATOFMS

Campaigns Conclusions




Manuel Abegglen, Institute for Atmospheric and Climate Science = _ : ETH

ZUriCh, June 16, 2016 - — ’__,,-'.‘ -' : i B ._ Eidgendssische Technische Hochschule Ziirich
: p s Swiss Federal Institute of Technology Zurich
19
Motivation
Health

« The emitted particles are ultrafine Particulate Matter (PM, ;, mean
diameter <100 nm)

« They are less likely to be removed from human respiratory system
and can even enter the blood stream (Terzano et al., 2010)

« Respiratory health problems occur near airports (Keuken et al., 2015)

« Soot can act as carrier for toxic substances (Janssen et al., 2012)

[Motivation _
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Measurements at the Zurich Airport

Campaign Date CPMA ATOFMS
A-PRIDE 4 November 2012 v —
Piggyback June 2013 v v
A-PRIDE 5 July/June 2013 v v
A-PRIDE 7 October 2014 — v
Piggyback May 2015 — v

B

Campaigns ATOFMS
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COz
""" trace heating 160° C / APC Li
trace heating 60° C 25 slpm 2 —
<§>‘ ‘@7_’ make-up flow
nitrogen (5.0) B : MSS
pressure cycione
control valve T heater f\ DMS500
- i I
‘ ejector diltiter \
t ‘ 16 slpm / THC HR-ToF-AMS
f Empa Annex 16 line 25 m <> - 2 N bypass
v P fiter cooler H CO, NOx, CO2 —% 1 pMA H cPpma H cre
sampling probe | I f s 41,-8%
o -
turbofan engine | o "S&rp co
M e APC MSS
<5 25 slpm /
diluter spill valve <€>— i —@——» make-up flow
nitrogen (5.0) \
APC - AVL Particle Counter Advanced LI
CPC - Condensation Particle Counter 16sipm __ PM1 cyclone { ——{DMS500
CPMA - Centrifugal Particle Mass Analyzer FC :
CToF-AMS - Compact Time-of-Flight Aerosol Mass /_ S MAAP
Spectrometer Missouri S&T Annex 16 make-up flow \_
DMA - Differential Mobility Analyzer = CToF-AMS
DMS - Differential Mobility Spectrometer S
HR-ToF-AMS - High-Resolution Time-of-Flight b bypass
Aerosol Mass Spectrometer - S — DMA tH CPMA H CPC
LIl - Laser Induced Incadescence LI1300 3 S
MAAP - Multi-Angle Absorption Photometer TR
MSS - Micro Soot Sensor g 2 Lobo et al., 2015
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Size Distribution

* Mean d increases

: c 108
with thrust O 1210 [ 1 — ] [
. . © — L 7 %ot
* Particle concentration E " cmemme s
Increases with thrust o % Bl | 1005 Torest
C [
* Except at low thrust 3 Q ¢ i
(@)
* Smaller than exhaust 32
particles emitted by S S, f
. . S < pipfhosna,,
diesel vehicles (e.g. é . ;gssss::::::::::§§§§§§§%§§meemm@mmu;,,,,,mm
Olfert et al., 2007) S 10 10

Electrical mobility diameter, d., [nm]
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AT ~7%Thust [ o d. (ATOFMS) was
o 50 —-30 % Thrust |: .
= 10 5% Thrust ©  converted into d
a 103? —~-85 % Thrust _
g 10 A SMPS Ao, ~100% Thrust? ® ...USING Shape
T 3 T E
2 131 N A N S N U I .. . . ...  factors calculated

1000 o from particle mass
E ATOFMS (Abegglen et al, 2015)
o]
(]
@ 500 +* = Only the largest
£ ‘ h particles could be
o

o | ] ....|I| ... analyzed
10 102 10°
Particle mobility diameter, dm [nm]
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Cluster 3 (1.8 %): Ca-Al-K-Fe-Na (Metal Type Particle)

* Metals appear in the
positive spectra

* Signature of EC/soot
still obvious

* EC mixed with mainly

Inorganic compounds:

* 2Na
o 2VA|
e 39K
e 40Ca
e S6Fp@

Peak Area

5000 - *“ca’ |
4000 - |
3000 275+
39
2000 - 24CZ .
1000 - 23Na+ 36+ 56Fe+ 7
12+ 03
0 [ | | |Il_l. | I --I L 1 1 |
0 10 20 30 40 50 60 70 80 90 100

m/z
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Results: Single particle spectra lll

Vanadium containing particle * Vanadium and
Vanadium oxide
30y+ D |« ironwas found in
= 10Ca* a vast majority (up
5 to 25 %) of the
£ particles
‘; 51v+ ]
£ . * The ATOFMS is
S vo* very sensitive to
= 12+ 2ac + Potassium
1 s 2 56|:e+
Na*
..7.....Lf.....‘.'—.JiL...['r.J......"l.........'.......‘
0 10 20 30 40 50 60 70 80 90 100
m/z
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Cluster 2 (4.5 %): K-Na-EC

* Very pronounced Potassium peak and Sodium with a weak 2C pattern

6000 - -
5000 - *K* -
o
é’ 4000 - .
4OC +
< 3000 - 2 -
8
2000 - 23+ “K* -
1000/ 12 I:j:; *c? _
0 o | | | | L m = L | | ]
0 10 20 30 40 50 60 70 80 90 100
m/z
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Results: EC/TC-ratio

1 * Determination of EC/TC
ratio according to
0.99 method by Ferge et al.
(2006) using relative
0.98 peak areas
O » Prior subtraction of
8 0.97 peaks from
Inorganic
0.96 compounds
 EC defined as m/z =
0.95 C.+n(n=1,2,3)
2L 30 65 85 100 120 « TC defined as rest
Engine Thrust :
* —>High EC content
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