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Particle Emissions Types 

 Those formed by combustion processes within engine 
(non-volatile) 
• small carbonaceous particles 

 Those formed by condensation of gases after exhaust 
leaves engine (volatile) 
• sulfur species 
• unburned and partially oxidized fuel, engine 

lubrication oil 
 
 
  pure volatile particles versus coated soot 



Research Interests 
 Particle property 

• Number 
• Size 
• Mass 
• Composition 

 Influencing factors of particle emissions 
• Engine power level 
• Aircraft/Engine type 
• Fuel composition 
• Ambient condition 

 Measurement system inter-comparison 
 Sample system – probe, line, heated/unheated 
 Particle evolution 



Aircraft Particle Emissions eXperiment (APEX) 
 April 16 – 30, 2004 at NASA DFRC, California 
 NASA DC8 aircraft with CFM56-2C1 engine 
 Sample at: 

• 1 m, 10 m (multi-probe stands), 30 m (single-probe stand) 
 3 fuels: 

• base JP-8, high sulfur (base fuel doped with C12H18S2), high aromatic 
 Test matrix: 

• Parametric: ground idle ~ 4%, 5.5%, 7%, 15%, 30%, 40%, 60%, 
65%, 70%, 85%, 100% (max 93%) 

• ICAO-defined LTO cycle 7, 30, 85, 100% (max 93%) 
 Measurement Team: 

• AEDC trailer – AEDC, NASA gas, UCR, PM 
• ARI truck – ARI 
• EPA – EPA, NASA particle 
• UMR trailer - UMR 

 Data & Report: http://particles.grc.nasa.gov 

http://particles.grc.nasa.gov/


1m multi-probe stand 30m single-probe stand 10m multi-probe stand 



Jet Emissions Testing for Speciation – APEX2 
(JETS - APEX2) 

 August 19 – 26, 2005 with Southwest airline at Oakland 
airport, California 

 Sample at 
• 1 m (2 multi-probe stands), 30, 50 m (single-probe stands) 
• upwind, downwind 
• Near runway & across bay 

• Test Matrix: 
• Ground idle ~ 4%, 7%, 30%, 40%, 65%, 85%, 7%, 85%, 65%, 

40%, 30%, ground idle 
 Measurement Team 

 ARI truck – ARI 
 AEDC trailer – AEDC, NASA gas, UCR 
 DoT Volpe Center 
 EPA trailer - EPA 
 UMR trailer – UMR, NASA particle 



Aircraft/Engine Combination 

 8/23/2005 (02:05 - 04:05) 
Southwest B737-7H4 (N435WN)/CFM56-7B22 
 

 8/23/2005 (23:44) - 8/24/2005 (02:00) 
Southwest B737-3H4 (N353SW)/CFM56-3B1 
 

 8/24/2005 (03:20 – 05:30) 
Southwest B737-3Q8 (N695WN)/CFM56-3B2 
 

 8/24/2005 (23:50) -8/25/2005 (02:15) 
Southwest B737-7H4 (N429WN)/CFM56-7B22 



1m multi-probe stands 30m multi-probe stand 

50m single-probe 



APEX3 

 October 26 – November 8, 2005 with 
Continental 
ExpressJet (Continental Express) 
FedEx 

at Cleveland Hopkins Airport 
 
 Sample at 

• small aircraft: 1 (multi-probe stand), 15, 30 m 
(single-probe stand) 

•  large aircraft: 1 (multi-probe stand), 30, 42 m 
(single-probe stand) 

• upwind, downwind 







Test Matrix 

• Ground Idle ~ 4% 
• Max Take-Off 
• Ground Idle ~ 4% 
• 7% 
• 15% 
• 30% 
• 45% 
• 65% 
• 85% 
• Max Take-Off 

Engine trust level: 
• Ground Idle ~ 4% 
• Max Take-Off 
• 85% 
• 65% 
• 45% 
• 30% 
• 15% 
• 7% 
• Ground Idle ~ 4% 

 



Measurement Team in ARI Truck 
 Aerodyne Research Inc. (ARI) 

• Aerosol mass spectrometer (AMS) – particle composition 
• Tunable Infrared Laser Differential Absorption Spectrometer 

(TILDAS: TDL, QCL) – CO, NO2, HONO, ethylene (C2H2), 
formaldehyde (HCHO), formic acid (HCOOH), nitric acid 
(HNO3) 

• Multi Angle absorption photometer MAAP – black carbon 
mass 

• CO2, NO analyzers 
• Condensation Particle Counter (CPC) – total particle number 
• Scanning Mobility Particle Sizer (SMPS) – particle number & 

size 

 Montana State University 
• Proton-Transfer Reaction Mass Spectrometer (PTR-MS) – 

various hydrocarbon species 



Measurement Team in EPA Trailer 

 Environmental Protection Agency (EPA) 
• Differential Mobility Analyzer (DMA) – particle size 
• Electrical Low-Pressure Impactor (ELPI)– particle number & size 
• Engine Exhaust Particle Sizer (EEPS) – particle number, size 
• Photoelectric Aerosol Sensor (PAS) – particle surface PAHs 
• Quartz Crystal Microbalance (QCM) – particle mass 
• Scanning Mobility Particle Sizer (SMPS) – particle number & size 
• Tapered Element Oscillating Microbalance (TEOM) – particle 

mass 
• Time-integrated samplers – particle mass, water soluable ions, 

elemental analysis, gas & particle phase organics 
• CO2 analyzer 



Measurement Team in NASA Truck 
 National Aeronautic and Space Administration (NASA) & 

United Technology Research Center (UTRC) 
• Conventional Gas Analyzer (CGA) – CO, CO2, NO, NOX, THC 
• Multi Gas Analyzer (MGA) – CO, CO2, NO, NO2, N2O, H2O, 

HONO, formaldehyde (HCHO), acetylene (C2H2), ethylene (C2H4), 
propylene (C3H6) 

• Particle Soot Absorption Photometer (PSAP) – soot mass 
• Scanning Mobility Particle Sizer (SMPS), heated and unheated – 

particle (non-volatile & volatile) number & size 
• Condensation Particle Counter (CPC), heated/unheated – total 

particle (non-volatile & volatile) number heated/unheated 
• Engine Exhaust Particle Sizer (EEPS), heated/unheated – particle 

(non-volatile, volatile) number & size 
• Multi Angle Absorption Photometer (MAAP) – particle mass 
• High Resolution Transmission Electro Microscopy (HRTEM) – 

particle morphology, physical nano structure 
• X-Ray Photoelectron Spectroscopy (XPS) – particle elemental 

composition, carbon oxidation state, complimentary carbon nano 
structure 



Measurement Team in UMR Trailer 

 UMR: University of Missouri-Rolla 
• Differential Mobility Spectrometer (DMS), heated/unheated 

– particle number & size 
• CPC – particle total number 
• DMA – particle size 
• CO2 analyzer 

 Arnold Engineering Development Center (AEDC) 
• Smoke Meter – smoke number 

 
Around Airport: Downstream & Upstream 

 

 Department of Transportation (DoT) Volpe 
Center/University of Central Florida (UCF) 

• Mini-vol samplers – particle mass (PM2.5), elemental 
composition & CO2 

• Anemometer 3-D sonic – wind speed & direction 



Industry Team 
GE 
PW 
RR 
Continental 
ExpressJet 
FedEx 
Cleveland airport 



Aircraft/Engine Combination 
 11/1/2005 (13:34 – 19:08) 

Continental B737-3T0 (#324/N14324)/CFM56-3B1 (#7945) 
 11/3/2005 (15:44 – 18:36) 

NASA Learjet 25 (NASA 616)/CJ610-8ATJ 
 11/3/2005 (22:31)– 11/4/2005 (00:44) 

ExpressJet ERJ145-XL (193/N1193)/AE3007-A1E(312846, 312825) 
 11/4/2005 (15:50 – 18:21) 

NASA Learjet 25 (NASA 616)/CJ610-8ATJ 
 11/5/2005 (13:43 – 18:23) 

FedEx A300B4-622R (#300/N729FD)/PW4168 (#7923) 
 11/5/2005 (21:22 – 23:03) 

Continental B757-324 (#853/N75853)/RB211-535E4B (31839) 
 11/6/2005 (20:25 – 22:28) 

Continental B757-324 (#856/N74856)/RB211-535E4B (31886) 
 11/7/2005 (00:34 – 02:11) 

ExpressJet ERJ145-ER (#927/N16927)/AE3007-A1P (31058) 
 11/7/2005 (16:15 – 17:35) 

Continental B737-3T0 (#330/N70330)/CFM56-3B1 



30m single-probe stand 

1m multi-probe stand 

43m single-probe stand 
(move to 15m for small aircraft) 
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737-300  CFM56-3C1 

67.8” 

62” dia 

~10” 51” 

~51” 

Core ~34” dia 
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B737-300 (#324)/CFM56-3 (#7945) 
11/1/2005 13:00 – 19:00 

Wind 

Temperature: 
45 – 50 oF 
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B737-300/CFM56-3 
11/6/2005 20:00 – 11/7/2005 03:00 

Wind 

Temperature: 
55 - 57 oF 
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757-300  RB211-533E4B 
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B757(#853)/RB211-535E4B(R#31839) 
11/5/2005 21:00 – 24:00 

Wind 

Temperature: 
61 - 64 oF 
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B757(#856)/RB211-535E4B(R#31886) 
ERJ145(#927)/AE3007-A1P(R#311058) 

11/6/2005 20:00 – 11/7/2005 03:00 

Wind 

Temperature: 
47 - 50 oF 



A300-600 PW4158 

95” 
113” 

∼90” dia 

36” dia 

38” 

72” 
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A300-600(#300)/PW4158(#7923) - 2 cycles 
11/5/2005 13:00 – 19:00 

Wind 

Temperature: 
63 - 66 oF 



130” 
145.5” 

70.5” 

72” 

~31” dia 

ERJ-145  AE3007A 

70.5” 





0 10 20
0

10

20

01020
0

10

20

N

S

W E

ERJ145XR (#193)/AE3007-A1E 
(1st: R#312846, 2nd: L#312825) 

11/3/2005 22:00 – 11/4/2005 03:00 

Wind 

Temperature: 
55 - 59 oF 
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Laerjet25/CJ610 
11/3/2005 15:00 – 19:00 

Wind 

Temperature: 
63 – 68 oF 
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Learjet25/CJ610 
11/4/2005 15:00 – 19:00 

Wind 

Temperature: 
62 - 65 oF 



Fuel Analysis 

Total Sulfur mass: 
below standard detection limit – 0.07% 
 

Total aromatic mass: 
14.5 % - 19.4% 

 



Modeling Efforts 
 Engine hot section 

• Flow field, chemical kinetics 
• Particle precursors 

 Sample system & plume 
• Flow field, chemical kinetics, microphysics 
• Soot, sulfate 
• Coagulation, nucleation, condensation 

 
 Streamline to 3-D CFD 
 Flow field, chemical kinetics, microphysics 

 



Sample System Studies 

 April 2006 at NASA Langley Research Center 
• Particle source: start cart 
• Sample probe 
• Sample line 

 July 2006 at NASA Langley Research Center 
• Particle source: acetylene torch 
• Instrument inter-comparison 
• Sample line 

 November 2006 
• Particle source: Learjet 23, tube furnace 
• Sample probe 
• Sample line 
• Instrument inter-comparison 



We fully recognize that we have not succeeded in 
answering all of your questions… Indeed, we feel 
we have not answered any of them completely. 
The answers we have found only serve to raise a 
whole new set of questions, which only lead to 
more problems, some of which we were not even 
aware were problems. To sum it all up… In some 
ways we are confused as ever, but we believe we 
are confused on a higher level, and about more 
important things. 

Posted on an office door at MIT  



We made significant progress in the past decade, 
especially in the past couple years 

 
 
Near future plan: 

Detail analysis of recently acquired data 
Sharing knowledge base 
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