Correlations of nonvolatile parficula’re matter mass and number
emissions and par’ricle size with smoke number determined for
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Background

Non-volatile PM (nvPM) emissions from
aircraft engines worsen airpori' air
quality and contribute to climate change

First aircraft engine nvPM emissions -

standard will be introduced in 2020 [1] SN30  SN10 SN 3 SN ~0.5

. SN samples of akCFM56-7B engine (Boeing 737 aircraft).
The nvPM standard will replace the SN=100(1-RS/RW), where R_and R is the stained and clean filter

standard based on exhaust smoke reflectance, respectively.
visibility — smoke number (SN; —figure)

Certification SN data are available for CFM International CFM56-7B

most in-service commercial je1' engines

. . CFM International CFM56-5B
Various methods approximate nvPM

mass emissions from certification SN for
the assessment of airport air quality

and global emissions [2-4] - the
recommended method is the First Order Pratt & Whitney PW4168

Approximation v3 (FOA3) [2]

We have developed correlations of nvPM
emissions and particle size with SN from
standardized emission measurements of Bocing 747
five types of widely used commercial

CFM International CFM56-5C

Boeing 767

Pratt & Whitney PW 4158

. ] ) Overview of the engine types tested in this study and their applica-
aircraft jet engines (ﬁﬁgure) tions. These engine types together power around 1/2 of the fleet.

NvPM mass and number concentrations . Particle size distribution parameters

% Max. thrust - ' J
nvPM_=0.033+0.0388SN "32; R2=0.945 . : % Max. thrust [T 0 T

- 0 20 40 60 80 100 0 20 40 60 80 100
T.6E+07 9 ;s nvPM_=10%+2.82x105SN%43; R2=0.87 GMD=9.4+12.418SN %37;R?=0.939

1.4E+Q7 q 4o= | - %0 ’ _ |  mixed-flow engine
208061 : (excluded from fit)

o)
o

1.2E+07 0B+ 00 0 05 10 15 20 25 30 X 1 GSD = 186 + 001 ~ 19

N
o
1

1.0E+07

8.0E+06

W
o
I

Engines (shape)
CFM56-7B #1
CFM56-7B #2
CFM56-5B #1

mixed-flow engine CFM56-5B #2

(excluded from fit) iwﬂ gg z;
Riatis: PW4158

CFM56-5C
0.0E+00 - - - - T R ]
25 30 35

i Rz
8
o Ao
f Engines (shape)

/ 30 CFM56-7B #1
BE %0 gp o - - CFM56-7B #2
TR CFM56-58 #1

- TFeEviy CFM56-5B #2
0] "V PW4168 #1

%0 05 10 15 20 25 30 PW4168 #2

PW4158

CFM56-5C

30 35

> .

6.0E+06

N
N
o

4.0E+06

crl)—l
S
~

(@)

E
c
9
-
©
=
C
®
o
c
O
(&)
n
n
®
S
=
ol
>
c

Geometric standard deviation

nvPM number concentration [#/cm 3]
Geometric mean diameter [nm]

—
N
| L

=\
o

-

—
o

o

Emission indices (emissions/ kg‘fuel burned)

Max. thrust% e Overall good correlation of all the parameters investigated with SN; especially mass-based
ERRCORNE0 6080 108 emissions and GMD correlate strongly with SN

Mixed-flow engines (exhaust dilution with bypass air upstream of the sampling location) are
outliers — the dilution ratio is unknown, but can be estimated from engine performance data

/[41 Peck et al. 2013 B NvPM mass concentrations as a function of SN agree well with the recommended FOA3 [2]

El__..=0.005+0.0013SN "*"° R?=0.992

mass

Up to a factor of ~3 lower nvPM mass concentrations and emission indices as a function of SN
than recently proposed updated correlations [3,4]
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Engines (shape) To estimate emissions from engines with ultra-low SN, we propose offsets in correlations, which
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A, CEMEG TR #0 may be significant for number -based emissions: the number concentration at SN ~0 reached
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o00s| i b mﬂgg z; These data will contribute to more accurate assessments of aircraft engine nvPM emissions;
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Methods

APC - AVL Particle Counter (nvPM number)
MSS - AVL Micro Soot Sensor (nvPM mass)
SMPS - Scanning Mobility Particle Sizer CAPS PMssa
DMA - Differential Mobility Analyzer

CPMA - Centrifugal Particle Mass Analyzer

CPC - Condensation Particle Counter

PAX - Photoacoustic Extinctionmeter

CAPS PMg4, - CAPS-based extinction and scattering monitor
EC/OC - sampling system for thermal-optical analysis

THC - total hydrocarbon monitor (FID)
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Engine in the test cell of SR Technics with the exhaust Raw gas and smoke number NvPM measurement system
sampling probe at the engine exhaust exit plane (left) measurement equipment and particle classifiers
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