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Foreword 
 
 

Aerosols have environmental effects ranging from degradation of local to regional visibility, 
contamination of lakes and ecosystems, damage in agricultural production, increased human mortality, 
and global climate change. Unfortunately, one of the least understood of the possible environmental 
effects from aircraft emissions is that of particles, both those emitted directly, which are mostly composed 
of soot, heavy hydrocarbons, and trace metals, and those resulting from emitted particle precursors such 
as water vapor, sulfur oxides, nitrogen oxides, and hydrocarbons. 

The Aviation Particle Emissions Workshop was held November 18 to 19, 2003, at Cleveland, Ohio. It 
was sponsored by the Ultra-Efficient Engine Technology (UEET) Project under the Vehicle Systems 
Program (VSP) of the National Aeronautic and Space Administration (NASA). The workshop was 
organized with the objective of building a comprehensive research roadmap to strengthen partnership 
between U.S. stakeholders and research entities in understanding aviation particulate emissions. 

Participants came from a broad spectrum of government agencies, aviation industries, and scientific 
and technical research communities. The workshop started with presentations of perspectives from the 
Federal Aviation Administration, the Environmental Protection Agency, NASA, and airports. It was 
followed by five interactive technical sessions: sampling methodology, measurement methodology, 
particle modeling, database, inventory and test venue, and air quality. Summaries of five sessions were 
presented by the session chairs to conclude the workshop. 

This workshop achieved its objective of providing a sound foundation of the particulate research 
roadmap and a forum for discussions among all stakeholders and researchers. 

 
 

Chowen Chou Wey 
NASA Glenn Research Center 
Cleveland, Ohio 



 



NASA/CP—2004-213398 v

Contents 
 
Foreword......................................................................................................................................................iii 
Conference Agenda.....................................................................................................................................vii 
 

I. Opening Sessions 
PM2.5 National Ambient Air Quality Standards 

Bryan Manning, Environmental Protection Agency, Office of Transportation and Air Quality ........... 1 
 

FAA Perspective on Particulate Matter Issues 
Lourdes Q. Maurice, Chief Scientific and Technical Advisor, Federal Aviation 
Administration, and Julie Draper, Emissions Division, Office of Environment and Energy, 
Federal Aviation Administration.......................................................................................................... 25 

 

II. Sampling Methodology Session 
Sampling Methodology—Current Understanding and Issues 

Robert Howard Aerospace Testing Alliance, Arnold Air Force Base, TN .......................................... 51 
Factors to Consider in Designing Aerosol Inlet Systems for Engine Exhaust Plume Sampling  

Bruce Anderson, Atmospheric Sciences, NASA Langley Research Center ........................................ 75 
 

III. Measurement Methodology Session  
Measurement Methodologies Nonvolatile Aerosols  

Phil Whitefield, Director UMRCOE .................................................................................................... 93 
Particle Measurement Methodology  

Douglas Worsnop, Aerodyne Research.............................................................................................. 117 
 

IV. Particle Modeling Session 
Particle Modeling—Current Understanding and Issues: Post Combustor Particle Processes 

R.C. Miake-Lye, Aerodyne Research, Inc. ........................................................................................ 149 
Carbonaceous Particulates From Combustors 

Med Colket and Dave Liscinsky, United Technologies Research Center.......................................... 159 
 

V. Database Inventory and Test Venues Session 
Database and Inventory—Current Understanding and Issues 

Steven L. Baughcum, Boeing Company ............................................................................................ 177 
Aviation-Related Particulate Matter Databases and Test Venues 

Gregg G. Fleming and Roger L. Wayson, Volpe Center Air Quality Facility, Environmental 
Measurement and Modeling Division; and Julie Draper, Federal Aviation Administration.............. 195 

 

VI. Local Air Quality, Modeling, and Measurements Session 
Effects of Particles From Airports on Air Quality: Issues and Uncertainties 

Don Wuebbles, Department of Atmospheric Sciences, University of Illinois, Urbana, IL................ 209 
Local Air Quality: Connecting the Dots 

Presenter: Wayne Miller, University of California, Riverside, Bourns College of Engineering, 
Center for Environmental Research and Technology......................................................................... 241 
 

VII. Summary Presentations 
Session 1: Sampling Methodology: Current Understanding and Issues—Discussion Summary ............. 271 
Session 2: Measurement Methodology Report.......................................................................................... 277 
Session 3: Particle Modeling—Current Understanding and Issues ......................................................... 279 
Session 4: Database, Inventory, and Test Venue Summary Report .......................................................... 281 
Session 5: Effects of Particles From Airports on Air Quality: Session Summary .................................... 283 

Participant List .......................................................................................................................................... 291 



 



Aviation Particle Emissions Workshop
November 18 and 19, 2003

Time Topic Speaker/Chair

8:00–8:05 a.m. Welcome

8:05–8:35 a.m. EPA Perspective Bryan Manning, EPA

8:35–9:05 a.m. FAA Perspective Julie Draper, FAA

9:05–9:35 a.m. Airport Perspective Ian Redhead, ACI-NA

9:35–10:05 a.m. NASA Perspective Joe Shaw, NASA 

10:05–10:20 a.m. Objective and Expected Outcomes Chowen Chou Wey, NASA

10:50 a.m.–
Sampling Methodology—Current Understanding and 
Issues

Robert Howard, AEDC, and 
Bruce Anderson, NASA

–12:20 p.m. Discussion

1:20 p.m.– 
Measurement Methodology—Current Understanding 
and Issues

Phil Whitefield, UMR, and 
Doug Worsnop, ARI

–2:50 p.m. Discussion

3:20 p.m.– Particle Modeling—Current Understanding and Issues
Rick Miake-Lye, ARI, and     
Med Colket, UTRC

–4:50 p.m. Discussion

Adjourn

Break

Lunch Break

Break

Tuesday, November 18, 2003
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Time Min. Topic Speaker/Chair

8:30 a.m.– 
Database, Inventory, and Test Venues—Current 
Understanding and Issues

Steve Baughcum, Boeing, and 
Gregg Flemming, DoT

–10:00 a.m. Discussion

10:30 a.m.– 
Local Air Quality, Modeling, and 
Measurements—Current Understanding and Issues

Don Wuebbles, UIUrbana, and 
Wayne Miller, UCRiverside

–12:00 p.m. Discussion

1:30–1:45 p.m. Report of Session 1 Conclusion
Robert Howard, AEDC, and 
Bruce Anderson, NASA

1:45–2:00 p.m. Report of Session 2 Conclusion
Phil Whitefield, UMR, and 
Doug Worsnop, ARI

2:00–2:15 p.m. Report of Session 3 Conclusion
Rick Miake-Lye, ARI, and     
Med Colket, UTRC

2:15–2:30 p.m. Report of Session 4 Conclusion
Steve Baughcum, Boeing, and 
Gregg Flemming, DoT

2:30–2:45 p.m. Report of Session 5 Conclusion
Don Wuebbles, UIUrbana, and 
Wayne Miller, UCRiverside

2:45–3:30 p.m. Recommendations and Next Step

Adjourn

Break

Lunch Break

Wednesday, November 19, 2003

NASA/CP—2004-213398 viii



P
M

2.
5

N
at

io
n

al
 A

m
b

ie
n

t 
A

ir
 Q

u
al

it
y 

S
ta

n
d

ar
d

s

N
A

S
A

 A
vi

at
io

n
 P

ar
ti

cl
e 

E
m

is
si

o
n

s 
W

o
rk

sh
o

p
N

ov
em

be
r 

18
-1

9,
 2

00
3

B
ry

an
 M

an
ni

ng

NASA/CP—2004-213398 1



O
ve

rv
ie

w

•
W

ha
t a

nd
 W

hy
 o

f t
he

 P
M

 N
at

io
na

l A
m

bi
en

t A
ir 

Q
ua

lit
y 

S
ta

nd
ar

ds
 (

N
A

A
Q

S
)

•
R

ev
ie

w
 o

f t
he

 P
M

 S
ta

nd
ar

ds

•
Im

pl
em

en
ta

tio
n 

of
 th

e 
P

M
2.

5 
S

ta
nd

ar
d

NASA/CP—2004-213398 2



P
ar

ti
cl

es
: 

W
h

at
 A

re
 T

h
ey

?
A

ir
b

o
rn

e 
p

ar
ti

cl
es

 a
re

 a
 c

o
m

p
le

x 
m

ix
tu

re
 o

f 
ex

tr
em

el
y 

sm
al

l s
o

lid
s 

an
d

 li
q

u
id

 d
ro

p
le

ts

H
um

an
 H

ai
r 

(7
0 
:

m
 d

ia
m

et
er

)

H
ai

r 
cr

os
s 

se
ct

io
n 

(7
0 

µm
)

P
M

10
(1

0:
m

)
P

M
2.

5(
2.

5 
:

m
)

M
. L

ip
se

tt,
 C

al
ifo

rn
ia

 O
ffi

ce
 o

f E
nv

iro
nm

en
ta

l H
ea

lth
 H

az
ar

d 
A

ss
es

sm
en

t

NASA/CP—2004-213398 3



P
M

2.
5

or
 F

in
e 

P
ar

ti
cl

es
P

M
2.

5
or

 F
in

e 
P

ar
ti

cl
es

NASA/CP—2004-213398 4



P
ub

lic
 H

ea
lt

h 
R

is
ks

 A
re

 S
ig

ni
fi

ca
nt

•
P

ar
ti

cl
es

 a
re

 li
nk

ed
 t

o:
–

P
re

m
at

ur
e 

de
at

h 
fr

om
 h

ea
rt

 a
nd

 lu
ng

 
di

se
as

es
•

A
gg

ra
va

ti
on

 o
f 

he
ar

t 
an

d 
lu

ng
 d

is
ea

se
s

–
H

os
pi

ta
l a

dm
is

si
on

s
–

D
oc

to
r 

an
d 

E
R

 v
is

it
s

–
M

ed
ic

at
io

n 
us

e
–

S
ch

oo
l a

nd
 w

or
k 

ab
se

nc
es

NASA/CP—2004-213398 5



P
ub

lic
 H

ea
lt

h 
R

is
ks

 A
re

 S
ig

ni
fi

ca
nt

(c
on

t.
)

•
P

ar
ti

cl
es

 p
os

si
bl

y 
lin

ke
d 

to
:

–
Lu

ng
 c

an
ce

r 
de

at
hs

–
In

fa
nt

 m
or

ta
lit

y
–

D
ev

el
op

m
en

ta
l p

ro
bl

em
s,

 s
uc

h 
as

 lo
w

 b
ir

th
 

w
ei

gh
t 

in
 b

ab
ie

s 
or

 s
lo

w
er

 lu
ng

 g
ro

w
th

 in
 

ch
ild

re
n

NASA/CP—2004-213398 6



S
om

e 
G

ro
up

s 
A

re
 M

or
e 

at
 R

is
k

S
om

e 
G

ro
up

s 
A

re
 M

or
e 

at
 R

is
k

•
P

eo
pl

e 
w

it
h 

he
ar

t 
or

 lu
ng

 d
is

ea
se

•
O

ld
er

 a
du

lt
s

•
C

hi
ld

re
n

•
P

eo
pl

e 
w

it
h 

he
ar

t 
or

 lu
ng

 d
is

ea
se

•
O

ld
er

 a
du

lt
s

•
C

hi
ld

re
n

NASA/CP—2004-213398 7



E
nv

ir
on

m
en

ta
l E

ff
ec

ts
 

•
V

is
ib

ili
ty

 im
pa

ir
m

en
t 

an
d 

re
gi

on
al

 h
az

e
–

Q
ua

lit
y 

of
 li

fe
 e

ff
ec

ts
•

S
oi

lin
g 

ef
fe

ct
–

O
bs

er
va

bl
e 

on
 b

ot
h 

bu
ild

in
gs

 a
nd

 v
eh

ic
le

s
–

C
on

tr
ib

ut
es

 t
o 

de
gr

ad
at

io
n 

of
 m

on
um

en
ts

 &
 a

rt
w

or
k

NASA/CP—2004-213398 8



H
is

to
ry

 o
f 

P
M

 S
ta

nd
ar

d

•
19

71
 T

S
P

 
–

In
 g

en
er

al
 <

10
0 
µ

be
ca

us
e 

of
 t

he
 s

am
pl

in
g 

m
et

ho
d

•
19

87
 P

M
-1

0
–

E
qu

al
 t

o 
or

 le
ss

 t
ha

n 
10

 µ

•
19

97
 P

M
2.

5
(F

in
e)

 p
lu

s 
 P

M
-1

0
–

E
qu

al
 t

o 
or

 le
ss

 t
ha

n 
2.

5 
µ,

 p
lu

s 
–

E
qu

al
 t

o 
or

 le
ss

 t
ha

n 
10

 µ

NASA/CP—2004-213398 9



C
ou

rt
 C

ha
lle

ng
e 

to
 1

99
7 

S
ta

nd
ar

ds

•
D

el
ay

ed
 I

m
pl

em
en

ta
ti

on

•
R

eq
ui

re
d 

sp
lit

 b
et

w
ee

n 
fi

ne
 a

nd
 c

oa
rs

e
–

P
M

-f
in

e 
< 

2.
5 
µ

–
P

M
-c

oa
rs

e 
2.

6 
to

 1
0 
µ

•
R

ev
ie

w
 o

f 
st

an
da

rd
s 

–
P

ro
po

sa
l 3

/0
5

–
Fi

na
l 1

2/
05

NASA/CP—2004-213398 10



R
ev

ie
w

 o
f 

th
e 

P
M

 S
ta

nd
ar

d

NASA/CP—2004-213398 11



P
M

 N
A

A
Q

S
 R

ev
ie

w
 M

ile
st

on
es

•
4t

h
dr

af
t 

C
ri

te
ri

a 
D

oc
um

en
t

Ju
ne

 2
00

3

•
D

ra
ft

 S
ta

ff
 P

ap
er

 &
 R

is
k 

A
ss

es
sm

en
t

A
ug

us
t 

20
03

•
C

A
S

A
C

/p
ub

lic
 r

ev
ie

w
 o

f 
dr

af
t 

S
ta

ff
 P

ap
er

N
ov

. 2
00

3 
   

  
&

 R
is

k 
A

ss
es

sm
en

t

•
Fi

na
l C

ri
te

ri
a 

D
oc

um
en

t
D

ec
. 2

00
3

•
2n

d
dr

af
t 

S
ta

ff
 P

ap
er

 &
 R

is
k 

A
ss

es
sm

en
t

A
pr

il 
20

04

•
Fi

na
l S

ta
ff

 P
ap

er
 a

nd
 R

is
k 

A
ss

es
sm

en
t

S
ep

t.
 2

00
4

NASA/CP—2004-213398 12



P
M

 S
ta

ff
 P

ap
er

•
R

el
ea

se
d 

A
ug

us
t 

29
, 2

00
3

–
S

ee
 

ht
tp

://
w

w
w

.e
pa

.g
ov

/t
tn

/n
aa

qs
/s

ta
nd

ar
ds

/p
m

/s
_p

m
_c

r
_s

p.
ht

m
l

–
P

ub
lic

 c
om

m
en

t 
pe

ri
od

 c
lo

se
d 

O
ct

ob
er

 2
8,

 2
00

3

•
E

va
lu

at
es

 p
ol

ic
y 

im
pl

ic
at

io
ns

 o
f 

ke
y 

sc
ie

nt
if

ic
 

an
d 

te
ch

ni
ca

l i
nf

or
m

at
io

n 
in

 C
ri

te
ri

a 
D

oc
um

en
t

–
Id

en
ti

fi
es

 c
ri

ti
ca

l e
le

m
en

ts
 f

or
 c

on
si

de
ra

ti
on

 in
 P

M
 

N
A

A
Q

S
 r

ev
ie

w
–

T
he

se
 a

re
 s

ta
ff

 ju
dg

m
en

ts
 a

nd
 r

ec
om

m
en

da
ti

on
s 

an
d 

no
t 

E
P

A
 p

os
it

io
ns

NASA/CP—2004-213398 13



S
ta

ff
 R

ec
om

m
en

da
ti

on
s

•
S

ep
ar

at
e 

st
an

da
rd

s 
fo

r 
fin

e 
an

d 
co

ar
se

 p
ar

tic
le

s,
 

•
R

ep
la

ce
 c

ur
re

nt
 P

M
10

st
an

da
rd

s 
w

ith
 P

M
10

-2
.5

st
an

da
rd

s

NASA/CP—2004-213398 14



P
M

2.
5 
Im

pl
em

en
ta

ti
on

NASA/CP—2004-213398 15



P
M

2.
5 

Im
pl

em
en

ta
ti

on
 P

ro
gr

am
 

T
im

el
in

es

20
09

-2
01

4
A

tt
ai

n
m

en
t 

d
at

es

D
ec

. 2
00

7
S

ta
te

 p
la

n
s 

d
u

e

D
ec

. 2
00

4
E

P
A

 f
in

al
iz

es
 d

es
ig

n
at

io
n

s

F
al

l 2
00

4
E

P
A

 f
in

al
iz

es
 im

p
le

m
en

ta
ti

o
n

 r
u

le

F
eb

. 2
00

4
S

ta
te

s/
T

ri
b

es
 r

ec
o

m
m

en
d

 d
es

ig
n

at
io

n
s

F
al

l 2
00

3
E

P
A

 p
ro

p
o

se
s 

im
p

le
m

en
ta

ti
o

n
 r

u
le

P
M

2.
5

A
ct

io
n

NASA/CP—2004-213398 16



P
M

2.
5

Im
pl

em
en

ta
ti

on
 R

ul
e 

T
op

ic
s

•
C

la
ss

ifi
ca

tio
ns

 a
nd

 a
tta

in
m

en
t d

at
es

•
M

od
el

in
g 

an
d 

at
ta

in
m

en
t d

em
on

st
ra

tio
ns

 
•

P
re

cu
rs

or
 e

m
is

si
on

s 
co

ve
ra

ge
•

R
A

C
T

/R
A

C
M

•
R

F
P

•
N

ew
 s

ou
rc

e 
re

vi
ew

•
T

ra
ns

po
rt

at
io

n 
an

d 
ge

ne
ra

l c
on

fo
rm

ity
•

C
on

tin
ge

nc
y 

m
ea

su
re

s
•

In
no

va
tiv

e 
pr

og
ra

m
 m

ec
ha

ni
sm

s
•

P
ol

ic
ie

s 
fo

r 
S

IP
 c

re
di

t
•

P
M

2.
5

te
st

 m
et

ho
ds

•
E

m
is

si
on

 in
ve

nt
or

ie
s

•
T

rib
al

 is
su

es

NASA/CP—2004-213398 17



P
M

 I
m

pl
em

en
ta

ti
on

 I
ss

ue
s

•
C

la
ss

ifi
ca

tio
ns

–
N

o 
cl

as
si

fic
at

io
n 

ca
te

go
rie

s 
ba

se
d 

on
 d

es
ig

n 
va

lu
e

–
P

os
si

bl
e 

“t
ra

ns
po

rt
” 

cl
as

si
fic

at
io

n

•
A

tta
in

m
en

t D
at

es
–

w
ith

in
 fi

ve
 y

ea
rs

 o
f d

es
ig

na
tio

n 
(e

.g
., 

en
d 

of
 2

00
9/

ea
rly

 2
01

0)
–

fiv
e 

ye
ar

 e
xt

en
si

on
 (

e.
g.

, e
nd

 o
f 2

01
4/

ea
rly

 2
01

5)

•
P

re
cu

rs
or

s 
ar

e 
S

O
2,

 N
O

x,
 V

O
C

, a
nd

 a
m

m
on

ia
–

S
O

2
sh

ou
ld

 b
e 

ad
dr

es
se

d 
in

 a
ll 

S
IP

s
–

N
O

x 
&

 V
O

C
 e

ith
er

 in
 S

IP
 o

r 
ca

n 
be

 a
dd

ed
–

A
m

m
on

ia
 n

ew
 p

ol
lu

ta
nt

NASA/CP—2004-213398 18



P
M

 I
m

pl
em

en
ta

ti
on

 I
ss

ue
s 

(c
on

t.
)

•
R

A
C

T
 lo

w
es

t e
m

is
si

on
 li

m
it 

co
ns

id
er

in
g 

te
ch

no
lo

gi
ca

l 
an

d 
ec

on
om

ic
 fe

as
ib

ili
ty

.
•

O
pt

io
ns

:
–

>
 1

00
 tp

y 
of

 d
ire

ct
 P

M
2.

5
or

 a
ny

 s
ec

on
da

ry
 p

re
cu

rs
or

–
>

 5
0 

tp
y 

of
 d

ire
ct

 P
M

2.
5

or
 a

ny
 s

ec
on

da
ry

 p
re

cu
rs

or
–

R
eq

ui
re

d 
on

ly
 to

 th
e 

ex
te

nt
 it

 is
 n

ee
de

d 
fo

r 
at

ta
in

m
en

t.

•
E

xa
m

pl
e 

of
 R

A
C

M
 M

ea
su

re
s

•
D

ie
se

l i
dl

in
g 

an
d 

re
tr

of
its

–
W

at
er

in
g/

gr
av

el
 o

n 
un

pa
ve

d 
ro

ad
s

–
W

oo
d 

st
ov

e 
re

tr
of

it 
pr

og
ra

m
s

–
S

m
ok

e 
m

an
ag

em
en

t p
la

ns

NASA/CP—2004-213398 19



P
M

 I
m

pl
em

en
ta

ti
on

 I
ss

ue
s 

(c
on

t.
)

•
R

ea
so

na
bl

e 
F

ur
th

er
 P

ro
gr

es
s 

(R
F

P
):

  a
nn

ua
l i

nc
re

m
en

ta
l 

re
du

ct
io

ns
 in

 e
m

is
si

on
s 

fo
r 

pu
rp

os
e 

of
 e

ns
ur

in
g 

pr
og

re
ss

 
to

w
ar

d 
at

ta
in

m
en

t

NASA/CP—2004-213398 20



P
M

2.
5

D
es

ig
n

at
io

n
s

NASA/CP—2004-213398 21



P
M

2.
5

O
zo

n
e

50
,0

98
,4

12
(7

1)
65

,1
89

,1
72

(2
26

)

14
,7

51
,2

08
(4

9)

D
at

a 
S

ou
rc

e:
  A

Q
S

  2
00

3

UN
IT

ED
S

TA
TE

S

EN VIR ONMEN
TA

L
P

R
O

T
E

C

TIO
NAGENCY

A
la

sk
a

H
aw

ai
i

P
u

er
to

 R
ic

o

V
ir

g
in

 Is
la

n
d

s

C
o

u
n

ti
es

 W
it

h
 V

io
la

ti
n

g
 M

o
n

it
o

rs
 f

o
r 

8-
h

o
u

r 
O

zo
n

e 
an

d
P

M
2.

5
S

ta
n

d
ar

d
s 

(b
as

ed
 o

n
 2

00
0-

20
02

 d
at

a)

NASA/CP—2004-213398 22



E
P

A
 P

re
fe

rr
ed

 T
im

el
in

es
 f

o
r 

P
M

2.
5

D
es

ig
n

at
io

n
s 

an
d

 P
M

2.
5/

R
H

 Im
p

le
m

en
ta

ti
o

n
 P

la
n

s

3-
ye

ar
s 

da
ta

 a
va

ila
bl

e 
fo

r 
al

l m
on

ito
re

d 
ar

ea
s 

(2
00

1-
20

03
)

D
ec

em
b

er
 2

00
3

E
P

A
 p

ub
lis

he
s 

fin
al

 d
es

ig
na

tio
ns

D
ec

em
b

er
 2

00
4

Im
pl

em
en

ta
tio

n 
pl

an
s 

du
e 

fo
r 

al
l a

re
as

 
w

ith
ou

t r
eg

ar
d 

to
 P

M
2.

5
de

si
gn

at
io

n
Im

pl
em

en
ta

tio
n 

pl
an

s 
du

e
D

ec
em

b
er

 2
00

7

G
ov

er
no

rs
 s

ub
m

it 
re

co
m

m
en

da
tio

ns
 

ba
se

d 
on

 2
00

1-
20

03
 d

at
a

F
eb

ru
ar

y 
20

04

R
eg

io
n

al
 H

az
e

P
M

2.
5

D
at

e

NASA/CP—2004-213398 23



N
on

-v
ol

at
ile

 a
nd

 V
ol

at
ile

 P
M

•
T

he
 P

M
 N

A
A

Q
S

 is
 b

as
ed

 o
n 

a 
co

ns
id

er
at

io
n 

of
 

bo
th

 v
ol

at
ile

 &
 n

on
-v

ol
at

ile
 P

M
.  

•
A

s 
a 

re
su

lt
, c

om
pl

ia
nc

e 
w

it
h 

P
M

 N
A

A
Q

S
 is

 
ba

se
d 

on
 a

 m
ea

su
re

m
en

t 
pr

ot
oc

ol
 t

ha
t 

co
lle

ct
s 

bo
th

 t
yp

es
 o

f 
P

M
 in

 t
he

 a
m

bi
en

t 
ai

r.
•

S
im

ila
rl

y,
 t

he
 p

ro
to

co
l f

or
 m

ea
su

ri
ng

 P
M

 f
ro

m
 

m
ob

ile
 s

ou
rc

es
 o

th
er

 t
ha

n 
ai

rc
ra

ft
 (

e.
g,

 o
n-

hi
gh

w
ay

 d
ie

se
l t

ru
ck

s)
 a

ls
o 

ac
co

un
ts

 f
or

 b
ot

h 
vo

la
ti

le
 a

nd
 n

on
-v

ol
at

ile
 P

M
. 

NASA/CP—2004-213398 24



N
on

-v
ol

at
ile

 a
nd

 V
ol

at
ile

 P
M

 (
co

nt
.)

•
H

ea
lt

h 
ef

fe
ct

s 
ar

e 
th

e 
co

nc
er

n 
fo

r 
em

is
si

on
s 

on
 o

r 
ne

ar
 t

he
 g

ro
un

d 
in

 t
he

 v
ic

in
it

y 
of

 a
n 

ai
rp

or
t 

or
 a

s 
a 

co
nt

ri
bu

ti
on

 t
o 

P
M

 e
xp

os
ur

e 
in

 
an

 u
rb

an
 a

re
a 

(l
oc

al
 a

ir
 q

ua
lit

y)
.

•
Fo

r 
he

al
th

 e
ff

ec
ts

, t
he

 e
nt

ir
e 

ae
ro

so
l m

us
t 

be
 

co
ns

id
er

ed
.

•
Fo

r 
cl

im
at

e 
fo

rc
in

g 
im

pa
ct

s 
fr

om
 a

ir
cr

af
t 

em
is

si
on

s 
in

 f
lig

ht
, t

he
 n

on
-v

ol
at

ile
 f

ra
ct

io
n 

of
 

th
e 

em
is

si
on

 a
er

os
ol

 h
as

 t
he

 p
re

do
m

in
an

t 
ef

fe
ct

.  

NASA/CP—2004-213398 25



S
um

m
ar

y

•
S

ig
ni

fi
ca

nt
 h

ea
lt

h 
ef

fe
ct

s 
fr

om
 e

xp
os

ur
e 

to
 

P
M –

In
cl

ud
in

g 
de

at
h

•
N

ew
 P

M
 r

ev
ie

w
 c

om
pl

et
e 

in
 2

00
5

•
Im

pl
em

en
ta

ti
on

 o
f 

P
M

2.
5 

–
P

ro
po

sa
l 2

00
3

–
Fi

na
l F

al
l 2

00
4

–
D

es
ig

na
ti

on
s 

D
ec

em
be

r 
20

04

•
V

ol
at

ile
 &

 n
on

-v
ol

at
ile

 P
M

 m
us

t 
be

 
co

ns
id

er
ed

.

NASA/CP—2004-213398 26



F
A

A
 P

er
sp

ec
ti

ve
 o

n
 

P
ar

ti
cu

la
te

 M
at

te
r 

Is
su

es

P
M

 W
o

rk
sh

o
p

18
-1

9 
N

o
ve

m
b

er
 2

00
3,

 C
le

ve
la

n
d

, O
h

io

L
o

u
rd

es
 Q

. M
au

ri
ce

L
o

u
rd

es
 Q

. M
au

ri
ce

Ju
lie

 D
ra

p
er

Ju
lie

 D
ra

p
er

C
h

ie
f 

S
ci

en
ti

fi
c 

&
 T

ec
h

n
ic

al
 A

d
vi

so
r 

   
   

 
C

h
ie

f 
S

ci
en

ti
fi

c 
&

 T
ec

h
n

ic
al

 A
d

vi
so

r 
   

   
 

E
m

is
si

o
n

s 
D

iv
is

io
n

E
m

is
si

o
n

s 
D

iv
is

io
n

O
ff

ic
e 

o
f 

E
n

vi
ro

n
m

en
t 

an
d

 E
n

er
g

y
O

ff
ic

e 
o

f 
E

n
vi

ro
n

m
en

t 
an

d
 E

n
er

g
y

O
ff

ic
e 

o
f 

E
n

vi
ro

n
m

en
t 

an
d

 E
n

er
g

y
O

ff
ic

e 
o

f 
E

n
vi

ro
n

m
en

t 
an

d
 E

n
er

g
y

F
ed

er
al

 A
vi

at
io

n
 A

d
m

in
is

tr
at

io
n

F
ed

er
al

 A
vi

at
io

n
 A

d
m

in
is

tr
at

io
n

F
ed

er
al

 A
vi

at
io

n
 A

d
m

in
is

tr
at

io
n

F
ed

er
al

 A
vi

at
io

n
 A

d
m

in
is

tr
at

io
n

NASA/CP—2004-213398 27



O
u

tl
in

e

✱✱
C

on
te

xt
C

on
te

xt

✱✱
C

ur
re

nt
 S

ta
tu

s
C

ur
re

nt
 S

ta
tu

s

✱✱
A

 W
ay

 F
or

w
ar

d
A

 W
ay

 F
or

w
ar

d

NASA/CP—2004-213398 28



A
dm

in
is

tr
at

or

A
ss

is
ta

nt
 

A
dm

in
is

tr
at

or
 f

or
 

A
vi

at
io

n 
P

ol
ic

y,
 

P
la

nn
in

g 
&

 
E

nv
ir

on
m

en
t

O
ff

ic
e 

of
 

E
nv

ir
on

m
en

t
&

 E
ne

rg
y 

(A
E

E
)

U
.S

. F
ed

er
al

 A
vi

at
io

n
 A

d
m

in
is

tr
at

io
n

NASA/CP—2004-213398 29



❧❧
A

irc
ra

ft 
N

oi
se

 
A

irc
ra

ft 
N

oi
se

 

❧❧
A

dm
in

is
te

rs
 &

 E
nf

or
ce

s 
E

P
A

 
A

dm
in

is
te

rs
 &

 E
nf

or
ce

s 
E

P
A

 
E

st
ab

lis
he

d 
C

le
an

 A
ir 

A
ct

 A
irc

ra
ft 

E
st

ab
lis

he
d 

C
le

an
 A

ir 
A

ct
 A

irc
ra

ft 
E

ng
in

e 
E

m
is

si
on

s 
S

ta
nd

ar
ds

 (
pa

rt
 3

4)
E

ng
in

e 
E

m
is

si
on

s 
S

ta
nd

ar
ds

 (
pa

rt
 3

4)

❧❧
C

om
pl

ia
nc

e 
R

es
po

ns
ib

ili
ty

 w
ith

 N
E

P
A

 
C

om
pl

ia
nc

e 
R

es
po

ns
ib

ili
ty

 w
ith

 N
E

P
A

 
&

 C
A

A
&

 C
A

A
**

A
E

E
 R

eg
u

la
to

ry
 R

es
p

o
n

si
b

ili
ti

es

* 
R

es
po

ns
ib

ili
ty

 to
 c

om
pl

y 
w

ith
 P

M
 S

ta
nd

ar
ds

 w
ith

ou
t t

he
 

m
ea

ns
 to

 d
o 

so
 (

i.e
., 

ai
rc

ra
ft 

P
M

 e
m

is
si

on
 in

di
ce

s)

NASA/CP—2004-213398 30



R
el

at
ed

 R
es

p
o

n
si

b
ili

ti
es

IC
A

O
IC

A
O

C
om

m
itt

ee
 o

n 
A

vi
at

io
n 

C
om

m
itt

ee
 o

n 
A

vi
at

io
n 

E
nv

iro
nm

en
ta

l P
ro

te
ct

io
n 

E
nv

iro
nm

en
ta

l P
ro

te
ct

io
n 

(C
A

E
P

)
(C

A
E

P
)

❧❧
F

A
A

 O
ffi

ce
 o

f E
nv

iro
nm

en
t &

 
F

A
A

 O
ffi

ce
 o

f E
nv

iro
nm

en
t &

 
E

ne
rg

y 
D

ire
ct

or
 is

 U
.S

. 
E

ne
rg

y 
D

ire
ct

or
 is

 U
.S

. 
R

ep
re

se
nt

at
iv

e 
in

 C
A

E
P

R
ep

re
se

nt
at

iv
e 

in
 C

A
E

P

❧❧
C

A
E

P
 is

 F
ol

lo
w

in
g 

S
A

E
 A

ct
iv

ity
C

A
E

P
 is

 F
ol

lo
w

in
g 

S
A

E
 A

ct
iv

ity

NASA/CP—2004-213398 31



N
oi

se
 w

it
hi

n 
ai

rp
or

t 
bo

un
da

ri
es

C
on

st
ra

in
 o

bj
ec

tio
na

bl
e 

no
is

e 
to

 
w

it
hi

n 
ai

rp
or

t b
ou

nd
ar

ie
s

G
lo

ba
l c

lim
at

e

R
ed

uc
e 

th
e 

im
pa

ct
 o

f 
av

ia
tio

n 
on

 g
lo

ba
l c

li
m

at
e

R
ed

uc
e 

im
pa

ct
 o

f 
av

ia
ti

on
 o

n 
lo

ca
l a

ir
 q

ua
li

ty
A

ir
 Q

ua
lit

y

A
vi

at
io

n
 E

n
vi

ro
n

m
en

ta
l 

R
es

ea
rc

h
 In

te
re

st
s

NASA/CP—2004-213398 32



N
A

SA
–

ai
rc

ra
ft

 n
oi

se
 a

nd
 

em
is

si
on

s 
ex

pl
or

at
or

y 
re

se
ar

ch
, e

ar
ly

 te
ch

no
lo

gy
 

de
ve

lo
pm

en
t, 

an
d 

ph
ys

ic
s 

ba
se

d 
m

od
el

in
g

F
A

A
-

ai
rc

ra
ft

 n
oi

se
 a

nd
 

av
ia

tio
n 

em
is

si
on

s 
an

al
yt

ic
al

 
to

ol
s 

fo
r 

re
gu

la
to

ry
 p

ro
ce

ss
an

d 
ai

rc
ra

ft
 c

er
tif

ic
at

io
n 

an
d 

re
gu

la
to

ry
 is

su
es

N
A

S
A

-F
A

A
 E

n
vi

ro
n

m
en

ta
l 

R
&

D
 R

o
le

s

NASA/CP—2004-213398 33



O
u

tl
in

e

✱✱
C

on
te

xt
C

on
te

xt

✱✱
C

ur
re

nt
 S

ta
tu

s
C

ur
re

nt
 S

ta
tu

s

✱✱
A

 W
ay

 F
or

w
ar

d
A

 W
ay

 F
or

w
ar

d

NASA/CP—2004-213398 34



0909
-- 1

4
14

A
tt

ai
n

m
en

t 
Y

ea
rs

A
tt

ai
n

m
en

t 
Y

ea
rs

12
/0

7
12

/0
7

S
ta

te
/T

ri
b

e 
P

la
n

s 
D

u
e

S
ta

te
/T

ri
b

e 
P

la
n

s 
D

u
e

12
/0

4
12

/0
4

P
u

b
lis

h
 d

es
ig

n
at

io
n

s
P

u
b

lis
h

 d
es

ig
n

at
io

n
s

F
al

l 0
4

F
al

l 0
4

P
ro

m
u

lg
at

e 
Im

p
le

m
en

ta
ti

o
n

 R
u

le
P

ro
m

u
lg

at
e 

Im
p

le
m

en
ta

ti
o

n
 R

u
le

2/
04

2/
04

S
ta

te
/T

ri
b

es
 R

ec
o

m
m

en
d

 
S

ta
te

/T
ri

b
es

 R
ec

o
m

m
en

d
 

D
es

ig
n

at
io

n
s

D
es

ig
n

at
io

n
s

F
al

l 0
3

F
al

l 0
3

P
ro

p
o

se
 Im

p
le

m
en

ta
ti

o
n

 R
u

le
P

ro
p

o
se

 Im
p

le
m

en
ta

ti
o

n
 R

u
le

P
M

P
M

-- 2
.5

2.
5

A
ct

io
n

A
ct

io
n

N
ew

 E
P

A
 S

ta
n

d
ar

d
s

NASA/CP—2004-213398 35



A
ir

-Q
u

al
it

y 
Is

su
es

 T
h

at
 A

re
 M

aj
o

r 
C

o
n

ce
rn

s 
fo

r 
A

ir
p

o
rt

s S
ou

rc
e:

 
G

A
O

/R
C

E
D

-
00

-1
53

 [A
ug

-
20

00
] s

ur
ve

y 
of

 th
e 

na
tio

n’
s 

50
 b

us
ie

st
 

co
m

m
er

ci
al

 
se

rv
ic

e 
ai

rp
or

ts
.

E
m

is
si

o
n

s 
Is

su
es

NASA/CP—2004-213398 36



E
n

vi
ro

n
m

en
ta

l I
ss

u
es

 T
h

at
 M

o
st

 C
o

n
ce

rn
 A

ir
p

o
rt

s 
C

u
rr

en
tl

y 
an

d
 

in
 t

h
e 

F
u

tu
re

 

S
ou

rc
e:

 G
A

O
/R

C
E

D
-

00
-1

53
 [A

ug
-2

00
0]

 
su

rv
ey

 o
f t

he
 n

at
io

n’
s 

50
 b

us
ie

st
 

co
m

m
er

ci
al

 s
er

vi
ce

 
ai

rp
or

ts
.

N
oi

se

W
at

er
 q

ua
lit

y

Ai
r Q

ua
lit

y

C
om

pa
tib

ilit
y 

w
ith

 n
ea

rb
y 

la
nd

 u
se

s

N
on

e 
ap

pl
ic

ab
le

W
et

la
nd

s

N
um

be
r o

f A
irp

or
ts

Ke
y

E
m

is
si

o
n

s 
Is

su
es

 (
co

n
t.

)

NASA/CP—2004-213398 37



❧❧
P

ar
tic

ul
at

e 
m

at
te

r 
(P

M
) 

re
pr

es
en

ts
 a

 d
ire

ct
 th

re
at

 to
 p

ub
lic

 h
ea

P
ar

tic
ul

at
e 

m
at

te
r 

(P
M

) 
re

pr
es

en
ts

 a
 d

ire
ct

 th
re

at
 to

 p
ub

lic
 h

ea
lth

 a
nd

 c
on

tr
ib

ut
es

 
lth

 a
nd

 c
on

tr
ib

ut
es

 
to

 v
is

ib
ili

ty
 d

eg
ra

da
tio

n…
 

to
 v

is
ib

ili
ty

 d
eg

ra
da

tio
n…

 N
E

S
C

A
U

M
, 2

00
3

N
E

S
C

A
U

M
, 2

00
3

❧❧
D

at
a 

on
 p

ar
tic

ul
at

e 
m

at
te

r 
em

is
si

on
s 

is
 n

ot
 a

va
ila

bl
e 

fo
r 

ai
rc

ra
D

at
a 

on
 p

ar
tic

ul
at

e 
m

at
te

r 
em

is
si

on
s 

is
 n

ot
 a

va
ila

bl
e 

fo
r 

ai
rc

ra
ft…

 
ft…

 G
A

O
, 2

00
3

G
A

O
, 2

00
3

❧❧
R

ed
uc

in
g 

em
is

si
on

s 
of

 P
M

 r
em

ai
ns

 a
 c

ru
ci

al
 c

om
po

ne
nt

 o
f E

P
A

's
 s

t
R

ed
uc

in
g 

em
is

si
on

s 
of

 P
M

 r
em

ai
ns

 a
 c

ru
ci

al
 c

om
po

ne
nt

 o
f E

P
A

's
 s

t r
at

eg
y 

fo
r 

ra
te

gy
 fo

r 
cl

ea
ne

r 
ai

r 
an

d 
im

pr
ov

ed
 v

is
ib

ili
ty

…
 

cl
ea

ne
r 

ai
r 

an
d 

im
pr

ov
ed

 v
is

ib
ili

ty
…

 E
P

A
, 2

00
0

E
P

A
, 2

00
0

❧❧
In

 1
99

7,
 E

P
A

 s
tr

en
gt

he
ne

d 
its

' h
ea

lth
 p

ro
te

ct
io

n 
st

an
da

rd
s 

fo
r 

P
In

 1
99

7,
 E

P
A

 s
tr

en
gt

he
ne

d 
its

' h
ea

lth
 p

ro
te

ct
io

n 
st

an
da

rd
s 

fo
r 

P
M

 b
y 

ad
di

ng
 

M
 b

y 
ad

di
ng

 
N

A
A

Q
S

 fo
r 

sm
al

le
r

N
A

A
Q

S
 fo

r 
sm

al
le

r --
si

ze
d 

or
 "

fin
e"

 p
ar

tic
le

s 
w

ith
 a

n 
ae

ro
dy

na
m

ic
 d

ia
m

et
er

 o
f 2

.5
 

si
ze

d 
or

 "
fin

e"
 p

ar
tic

le
s 

w
ith

 a
n 

ae
ro

dy
na

m
ic

 d
ia

m
et

er
 o

f 2
.5

 
m

ic
ro

m
et

er
s 

or
 le

ss
 (

P
M

m
ic

ro
m

et
er

s 
or

 le
ss

 (
P

M
2.

5
2.

5
) 

…
 

) 
…

 E
P

A
, 1

99
7

E
P

A
, 1

99
7

❧❧
A

irc
ra

ft 
en

gi
ne

s 
em

it 
“…

re
la

tiv
el

y 
sm

al
l n

um
be

rs
 o

f p
ar

tic
le

s 
of

A
irc

ra
ft 

en
gi

ne
s 

em
it 

“…
re

la
tiv

el
y 

sm
al

l n
um

be
rs

 o
f p

ar
tic

le
s 

of
di

am
et

er
 g

re
at

er
 

di
am

et
er

 g
re

at
er

 
th

an
 0

.2
4”

 m
ic

ro
m

et
er

s…
 

th
an

 0
.2

4”
 m

ic
ro

m
et

er
s…

 B
at

te
lle

, 1
98

8
B

at
te

lle
, 1

98
8

❧❧
A

 n
ew

 n
ec

es
si

ty
 fo

r 
re

se
ar

ch
 in

 th
e 

fie
ld

 o
f p

ar
tic

ul
at

e/
ae

ro
so

l
A

 n
ew

 n
ec

es
si

ty
 fo

r 
re

se
ar

ch
 in

 th
e 

fie
ld

 o
f p

ar
tic

ul
at

e/
ae

ro
so

l e
m

is
si

on
s 

fr
om

 th
e 

em
is

si
on

s 
fr

om
 th

e 
ai

rc
ra

ft 
is

 w
el

l r
ec

og
ni

ze
d…

  
ai

rc
ra

ft 
is

 w
el

l r
ec

og
ni

ze
d…

  N
at

io
na

l A
ca

de
m

ie
s 

R
es

ea
rc

h 
A

ss
oc

ia
te

sh
ip

 P
ro

gr
am

 a
t 

N
at

io
na

l A
ca

de
m

ie
s 

R
es

ea
rc

h 
A

ss
oc

ia
te

sh
ip

 P
ro

gr
am

 a
t 

N
A

S
A

N
A

S
A

-- G
le

nn
G

le
nn

❧❧
10

 o
f t

he
 5

0 
La

rg
es

t P
ub

lic
 U

se
 A

irp
or

ts
 in

 P
M

10
 N

A
A

/M
ai

nt
en

an
ce

10
 o

f t
he

 5
0 

La
rg

es
t P

ub
lic

 U
se

 A
irp

or
ts

 in
 P

M
10

 N
A

A
/M

ai
nt

en
an

ce
A

re
as

; 
A

re
as

; 
A

pp
ro

xi
m

at
el

y 
31

 w
ill

 b
e 

in
 P

M
2.

5 
ar

ea
s…

 
A

pp
ro

xi
m

at
el

y 
31

 w
ill

 b
e 

in
 P

M
2.

5 
ar

ea
s…

 D
O

T
 A

C
A

IS
 A

irp
or

t D
at

ab
as

e 
an

d 
E

P
A

 
D

O
T

 A
C

A
IS

 A
irp

or
t D

at
ab

as
e 

an
d 

E
P

A
 

G
re

en
 B

oo
k 

fo
r 

N
on

at
ta

in
m

en
t A

re
as

G
re

en
 B

oo
k 

fo
r 

N
on

at
ta

in
m

en
t A

re
as

P
M

10
 N

A
A

/M
ai

n
te

n
an

ce
 A

ir
p

o
rt

s
20

%

80
%

N
A

A
/M

ai
nt

en
an

ce

A
tta

in
m

en
t

A
ir

cr
af

t 
P

ar
ti

cu
la

te
 M

at
te

r

P
M

2.
5 

N
A

A
/M

ai
n

te
n

an
ce

 A
ir

p
o

rt
s

62
%

38
%

E
m

is
si

o
n

s 
Is

su
es

 -
P

M

NASA/CP—2004-213398 38



Im
p

ac
t 

o
f 

C
o

n
tr

ai
ls

/C
ir

ru
s 

C
lo

u
d

s 
H

ig
h

ly
 U

n
ce

rt
ai

n

❧
C

o
n

tr
ai

ls
 le

ad
 

to
 c

ir
ru

s 
cl

o
u

d
 

fo
rm

at
io

n
 

❧
P

ar
ti

cu
la

te
s 

p
la

y 
a 

ro
le

 in
 

ci
rr

u
s 

cl
o

u
d

 
fo

rm
at

io
n

 –
b

u
t 

m
ec

h
an

is
m

 
h

ig
h

ly
 u

n
ce

rt
ai

n

NASA/CP—2004-213398 39



❧❧
V

ol
pe

 r
ev

ie
w

in
g 

an
d 

V
ol

pe
 r

ev
ie

w
in

g 
an

d 
ev

al
ua

tin
g 

ac
tiv

iti
es

 fo
r 

th
e 

ev
al

ua
tin

g 
ac

tiv
iti

es
 fo

r 
th

e 
m

ea
su

re
m

en
t a

nd
 r

el
at

ed
 

m
ea

su
re

m
en

t a
nd

 r
el

at
ed

 
co

m
pu

ta
tio

n 
of

 a
irc

ra
ft 

P
M

 
co

m
pu

ta
tio

n 
of

 a
irc

ra
ft 

P
M

 
da

ta
, a

nd
 d

ev
el

op
in

g 
da

ta
, a

nd
 d

ev
el

op
in

g 
re

co
m

m
en

da
tio

ns
 o

n 
ho

w
 

re
co

m
m

en
da

tio
ns

 o
n 

ho
w

 
to

 im
pr

ov
e 

cu
rr

en
t 

to
 im

pr
ov

e 
cu

rr
en

t 
ap

pr
oa

ch
es

ap
pr

oa
ch

es

F
A

A
 P

ar
ti

cu
la

te
 M

at
te

r 
S

tu
d

y

0

20
0

40
0

60
0

80
0

10
00

12
00

0
20

0
40

0
60

0
80

0
10

00

M
e

a
su

re
d

 V
a

lu
e

s

Predicted Values ❧❧
A

s 
pa

rt
 o

f t
hi

s 
st

ud
y,

 V
ol

pe
 c

on
du

ct
ed

 li
te

ra
tu

re
 r

ev
ie

w
 o

f 
A

s 
pa

rt
 o

f t
hi

s 
st

ud
y,

 V
ol

pe
 c

on
du

ct
ed

 li
te

ra
tu

re
 r

ev
ie

w
 o

f 
pa

st
 a

nd
 c

ur
re

nt
 r

es
ea

rc
h,

 a
nd

 d
ev

el
op

ed
 a

 fi
rs

t
pa

st
 a

nd
 c

ur
re

nt
 r

es
ea

rc
h,

 a
nd

 d
ev

el
op

ed
 a

 fi
rs

t --
or

de
r 

or
de

r 
ap

pr
ox

im
at

io
n 

(F
O

A
) 

fo
r 

ch
ar

ac
te

riz
in

g 
ai

rc
ra

ft 
P

M
 

ap
pr

ox
im

at
io

n 
(F

O
A

) 
fo

r 
ch

ar
ac

te
riz

in
g 

ai
rc

ra
ft 

P
M

 
em

is
si

on
s

em
is

si
on

s
❧❧

T
he

 fi
rs

t
T

he
 fi

rs
t --

or
de

r 
ap

pr
ox

im
at

io
n 

w
ill

 fo
rm

 b
as

is
 o

f f
ut

ur
e 

F
A

A
 

or
de

r 
ap

pr
ox

im
at

io
n 

w
ill

 fo
rm

 b
as

is
 o

f f
ut

ur
e 

F
A

A
 

gu
id

an
ce

 a
nd

 E
D

M
S

 e
nh

an
ce

m
en

ts
 in

 c
oo

rd
in

at
io

n 
w

ith
 

gu
id

an
ce

 a
nd

 E
D

M
S

 e
nh

an
ce

m
en

ts
 in

 c
oo

rd
in

at
io

n 
w

ith
 

E
P

A
E

P
A

NASA/CP—2004-213398 40



✱
C

oo
rd

in
at

e 
ap

pr
ox

im
at

io
n 

m
et

ho
d 

w
ith

 E
P

A
, a

nd
 r

ef
in

e 
as

 n
ew

 d
at

a 
be

co
m

es
 a

va
ila

bl
e

✱
W

or
k 

w
ith

 N
A

S
A

, D
oD

, A
ca

de
m

ia
, 

an
d 

In
du

st
ry

 to
 o

bt
ai

n 
P

M
 

m
ea

su
re

m
en

ts
 to

 p
ro

vi
de

 a
 b

ro
ad

er
 

da
ta

ba
se

 o
f a

irc
ra

ft 
em

is
si

on
s

F
u

tu
re

 P
la

n
s

N
E

E
D

D
A

T
A

!

T
he

 S
oc

ie
ty

O
f 

A
ut

om
ot

iv
e 

E
ng

in
ee

rs

✱
W

or
k 

w
ith

 S
oc

ie
ty

 o
f A

ut
om

ot
iv

e 
E

ng
in

ee
rs

 (
S

A
E

) 
on

 g
ui

de
lin

es
 to

 
sa

m
pl

e 
an

d 
m

ea
su

re
 P

M
 

em
is

si
on

s 
fr

om
 a

irc
ra

ft 
en

gi
ne

s

NASA/CP—2004-213398 41



C
om

bi
ne

d 
hi

st
or

y 
of

 7
69

 
ye

ar
s 

tr
ai

ni
ng

 p
ro

fe
ss

io
na

ls
 

in
 r

el
ev

an
t s

ub
je

ct
 a

re
as

 

C
ov

er
 th

e 
B

os
to

n,
 C

hi
ca

go
, 

M
ia

m
i “

tr
ia

ng
le

 o
f 

co
ng

es
tio

n 
an

d 
de

la
y”

 a
s 

w
el

l a
s 

se
ns

iti
ve

 C
al

if
or

ni
a 

&
 W

es
te

rn
 S

ta
te

s 

S
tr

on
g,

 e
xi

st
in

g 
re

la
tio

ns
hi

ps
 

w
it

h 
in

du
st

ry
 p

ar
tn

er
s 

an
d 

G
ov

er
nm

en
t a

ge
nc

ie
s

E
xt

en
si

ve
 r

es
ea

rc
h 

re
co

rd
 

ad
dr

es
si

ng
 a

vi
at

io
n 

en
vi

ro
nm

en
ta

l i
ss

ue
s

N
ew

 F
A

A
/N

A
S

A
 C

O
E

 –
T

ea
m

 o
f 

E
q

u
al

s 
B

u
ild

in
g

 o
n

 C
o

lle
ct

iv
e 

C
ap

ab
ili

ti
es

P
A

R
T

N
E

R
-

P
ar

tn
er

sh
ip

 fo
r 

A
iR

 T
ra

ns
po

rt
at

io
n 

N
oi

se
 a

nd
 E

m
is

si
on

s 
R

ed
uc

tio
n

NASA/CP—2004-213398 42



✱✱
E

m
is

si
o

n
s 

M
ea

su
re

m
en

ts
E

m
is

si
o

n
s 

M
ea

su
re

m
en

ts
✱✱

P
ar

tic
ip

an
ts

: B
oi

se
 S

ta
te

, U
ni

ve
rs

ity
 o

f M
is

so
ur

i
P

ar
tic

ip
an

ts
: B

oi
se

 S
ta

te
, U

ni
ve

rs
ity

 o
f M

is
so

ur
i --

R
ol

la
, 

R
ol

la
, 

F
lo

rid
a 

In
te

rn
at

io
na

l U
ni

ve
rs

ity
, M

IT
, 

F
lo

rid
a 

In
te

rn
at

io
na

l U
ni

ve
rs

ity
, M

IT
, 

S
ta

nf
or

d,
 U

ni
ve

rs
ity

 o
f C

en
tr

al
 F

lo
rid

a
S

ta
nf

or
d,

 U
ni

ve
rs

ity
 o

f C
en

tr
al

 F
lo

rid
a

, A
er

od
yn

e,
 

, A
er

od
yn

e,
 

B
oe

in
g,

 G
E

, P
ra

tt 
&

 W
hi

tn
ey

, R
ol

ls
 R

oy
ce

B
oe

in
g,

 G
E

, P
ra

tt 
&

 W
hi

tn
ey

, R
ol

ls
 R

oy
ce

✱✱
O

bj
ec

tiv
e:

 C
ol

le
ct

 p
ar

tic
ul

at
e 

m
at

te
r 

da
ta

 u
si

ng
 

O
bj

ec
tiv

e:
 C

ol
le

ct
 p

ar
tic

ul
at

e 
m

at
te

r 
da

ta
 u

si
ng

 
Li

gh
t D

et
ec

tio
n 

an
d 

R
an

gi
ng

 (
LI

D
A

R
) 

to
 p

ro
vi

de
 

Li
gh

t D
et

ec
tio

n 
an

d 
R

an
gi

ng
 (

LI
D

A
R

) 
to

 p
ro

vi
de

 
da

ta
 to

 e
nh

an
ce

 d
is

pe
rs

io
n 

an
al

yt
ic

al
 m

od
el

s
da

ta
 to

 e
nh

an
ce

 d
is

pe
rs

io
n 

an
al

yt
ic

al
 m

od
el

s

U
ni

ve
rs

it
ie

s 
sh

ow
n 

in
 it

al
ic

s 
ar

e 
no

t s
pe

ci
fi

ca
lly

 fu
nd

ed
 d

ue
 to

bu
dg

et
 li

m
it

at
io

ns
 –

bu
t h

av
e 

ca
pa

bi
li

ti
es

 to
 p

er
fo

rm
 v

al
ua

bl
e 

re
se

ar
ch

 in
 s

ub
je

ct
 a

re
a

C
O

E
 P

A
R

T
N

E
R

 F
ir

st
 P

ro
je

ct
s

NASA/CP—2004-213398 43



O
u

tl
in

e

✱✱
C

on
te

xt
C

on
te

xt

✱✱
C

ur
re

nt
 S

ta
tu

s
C

ur
re

nt
 S

ta
tu

s

✱✱
A

 W
ay

 F
or

w
ar

d
A

 W
ay

 F
or

w
ar

d

NASA/CP—2004-213398 44



F
u

tu
re

 N
ee

d
s

In
te

rn
at

io
na

lly
 a

cc
ep

te
d 

m
et

ho
do

lo
gy

✱
C

oo
rd

in
at

ed
 R

es
ea

rc
h 

A
ct

iv
iti

es
 –

le
ad

in
g 

to
: ✱

A
gr

ee
m

en
t o

n 
w

ha
t n

ee
ds

 to
 b

e 
m

ea
su

re
d

✱
S

ta
nd

ar
d 

M
ea

su
re

m
en

t m
et

ho
do

lo
gy

 o
f 

P
M

 fr
om

 a
irc

ra
ft 

en
gi

ne
s 

–
S

A
E

 E
-3

1 
&

 
IC

A
O

✱
E

nh
an

ce
 u

nd
er

st
an

di
ng

 o
f h

ow
 p

lu
m

e 
ag

es
 

–
in

cl
ud

in
g 

vo
la

til
e 

co
m

po
ne

nt
✱

C
la

rif
y 

im
pa

ct
 o

f p
ar

tic
ul

at
es

 o
n 

gl
ob

al
 

cl
im

at
e

NASA/CP—2004-213398 45



U
.S

. G
en

er
al

 A
cc

ou
nt

in
g 

O
ffi

ce
, F

eb
. 2

00
3

R
ec

o
m

m
en

d
s 

a 
st

ra
te

g
ic

 
fr

am
ew

o
rk

fo
r 

as
se

ss
in

g
ai

rp
o

rt
 e

m
is

si
o

n
s.

G
A

O
 R

ec
o

m
m

en
d

at
io

n

NASA/CP—2004-213398 46



S
u

g
g

es
te

d
 N

ex
t 

S
te

p
s

✱
U

nd
er

 G
A

O
 M

an
da

te
 –

de
ve

lo
p 

a 
na

tio
na

l r
oa

dm
ap

 fo
r 

ad
dr

es
si

ng
 P

M
 is

su
es

✱
Is

su
es

 id
en

tif
ie

d 
at

 th
is

 w
or

ks
ho

p 
(&

 ti
m

in
g 

to
 a

dd
re

ss
)

✱
P

ro
po

se
 F

A
A

 d
ev

el
op

 d
ra

ft 
na

tio
na

l r
oa

dm
ap

✱
P

ro
po

se
 F

A
A

-h
os

te
d 

m
ee

tin
g 

of
 k

ey
 s

ta
ke

ho
ld

er
 in

 
Ja

nu
ar

y 
to

 d
is

cu
ss

 d
ra

ft 
ro

ad
m

ap
 (

w
ee

k 
of

 J
an

ua
ry

 
12

th
)

NASA/CP—2004-213398 47



N
at

io
n

al
 R

o
ad

m
ap

✱
K

ey
 s

ta
ke

ho
ld

er
s 

in
cl

ud
e 

G
ov

er
nm

en
t, 

In
du

st
ry

, 
A

ca
de

m
ia

, P
ub

lic

✱
C

le
ar

ly
 a

ss
ig

ns
 

ro
le

s/
re

sp
on

si
bi

lit
ie

s 
an

d 
tim

el
in

es
 (

tie
d 

to
 E

P
A

 a
nd

 
IC

A
O

/C
A

E
P

 r
eq

ui
re

m
en

ts
)

✱
E

st
ab

lis
he

s 
ex

ec
ut

iv
e 

bo
dy

 to
 

st
ee

r 
ef

fo
rt

s

NASA/CP—2004-213398 48



Q
u

es
ti

o
n

s?

NASA/CP—2004-213398 49



 



S
am

p
lin

g
 M

et
h

o
d

o
lo

g
y 

-
C

u
rr

en
t 

U
n

d
er

st
an

d
in

g
 &

 Is
su

es

R
o

b
er

t 
H

o
w

ar
d

A
er

o
sp

ac
e 

T
es

ti
n

g
 A

lli
an

ce
A

rn
o

ld
 A

ir
 F

o
rc

e 
B

as
e,

 T
N

C
le

ar
ed

 f
o

r 
p

u
b

lic
 r

el
ea

se
; 

d
is

tr
ib

u
ti

o
n

 u
n

lim
it

ed
.

A
vi

at
io

n
 P

ar
ti

cl
e 

E
m

is
si

o
n

s 
W

o
rk

sh
o

p
N

o
ve

m
b

er
 1

8-
19

, 2
00

3

A
ir

 F
o

rc
e 

M
at

er
ie

l C
o

m
m

an
d

A
rn

o
ld

 E
n

g
in

ee
ri

n
g

 D
ev

el
o

p
m

en
t 

C
en

te
r

A
rn

o
ld

 A
ir

 F
o

rc
e 

B
as

e,
 T

N
 3

73
89

NASA/CP—2004-213398 51



W
or

ks
ho

p 
O

bj
ec

tiv
es

•
D

es
cr

ib
e 

cu
rr

en
t p

ar
tic

ul
at

e 
sa

m
pl

in
g 

m
et

ho
do

lo
gy

•
D

ef
in

e 
kn

ow
n 

sa
m

pl
in

g 
is

su
es

 

•
E

va
lu

at
e 

cu
rr

en
t m

et
ho

do
lo

gy
 a

ss
um

pt
io

ns
 a

nd
 tr

ad
eo

ff
s 

•
Id

en
tif

y 
im

pr
ov

em
en

ts
 to

 m
iti

ga
te

 s
am

pl
in

g 
is

su
es

•
Id

en
tif

y 
ex

pe
ri

m
en

ts
 a

nd
 p

ro
ce

ss
es

 f
or

 s
am

pl
in

g 
m

et
ho

do
lo

gy
 v

al
id

at
io

n 

•
T

ak
e 

ac
tio

n 
to

w
ar

d 
st

an
da

rd
iz

ed
 s

am
pl

in
g 

m
et

ho
do

lo
gy

Sa
m

pl
in

g 
M

et
ho

do
lo

gy
 -

C
ur

re
nt

 U
nd

er
st

an
di

ng
 &

 I
ss

ue
s

NASA/CP—2004-213398 52



Sa
m

pl
in

g 
M

et
ho

do
lo

gy
 -

C
ur

re
nt

 U
nd

er
st

an
di

ng
 &

 I
ss

ue
s

Pa
rt

ic
ul

at
e 

M
at

te
r 

(s
iz

e,
 c

he
m

is
tr

y,
 ..

. )
A

er
os

ol
 P

re
cu

rs
or

s
N

O
, N

O
X
, C

O
, C

O
2,

 H
C

O
th

er
 T

ra
ce

 G
as

eo
us

 S
pe

ci
es

T
em

pe
ra

tu
re

, P
re

ss
ur

e,
 V

el
oc

ity
, .

..

R
ad

ia
l a

nd
 A

xi
al

 V
ar

ia
tio

ns

Sa
m

pl
in

g

C
or

e 
F

lo
w

B
y-

P
as

s 
A

ir

A
m

bi
en

t 
A

ir

N
oz

zl
e

E
xi

t
C

om
bu

st
or

In
le

t 
A

ir

NASA/CP—2004-213398 53



C
or

e 
F

lo
w

B
y-

P
as

s 
A

ir

A
m

bi
en

t 
A

ir

N
oz

zl
e

E
xi

t
C

om
bu

st
or

In
le

t 
A

ir

NASA/CP—2004-213398 54



•
Pr

ob
es

 a
re

 d
es

ig
ne

d 
to

 s
ur

vi
ve

 in
 a

 s
ev

er
e 

th
er

m
al

 e
nv

ir
on

m
en

t r
ec

og
ni

zi
ng

 
th

at
 e

xh
au

st
 c

on
di

tio
ns

 (
te

m
pe

ra
tu

re
 a

nd
 p

re
ss

ur
e,

 v
el

oc
ity

, M
ac

h 
nu

m
be

r,
 

pa
rt

ic
le

 lo
ad

in
g,

 e
tc

.)
 c

an
 v

ar
y 

w
id

el
y 

fr
om

 e
ng

in
e 

to
 e

ng
in

e,
 th

ro
ttl

e 
po

si
tio

n,
 f

lig
ht

 c
on

di
tio

n,
 a

nd
 s

pa
tia

lly
 th

ro
ug

ho
ut

 th
e 

pl
um

e.
 

•
W

at
er

-c
oo

le
d 

pr
ob

es
 w

er
e 

de
si

gn
ed

 s
uc

h 
th

at
 w

at
er

-c
oo

lin
g 

do
es

 n
ot

 
in

te
rf

er
e 

w
ith

 th
e 

sa
m

pl
in

g 
pr

oc
es

s,
 e

ith
er

 e
xt

er
na

lly
 o

r 
in

te
rn

al
ly

.
❧

T
ra

ns
pi

ra
tio

n 
co

ol
in

g,
 in

 w
hi

ch
 w

at
er

 is
 ty

pi
ca

lly
 f

or
ce

d 
ou

t o
f

pa
ss

ag
es

 n
ea

r 
th

e 
pr

ob
e 

tip
, w

as
 a

vo
id

ed
.  

❧
L

ea
ka

ge
 b

et
w

ee
n 

in
te

rn
al

 c
oo

li
ng

 p
as

sa
ge

s 
an

d 
th

e 
sa

m
pl

e 
tu

be
 m

us
t b

e 
av

oi
de

d.
  

❧
M

as
si

ve
 c

oo
lin

g 
of

 th
e 

ex
tr

ac
te

d 
sa

m
pl

in
g 

st
re

am
 w

as
 a

vo
id

ed
 to

 m
in

im
iz

e 
co

nd
en

sa
tio

n 
w

ith
in

 th
e 

pr
ob

e 
an

d 
th

e 
sa

m
pl

e 
tr

an
sf

er
 li

ne
.  

•
Pa

rt
ic

ul
at

e 
sa

m
pl

in
g 

pr
ob

es
 a

llo
w

 f
or

 d
ilu

tio
n 

of
 th

e 
sa

m
pl

e 
st

re
am

 to
:

❧
M

ai
nt

ai
n 

th
e 

in
te

gr
ity

 o
f 

th
e 

pa
rt

ic
ul

at
e 

m
at

te
r,

 a
nd

❧
R

ed
uc

e 
th

e 
pa

rt
ic

le
 n

um
be

r 
de

ns
ity

 to
 a

 r
an

ge
 s

ui
ta

bl
e 

fo
r 

th
e 

pa
rt

ic
le

 
an

al
yz

er
s.

Sa
m

pl
in

g 
M

et
ho

do
lo

gy
 -

C
ur

re
nt

 U
nd

er
st

an
di

ng
 &

 I
ss

ue
s

Pr
ob

e 
H

ar
dw

ar
e 

D
es

ig
n 

C
on

si
de

ra
tio

ns
, D

ur
ab

ili
ty

 a
nd

 E
nv

ir
on

m
en

t:

NASA/CP—2004-213398 55



Sa
m

pl
in

g 
M

et
ho

do
lo

gy
 -

C
ur

re
nt

 U
nd

er
st

an
di

ng
 &

 I
ss

ue
s

M
in

im
iz

e 
th

e 
lo

ss
 o

r 
ga

in
 o

f 
pa

rt
ic

ul
at

es
 in

 th
e 

sa
m

pl
e 

st
re

am
 d

ue
 to

 th
e 

ef
fe

ct
s 

of
: 

•
N

on
-i

so
ki

ne
ti

c 
sa

m
pl

in
g 

•
T

he
rm

op
ho

re
si

s
•

W
al

l i
m

pa
ct

io
n

•
Pa

rt
ic

le
 d

if
fu

si
on

 w
al

l l
os

se
s

•
D

il
ut

io
n

Sa
m

pl
in

g 
C

on
si

de
ra

tio
ns

NASA/CP—2004-213398 56



La
rg

e 
pa

rt
ic

le
 p

at
h

La
rg

e 
pa

rt
ic

le
 p

at
h

Is
ok

in
et

ic
 S

am
pl

in
g

Is
ok

in
et

ic
: G

as
 v

el
oc

ity
 a

t t
he

 p
ro

be
 ti

p 
eq

ua
ls

 th
e 

ex
ha

us
t f

re
e-

st
re

am
 v

el
oc

ity
. 

Su
b-

Is
ok

in
et

ic
: G

as
 v

el
oc

ity
 a

t t
he

 p
ro

be
 

ti
p 

is
 le

ss
 th

an
 th

e 
ex

ha
us

t f
re

e-
st

re
am

 
ve

lo
ci

ty
; s

am
pl

e 
bi

as
ed

 to
 la

rg
e 

pa
rt

ic
le

s.

Su
pe

r-
Is

ok
in

et
ic

: G
as

 v
el

oc
ity

 a
t t

he
 p

ro
be

 
ti

p 
is

 g
re

at
er

 th
an

 th
e 

ex
ha

us
t f

re
e-

st
re

am
 v

el
oc

ity
; s

am
pl

e 
bi

as
ed

 to
 s

m
al

l 
pa

rt
ic

le
s.

Su
pe

r-
Is

ok
in

et
ic

 S
am

pl
in

g
Su

b-
Is

ok
in

et
ic

 S
am

pl
in

g

NASA/CP—2004-213398 57



T
he

rm
op

ho
re

si
s

•
Pa

rt
ic

le
s 

su
sp

en
de

d 
in

 a
 f

lu
id

 w
ith

 a
 te

m
pe

ra
tu

re
 g

ra
di

en
t, 

te
nd

to
 

m
ov

e 
in

 th
e 

di
re

ct
io

n 
of

 d
ec

re
as

in
g 

te
m

pe
ra

tu
re

. T
he

rm
op

ho
re

si
s 

is
 

th
e 

re
su

lt 
of

 th
e 

di
ff

er
en

tia
l m

om
en

tu
m

 o
f 

ga
s 

m
ol

ec
ul

es
 im

pa
ct

in
g 

th
e 

pa
rt

ic
le

 s
ur

fa
ce

.  
O

n 
th

e 
ho

t s
id

e 
of

 th
e 

pa
rt

ic
le

, t
he

 m
ol

ec
ul

es
 

ar
ri

ve
 w

ith
 a

 h
ig

he
r 

ki
ne

tic
 e

ne
rg

y 
th

an
 o

n 
th

e 
co

ld
 s

id
e.

 A
 h

ig
he

r 
m

om
en

tu
m

 c
ha

ng
e 

on
 th

e 
ho

t s
id

e 
of

 th
e 

pa
rt

ic
le

 r
es

ul
ts

 in
 a

 n
et

fo
rc

e 
on

 th
e 

pa
rt

ic
le

 in
 th

e 
op

po
si

te
 d

ir
ec

tio
n 

of
 th

e 
te

m
pe

ra
tu

re
 g

ra
di

en
t –

i.e
. t

ow
ar

ds
 th

e 
co

ld
 s

id
e.

•
If

 th
e 

sa
m

pl
in

g 
pr

ob
e 

w
al

l i
s 

co
ol

er
 th

an
 th

e 
sa

m
pl

e 
st

re
am

, s
m

al
le

r 
pa

rt
ic

le
s 

w
ill

 b
e 

dr
iv

en
 to

 th
e 

pr
ob

e 
w

al
l, 

w
he

re
 th

ey
 m

ay
 a

dh
er

e,
 a

nd
 

th
us

 n
ot

 r
ea

ch
 th

e 
pa

rt
ic

le
 a

na
ly

ze
rs

.

W
al

l I
m

pa
ct

io
n

•
L

ar
ge

r 
pa

rt
ic

le
s 

ca
n 

be
 lo

st
 in

 b
en

ds
 o

f 
sa

m
pl

in
g 

lin
es

.
•

T
hi

s 
ef

fe
ct

 is
 “

as
su

m
ed

”
ne

gl
ig

ib
le

 f
or

 tu
rb

in
e 

en
gi

ne
 e

xh
au

st

Sa
m

pl
in

g 
M

et
ho

do
lo

gy
 -

C
ur

re
nt

 U
nd

er
st

an
di

ng
 &

 I
ss

ue
s

NASA/CP—2004-213398 58



D
ilu

tio
n 

...
•

M
in

im
iz

es
 p

ar
tic

le
-p

ar
tic

le
 in

te
ra

ct
io

ns
.

•
M

in
im

iz
es

 g
as

-t
o-

pa
rt

ic
le

 c
on

ve
rs

io
n.

•
H

el
ps

 q
ue

nc
h 

ch
em

ic
al

 r
ea

ct
io

ns
.

•
R

ed
uc

es
 th

e 
pa

rt
ic

le
 c

on
ce

nt
ra

tio
n 

le
ve

l f
or

 p
ar

tic
le

 
an

al
yz

er
 d

et
ec

tio
n 

lim
its

.

•
Is

 in
tr

od
uc

ed
 a

s 
cl

os
e 

to
 th

e 
pr

ob
e 

tip
 a

s 
po

ss
ib

le
. 

•
R

at
io

 is
 q

ua
nt

if
ie

d 
(o

r 
ve

ri
fi

ed
) 

by
 m

ea
su

re
m

en
ts

 o
f 

C
O

2
in

 
th

e 
sa

m
pl

e 
st

re
am

 w
ith

 a
nd

 w
ith

ou
t d

ilu
tio

n.
 

Sa
m

pl
in

g 
M

et
ho

do
lo

gy
 -

C
ur

re
nt

 U
nd

er
st

an
di

ng
 &

 I
ss

ue
s

NASA/CP—2004-213398 59



Sa
m

pl
in

g 
M

et
ho

do
lo

gy
 -

C
ur

re
nt

 U
nd

er
st

an
di

ng
 &

 I
ss

ue
s

 

=
 W

at
er

=
 D

ilu
en

t

AA

Se
ct

io
n 

A
-A

=
 S

am
pl

e

C
ur

re
nt

 P
ar

tic
ul

at
e 

Sa
m

pl
in

g 
Pr

ob
e 

T
ip

 C
on

ce
pt

•
A

dd
s 

di
lu

en
t n

ea
r 

th
e 

pr
ob

e 
tip

.

•
In

je
ct

s 
th

e 
di

lu
en

t a
lo

ng
 th

e 
w

al
l a

nd
 p

ar
al

le
l t

o 
th

e 
sa

m
pl

e 
fl

ow
.

•
Is

 w
at

er
 c

oo
le

d.

NASA/CP—2004-213398 60



NASA/CP—2004-213398 61



N
A

SA
 W

at
er

-C
oo

le
d 

R
ak

e 
A

rm
 w

it
h 

12
-P

ar
ti

cu
la

te
 

P
ro

be
s

NASA/CP—2004-213398 62



C
om

po
ne

nt
s 

F
or

   
 

In
de

pe
nd

en
t 

D
ilu

en
t 

Su
pp

ly

NASA/CP—2004-213398 63



In
de

pe
nd

en
t 

D
ilu

en
t 

Su
pp

ly
 T

ee
 A

ss
em

bl
y

NASA/CP—2004-213398 64



N
A

SA
-D

E
R

A
R

ea
ct

iv
e 

Sp
ec

ie
s 

Pr
ob

e

Sa
m

pl
in

g 
M

et
ho

do
lo

gy
 -

C
ur

re
nt

 U
nd

er
st

an
di

ng
 &

 I
ss

ue
s

NASA/CP—2004-213398 65



36
”

18
”R

G
A

S 
E

X
T

R
A

C
T

IO
N

 P
IP

E
21

/2
” 

X
X

S 
St

ai
n.

 S
tl.

O
D

 2
.8

75
”

W
al

l .
52

2”
ID

 G
la

ss
 C

oa
te

d

P
ar

ti
cu

la
te

 E
xt

ra
ct

io
n 

P
ro

be
1.

0”
 T

ub
e

.0
95

” 
W

al
l

D
ilu

tio
n 

G
as

U
nr

es
tr

ic
te

d 
V

en
t 

to
 A

tm
os

ph
er

e

P
ar

ti
cu

la
te

 
Sa

m
pl

e 
T

ra
ns

fe
r

N
A

SA
 P

ar
ti

cu
la

te
 a

nd
 G

as
 

E
xt

ra
ct

io
n 

P
ro

be
s

fo
r 

th
e

N
A

SA
 E

X
C

A
V

A
T

E
 T

es
t

NASA/CP—2004-213398 66



Pr
ob

e 
&

 S
up

po
rt

 
C

oo
lin

g 
W

at
er

 
D

is
ch

ar
ge

W
at

er
 I

nl
et

s

N
on

 C
oo

le
d 

Su
pp

or
t

Sa
m

pl
e 

Pa
rt

ic
ul

at
e 

Pr
ob

e 
In

st
ru

m
en

ta
tio

n 

O
pt

io
na

l P
ar

tic
ul

at
e 

/ 
R

ea
ct

iv
e 

Pr
ob

e 
Po

rt
s

W
at

er
 I

n 
 

W
at

er
 O

ut
F

or
 I

nn
er

 
Ja

ck
et

 C
oo

lin
g

12
” 

B
lin

d 
Fl

an
ge

 w
ith

 
8”

 C
en

te
r 

H
ol

e 
&

 I
nn

er
 

Ja
ck

et
 C

oo
lin

g

NASA/CP—2004-213398 67



M
in

ia
tu

re
 R

ak
e 

 

T
or

ch
 T

es
t

B
en

ch
 T

es
t:

 P
ro

be
 W

at
er

 C
oo

lin
g 

/ S
ur

vi
va

bi
lit

y 

NASA/CP—2004-213398 68



R
em

ar
ks

 

•
Pr

ob
e 

pe
ne

tr
at

io
n 

m
ea

su
re

m
en

ts
 p

er
fo

rm
ed

 a
t t

he
 th

e 
U

ni
ve

rs
ity

 o
f 

M
in

ne
so

ta
 in

di
ca

te
 g

oo
d 

pa
rt

ic
ul

at
e 

tr
an

sf
er

.
•

U
M

R
 a

nd
 N

A
SA

 d
is

co
ve

re
d 

th
at

 a
 s

in
gl

e-
co

nt
ro

l d
ilu

tio
n 

su
pp

ly
 

fo
r 

m
ul

tip
le

 p
ro

be
s 

lim
ite

d 
th

e 
ra

ng
e 

of
 a

pp
lic

at
io

n.
  

•
Pr

ob
es

 r
ed

es
ig

ne
d 

to
 a

llo
w

 in
di

vi
du

al
 d

ilu
tio

n 
su

pp
ly

 c
on

tr
ol

 p
er

 
pr

ob
e 

pe
rf

or
m

ed
 w

el
l a

nd
 e

xp
an

de
d 

th
e 

ra
ng

e 
of

 a
pp

lic
ab

ili
ty

.
•

W
at

er
-C

oo
le

d 
Pr

ob
es

 a
nd

 R
ak

es
 h

av
e 

ex
ce

lle
nt

 s
ur

vi
va

bi
lit

y,
 

du
ra

bi
lit

y 
an

d 
ca

n 
be

 a
pp

lie
d 

to
 a

 w
id

e 
va

ri
et

y 
of

 f
lo

w
-f

ie
ld

 
co

nd
iti

on
s.

Sa
m

pl
in

g 
M

et
ho

do
lo

gy
 -

C
ur

re
nt

 U
nd

er
st

an
di

ng
 &

 I
ss

ue
s

NASA/CP—2004-213398 69



Sa
m

pl
in

g 
M

et
ho

do
lo

gy
 -

C
ur

re
nt

 U
nd

er
st

an
di

ng
 &

 I
ss

ue
s

Fu
tu

re
 P

la
ns

  /
 R

ec
om

m
en

da
tio

ns
•

C
ol

la
bo

ra
tio

n 
ef

fo
rt

 le
d 

by
 U

M
R

 to
 d

ev
el

op
 a

 p
ro

be
 c

al
ib

ra
tio

n 
fa

ci
lit

y:
❧

Si
m

ul
at

e 
tu

rb
in

e 
an

d/
or

 c
om

bu
st

io
n 

ex
ha

us
t a

er
od

yn
am

ic
 c

on
di

tio
ns

.
❧

Pr
od

uc
e 

co
nt

ro
lle

d 
an

d 
w

el
l-

ch
ar

ac
te

ri
ze

d 
pa

rt
ic

le
 s

tr
ea

m
s 

as
 a

 s
ou

rc
e 

fo
r 

pr
ob

e 
pe

ne
tr

at
io

n 
ca

lib
ra

tio
ns

. 

•
C

ol
la

bo
ra

tio
n 

ef
fo

rt
 le

d 
by

 A
R

I 
an

d 
M

IT
 to

 d
ev

el
op

 c
he

m
ic

al
 

qu
en

ch
 p

ro
be

 c
ri

te
ri

a 
fo

r 
ae

ro
so

l p
re

cu
rs

or
 s

am
pl

in
g.

•
R

ef
in

e 
th

e 
pr

ob
e 

/ s
am

pl
in

g 
sy

st
em

 d
es

ig
n 

an
d 

m
et

ho
do

lo
gy

 a
s 

re
qu

ir
ed

.
•

In
ve

st
ig

at
e 

fu
rt

he
r 

sa
m

pl
in

g 
ef

fe
ct

s 
on

 a
er

os
ol

 p
re

cu
rs

or
s 

an
d 

vo
la

til
e 

ae
ro

so
ls

.  
•

C
ol

la
bo

ra
tiv

e 
ef

fo
rt

 to
 in

ve
st

ig
at

e 
a 

m
et

ho
do

lo
gy

 f
or

 e
xt

ra
ct

in
g

ex
ha

us
t i

nt
o 

an
 e

nv
ir

on
m

en
ta

lly
 c

on
tr

ol
le

d 
re

ac
tio

n/
m

ix
in

g 
ch

am
be

r 
fo

r 
st

an
da

rd
iz

ed
 p

ro
ce

ss
 f

or
m

at
io

n 
an

d 
su

bs
eq

ue
nt

 c
ha

ra
ct

er
iz

at
io

n 
of

 v
ol

at
ile

 a
nd

 n
on

-v
ol

at
ile

 a
er

os
ol

s.

NASA/CP—2004-213398 70



A
m

bi
en

t 
A

ir

In
le

t 
A

ir

Se
a-

L
ev

el
 T

es
t C

el
l

E
xh

au
st

 M
ix

ed
 W

it
h 

E
nt

ra
in

ed
 A

m
bi

en
t 

A
ir

 f
or

 
vo

la
ti

le
 a

er
os

ol
 f

or
m

at
io

n

NASA/CP—2004-213398 71



A
m

bi
en

t 
A

ir

In
le

t 
A

ir

Se
a-

L
ev

el
 T

es
t C

el
l

E
nv

ir
on

m
en

ta
lly

C
on

tr
ol

le
d

M
ix

in
g/

R
ea

ct
io

n
C

ha
m

be
r

C
on

di
ti

on
ed

 A
ir

T
o 

In
st

ru
m

en
ts

NASA/CP—2004-213398 72



D
is

cu
ss

io
n 

It
em

s 

•
T

em
pe

ra
tu

re
 o

f 
th

e 
pr

ob
e 

tip
 a

nd
 s

am
pl

e 
lin

e:
❧

A
 d

ilu
tio

n 
ra

tio
 th

at
 p

re
ve

nt
s 

w
at

er
 c

on
de

ns
at

io
n 

ne
ga

te
s 

re
qu

ir
em

en
ts

 
fo

r 
he

at
ed

 s
am

pl
e 

lin
es

?
❧

C
an

 s
am

pl
e 

lin
es

 b
e 

he
at

ed
 s

uf
fi

ci
en

tly
 to

 p
re

ve
nt

 c
on

de
ns

at
io

n 
of

 
sp

ec
ie

s 
th

at
 f

or
m

 a
er

os
ol

s?
❧

Sh
ou

ld
 s

am
pl

e 
lin

es
 b

e 
he

at
ed

 f
or

 c
on

si
st

en
cy

/u
ni

fo
rm

it
y 

in
 

m
ea

su
re

m
en

t m
et

ho
do

lo
gy

?
❧

If
 w

at
er

 c
oo

le
d,

 s
ho

ul
d 

th
e 

pr
ob

e 
tip

 b
e 

“c
oo

le
d”

w
ith

 h
ea

te
d 

w
at

er
?

❧
H

ow
 s

ho
ul

d 
an

 o
pt

im
al

 p
ro

be
 a

nd
 s

am
pl

e 
lin

e 
te

m
pe

ra
tu

re
 b

e 
de

te
rm

in
ed

?

•
Is

 th
e 

cu
rr

en
t p

ro
be

 r
ak

e 
sy

st
em

 d
es

ig
n 

a 
gr

os
s 

ov
er

-k
ill

 f
or

 
pa

rt
ic

ul
at

e 
sa

m
pl

in
g 

at
 c

om
m

er
ci

al
 e

ng
in

e 
ex

it 
pl

an
e 

co
nd

iti
on

s?

Sa
m

pl
in

g 
M

et
ho

do
lo

gy
 -

C
ur

re
nt

 U
nd

er
st

an
di

ng
 &

 I
ss

ue
s

NASA/CP—2004-213398 73



D
is

cu
ss

io
n 

It
em

s 
(c

on
t.)

•
Pr

ob
e 

tip
 a

nd
 s

am
pl

e 
lin

e 
pe

ne
tr

at
io

n:
❧

H
ow

 d
o 

vo
la

til
e 

an
d 

no
n-

vo
la

til
e 

ae
ro

so
l p

en
et

ra
tio

ns
 c

om
pa

re
?

❧
Pr

ob
e 

pe
ne

tr
at

io
n 

ca
lib

ra
tio

ns
 s

ho
ul

d 
be

 p
er

fo
rm

ed
 a

t s
im

ul
at

ed
 a

er
od

yn
am

ic
 

an
d 

th
er

m
od

yn
am

ic
 e

ng
in

e 
ex

ha
us

t c
on

di
tio

ns
?

•
Pr

es
su

re
 d

is
co

nt
in

ui
ty

/d
is

tu
rb

an
ce

 in
 f

ro
nt

 o
f 

th
e 

pr
ob

e 
tip

 h
as

a 
ne

gl
ig

ib
le

 e
ff

ec
t o

n 
th

e 
sa

m
pl

ed
 p

ar
tic

ul
at

e 
m

at
te

r?
•

“D
ue

 to
 th

e 
sm

al
l s

iz
e 

of
 tu

rb
in

e 
en

gi
ne

 e
xh

au
st

 p
ar

tic
le

s,
 th

is
 o

r 
th

at
 e

ff
ec

t i
s 

ne
gl

ig
ib

le
 a

nd
 c

an
 b

e 
ig

no
re

d.
”

Is
 th

is
 a

 g
en

er
al

iz
at

io
n 

th
at

 f
os

te
rs

 c
om

pl
ac

en
cy

 a
nd

 p
ro

du
ce

s 
bi

as
ed

 m
ea

su
re

m
en

t r
es

ul
ts

?
•

T
ra

de
of

fs
 d

ue
 to

 p
ra

ct
ic

al
 d

es
ig

n 
co

ns
id

er
at

io
ns

 te
nd

 to
 b

e 
di

sm
is

se
d?

   
•

N
on

-i
so

ki
ne

tic
 s

am
pl

in
g 

•
T

he
rm

op
ho

re
si

s
•

W
al

l i
m

pa
ct

io
n

•
Pa

rt
ic

le
 d

if
fu

si
on

 w
al

l l
os

se
s

•
D

ilu
tio

n

Sa
m

pl
in

g 
M

et
ho

do
lo

gy
 -

C
ur

re
nt

 U
nd

er
st

an
di

ng
 &

 I
ss

ue
s

NASA/CP—2004-213398 74



F
ac

to
rs

 t
o 

C
on

si
de

r 
in

 D
es

ig
ni

ng
 A

er
os

ol
 I

nl
et

 
Sy

st
em

s 
fo

r 
E

ng
in

e 
E

xh
au

st
 P

lu
m

e 
Sa

m
pl

in
g

B
ru

ce
 A

nd
er

so
n

A
tm

os
ph

er
ic

 S
ci

en
ce

s

N
A

SA
 L

an
gl

ey
 R

es
ea

rc
h 

C
en

te
r

NASA/CP—2004-213398 75



F
ue

l T
yp

e

0.
010.

1110

Emission Index (1E15/kg)

JP
8

L
ow

_S
ul

M
ed

_S
ul

H
ig

h_
S

ul

T
es

t C
el

l
 >

 1
0 

nm

F
10

0 
P

ar
ti

cu
la

te
 E

m
is

si
on

s

JP
8+

10
0

A
ir

bo
rn

e
  >

 4
 n

m

A
ir

bo
rn

e
 >

 1
6 

nm

NASA/CP—2004-213398 76



P
ro

ce
ss

es
 I

nf
lu

en
ci

ng
 P

ar
ti

cl
e 

Si
ze

 a
nd

 C
on

ce
nt

ra
ti

on

IN
ST

R
U

M
E

N
T

S

E
N

G
IN

E

In
er

ti
al

 E
ff

ec
ts

L
os

s 
in

 B
en

ds

T
he

rm
op

ho
re

ti
c 

E
ff

ec
ts

T
ur

bu
le

nt
 D

ep
os

it
io

n

G
ra

vi
ta

ti
on

al
 S

et
tl

in
g

C
oa

gu
la

ti
on

NASA/CP—2004-213398 77



1
0

1
0

0
1

0
0

0

1

1
0

V
el

oc
it

y 
R

at
io

s 
(m

/s
)

   
  E

xh
au

st
/I

nl
et

E
ff

ec
ts

 o
f 

N
on

-i
so

ki
ne

ti
c 

S
am

pl
in

g 

50
/1

50

30
0/

15
0

30
0/

10
0

30
0/

30

30
0/

10

 

Fractional Penetration

D
ia

m
e

te
r 

(n
m

)

NASA/CP—2004-213398 78



1
0

1
00

1
00

0
1

00
00

1
00

00
0

1
E

-6

1
E

-5

1
E

-4

1
E

-3

0.
0

1

0
.11

1
0

T
he

rm
op

ho
re

ti
c 

V
el

oc
it

y

S
et

tl
in

g 
V

el
oc

it
y

30
0 

K
/m

m

T
he

rm
op

ho
re

ti
c 

an
d 

G
ra

vi
ta

ti
on

al
 L

os
se

s

 

Deposition Velocity (cm/sec)

D
ia

m
e

te
r 

(n
m

)

NASA/CP—2004-213398 79



8
0

1
0

0
02468

1
0

1
2

W
it

h 
W

at
er

 C
oo

li
ng

N
o 

W
at

er
 C

oo
li

ng

J8
5-

G
E

 A
er

os
ol

 E
m

is
si

on
s 

at
 1

 m
Aerosol Emission Index (1e14/kg)

E
n

g
in

e
 P

o
w

e
r 

(%
)

NASA/CP—2004-213398 80



10
10

0
10

00

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

Pa
rt

ic
le

 L
os

se
s 

in
 0

.2
5"

 E
lb

ow

50
 L

P
M

20
 L

P
M

10
 L

PM

 

Penetration

D
ia

m
et

e
r 

(n
m

)

NASA/CP—2004-213398 81



10
10

0
1E

-8

1E
-7

1E
-6

1E
-5

1E
-4

1E
-3

0.
010.
1110

N
f/

N
o=

0.
28

15
 m

 p
ip

e 
@

 1
0 

L
PM

C
oa

gu
la

tio
n 

fo
r 

E
I=

5e
15

/k
g

2 
Se

co
nd

s 
L

at
er

In
iti

al

dN/dLog(Dp)

D
ia

m
et

er
 (

nm
)

NASA/CP—2004-213398 82



10
10

0
1E

-8

1E
-7

1E
-6

1E
-5

1E
-4

1E
-3

0.
010.

1110

N
f/

N
o=

0.
87

15
 m

 p
ip

e 
@

 1
0 

L
PM

C
oa

gu
la

tio
n 

fo
r 

E
I=

5e
15

/k
g 

w
/1

0 
Fo

ld
 D

ilu
tio

n

2 
Se

co
nd

s 
L

at
er

In
iti

al

dN/dLog(Dp)

D
ia

m
et

er
 (

nm
)

NASA/CP—2004-213398 83



Im
pa

ct
 o

f 
D

ilu
tio

n 
on

 E
I

E
ng

in
e 

Po
w

er

Sa
m

pl
e 

C
O

32
00

 p
p m

16
00

 p
pm

80
0 

pp
m

50
60

70
80

90
10

0
0510152025

(X
 1

.E
15

)

NASA/CP—2004-213398 84



0.
0

0.
5

1.
0

1.
5

2.
0

101112131415
15

 m
 p

ip
e 

@
 1

0 
L

PM

10
-F

ol
d 

D
ilu

tio
n

N
o 

D
ilu

tio
n

C
oa

gu
la

tiv
e 

G
ro

w
th

 f
or

 E
I=

5e
15

/k
g

Count Mean Diameter (nm)

T
im

e 
(s

ec
on

ds
)

NASA/CP—2004-213398 85



0.
0

0.
5

1.
0

1.
5

2.
0

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

C
oa

gu
la

tiv
e 

L
os

se
s 

fo
r 

E
I=

5e
15

/k
g

10
X

 D
ilu

tio
n

N
o 

D
ilu

tio
n

Remaining Fraction

T
im

e 
(s

ec
on

ds
)

NASA/CP—2004-213398 86



10
10

0

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

T
ur

bu
le

nt
 D

if
fu

si
on

 L
os

se
s

0.
5"

 ID
0.

25
" 

ID

15
 m

 T
ub

e,
 1

0 
L

PM
Fractional Penetration

D
ia

m
et

er
 (

nm
)

NASA/CP—2004-213398 87



10
10

0
1E

-8

1E
-7

1E
-6

1E
-5

1E
-4

1E
-3

0.
010.
1110

E
I 

= 
8.

5e
14

E
I 

= 
2.

4e
15

10
X

 D
ilu

tio
n

  0
.5

" 
T

ub
e

N
o 

D
ilu

tio
n

 0
.2

5"
 T

ub
e

C
oa

gu
la

tio
n+

D
if

fu
si

on
 L

os
se

s 
fo

r 
E

I=
5e

15
/k

g

dN/dLog(Dp)

D
ia

m
et

er
 (

nm
)

NASA/CP—2004-213398 88



R
el

at
iv

e 
H

um
id

it
y 

of
 S

am
pl

e
10

0 
%

 P
ow

er
 S

et
ti

ng

4:
1

29
0

29
5

30
0

30
5

31
0

0

80

16
0

24
0

Relative Humidity (%)

28
5

N
o 

D
il

ut
io

n

8:
1

2:
1

 S
am

pl
e 

T
em

pe
ra

tu
re

 (
K

)

NASA/CP—2004-213398 89



F
S

C
 1

8
2
0
 p

p
m

, 
1
.3

 e
p

r,
 1

m

0
.0

0
E
+
0
0

1
.0

0
E
+
0
7

2
.0

0
E
+
0
7

3
.0

0
E
+
0
7

4
.0

0
E
+
0
7

5
.0

0
E
+
0
7

6
.0

0
E
+
0
7

7
.0

0
E
+
0
7

1
1
0

1
0
0

1
0
0
0

D
p

 (
n

m
)

dN/dlog10(Dp) (#/cm3)

u
n
h
e
a
te

d

h
e
a
te

d

U
ni

ve
rs

ity
 

of
 

M
in

ne
so

ta

30
0 

C

20
 C

C
on

de
ns

at
io

n 
of

 V
ol

at
ile

 S
pe

ci
es

NASA/CP—2004-213398 90



0
2

0
4

0
6

0
8

0
1

0
0

1

1
0

1
0

0

D
ilu

tio
n

 F
lo

w

T
o

ta
l F

lo
w

D
ilu

tio
n

 R
a

tio

S
a

m
p

le
 F

lo
w

Mass Flow (LPM), Dilution Ratio

E
n

g
in

e
 P

o
w

e
r 

(%
)

NASA/CP—2004-213398 91



-2
0

0
2

0
4

0
6

0
8

0
1

0
0

1
2

0
1

4
0

1
6

0
1

8
0

2
0

0
2

2
0

-1
0

00

1
0

0

2
0

0

3
0

0

4
0

0

5
0

0

6
0

0

7
0

0

0
.7

5
"

0
.6

2
5

"

0
.5

"

0
.3

7
5

"
0

.2
5

"

P
re

s
s

u
re

 D
ro

p
 A

c
ro

s
s

 2
0

 m
 T

u
b

e

 

Pressure Drop (Torr)

M
a

ss
 F

lo
w

 (
L

P
M

)

NASA/CP—2004-213398 92



M
ea

su
re

m
en

t M
et

ho
do

lo
gi

es
N

on
-v

ol
at

ile
 A

er
os

ol
s

A
vi

at
io

n 
P

ar
tic

le
 E

m
is

si
on

s 
W

or
ks

ho
p

C
le

ve
la

nd
, 1

8-
19

 N
ov

em
be

r 
20

03

P
hi

l W
hi

te
fie

ld
D

ire
ct

or
 U

M
R

C
O

E

NASA/CP—2004-213398 93



“T
he

re
 is

 g
en

er
al

 c
on

se
ns

us
 th

at
 th

e 
re

gu
la

tio
ns

 r
eg

ar
di

ng
 

th
e 

em
is

si
on

 o
f v

is
ib

le
 s

m
ok

e 
fo

r 
ai

rc
ra

ft 
en

gi
ne

s,
 w

hi
ch

 h
av

e 
be

en
 in

 p
la

ce
 fo

r 
de

ca
de

s,
 d

o 
no

t a
dd

re
ss

 a
nd

 a
re

 n
ot

 
re

le
va

nt
 to

 th
e 

m
ea

su
re

m
en

t o
f p

ar
tic

le
s 

re
sp

on
si

bl
e 

fo
r 

he
al

th
 e

ffe
ct

s 
an

d 
en

vi
ro

nm
en

ta
l i

m
pa

ct
s.

” 
 

“I
C

A
O

, U
S

E
P

A
, U

S
F

A
A

, U
S

D
oD

E
nv

iro
nm

en
ta

l R
es

ea
rc

h 
P

ro
gr

am
m

e 
of

 th
e 

E
ur

op
ea

n 
C

om
m

is
si

on
  D

ire
ct

or
at

e 
G

en
er

al
 fo

r 
R

es
ea

rc
h

G
er

m
an

 A
ss

oc
ia

tio
n 

of
 E

ng
in

ee
rs

 (
V

D
I)

 h
av

e 
al

l e
xp

re
ss

ed
 

in
te

re
st

 in
 s

pe
ci

fy
in

g 
m

ea
su

re
m

en
t t

ec
hn

ol
og

y 
re

le
va

nt
 to

 
th

es
e 

pr
es

en
t c

on
ce

rn
s.

” 
 

“W
or

ki
ng

 G
ro

up
 3

 o
f t

he
 IC

A
O

 C
om

m
itt

ee
 o

n 
A

vi
at

io
n 

E
nv

iro
nm

en
ta

l P
ro

te
ct

io
n 

(C
A

E
P

) 
ha

s 
as

ke
d 

th
e 

S
A

E
 E

-3
1 

co
m

m
itt

ee
 a

nd
 E

ur
op

ea
n 

C
om

m
is

si
on

 A
E

R
O

N
E

T
 G

ro
up

 fo
r 

te
ch

ni
ca

l a
ss

is
ta

nc
e 

in
 d

ev
el

op
in

g 
ap

pr
op

ria
te

 p
ar

tic
ul

at
e 

ch
ar

ac
te

riz
at

io
n 

te
ch

ni
qu

es
 fo

r 
ro

ut
in

e 
ce

rt
ifi

ca
tio

n 
of

 a
irc

ra
ft 

tu
rb

in
e 

en
gi

ne
s.

” 

S
A

E
 E

-3
1 

P
o

si
ti

o
n

 P
ap

er
O

n
 P

ar
ti

cl
e 

M
at

te
r 

M
ea

su
re

m
en

ts
  A

p
ri

l 2
00

2

NASA/CP—2004-213398 94



D
ev

el
o

p
m

en
t 

o
f 

R
ec

o
m

m
en

d
ed

 P
ra

ct
ic

es
 f

o
r 

P
ar

ti
cu

la
te

s 
–

T
hi

s 
po

si
tio

n 
pa

pe
r 

ou
tli

ne
s 

th
e 

m
ot

iv
at

io
n 

an
d 

fo
un

da
tio

n 
fo

r 
th

e 
S

A
E

 E
-3

1 
co

m
m

itt
ee

 to
 d

ev
el

op
 a

 s
et

 o
f m

ea
su

re
m

en
t r

ec
om

m
en

da
tio

ns
 fo

r 
pa

rt
ic

le
 

em
is

si
on

s.
  

T
he

 p
ro

ce
ss

 o
f d

ev
el

op
in

g 
th

es
e 

re
co

m
m

en
da

tio
ns

 is
 b

ei
ng

 in
iti

at
ed

 in
 

re
sp

on
se

 to
 e

xp
re

ss
ed

 in
te

re
st

 fr
om

 a
 v

ar
ie

ty
 o

f r
eg

ul
at

or
y 

an
d 

ce
rt

ifi
ca

tio
n 

ag
en

ci
es

. 

T
he

 s
co

pe
 o

f t
he

se
 r

ec
om

m
en

da
tio

ns
 in

cl
ud

es
:

•
M

ea
su

re
m

en
ts

 a
t t

he
 e

ng
in

e 
ex

it 
pl

an
e

•
C

ha
ra

ct
er

iz
at

io
n 

of
 n

on
-v

ol
at

ile
 p

ar
tic

le
s

•
E

xc
lu

si
on

 o
f t

he
 c

ha
ra

ct
er

iz
at

io
n 

of
 v

ol
at

ile
 p

ar
tic

le
s

V
ol

at
ile

 a
er

os
ol

s 
ha

ve
 n

ot
 y

et
 fo

rm
ed

 w
he

n 
th

e 
ex

ha
us

t l
ea

ve
s 

th
e 

en
gi

ne
 a

nd
 

de
pe

nd
 s

en
si

tiv
el

y 
on

 a
m

bi
en

t e
nv

iro
nm

en
ta

l c
on

di
tio

ns
.  

M
ea

su
re

m
en

t o
f 

co
nd

en
sa

bl
e 

pr
ec

ur
so

r 
ga

se
s 

th
at

 c
on

tr
ib

ut
e 

to
 v

ol
at

ile
 a

er
os

ol
 fo

rm
at

io
n 

an
d 

pa
rt

ic
le

 g
ro

w
th

 is
 a

 s
ep

ar
at

e 
an

d 
di

st
in

ct
 m

ea
su

re
m

en
t i

ss
ue

 a
nd

w
ill

 n
ot

 b
e 

in
cl

ud
ed

 in
 th

e 
pr

es
en

t a
ct

iv
ity

.

NASA/CP—2004-213398 95



A
irc

ra
ft 

ga
s 

tu
rb

in
e 

en
gi

ne
s 

em
it 

sm
al

l 
pa

rt
ic

le
s 

(<
<

10
 µ

m
) 

as
 a

 r
es

ul
t o

f t
he

 c
om

bu
st

io
n 

of
 h

yd
ro

ca
rb

on
 fu

el
s.

m
os

tly
 s

ol
id

 c
ar

bo
n 

pa
rt

ic
le

s 
an

d 
m

et
al

s.
 

(S
oo

t e
nc

om
pa

ss
es

 a
ll 

pr
im

ar
y 

ca
rb

on
-b

as
ed

 p
ar

tic
le

 p
ro

du
ct

s 
fr

om
 in

co
m

pl
et

e 
co

m
bu

st
io

n 
in

 a
n 

en
gi

ne
 a

nd
 m

ay
 in

cl
ud

e 
bo

th
 

pu
re

 (
op

tic
al

ly
 b

la
ck

) 
ca

rb
on

 a
nd

 n
on

-v
ol

at
ile

 (
gr

ay
) 

or
ga

ni
c 

co
m

po
un

ds
.

M
et

al
 p

ar
tic

le
s 

re
su

lt 
fr

om
 e

ng
in

e 
er

os
io

n 
an

d 
th

e 
co

m
bu

st
io

n 
of

fu
el

s 
co

nt
ai

ni
ng

 tr
ac

e 
m

et
al

 im
pu

rit
ie

s 
or

 m
et

al
 p

ar
tic

le
s 

th
at

 
en

te
r 

th
e 

ex
ha

us
t f

ro
m

 th
e 

fu
el

).
M

et
al

 p
ar

tic
le

 c
on

ce
nt

ra
tio

ns
 a

re
 s

ev
er

al
 o

rd
er

s 
of

 m
ag

ni
tu

de
 

sm
al

le
r 

th
an

 th
os

e 
fo

r 
so

ot
).

ae
ro

so
ls

 o
f s

ul
fu

r 
co

m
po

un
ds

 a
nd

 h
yd

ro
ca

rb
on

s 
ar

e 
fo

rm
ed

 a
s 

th
e 

en
gi

ne
 e

xh
au

st
 c

oo
ls

.  

NASA/CP—2004-213398 96



P
re

se
n

t 
C

o
n

tr
o

ls
 -

E
m

is
si

on
s 

fr
om

 a
irc

ra
ft 

ga
s 

tu
rb

in
es

 a
re

 p
re

se
nt

ly
 

re
gu

la
te

d 
fo

r 
em

is
si

on
s 

of
:

O
xi

de
s 

of
 n

itr
og

en
 (

N
O

 a
nd

 N
O

2)
C

ar
bo

n 
m

on
ox

id
e

T
ot

al
 u

nb
ur

ne
d 

hy
dr

oc
ar

bo
ns

C
ar

bo
na

ce
ou

s 
pa

rt
ic

ul
at

es
 (

so
ot

) 
as

 c
or

re
la

te
d 

to
 v

is
ib

le
 s

m
ok

e

P
M

 R
eg

u
la

ti
o

n
s 

–
S

m
ok

e 
N

um
be

r 
(S

A
E

 A
R

P
 1

17
9,

 1
99

7)
 

ac
qu

ire
s 

a 
sa

m
pl

e 
of

 th
e 

em
itt

ed
 p

ar
tic

le
s 

on
 a

 fi
lte

r,
 w

hi
ch

 is
th

en
 a

ss
ay

ed
 

fo
r 

an
 o

pt
ic

al
 s

m
ok

e 
st

ai
n 

m
ea

su
re

m
en

t. 
 T

he
 r

ef
le

ct
iv

ity
 o

f t
he

fil
te

r 
sp

ot
 is

 
re

la
te

d 
to

 th
e 

de
po

si
te

d 
to

ta
l p

ar
tic

le
 m

as
s 

by
 a

n 
em

pi
ric

al
 r

el
at

io
ns

hi
p.

 

S
oo

t a
nd

 a
ny

 a
er

os
ol

s 
re

su
lti

ng
 fr

om
 c

on
de

ns
ed

 h
yd

ro
ca

rb
on

s 
or

 s
ul

fu
r 

th
at

 
ar

e 
qu

an
tif

ie
d 

by
 a

 s
m

ok
e 

nu
m

be
r 

ar
e 

cu
rr

en
tly

 r
eg

ul
at

ed
.

“T
hi

s 
m

et
ho

d 
ha

s 
pr

ov
en

 to
 b

e 
a 

us
ef

ul
 m

ea
ns

 o
f 

qu
an

tif
yi

ng
 th

e 
vi

si
bl

e 
sm

ok
e 

em
is

si
on

s 
an

d,
 b

y 
us

in
g 

th
is

 
m

et
ric

, a
vi

at
io

n 
en

gi
ne

s 
ha

ve
 b

ec
om

e 
vi

rt
ua

lly
 s

m
ok

e-
fr

ee
.”

NASA/CP—2004-213398 97



T
h

e 
sp

o
t 

fi
lt

ra
ti

o
n

 (
S

m
o

ke
 N

u
m

b
er

) 
m

et
h

o
d

 o
f 

m
ea

su
ri

n
g

 s
m

o
ke

 
d

o
es

 n
o

t:
 

di
sc

rim
in

at
e 

pa
rt

ic
le

 s
iz

e,
 ty

pe
, o

r 
si

ze
 d

is
tr

ib
ut

io
n,

  

th
e 

m
ea

su
re

d 
pa

rt
ic

le
s 

do
 n

ot
 r

ep
re

se
nt

 a
ll 

of
 th

e 
pa

rt
ic

le
s 

th
at

 a
re

 im
po

rt
an

t 
to

 h
ea

lth
 o

r 
en

vi
ro

nm
en

ta
l i

m
pa

ct
s,

 

T
he

 s
iz

es
 o

f p
ar

tic
le

s 
th

at
 m

os
t s

tr
on

gl
y 

af
fe

ct
 v

is
ib

le
 s

m
ok

e 
ar

e 
si

gn
ifi

ca
nt

ly
 

la
rg

er
 th

an
 th

e 
pa

rt
ic

le
s 

of
 c

on
se

qu
en

ce
 fo

r 
he

al
th

 a
nd

 e
nv

iro
nm

en
ta

l 
ef

fe
ct

s.

M
or

e 
sp

ec
ifi

c 
m

et
ho

ds
 o

f m
ea

su
rin

g 
pa

rt
ic

ul
at

es
 a

re
 n

ow
 

re
qu

ire
d.

NASA/CP—2004-213398 98



H
ow

 s
ho

ul
d 

av
ia

tio
n 

pa
rt

ic
le

s 
be

 c
ha

ra
ct

er
iz

ed
?

M
as

s 
N

um
be

r 
co

nc
en

tr
at

io
n 

 S
iz

e 
an

d 
si

ze
 d

is
tr

ib
ut

io
n

C
om

po
si

tio
n

A
n 

ag
re

em
en

t i
s 

re
qu

ire
d 

to
 d

et
er

m
in

e 
w

hi
ch

 fr
ac

tio
n 

of
 th

e 
ex

ha
us

t a
er

os
ol

 

be
co

m
es

 s
ub

je
ct

 to
 r

eg
ul

at
or

y 
ru

le
.

re
fr

ac
to

ry
 c

ar
bo

na
ce

ou
s 

pa
rt

ic
le

s 
m

ak
e 

up
 th

e 
m

os
t s

ta
bl

e 
fr

ac
tio

n 
of

 th
e 

ex
ha

us
t a

er
os

ol
.  

T
he

 v
ol

at
ile

 n
an

op
ar

tic
le

 m
od

e 
is

 h
ig

hl
y 

va
ria

bl
e 

an
d 

de
pe

nd
s 

st
ro

ng
ly

 o
n 

th
e 

sa
m

pl
in

g 
co

nd
iti

on
s.

 

C
on

di
tio

ns
 fo

r 
sa

m
pl

in
g 

an
d 

co
ns

id
er

ed
 p

ar
tic

le
 s

iz
e 

ra
ng

es
 h

av
e 

to
 b

e 
de

sc
rib

ed
 v

er
y 

ca
re

fu
lly

to
 d

ef
in

e 
th

e 
ob

je
ct

 o
f m

ea
su

re
m

en
t u

na
m

bi
gu

ou
sl

y

B
U

T
…

…
…

…

NASA/CP—2004-213398 99



N
at

io
n

al
 A

m
b

ie
n

t 
A

ir
 Q

u
al

it
y 

S
ta

n
d

ar
d

s

P
ar

ti
cu

la
te

 (
P

M
 1

0)
P

ar
tic

le
s 

w
ith

 d
ia

m
et

er
s 

of
 1

0 
m

ic
ro

m
et

er
s 

or
 le

ss

A
nn

ua
l A

rit
hm

et
ic

 M
ea

n 
   

   
50

 µ
g/

m
3

P
rim

ar
y 

&
 S

ec
on

da
ry

24
-h

ou
r 

A
ve

ra
ge

   
   

   
   

   
  1

50
 µ

g/
m

3
P

rim
ar

y 
&

 S
ec

on
da

ry

P
ar

ti
cu

la
te

 (
P

M
 2

.5
)

P
ar

tic
le

s 
w

ith
 d

ia
m

et
er

s 
of

 2
.5

 m
ic

ro
m

et
er

s 
or

 le
ss

A
nn

ua
l A

rit
hm

et
ic

 M
ea

n 
   

   
 1

5 
µg

/m
3

P
rim

ar
y 

&
 S

ec
on

da
ry

24
-h

ou
r 

A
ve

ra
ge

   
   

   
   

   
   

 6
5 

µg
/m

3
P

rim
ar

y 
&

 S
ec

on
da

ry

C
ur

re
nt

 r
eg

ul
at

or
y 

in
te

re
st

 in
 s

ta
tio

na
ry

 s
ou

rc
e 

pa
rt

ic
le

 e
m

is
si

on
s 

is
 

fr
am

ed
 b

y 
to

ta
l m

as
s 

m
ea

su
re

m
en

ts
, e

sp
ec

ia
lly

 r
eg

ar
di

ng
 p

ar
tic

le
s 

th
at

 
ar

e 
sm

al
le

r 
th

an
 2

.5
 m

ic
ro

ns
 (

µm
) 

in
 c

la
ss

ic
al

 a
er

od
yn

am
ic

 d
ia

m
et

er
 (

E
P

A
 

P
M

-2
.5

; R
ef

 2
.2

.a
).

NASA/CP—2004-213398 100



A
cc

ur
at

e 
pa

rt
ic

le
 m

ea
su

re
m

en
t i

s 
su

sc
ep

tib
le

 to
 a

 n
um

be
r 

of
 

ex
pe

rim
en

ta
l d

iff
ic

ul
tie

s:

R
eq

ui
re

s 
ca

re
fu

l i
ns

tr
um

en
t d

es
ig

n,
 c

al
ib

ra
tio

n,
 a

nd
 o

pe
ra

tio
n.

 
R

ef
er

en
ce

 s
ta

nd
ar

ds
 a

re
 r

eq
ui

re
d 

an
d 

st
ab

le
 a

bs
ol

ut
e 

re
fe

re
nc

es
 a

re
 d

iff
ic

ul
t t

o 
   

   
 

m
ai

nt
ai

n.
S

am
pl

e 
ha

nd
lin

g 
is

 v
er

y 
im

po
rt

an
t, 

si
nc

e 
sm

al
l p

ar
tic

le
s 

ca
n 

be
 c

re
at

ed
 d

ow
ns

tr
ea

m
 o

f t
he

 
so

ur
ce

 b
y 

ga
s-

to
-p

ar
tic

le
 c

on
ve

rs
io

n
P

ar
tic

le
 c

ha
ra

ct
er

is
tic

s 
ca

n 
be

 c
ha

ng
ed

 b
y 

co
ag

ul
at

io
n 

an
d 

co
nd

en
sa

tio
n 

ef
fe

ct
s

P
ar

tic
le

s 
ca

n 
be

 lo
st

 fr
om

 th
e 

sa
m

pl
ed

 fl
ow

 d
ue

 to
 d

iff
us

io
na

l, 
th

er
m

op
ho

re
tic

, i
ne

rt
ia

l, 
an

d 
el

ec
tr

ic
al

 e
ffe

ct
s 

w
hi

ch
 c

au
se

 d
ep

os
iti

on
 o

n 
su

rf
ac

es
.  

Q
ua

nt
ita

tiv
e 

in
te

rp
re

ta
tio

n 
of

 p
ar

tic
le

 m
ea

su
re

m
en

ts
  r

eq
ui

re
s 

ca
re

fu
lly

 s
pe

ci
fie

d 
m

ea
su

re
m

en
t i

ns
tr

um
en

ta
tio

n 
an

d 
pr

ot
oc

ol
s.

 

NASA/CP—2004-213398 101



E
xi

st
in

g 
pa

rt
ic

le
 m

ea
su

re
m

en
t t

ec
hn

iq
ue

s 
fo

r 
st

at
io

na
ry

 e
m

is
si

on
s 

so
ur

ce
s 

ha
ve

 b
ee

n 
us

ed
 fo

r 
m

ea
su

rin
g 

ai
rc

ra
ft 

en
gi

ne
 e

m
is

si
on

s.
  

U
S

E
P

A
’s

 M
et

ho
d 

5 
(U

S
E

P
A

, 4
0 

C
F

R
 6

2-
29

7.
41

5)
 

ap
pl

ie
d 

to
 th

e 
em

is
si

on
s 

fr
om

 th
e 

ex
ha

us
t s

ta
ck

 o
f a

n 
ai

rc
ra

ft 
en

gi
ne

 te
st

 
fa

ci
lit

y.
  

us
es

 a
 h

ea
te

d 
lin

e,
 fi

lte
r,

 a
nd

 ic
e 

ba
th

 im
pi

ng
er

 tr
ai

n 
to

 c
ol

le
ct

 
pa

rt
ic

le
s.

  
pr

ov
id

es
 a

 to
ta

l m
as

s 
m

ea
su

re
m

en
t o

f t
he

 p
ar

tic
le

 e
m

is
si

on

NASA/CP—2004-213398 102



A
dv

an
ta

ge
s:

M
et

ho
d 

5 
pr

ov
id

es
 a

 m
et

ho
do

lo
gy

 a
lre

ad
y 

in
 p

ra
ct

ic
e 

fo
r 

st
at

io
na

ry
 

so
ur

ce
s 

   
an

d 
th

us
 a

llo
w

s 
a 

co
m

pa
ris

on
 b

et
w

ee
n 

ai
rc

ra
ft 

em
is

si
on

s 
an

d 
th

os
e 

of
 

st
at

io
na

ry
 s

ou
rc

es
.  

D
is

ad
va

nt
ag

es
:

M
et

ho
d 

5 
w

ill
 n

ot
 d

et
er

m
in

e 
th

e 
si

ze
, q

ua
nt

ity
, o

r 
si

ze
 d

is
tr

ib
ut

io
n 

of
 th

e 
pa

rt
ic

le
s 

it 
en

tr
ap

s.
 T

hu
s,

 it
 c

an
no

t c
ha

ra
ct

er
iz

e 
pa

rt
ic

le
 e

m
is

si
on

s 
in

 th
e 

w
ay

 
no

w
 r

eq
ui

re
d 

to
 c

on
tr

ol
 im

pa
ct

s 
on

 h
ea

lth
 a

nd
 e

nv
iro

nm
en

t.

M
et

ho
d 

5 
ap

pl
ie

d 
to

 a
vi

at
io

n 
so

ur
ce

s 
ne

ed
s 

so
ur

ce
 to

 b
e 

in
st

al
le

d 
in

 a
 te

st
 

ho
us

e 
an

d 
op

er
at

ed
 s

ol
el

y 
fo

r 
th

e 
pu

rp
os

es
 o

f e
m

is
si

on
 te

st
in

g 
un

lik
e 

st
at

io
na

ry
 s

ou
rc

es
, w

he
re

 a
 M

et
ho

d 
5 

te
st

 c
ou

ld
 b

e 
ca

rr
ie

d 
ou

t d
ur

in
g 

ro
ut

in
e 

op
er

at
io

n,
 . 

 

M
et

ho
d 

5 
ty

pi
ca

lly
 ta

ke
s 

ho
ur

s 
to

 a
cq

ui
re

 th
e 

fu
ll 

co
m

pl
em

en
t o

fs
am

pl
e,

 w
hi

ch
 

re
qu

ire
s 

m
ai

nt
ai

ni
ng

 a
 s

in
gl

e 
en

gi
ne

 o
pe

ra
tin

g 
co

nd
iti

on
 d

ur
in

g 
th

at
 ti

m
e.

 
D

ed
ic

at
ed

 e
ng

in
e 

te
st

in
g 

us
in

g 
M

et
ho

d 
5 

w
ou

ld
 e

xc
ee

d 
m

an
uf

ac
tu

re
rs

 ty
pi

ca
l 

en
gi

ne
 te

st
in

g 
tim

es
 a

nd
 w

ou
ld

 b
e 

ve
ry

 e
xp

en
si

ve
. 

NASA/CP—2004-213398 103



D
is

ad
va

nt
ag

es
 C

on
tin

ue
d:

M
et

ho
d 

5 
m

ea
su

re
s 

th
e 

em
is

si
on

s 
fr

om
 th

e 
en

gi
ne

 a
nd

 te
st

 h
ou

se
 in

 to
to

.  
P

ar
tic

le
s 

as
so

ci
at

ed
 w

ith
 th

e 
te

st
 fa

ci
lit

y 
an

d 
th

e 
ba

ck
gr

ou
nd

 a
ir 

us
ed

 to
 o

pe
ra

te
 th

e 
en

gi
ne

 in
 th

e 
te

st
 h

ou
se

 a
ll 

co
nt

rib
ut

e 
to

 th
e 

em
is

si
on

s 
an

d 
ca

n 
co

ns
tit

ut
e 

an
ap

pr
ec

ia
bl

e 
fr

ac
tio

n 
of

 th
e 

em
is

si
on

s 
m

ea
su

re
d,

 p
ar

tic
ul

ar
ly

 a
t t

he
 la

rg
e 

si
ze

 e
nd

 o
f t

he
 e

m
is

si
on

 s
pe

ct
ru

m
.  

W
hi

le
 c

or
re

ct
io

ns
 

ca
n 

be
 m

ad
e 

fo
r 

so
m

e 
of

 th
es

e 
ef

fe
ct

s,
 th

ey
 a

dd
 to

 th
e 

co
st

s 
an

d
un

ce
rt

ai
nt

ie
s 

of
 m

ea
su

re
m

en
t. 

M
et

ho
d 

5 
co

lle
ct

s 
so

lid
 s

oo
t p

ar
tic

le
s 

an
d 

so
m

e 
fr

ac
tio

n 
of

 th
e 

ae
ro

so
ls

 fr
om

 
co

nd
en

se
d 

ga
se

s,
 b

ut
 w

ith
ou

t d
is

tin
gu

is
hi

ng
 b

et
w

ee
n 

th
e 

tw
o,

 a
nd

as
 a

 r
es

ul
t 

pr
ov

id
es

 a
n 

ov
er

-e
st

im
at

e 
of

 th
e 

tr
ue

 p
ar

tic
le

 e
m

is
si

on
s 

at
 th

e 
en

gi
ne

 e
xi

t. 
 

R
eg

ul
at

or
y 

is
su

es
 m

ay
 c

on
tin

ue
 to

 e
vo

lv
e 

re
qu

iri
ng

 th
e 

di
st

in
ct

io
n 

be
tw

ee
n 

em
itt

ed
 s

ol
id

 p
ar

tic
le

s 
an

d 
ex

ha
us

t g
as

es
 w

hi
ch

 m
ay

 fo
rm

 s
ec

on
da

ry
 p

ol
lu

ta
nt

s 
as

 a
dd

iti
on

al
 p

ar
tic

le
s 

th
ro

ug
h 

ga
s-

to
-

pa
rt

ic
le

 c
on

ve
rs

io
n 

so
m

e 
tim

e 
af

te
r 

em
is

si
on

.  
M

et
ho

d 
5 

m
ea

su
re

s
a 

m
ix

tu
re

 o
f t

he
se

 tw
o 

ty
pe

s 
of

 
em

is
si

on
s 

th
at

 is
 d

iff
ic

ul
t t

o 
qu

an
tif

y 
pr

ec
is

el
y.

E
P

A
 m

et
ho

d 
5 

is
 u

ns
ui

ta
bl

e 
fo

r 
th

e 
m

ea
su

re
m

en
t o

f 
pa

rt
ic

ul
at

es
 fr

om
 a

irc
ra

ft 
ga

s 
tu

rb
in

es
.

NASA/CP—2004-213398 104



W
ha

t m
et

ho
do

lo
gi

es
 a

re
 c

ur
re

nt
ly

 a
va

ila
bl

e 
or

 in
 

de
ve

lo
pm

en
t: 

N
on

vo
la

til
e 

P
M

 m
ea

su
re

m
en

t m
et

ho
ds

 c
an

 b
e 

di
vi

de
d 

in
to

 
tw

o 
ge

ne
ra

l a
pp

ro
ac

he
s.

M
as

s 
m

ea
su

re
m

en
t

P
ar

tic
le

 n
um

be
r 

de
ns

ity
 a

nd
 s

iz
e 

m
ea

su
re

m
en

t

NASA/CP—2004-213398 105



D
ire

ct
 m

ea
su

re
m

en
t o

f m
as

s?

D
ire

ct
 m

ea
su

re
m

en
t o

f n
um

be
r 

co
nc

en
tr

at
io

n?

D
ire

ct
 m

ea
su

re
m

en
t o

f s
iz

e 
an

d 
si

ze
 d

is
tr

ib
ut

io
n?

M
as

s 
in

di
re

ct
ly

 (
m

as
s 

= 
f(

nu
m

be
r 

co
nc

., 
si

ze
,d

en
si

ty
)?

NASA/CP—2004-213398 106



M
as

s 
m

ea
su

re
m

en
t

in
cl

ud
es

 m
et

ho
ds

 th
at

 m
ea

su
re

 th
e 

to
ta

l m
as

s 
of

 e
m

itt
ed

 p
ar

tic
le

s,
 w

ith
ou

t 
di

st
in

gu
is

hi
ng

 s
iz

e 
or

 n
um

be
r 

of
 p

ar
tic

le
s 

em
itt

ed
.  

O
ne

 te
ch

ni
qu

e 
sa

m
pl

es
 th

e 
ex

ha
us

t s
tr

ea
m

 a
nd

 c
ol

le
ct

s 
pa

rt
ic

le
 m

at
te

r 
on

 a
 

fil
te

r,
 w

hi
ch

 is
 th

en
 a

na
ly

ze
d 

fo
r 

th
e 

co
lle

ct
ed

 p
ar

tic
le

 m
as

s.
 

A
no

th
er

 p
ro

be
s 

th
e 

ex
ha

us
t f

lo
w

 o
pt

ic
al

ly
 to

 q
ua

nt
ify

 th
e 

sc
at

te
rin

g 
m

at
er

ia
l i

n 
si

tu
 w

ith
ou

t r
eq

ui
rin

g 
th

e 
ex

ha
us

t t
o 

be
 s

am
pl

ed
 a

nd
 tr

an
sp

or
te

d
to

 th
e 

m
ea

su
re

m
en

t s
ys

te
m

.  

T
he

 a
m

ou
nt

 o
f p

ar
tic

ul
at

e 
m

at
te

r 
em

itt
ed

 fr
om

 a
irc

ra
ft 

en
gi

ne
s 

ca
n 

be
 q

ua
nt

ifi
ed

 in
 te

rm
s 

of
 m

as
s 

of
 p

ar
tic

le
s 

pe
r 

vo
lu

m
e 

of
 g

as
. T

yp
ic

al
 u

ni
ts

 a
re

 m
g

m
–3

or
 µ

g
m

–3
.  

R
ef

er
en

ce
 

co
nd

iti
on

s 
fo

r 
th

e 
ga

s 
vo

lu
m

e 
ha

ve
 to

 b
e 

sp
ec

ifi
ed

, e
.g

., 
T

=
27

3.
14

K
, p

=
10

13
.2

5
hP

a 
fo

r 
S

ta
nd

ar
d 

T
em

pe
ra

tu
re

 a
nd

 P
re

ss
ur

e 
(S

T
P

) 
co

nd
iti

on
s 

or
 T

=
 2

88
K

, p
=

10
13

.2
5

hP
a 

fo
r 

S
ea

 L
ev

el
 S

ta
tic

 (
S

LS
) 

co
nd

iti
on

s.
 U

nl
es

s 
st

at
ed

 o
th

er
w

is
e,

 th
e 

pa
rt

ic
le

 m
as

s 
co

nc
en

tr
at

io
n 

do
es

 n
ot

 r
ef

er
 to

 a
 s

pe
ci

fic
 r

an
ge

 o
f p

ar
tic

le
 s

iz
es

. 

NASA/CP—2004-213398 107



M
ea

su
re

m
en

t M
et

ho
d 

M
ea

su
re

m
en

t 
A

na
ly

si
s 

G
ra

vi
m

et
ric

 a
na

ly
si

s 
T

ot
al

 p
ar

tic
ul

at
e 

m
at

te
r,

 to
ta

l m
as

s 
of

f 
lin

e,
 f

ilt
er

 s
am

pl
es

 
C

om
bu

st
io

n 
of

 f
ilt

er
 s

am
pl

es
 

an
d 

C
O

2 
de

te
ct

io
n 

T
ot

al
 c

ar
bo

na
ce

ou
s 

m
as

s,
 T

C
 

of
f 

lin
e,

 f
ilt

er
 s

am
pl

es
 

C
om

bu
st

io
n 

an
al

ys
is

 in
cl

ud
in

g 
O

C
/E

C
 s

ep
ar

at
io

n 
O

rg
an

ic
 c

ar
bo

n 
(O

C
),

 
el

em
en

ta
l c

ar
bo

n 
(E

C
) 

O
C

 +
 E

C
 =

 T
C

 

of
f 

lin
e,

 f
ilt

er
 s

am
pl

es
 

O
pt

ic
al

 a
bs

or
pt

io
n 

ph
ot

om
et

ry
 

B
la

ck
 c

ar
bo

n 
(B

C
) 

B
C

 ≅
 E

C
 

on
-li

ne
, f

ilt
er

 s
am

pl
es

 
tim

e 
re

so
lu

tio
n 

≥ 
1 

m
in

 
La

se
r 

in
du

ce
d 

in
ca

nd
es

ce
nc

e 
B

la
ck

 c
ar

bo
n 

(B
C

) 
on

-li
ne

, i
n 

si
tu

 
T

ra
ns

m
is

so
m

et
ry

 
O

pa
ci

ty
 

on
-li

ne
, i

n 
si

tu
 

Li
gh

t s
ca

tte
rin

g 
F

or
w

ar
d 

sc
at

te
rin

g 
on

-li
ne

, i
n 

si
tu

 
M

ic
ro

ba
la

nc
e 

T
ot

al
 p

ar
tic

ul
at

e 
m

as
s 

on
-li

ne
, e

xt
ra

ct
iv

e 
 

NASA/CP—2004-213398 108



051015

55
00

0
55

20
0

55
40

0
55

60
0

55
80

0
0.

0

1.
0

2.
0

3.
0

BC,  mg m
 -3

 STP

T
im

e,
 s

 o
f d

ay

N, 10
 6
 cm

 -3
  STP

O
pt

ic
al

 M
et

ho
ds

NASA/CP—2004-213398 109



P
ar

tic
le

te
m

pe
ra

tu
re

T

~
40

00
K

La
se

r 
pu

ls
e

t t

I

~
50

 n
s

C
am

er
a 

ga
te

In
ca

nd
es

ce
nc

e
si

gn
al

E
xh

au
st

 p
lu

m
e 

E
ng

in
e 

10
64

-n
m

 p
ul

se
d 

la
se

r 

B
ea

m
 d

um
p 

C
am

er
a 

B
ea

m
-d

ire
ct

in
g 

op
tic

s 

T
es

t c
el

l 

La
se

r 
ro

om
 

P
as

s-
th

ro
ug

h 

φ 
= 

9o  

T
ra

ns
la

tio
n 

S
ta

ge
 D
et

ec
tio

n 
un

it 

P
o

w
er

se
tt

in
g

S
o

o
t 

m
as

s

012345 15
00

16
00

17
00

18
00

19
00

20
00

T
im

e 
(s

ec
on

ds
)

Average soot concentration (mg/m
3
)

M
ax

In
t

Id
le

Lo
-c

ru
is

e
H

i-c
ru

is
e

S
oo

t c
on

ce
nt

ra
tio

n

P
ow

er
 s

et
tin

g

Id
le

M
ax

im
um

 p
ow

er

cmass (mg/m3)

s 
(m

m
)

34
0

36
0

35
0 t (

s)

La
se

r 
In

du
ce

d 
In

ca
nd

es
ce

nc
e

NASA/CP—2004-213398 110



P
ar

tic
le

 n
um

be
r 

de
ns

ity
 a

nd
 s

iz
e 

m
ea

su
re

m
en

t
di

st
in

gu
is

he
s 

th
e 

si
ze

 a
nd

 n
um

be
r 

of
 in

di
vi

du
al

 p
ar

tic
le

s.
 

T
hi

s 
ty

pe
 o

f m
ea

su
re

m
en

t p
ro

vi
de

s 
a 

nu
m

be
r 

de
ns

ity
 a

nd
 a

 p
ar

tic
le

 s
iz

e 
di

st
rib

ut
io

n 
de

riv
ed

 fr
om

 a
 s

am
pl

ed
 e

xh
au

st
 s

tr
ea

m
.  

T
he

 m
ea

su
re

m
en

t o
f t

he
se

 p
ar

am
et

er
s 

ca
n 

be
 u

se
d,

 w
ith

 a
 v

al
ue

 o
f

pa
rt

ic
le

 d
en

si
ty

 a
nd

 in
fo

rm
at

io
n 

on
 th

e 
pa

rt
ic

le
 m

or
ph

ol
og

y,
 to

 e
st

im
at

e 
th

e 
to

ta
l m

as
s 

of
 th

e 
pa

rt
ic

le
s.

  

T
hi

s 
ap

pr
oa

ch
 o

ffe
rs

 c
on

si
de

ra
bl

y 
m

or
e 

in
fo

rm
at

io
n 

ab
ou

t t
he

 e
m

itt
ed

 
pa

rt
ic

le
s,

 b
ut

 it
 c

om
es

 a
t t

he
 e

xp
en

se
 o

f a
 m

or
e 

co
m

pl
ex

 a
nd

 c
os

tly
 

m
ea

su
re

m
en

t s
ys

te
m

. 

T
he

 te
ch

ni
qu

es
 fo

r 
m

ea
su

rin
g 

nu
m

be
r 

an
d 

si
ze

 d
is

tr
ib

ut
io

n 
ha

ve
 b

ee
n 

us
ed

 
ex

te
ns

iv
el

y 
in

 a
tm

os
ph

er
ic

 r
es

ea
rc

h 
an

d 
ha

ve
 b

ee
n 

re
fin

ed
 fo

r 
us

e 
in

 
m

ea
su

rin
g 

ai
rc

ra
ft 

en
gi

ne
 e

xh
au

st

P
ar

tic
le

s 
em

itt
ed

 fr
om

 c
om

bu
st

io
n 

so
ur

ce
s 

lik
e 

an
 a

irc
ra

ft 
en

gi
ne

 a
re

 u
su

al
ly

 
si

gn
ifi

ca
nt

ly
 s

m
al

le
r 

th
an

 1
µm

 in
 d

ia
m

et
er

. S
iz

e 
di

st
rib

ut
io

ns
 r

ep
or

te
d 

fr
om

 e
ith

er
 

ai
rc

ra
ft 

en
gi

ne
 te

st
 r

ig
 e

xp
er

im
en

ts
 o

r 
in

-f
lig

ht
 s

tu
di

es
 s

ho
w

 a
 m

od
al

 d
ia

m
et

er
 o

f0
.0

3 
-

0.
06

µm
 w

ith
 a

n 
av

er
ag

e 
lo

gn
or

m
al

 g
eo

m
et

ric
 s

ta
nd

ar
d 

de
vi

at
io

n 
of

 1
.6

.
A

 s
ec

on
d 

bu
t w

ea
ke

r 
m

od
e 

w
as

 fo
un

d 
at

 a
 m

od
al

 d
ia

m
et

er
 o

f 0
.1

5
–

0.
2

µm
.

NASA/CP—2004-213398 111



w
id

el
y 

us
ed

 a
nd

 a
cc

ep
te

d 
by

 a
ca

de
m

ia
, i

nd
us

tr
y 

an
d 

go
ve

rn
m

en
t 

or
ga

ni
za

tio
ns

 fo
r 

th
e 

ch
ar

ac
te

riz
at

io
n 

of
 p

ar
tic

ul
at

e 
ex

ha
us

t f
ro

m
 d

ie
se

l 
an

d 
tu

rb
in

e 
en

gi
ne

s.
  O

rg
an

iz
at

io
ns

 u
si

ng
 th

es
e 

te
ch

ni
qu

es
 in

cl
ud

e:
 

•
U

ni
ve

rs
ity

 o
f M

is
so

ur
i-R

ol
la

 (
U

M
R

)

•
U

ni
ve

rs
ity

 o
f M

in
ne

so
ta

•
A

ir 
F

or
ce

 R
es

ea
rc

h 
La

bo
ra

to
ry

 (
A

F
R

L)

•
N

A
S

A
 G

le
nn

 R
es

ea
rc

h 
C

en
te

r

•
S

ou
th

w
es

t R
es

ea
rc

h 
In

st
itu

te
 (

S
w

R
I)

•
U

ni
te

d 
T

ec
hn

ol
og

ie
s 

R
es

ea
rc

h 
C

en
te

r 
(U

T
R

C
)

•
G

er
m

an
 A

er
os

pa
ce

 C
en

te
r 

(D
LR

, G
er

m
an

y)

•
P

au
l S

ch
er

re
r 

In
st

itu
te

 (
P

S
I, 

S
w

itz
er

la
nd

).

•
R

ol
ls

 R
oy

ce
 (

D
er

by
, U

K
)

NASA/CP—2004-213398 112



F
C

D

C
N

C
 T

ot
al

(T
S

I 
30

22
)

T
an

k
 F

il
l

S
ta

ti
on

D
M

A
T

S
I 

30
71

D
il

u
ti

on
S

ta
ti

on

L
P

C

D
ew

 P
oi

n
t

H
yg

ro
m

et
er

E
le

c.
 P

re
ci

p
it

at
or

(f
or

 T
E

M
)

C
N

C
(M

et
 -

O
n

e
 -

11
01

)

E
xh

au
st

 F
lo

w

G
as

 A
n

al
.

S
ta

ti
on

   
 D

B

P
ar

ti
cl

e
 P

ro
b

e

G
as

 P
ro

b
e

B
C

B
C

A
 ty

pi
ca

l s
iz

e 
an

d 
nu

m
be

r 
sa

m
pl

in
g 

sy
st

em
 s

ch
em

at
ic

NASA/CP—2004-213398 113



02
N

21
 5

45
p

  T
C

N
A

 -
 T

.x
ls

1.
0E

+
00

1.
0E

+
02

1.
0E

+
04

1.
0E

+
06

1.
0E

+
08

1.
0E

+
10 66

50
0

67
00

0
67

50
0

68
00

0
68

50
0

69
00

0
69

50
0

70
00

0
70

50
0

0.
0E

+
00

2.
0E

+
06

4.
0E

+
06

6.
0E

+
06

8.
0E

+
06

1.
0E

+
07

1.
2E

+
07

1.
4E

+
07

1.
6E

+
07

1.
8E

+
07 67

40
0

67
60

0
67

80
0

68
00

0
68

20
0

68
40

0
68

60
0

68
80

0

T
im

e
 (

sa
m

)

TCNA (part/cc)

T
yp

ic
a

l 
T

C
N

 t
ra

ce
 U

M
R

 d
a

ta
 p

o
in

ts
 n

o
. 

26
0-

26
4 

 E
n

g
 N

o
. 

67
46

13
 P

o
w

e
r 

se
tt

in
g

 4
 F

u
e

l 
+

10
0 

 (
02

N
21

 5
45

p
  

T
C

N
A

 -
 T

.x
ls

)

  
  

26
0

26
1

26
2

26
3

26
4

T
yp

ic
a

l 
T

C
N

 t
ra

ce
 U

M
R

 d
a

ta
 p

o
in

t 
n

o
. 

26
1 

E
n

g
 N

o
. 

67
46

13
 P

o
w

e
r 

se
tt

in
g

 4
 

F
u

e
l 

+
10

0 
 (

02
N

21
 5

45
p

  
T

C
N

A
 -

 T
.x

ls
)

2.
0E

+
06

2.
5E

+
06

3.
0E

+
06

3.
5E

+
06

4.
0E

+
06

4.
5E

+
06 67

75
0

67
80

0
67

85
0

67
90

0
67

95
0

68
00

0
68

05
0

T
im

e
 (

sa
m

)

TCNA (part/cc)

<
T

C
N

>
 =

 (
3.

8±
0.

1)
E

6 
(1
σ

) 
  

10
2 

d
a

ta
 p

ts
 i

n
 2

20
 s

e
cs

, 
sa

m
p

le
 r

a
te

 =
 0

.4
6 

H
z

NASA/CP—2004-213398 114



F
C

D

C
N

C
 T

ot
al

(T
S

I 
30

22
)

T
an

k
 F

il
l

S
ta

ti
on

D
M

A
T

S
I 

30
71

D
il

u
ti

on
S

ta
ti

on

L
P

C

D
ew

 P
oi

n
t

H
yg

ro
m

et
er

E
le

c.
 P

re
ci

p
it

at
or

(f
or

 T
E

M
)

C
N

C
(M

et
 -

O
n

e
 -

11
01

)

E
xh

au
st

 F
lo

w

G
as

 A
n

al
.

S
ta

ti
on

   
 D

B

P
ar

ti
cl

e
 P

ro
b

e

G
as

 P
ro

b
e

B
C

B
C

0
.0

E
+0

0

5
.0

E
+0

6

1
.0

E
+0

7

1
.5

E
+0

7

2
.0

E
+0

7

2
.5

E
+0

7

3
.0

E
+0

7 0.
0

0
1

0
.0

1
0

.1
1

d
p
 (µ

m
)

dN/dlogdp (cm
-3

)
0.

0
E

+0
0

2.
0

E
+0

4

4.
0

E
+0

4

6.
0

E
+0

4

8.
0

E
+0

4

1.
0

E
+0

5

1.
2

E
+0

5

1.
4

E
+0

5

1.
6

E
+0

5

1.
8

E
+0

5 0.
0

01
0.

0
1

0.
1

1
10

d p
 (
µm

)
dA/dlogdp (µm

2
cm

-3
)

 

1
3

4
n

m

1
8

n
m

 

1
0

n
m 7
1

n
m

 

1
3

4
n

m

1
8

n
m

 

1
0

n
m

 

7
1

n
m

 

4
0

n
m

 

2
7

n
m

1
0

0
n

m

N
um

be
r

S
ur

fa
ce

 A
re

a 
an

d 
M

as
s

NASA/CP—2004-213398 115



 



P
ar

ti
cl

e 
M

ea
su

re
m

en
t

M
et

h
o

d
o

lo
g

y

D
o

u
g

la
s 

W
o

rs
n

o
p

 
A

er
o

d
yn

e 
R

es
ea

rc
h

A
vi

at
io

n
 P

ar
ti

cl
e 

E
m

is
si

o
n

s 
W

o
rk

sh
o

p
W

es
t 

O
lm

st
ea

d
, O

H

N
o

ve
m

b
er

 1
8-

19
, 2

00
3 

A
E

R
O

D
Y

N
E

 R
E

S
E

A
R

C
H

, I
N

C
.

NASA/CP—2004-213398 117



M
ar

in
e 

A
er

os
ol

s

P
S

C

R
eg

io
na

l A
er

os
ol

C
lo

ud
 

C
on

de
ns

at
io

n
N

uc
le

i

St
ra

to
sp

he
ri

c 
O

zo
ne

 
D

ep
le

tio
n

In
di

re
ct

 C
li

m
at

e
E

ff
ec

t

V
is

ib
il

it
y

R
ed

uc
ti

on

H
ea

lt
h

E
ff

ec
ts

A
ci

d
D

ep
os

it
io

n

R
ai

n
In

di
re

ct
 

E
ff

ec
t

C
on

tr
ai

l a
nd

 C
ir

ru
s

F
or

m
at

io
n

A
tm

o
sp

h
er

ic
 A

er
o

so
l S

o
u

rc
es

 a
n

d
 E

ff
ec

ts

So
ot

, 
S

ul
fa

te

Ju
ng

e 
(S

ul
fa

te
) 

L
ay

er

Se
co

nd
ar

y 
A

er
os

ol
Fo

rm
at

io
n/

G
ro

w
th

U
rb

an
/I

nd
us

tr
ia

l 
P

ol
lu

ti
on

(S
oo

t, 
S

m
og

)

Po
la

r 
St

ra
to

sp
he

ri
c 

C
lo

ud

D
us

t

D
ir

ec
t C

li
m

at
e

E
ff

ec
t

NASA/CP—2004-213398 118



A
er

os
ol

 S
iz

e 
an

d 
C

om
po

si
tio

n

G
oa

l:
  S

iz
e 

R
es

ol
ve

d 
C

he
m

ic
al

 C
om

po
si

ti
on

 o
f  

A
m

bi
en

t A
er

os
ol

ar
ea

nu
m

be
r

vo
lu

m
e

NASA/CP—2004-213398 119



A
ir

 Q
u

al
it

y 
S

u
sp

en
d

ed
 P

ar
ti

cu
la

te
 R

eg
u

la
ti

o
n

19
70

’s
   

 T
SP

   
   

 T
ot

al
 S

us
pe

nd
ed

 P
ar

tic
ul

at
e 

   
   

  

“E
qu

iv
al

en
t t

o 
Sm

ok
e 

N
um

be
r”

19
80

’s
   

 P
M

10
   

 In
ha

la
bl

e 
pa

rt
ic

ul
at

e 
M

as
s 

<
 1

0 
m

ic
ro

n 
di

am
et

er

19
90

’s
   

 P
M

2.
5 

  F
in

e 
pa

rt
ic

ul
at

e 
M

as
s 

<
 2

.5
 m

ic
ro

n 
di

am
et

er

20
00

’s
   

  P
M

1.
0

??
   

   
 N

an
op

ar
tic

le
s 

??

H
ea

lth
 e

ff
ec

ts
 (

an
d 

vi
si

bi
lit

y)
 

pu
sh

 s
ci

en
ce

 (
re

gu
la

tio
n?

) 
to

 s
m

al
le

r 
pa

rt
ic

le
s

N
ew

 (
cl

ea
ne

r)
 te

ch
no

lo
gy

 p
us

h 
co

m
bu

st
io

n 
em

is
si

on
s 

to
sm

al
le

r 
(n

an
o-

??
?)

 p
ar

tic
le

s 
(e

.g
. d

ie
se

l)

NASA/CP—2004-213398 120



O
u

tl
in

e
•

A
ir

 Q
u

al
it

y 
E

m
is

si
o

n
s 

In
ve

n
to

ri
es

–
M

ea
su

re
m

en
t 

C
h

al
le

n
g

es
:

P
ar

ti
cl

es
(a

nd
 g

as
es

)

•
S

iz
e 

R
es

o
lv

ed
 C

h
em

is
tr

y
–

N
an

o
:

<1
0n

m
   

   
u

lt
ra

fi
n

e:
<1

00
n

m
   

  f
in

e:
<1

 µ
m

   
 c

o
ar

se
:

>1
 µ

m
–

B
la

ck
 c

ar
b

o
n

   
 s

em
i-

vo
la

ti
le

 o
rg

an
ic

s 
  s

u
lf

at
e 

   
 m

et
al

s

•
P

h
ys

ic
al

 a
n

d
 c

h
em

ic
al

 m
ea

su
re

m
en

ts
–

R
ea

l t
im

e:
se

co
n

d
s 

to
 m

in
u

te
s

–
A

M
S

: 
 b

u
lk

 c
h

em
is

tr
y 

vs
 a

er
o

d
yn

am
ic

 d
ia

m
et

er
 

–
S

M
P

S
: 

 n
u

m
b

er
 d

en
si

ty
 v

s 
m

o
b

ili
ty

 d
ia

m
et

er
–

N
ep

h
el

o
m

et
er

, P
S

A
P

: 
 B

la
ck

 C
ar

b
o

n
–

T
E

O
M

: 
 t

o
ta

l m
as

s

–
C

o
lle

ct
ed

 p
ar

ti
cl

es
:

h
o

u
rs

–
“c

o
m

p
le

te
” 

ch
em

ic
al

 a
n

al
ys

is
  (

P
M

2.
5,

 E
C

/O
C

, a
ir

 t
o

xi
cs

, l
im

it
ed

 s
iz

in
g

) 

•
M

ea
su

re
m

en
t 

ex
am

p
le

s
–

P
o

rt
ab

le
 L

ab
 g

ro
u

n
d

-b
as

ed
 m

ea
su

re
m

en
ts

–
E

X
C

A
V

A
T

E
 (

L
an

g
le

y)
,  

JF
K

, L
o

g
an

 r
u

n
w

ay
 e

xp
er

im
en

ts
   

➠
D

ry
d

en
, L

A
X

?

NASA/CP—2004-213398 121



Q
ue

en
s,

 N
ew

 Y
or

k 
C

ity
 

P
M

T
A

C
S

F
. D

re
w

ni
ck

, K
. D

em
er

ji
an

 A
SR

C
 S

U
N

Y
 A

lb
an

y

8 6 4 2 0dM/dlog(Dp)  (µg/m
3
)

3
4

5
6

7
10

0
2

3
4

5
6

7
10

00
2

3

A
er

od
yn

am
ic

 D
ia

m
et

er
 (

nm
)

 O
rg

an
ic

 
 N

itr
at

e
 S

ul
fa

te

Ju
l. 

1-
A

ug
. 5

, 2
00

1

M
as

s 
D

is
tr

ib
ut

io
n:

  U
rb

an
 S

ite
N

ew
 Y

or
k 

C
ity

 (
SU

N
Y

 A
lb

an
y)

M
ix

ed
 s

ul
fa

te
 

O
xi

di
ze

d 
or

ga
ni

c
H

yd
ro

ca
rb

on
 

co
at

ed
 “

so
ot

”

P
ri

m
ar

y 
   

vs
   

P
ro

ce
ss

ed
  O

rg
an

ic
 A

er
os

ol

NASA/CP—2004-213398 122



A
ir

cr
af

t 
P

ar
ti

cl
e 

S
iz

e 
D

is
tr

ib
u

ti
o

n

F
. S

ch
ro

ed
er

 e
t 

al
., 

JG
R

 1
05

, 1
9,

94
1-

19
,9

54
, 2

00
0.

NASA/CP—2004-213398 123



M
ea

su
re

m
en

t 
C

h
al

le
n

g
es

•
R

ea
l-

ti
m

e 
P

la
tf

o
rm

 f
o

r 
( 

G
as

es
 a

n
d

 )
  P

ar
ti

cl
es

–
S

u
b

-m
ic

ro
n

 s
iz

e 
an

d
 c

o
m

p
o

si
ti

o
n

•
E

n
g

in
e 

E
m

is
si

o
n

s 
m

ea
su

re
m

en
t

–
T

es
t 

ce
ll

–
O

n
-W

in
g

: 
  E

vo
lu

ti
o

n
 o

f 
p

lu
m

e 
aw

ay
 f

ro
m

 e
n

g
in

e

•
A

ir
p

o
rt

–
D

o
w

nw
in

d
 o

f 
ru

n
w

ay

–
C

ir
cl

in
g

 o
f 

A
ir

p
o

rt

•
C

o
n

n
ec

t 
en

g
in

e 
ex

it
 t

o
 lo

ca
l/r

eg
io

n
al

 a
ir

 q
u

al
it

y

NASA/CP—2004-213398 124



E
X

C
A

V
A

T
E

 
Sa

m
pl

in
g 

Pr
ob

e

A
er

os
ol

 C
he

m
is

tr
y 

of
 C

om
m

er
ci

al
 A

irc
ra

ft 
E

m
is

si
on

s 
N

A
S

A
 E

X
C

A
V

A
T

E
E

xp
er

im
en

t

NASA/CP—2004-213398 125



Sw
itc

he
d 

be
tw

ee
n 

sa
m

pl
in

g 
at

 

1 
an

d 
25

 m
et

er
s

10
 a

nd
 3

5 
  (

w
ith

 p
la

ne
 f

or
w

ar
d)

E
X

C
A

V
A

T
E

E
vo

lu
ti

on
 o

f e
xh

au
st

 p
lu

m
e 

be
hi

nd
 p

la
ne

25
m

   
   

   
   

 1
m

NASA/CP—2004-213398 126



G
as

 o
r 

P
ar

tic
le

 S
ig

na
l

80
0

70
0

60
0

50
0

40
0

30
0

17
:5

4
7/

10
/0

1
17

:5
5

17
:5

6
17

:5
7

17
:5

8
T

im
e

C
O

2 
(p

pm
)

E
m

is
si

on
 R

at
io

 =
 ∆

Si
gn

al
/∆

C
O

2

“I
n-

pl
um

e”
 s

am
pl

in
g 

in
di

ca
te

d 
by

 a
bo

ve
-a

m
bi

en
tC

O
2

le
ve

ls

∆C
O

2

A
m

bi
en

t 
ba

ck
gr

ou
nd

 
le

ve
l

E
m

is
si

on
 

pe
rt

ur
be

d 
le

ve
l

∆S
ig

na
l

NASA/CP—2004-213398 127



25
0

20
0

15
0

10
0 50 0

Organics µg m
-3

2:
45

 P
M

01
/2

6/
02

3:
00

 P
M

3:
15

 P
M

3:
30

 P
M

3:
45

 P
M

4:
00

 P
M

da
t

12 8 4 0

Sulphates µg
-3

1.
2

0.
8

0.
4

0.
0

Eng. Power (EPR)

25 20 15 10 5

probe (m)

Ja
nu

ar
y 

26
, 2

00
2

O
rg

an
ic

Su
lp

ha
te

NASA/CP—2004-213398 128



E
vo

lu
ti

o
n

 o
f 

P
ar

ti
cl

es
: 

  1
 t

o
 2

5 
m

et
er

s

4
0
x
1
0

-3 3
0

2
0

1
0 0

Organics (µg m
-3
 / ppm of CO2)

1
0

2
3

4
5

6
7

1
0
0

2
3

4
5

6
7

1
0
0
0

1
.4

x
1
0

-3

1
.2

1
.0

0
.8

0
.6

0
.4

0
.2

0
.0

Sulfates (µg m
-3
 / ppm of CO2)

1
M

 O
rg

a
n
ic

s
 S

u
lfa

te
s

4
0
x
1
0

-3 3
0

2
0

1
0 0

Organics (µg m
-3
 / ppm of CO2)

1
0

2
3

4
5

6
7

1
0
0

2
3

4
5

6
7

1
0
0
0

V
a
c
u
u
m

 A
e
ro

d
y
n
a
m

ic
 D

ia
m

e
te

r 
(n

m
)

1
.4

x
1
0

-3

1
.2

1
.0

0
.8

0
.6

0
.4

0
.2

0
.0

Sulfates (µg m
-3
 / ppm of CO2)

2
5

M

Fi
gu

re
 2

: V
ar

ia
tio

n 
of

 a
ve

ra
ge

 a
er

od
yn

am
ic

 d
ia

m
et

er
 o

f 
su

lf
at

e 
an

d 
or

ga
ni

cs
 a

t 1
 

an
d 

10
 M

 f
or

 e
ng

in
e 

po
w

er
 o

f 
1.

3,
 1

.4
, a

nd
 1

.5
 E

P
R

.

Su
lf

at
e

V
ol

at
ile

O
rg

an
ic

   
pr

im
ar

ily
 o

il

O
bs

er
ve

d 
G

ro
w

th
:

co
nd

en
sa

tio
n 

of
se

m
i-

vo
la

til
e 

va
po

rs

NASA/CP—2004-213398 129



E
X

C
A

V
A

T
E

 E
m

is
si

o
n

 In
d

ic
es

 (
g

/k
g

 F
u

el
)

Su
lf

at
e

5m
g/

kg
 f

ue
l

V
ol

at
ile

O
rg

an
ic

20
-6

0 
m

g/
kg

 f
ue

l

NASA/CP—2004-213398 130



A
er

o
so

l C
h

em
is

tr
y:

  S
te

ad
y 

S
ta

te
 O

p
er

at
io

n
 o

f 
B

75
7

20
0

15
0

10
0 50 0

EI (mg/kg Fuel)

1.
5

1.
4

1.
3

1.
2

1.
1

1.
0

En
gi

ne
 P

ow
er

 (E
PR

)

Pr
ob

e 
D

is
ta

nc
e 

= 
25

 m
 SM

PS
 (t

ot
al

 v
ol

um
e)

B
la

ck
 C

ar
bo

n 
(P

SA
P)

Su
lfa

te
 (A

M
S)

O
rg

an
ic

s 
(A

M
S)

E
ng

in
e 

P
ow

er
 (

E
P

R
)

id
le

T
ak

e-
of

f

EI (mg/kg fuel)

B
la

ck
 c

ar
bo

n
do

m
in

at
es

 a
t

hi
gh

 p
ow

er

E
C

/O
C

 h
ig

he
r 

th
an

 d
ie

se
l a

t a
ir

cr
af

t s
te

ad
y 

st
at

e

NASA/CP—2004-213398 131



A
er

os
ol

 N
um

be
r 

(U
M

N
) 

an
d 

M
as

s 
(A

R
I)

 
at

 3
5 

m
et

er
  b

eh
in

d 
 7

57
  a

t 1
.4

 E
PR

Su
lf

at
e 

(x
10

)
O

rg
an

ic
 C

25
x1

0-3 20 15 10 5 0
Organics (µg m

-3 
/ ppm of CO2)

10
2

3
4

5
6

7
8
10

0
2

3
4

5
6

7
8 10

00
V

ac
uu

m
 A

er
od

yn
am

ic
 D

ia
m

et
er

 (n
m

)

2.
5x

10
-3

2.
0

1.
5

1.
0

0.
5

0.
0

(µg pp 2)

35
M

U
M

N
 N

an
o-

D
M

A
A

R
I 

A
M

S

F
u

e
l 

S
u

lf
u

r 
81

0,
 1

.4
 e

p
r,

 3
5m

0
.0

0
E
+
0
0

5
.0

0
E
+
0
6

1
.0

0
E
+
0
7

1
.5

0
E
+
0
7

2
.0

0
E
+
0
7

2
.5

0
E
+
0
7

1
1
0

1
0
0

1
0
0
0

D
p

 (
n

m
)

dN/dlog10(Dp) (#/cm3)

u
n
h
e
a
te

d

h
e
a
te

d
nu

m
be

r

m
as

s

NASA/CP—2004-213398 132



20
0

15
0

10
0 50 0

EI (mg/kg Fuel/dlogDp)

10
2

3
4

5
6

7
8

9 10
0

2
3

4
5

6
7

8
9 10

00

P
ar

tic
le

 d
ia

m
et

er
 (

nm
)

25
M

Fu
el

 S
ul

fu
r =

 1
05

0 
pp

m
P

ro
be

 D
is

ta
nc

e
 =

 2
5 

m
E

P
R

 =
 1

.3
0,

 1
.4

0
, 1

.5
0

 S
M

P
S

 O
rg

an
ic

s
 S

ul
fa

te

M
A

SS
 D

is
tr

ib
ut

io
ns

  –
B

75
7 

 a
t  

1.
3-

1.
5 

E
PR

25
 m

et
er

s

SM
P

S 
ph

ys
ic

al
 s

iz
e

A
M

S 
 c

he
m

ic
al

or
ga

ni
c

/s
ul

fa
te

NASA/CP—2004-213398 133



20
0

15
0

10
0 50 0

EI (mg/kg Fuel/dlogDp)

10
2

3
4

5
6

7
8

9 10
0

2
3

4
5

6
7

8
9 10

00

P
ar

tic
le

 d
ia

m
et

er
 (

nm
)

25
M

Fu
el

 S
ul

fu
r =

 1
05

0 
pp

m
P

ro
be

 D
is

ta
nc

e
 =

 2
5 

m
E

P
R

 =
 1

.3
0,

 1
.4

0
, 1

.5
0

 S
M

P
S

 O
rg

an
ic

s
 S

ul
fa

te

M
A

SS
 D

is
tr

ib
ut

io
ns

  –
B

75
7 

 a
t  

1.
3-

1.
5 

E
PR

25
 m

et
er

s

Sm
al

l
su

lf
at

e

B
la

ck
ca

rb
on

Su
lf

at
e

co
at

in
g

O
rg

an
ic

 (
oi

l)
co

at
in

g

NASA/CP—2004-213398 134



16
x1

03 12 8 4 0

Organics (µg m
-3

)

12
:0

0
20

02
/0

1/
26

15
:0

0
Da

te

1.
5

1.
4

1.
3

1.
2

1.
1

Engine Power (EPR)

25 20 15 10 5

Pr o b e  D is ta n c e  ( m )

E
X

C
A

V
A

T
E

 –
T

ra
ns

ie
nt

s

•T
ra

n
si

en
t 

h
ig

h
 m

as
s 

lo
ad

in
g

s 
(~

50
00

 µ
g

 m
-3

) 
o

cc
u

rr
ed

 d
u

ri
n

g
 e

n
g

in
e 

st
ar

t-
u

p
 a

n
d

 s
h

u
t 

d
o

w
n

. 
•M

as
s 

lo
ad

in
g

s 
d

u
ri

n
g

 s
te

ad
y 

co
n

d
it

io
n

s 
ra

n
g

ed
 f

ro
m

 1
-3

0 
µg

 m
-3

.

NASA/CP—2004-213398 135



6 5 4 3 2 1 0

µg m
-3 

/ ppm CO2

10
2

3
4

5
6

7
8

9 10
0

2

6 5 4 3 2 1 0

10
2

3
4

5
6

7
8

9 10
0

2

T
ra

ns
ie

n
t 

pe
rio

ds

E
ng

 P
w

r -
> 

U
p

E
ng

P
w

r -
> 

D
ow

n

 1
 m

 2
5 

m

O
rg

an
ic

s 
si

ze
 d

is
tr

ib
u

ti
o

n
 d

u
ri

n
g

 t
ra

n
si

en
t 

p
er

io
d

s

A
ve

ra
g

e 
va

cu
u

m
 a

er
o

d
yn

am
ic

 d
ia

m
et

er
 ~

 4
0-

60
 n

m

x1
00

 in
cr

ea
se

 in
 o

rg
an

ic
 (

oi
l/f

ue
l)

 lo
ad

in
g 

fo
r 

m
in

ut
es

E
ng

in
e 

po
w

er
 d

ow
n

E
ng

in
e 

po
w

er
 u

p

E
P

R
  1

.4
➠

1.
03

E
P

R
  1

.0
3 

➠
1.

15

NASA/CP—2004-213398 136



A
R

I 
M

ob
ile

 L
ab

 a
t J

FK
   

   
 S

co
tt

 H
er

nd
on

, J
oh

n 
Ja

yn
e 

et
 a

l

NASA/CP—2004-213398 137



P
ar

tic
le

 
M

as
s

A
ir

 T
ox

ic
s

(P
T

R
M

S)

G
as

es
N

O
x,

 N
H

3,
 

C
H

2O

Si
m

ul
ta

ne
ou

s 
G

as
 a

nd
 P

ar
ti

cl
e 

M
on

it
or

in
g

Sc
ot

 H
er

nd
on

 (
A

R
I)

L
og

an
 A

ir
po

rt
, B

os
to

n

C
O

2
➠➠

NASA/CP—2004-213398 138



O
u

tl
in

e
•

A
ir

 Q
u

al
it

y 
E

m
is

si
o

n
s 

In
ve

n
to

ri
es

–
M

ea
su

re
m

en
t 

C
h

al
le

n
g

es
:

P
ar

ti
cl

es
(a

nd
 g

as
es

)

•
S

iz
e 

R
es

o
lv

ed
 C

h
em

is
tr

y
–

N
an

o
:

<1
0n

m
   

   
u

lt
ra

fi
n

e:
<1

00
n

m
   

  f
in

e:
<1

 µ
m

   
 c

o
ar

se
:

>1
 µ

m
–

B
la

ck
 c

ar
b

o
n

   
 s

em
i-

vo
la

ti
le

 o
rg

an
ic

s 
  s

u
lf

at
e 

   
 m

et
al

s

•
P

h
ys

ic
al

 a
n

d
 c

h
em

ic
al

 m
ea

su
re

m
en

ts
–

R
ea

l t
im

e:
se

co
n

d
s 

to
 m

in
u

te
s

–
A

M
S

: 
 b

u
lk

 c
h

em
is

tr
y 

vs
 a

er
o

d
yn

am
ic

 d
ia

m
et

er
 

–
S

M
P

S
: 

 n
u

m
b

er
 d

en
si

ty
 v

s 
m

o
b

ili
ty

 d
ia

m
et

er
–

N
ep

h
el

o
m

et
er

, P
S

A
P

: 
 B

la
ck

 C
ar

b
o

n
–

T
E

O
M

: 
 t

o
ta

l m
as

s

–
C

o
lle

ct
ed

 p
ar

ti
cl

es
:

h
o

u
rs

–
“c

o
m

p
le

te
” 

ch
em

ic
al

 a
n

al
ys

is
  (

P
M

2.
5,

 a
ir

 t
o

xi
cs

, l
im

it
ed

 s
iz

in
g

) 

•
M

ea
su

re
m

en
t 

ex
am

p
le

s
–

M
o

b
ile

 L
ab

,  
g

ro
u

n
d

-b
as

ed
 m

ea
su

re
m

en
ts

–
E

X
C

A
V

A
T

E
, J

F
K

 r
u

n
w

ay
 e

xp
er

im
en

ts

NASA/CP—2004-213398 139



S
u

m
m

ar
y

•
S

iz
e 

R
es

o
lv

ed
 C

h
em

is
tr

y
–

N
an

o
:

<1
0n

m
   

   
u

lt
ra

fi
n

e:
<1

00
n

m
   

  f
in

e:
<1

 µ
m

   
 c

o
ar

se
:

>1
 µ

m
–

B
la

ck
 c

ar
b

o
n

   
 s

em
i-

vo
la

ti
le

 o
rg

an
ic

s 
  s

u
lf

at
e 

   
 m

et
al

s

•
P

h
ys

ic
al

 a
n

d
 c

h
em

ic
al

 m
ea

su
re

m
en

ts
–

R
ea

l t
im

e
–

S
iz

e 
an

d
 (

lim
it

ed
) 

ch
em

is
tr

y 
 

–
T

ra
n

si
en

ts
 –

en
g

in
e 

cy
cl

e

–
E

xi
t 

P
la

n
e 

(<
 1

 m
et

er
 b

eh
in

d
 e

n
g

in
e)

   
  ➠

P
lu

m
e 

(>
 2

0 
m

et
er

)

–
C

o
m

p
re

h
en

si
ve

 (
P

M
2.

5)
 C

h
em

ic
al

 a
n

al
ys

is
 o

f 
co

lle
ct

ed
 p

ar
ti

cl
es

 (
h

o
u

rs
)

–
“c

o
m

p
le

te
” 

ch
em

ic
al

 a
n

al
ys

is
  (

lim
it

ed
 s

iz
e 

re
so

lu
ti

o
n

) 
–

A
ir

 t
o

xi
cs

•
T

es
t 

 c
el

l  
 ➠

o
n

 w
in

g
   

  ➠
ru

n
w

ay
/a

ir
p

o
rt

   
 ➠

lo
ca

l a
ir

 q
u

al
it

y 
(m

o
d

el
)

•
In

te
n

si
ve

 (
fe

w
 e

n
g

in
es

/p
la

n
es

) 
   

➠
C

o
m

m
er

ci
al

 a
ir

cr
af

t 
fl

ee
t

NASA/CP—2004-213398 140



S
u

m
m

ar
y

D
et

ai
le

d
 c

h
em

is
tr

y 
an

d
 m

ic
ro

p
h

ys
ic

s
➠

C
o

m
p

re
h

en
si

ve
 (

P
M

2.
5)

 C
h

em
ic

al
 a

n
al

ys
is

 

T
es

t 
 c

el
l  

 ➠
o

n
 w

in
g

   
  ➠

ru
n

w
ay

/a
ir

p
o

rt
   

 ➠
lo

ca
l a

ir
 q

u
al

it
y 

(m
o

d
el

)

In
te

n
si

ve
 (

fe
w

 e
n

g
in

es
/p

la
n

es
) 

   
➠

C
o

m
m

er
ci

al
 a

ir
cr

af
t 

fl
ee

t

R
es

ea
rc

h
 / 

C
er

ti
fi

ca
ti

o
n

   
   

➠
R

eg
u

la
ti

o
n

 / 
M

o
n

it
o

ri
n

g

E
n

g
in

e 
te

ch
n

o
lo

g
y

A
ir

 Q
u

al
it

y

•
A

n
al

o
g

y 
to

 e
vo

lu
ti

o
n

 o
f 

b
o

th
 m

ea
su

re
m

en
t 

an
d

 t
ec

h
n

o
lo

g
y 

o
f 

d
ie

se
l e

n
g

in
es

NASA/CP—2004-213398 141



S
u

m
m

ar
y

A
ir

p
o

rt
 M

ea
su

re
m

en
t 

o
f 

G
as

 a
n

d
 S

u
b

-M
ic

ro
n

 P
ar

ti
cl

e 
E

m
is

si
o

n

➠
in

p
u

t 
to

 lo
ca

l /
 r

eg
io

n
al

 a
ir

 q
u

al
it

y 
m

o
d

el

25
x1

0-3 20 15 10 5 0

Organics (µg m
-3 

/ ppm of CO2)

10
2

3
4

5
6

7
8
10

0
2

3
4

5
6

7
8 10

00
V

ac
uu

m
 A

er
od

yn
am

ic
 D

ia
m

et
er

 (
nm

)

2.
5x

10
-3

2.
0

1.
5

1.
0

0.
5

0.
0

Sulfates (µg m
-3 

/ ppm of CO2)

3
5

M

F
u

e
l 

S
u

lf
u

r 
81

0,
 1

.4
 e

p
r,

 3
5m

0.
00

E+
00

2.
00

E-
11

4.
00

E-
11

6.
00

E-
11

8.
00

E-
11

1.
00

E-
10

1.
20

E-
10

1
10

10
0

10
00

10
00

0

D
p

 (
n

m
)

dV/dlog10(Dp) (cm3/cm3)

un
he

at
ed

he
at

ed

8 6 4 2 0dM/dlog(Dp)  (µg/m
3
)

3
4

5
6

7
10

0
2

3
4

5
6

7
10

00
2

3

A
er

od
yn

am
ic

 D
ia

m
et

er
 (

nm
)

 O
rg

an
ic

 
 N

itr
at

e
 S

ul
fa

te

A
er

os
ol

 n
um

be
r 

na
no

pa
rt

ic
le

s 
?

Su
b-

m
ic

ro
n 

vo
la

til
e 

m
as

s 

NASA/CP—2004-213398 142



O
u

tl
in

e
•

A
ir

 Q
u

al
it

y 
E

m
is

si
o

n
s 

In
ve

n
to

ri
es

–
M

ea
su

re
m

en
t 

C
h

al
le

n
g

es
:

P
ar

ti
cl

es
(a

nd
 g

as
es

)

•
S

iz
e 

R
es

o
lv

ed
 C

h
em

is
tr

y
–

N
an

o
:

<1
0n

m
   

   
u

lt
ra

fi
n

e:
<1

00
n

m
   

  f
in

e:
<1

 µ
m

   
 c

o
ar

se
:

>1
 µ

m
–

B
la

ck
 c

ar
b

o
n

   
 s

em
i-

vo
la

ti
le

 o
rg

an
ic

s 
  s

u
lf

at
e 

   
 m

et
al

s

•
P

h
ys

ic
al

 a
n

d
 c

h
em

ic
al

 m
ea

su
re

m
en

ts
–

R
ea

l t
im

e:
se

co
n

d
s 

to
 m

in
u

te
s

–
A

M
S

: 
 b

u
lk

 c
h

em
is

tr
y 

vs
 a

er
o

d
yn

am
ic

 d
ia

m
et

er
 

–
S

M
P

S
: 

 n
u

m
b

er
 d

en
si

ty
 v

s 
m

o
b

ili
ty

 d
ia

m
et

er
–

N
ep

h
el

o
m

et
er

, P
S

A
P

: 
 B

la
ck

 C
ar

b
o

n
–

T
E

O
M

: 
 t

o
ta

l m
as

s

–
C

o
lle

ct
ed

 p
ar

ti
cl

es
:

h
o

u
rs

–
“c

o
m

p
le

te
” 

ch
em

ic
al

 a
n

al
ys

is
  (

P
M

2.
5,

 a
ir

 t
o

xi
cs

, l
im

it
ed

 s
iz

in
g

) 

NASA/CP—2004-213398 143



B
A

C
K

U
P

 

S
L

ID
E

S

NASA/CP—2004-213398 144



M
IT

-C
A

M
-A

R
I 

F
ie

ld
 M

ea
su

re
m

en
t 

C
am

p
ai

g
n

NASA/CP—2004-213398 145



T
ak

e-
of

f
T

ax
i

T
ak

e-
of

f

T
ax

i

NASA/CP—2004-213398 146



Pr
el

im
in

ar
y 

R
es

ul
ts

:  
N

O
x

E
m

is
si

on
 R

at
io

s 
by

 A
ir

cr
af

t S
ta

te

E
m

is
si

on
s 

on
e 

ai
rc

ra
ft

 a
t a

 ti
m

e,
 ta

xi
 a

nd
 ta

ke
-o

ff

NASA/CP—2004-213398 147



 



P
ar

tic
le

 M
od

el
in

g 
-

C
ur

re
nt

 U
nd

er
st

an
di

ng
 a

nd
 Is

su
es

:
P

os
t c

om
bu

st
or

 p
ar

tic
le

 p
ro

ce
ss

es

P
re

pa
re

d 
by

R
.C

. M
ia

ke
-L

ye

A
er

od
yn

e 
R

es
ea

rc
h,

 In
c.

, 

B
ill

er
ic

a,
 M

A
 0

18
21

-3
97

6 
U

S
A

A
vi

at
io

n 
P

ar
tic

le
 E

m
is

si
on

s 
W

or
ks

ho
p

C
le

ve
la

nd
, O

hi
o

N
ov

em
be

r 
18

-1
9,

 2
00

3

A
R

I F
ile

 N
o.

 1
00

17
V

G
S

 

NASA/CP—2004-213398 149



A
er

o
d

yn
e 

R
es

ea
rc

h
, I

n
c.

R
eg

im
es

◆◆
A

m
bi

en
t

A
m

bi
en

t

◆◆
C

om
bu

st
or

 
C

om
bu

st
or

 
➟

M
ed

’s
 ta

lk
◆

T
ur

bi
ne

/N
oz

zl
e

◆
P

lu
m

e/
W

ak
e

◆◆
F

ar
F

ar
-- W

ak
e/

C
or

rid
or

s
W

ak
e/

C
or

rid
or

s

◆◆
A

m
bi

en
t

A
m

bi
en

t

◆
P

ro
be

s

NASA/CP—2004-213398 150



A
er

o
d

yn
e 

R
es

ea
rc

h
, I

n
c.

P
ro

ce
ss

es

◆◆
C

he
m

is
tr

y
C

he
m

is
tr

y
◆

N
uc

le
at

io
n

■
H

et
er

og
en

eo
us

 o
n 

ex
is

tin
g 

pa
rt

ic
le

s
■

H
om

og
en

eo
us

 (
bi

na
ry

 o
r 

m
ul

ti-
co

m
po

ne
nt

)

◆
C

on
de

ns
at

io
na

l g
ro

w
th

◆
C

oa
gu

la
tio

n
◆

Im
pa

ct
 o

f i
on

s 
(v

er
su

s 
re

co
m

bi
na

tio
n)

NASA/CP—2004-213398 151



A
er

o
d

yn
e 

R
es

ea
rc

h
, I

n
c.

P
ar

tic
le

 E
vo

lu
tio

n 
S

te
w

G
as

 P
ha

se
 C

he
m

is
tr

y

H
om

og
en

eo
us

N
uc

le
at

io
n

H
et

er
og

en
eo

us
N

uc
le

at
io

n

C
oa

gu
la

tio
n 

an
d

C
on

de
ns

at
io

n

??

??

M
ix

in
g 

an
d 

D
ilu

tio
n

+

-

- --
-

-

+
+

+

+
io

ns

NASA/CP—2004-213398 152



A
er

o
d

yn
e 

R
es

ea
rc

h
, I

n
c.

W
ha

t w
e 

do
 k

no
w

◆
C

ar
bo

na
ce

ou
s 

no
n-

vo
la

til
e 

pa
rt

ic
le

s 
(s

oo
t)

◆
V

ol
at

ile
 p

ar
tic

le
s

■
S

ul
fa

te
 p

la
ys

 a
n 

im
po

rt
an

t r
ol

e
■

C
on

de
ns

ab
le

 o
rg

an
ic

s’
 r

ol
e 

is
 s

ig
ni

fic
an

t b
ut

 s
til

l b
ei

ng
 

de
fin

ed
 a

nd
 u

nd
er

st
oo

d 
(e

sp
ec

ia
lly

 a
t l

ow
 s

ul
fu

r 
le

ve
ls

)
●

U
H

C
s

●
Lu

br
ic

at
in

g 
oi

l

◆
E

m
itt

ed
 p

ar
tic

le
 s

iz
e 

di
st

rib
ut

io
n(

s)
■

B
im

od
al

■
N

on
-v

ol
at

ile
 a

nd
 v

ol
at

ile
 c

om
po

ne
nt

s

◆
Io

ns
 a

re
 p

re
se

nt
 a

nd
 a

ffe
ct

 p
ar

tic
le

 p
ro

ce
ss

es

NASA/CP—2004-213398 153



A
er

o
d

yn
e 

R
es

ea
rc

h
, I

n
c.

W
ha

t w
e 

do
 k

no
w

 (
co

nt
’d

)

◆
M

od
el

s 
no

w
 in

cl
ud

e 
th

e 
pr

im
ar

y 
pa

rt
ic

le
 

pr
oc

es
se

s
◆

C
om

pa
ris

on
s 

be
tw

ee
n 

ex
is

tin
g 

m
od

el
s 

an
d 

m
ea

su
re

m
en

ts
 d

em
on

st
ra

te
 b

as
ic

 
th

er
m

od
yn

am
ic

s 
an

d 
ki

ne
tic

s 
re

pr
es

en
t t

he
 

ob
se

rv
at

io
ns

NASA/CP—2004-213398 154



A
er

o
d

yn
e 

R
es

ea
rc

h
, I

n
c.

M
ea

su
re

d 
P

ar
tic

le
 S

iz
e 

D
is

tr
ib

ut
io

n

F
ig

 1
0.

 F
. S

ch
ro

ed
er

 e
t a

l.,
 J

G
R

 1
05

, 1
9,

94
1-

19
,9

54
, 2

00
0.

NASA/CP—2004-213398 155



A
er

o
d

yn
e 

R
es

ea
rc

h
, I

n
c.

W
ha

t w
e 

do
n’

t k
no

w

◆
W

ha
t i

s 
im

po
rt

an
t?

■
F

or
 e

nv
iro

nm
en

ta
l i

m
pa

ct
 (

gl
ob

al
 a

nd
 r

eg
io

na
l)

■
F

or
 h

ea
lth

 e
ffe

ct
s/

lo
ca

l a
ir 

qu
al

ity

■
W

ha
t w

ill
 b

e 
re

gu
la

te
d?

◆
La

ck
in

g 
qu

an
tit

at
iv

e 
co

m
pa

ris
on

 b
et

w
ee

n 
m

od
el

 p
ar

am
et

er
s 

an
d 

sp
ec

ifi
c 

ob
se

rv
at

io
ns

■
Io

n 
im

pa
ct

s 
no

t f
ul

ly
 q

ua
nt

ifi
ed

■
R

el
at

iv
e 

ro
le

 o
f s

ul
fa

te
s 

an
d 

co
nd

en
sa

bl
e 

or
ga

ni
cs

 in
de

te
rm

in
at

e
■

W
hi

ch
 o

rg
an

ic
s 

ar
e 

im
po

rt
an

t (
fu

el
 v

er
su

s 
oi

l?
)

NASA/CP—2004-213398 156



A
er

o
d

yn
e 

R
es

ea
rc

h
, I

n
c.

W
ha

t w
e 

do
n’

t k
no

w
 (

co
nt

’d
)

◆
V

ol
at

ile
 c

om
po

ne
nt

 o
n 

“n
on

-v
ol

at
ile

” 
pa

rt
ic

le
s

■
S

ul
fu

r 
or

 o
rg

an
ic

s 
or

 b
ot

h
■

P
ar

tit
io

ni
ng

 o
f v

ol
at

ile
 s

pe
ci

es
 b

et
w

ee
n 

vo
la

til
e 

pa
rt

ic
le

s 
an

d 
co

nd
en

se
d 

m
at

te
r 

on
 n

on
-v

ol
at

ile
 

co
re

s
■

R
el

at
iv

e 
m

as
s 

of
 v

ol
at

ile
 c

om
po

ne
nt

 o
n 

no
n-

vo
la

til
e 

co
re

◆
P

ar
tic

le
 e

vo
lu

tio
n 

in
 tu

rb
in

e/
no

zz
le

 n
ot

 w
el

l 
un

de
rs

to
od

 (
N

A
S

A
/Q

in
et

iQ
 v

er
su

s 
P

ar
te

m
is

)

NASA/CP—2004-213398 157



A
er

o
d

yn
e 

R
es

ea
rc

h
, I

n
c.

W
ha

t w
e 

do
n’

t k
no

w
 (

co
nt

’d
)

◆
H

ow
 to

 s
am

pl
e 

ex
ha

us
t w

ith
 c

on
de

ns
ab

le
 

ga
se

s:
 p

ar
tic

le
 p

ro
ce

ss
es

 in
 p

ro
be

s
◆

R
el

at
io

ns
hi

p 
be

tw
ee

n 
co

m
bu

st
or

 p
ar

tic
le

 
em

is
si

on
s,

 th
ei

r 
en

gi
ne

 e
xi

t p
ro

pe
rt

ie
s,

 a
nd

 
pa

rt
ic

le
s 

de
po

si
te

d 
in

 th
e 

at
m

os
ph

er
e

NASA/CP—2004-213398 158



C
ar

bo
na

ce
ou

s 
P

ar
tic

ul
at

es
 fr

om
 C

om
bu

st
or

s

M
ed

 C
ol

ke
t a

nd
 D

av
e 

Li
sc

in
sk

y
U

ni
te

d 
T

ec
hn

ol
og

ie
s 

R
es

ea
rc

h 
C

en
te

r
N

ov
em

be
r 

18
, 2

00
3

N
A

S
A

 W
or

ks
ho

p 
on

 A
vi

at
io

n 
P

ar
tic

le
 E

m
is

si
on

s 

NASA/CP—2004-213398 159



P
ar

ti
cu

la
te

 Is
su

es
P

M
 2

.5
 is

 P
ri

m
ar

y 
T

h
re

at

C
o

m
b

u
st

o
r

(c
h

em
ic

al
re

ac
ti

o
n

s)
T

u
rb

in
e

(q
u

en
ch

)

N
ea

r 
fi

el
d

(q
u

en
ch

,
n

u
cl

ea
ti

o
n

F
ar

 f
ie

ld
(a

b
so

rp
ti

o
n

,
co

n
d

en
sa

ti
o

n

S
m

o
ke

 &
S

o
o

t 
P

ar
ti

cu
la

te
s 

(P
M

-2
.5

)

P
lu

m
e

E
vo

lu
ti

o
n

&
 G

ro
w

th

F
ue

l ➠
C

O
2,

 H
2O

P
A

H
, s

oo
t (

at
 p

ow
er

)
U

H
C

 (
id

le
)

fu
el

 v
ap

or
 (

sh
ut

 d
ow

n,
st

ar
t u

p)
F

ue
l S

 ➠
S

O
, S

O
2

A
ir 

N
2 

➠
N

O
, N

O
x

S
O

, S
O

2
N

O
 =

>
 H

O
N

O
S

O
3 

➠
H

2S
O

4
H

O
N

O

H
2O

, s
o

o
t

P
A

H
 =

>c
o

n
d

en
se

d
p

ar
ti

cu
la

te
s

fu
el

 v
ap

or

H
2O

 
so

ot

fu
el

 v
ap

or

pa
rt

ic
ul

at
es

,
co

nd
en

se
d

pa
rt

ic
ul

at
es

,
ae

ro
so

ls
,

dr
op

le
ts

nu
cl

ei

NASA/CP—2004-213398 160



O
th

er
 P

M
 m

at
te

r
C

ar
bo

na
ce

ou
s 

so
ot

 is
 o

nl
y 

pa
rt

 o
f p

ro
bl

em

•
Su

lf
ur

/s
ul

fa
te

s
•

Pa
rt

ia
lly

 b
ur

ne
d 

H
C

s
•

U
nb

ur
ne

d 
Je

t f
ue

l (
st

ar
t-

up
/s

hu
td

ow
n)

•
L

ub
ri

ca
tin

g 
oi

ls
•

T
ir

es
 (

la
nd

in
gs

)
•

M
et

al
s

•
U

nc
er

ta
in

tie
s 

w
.r

.t.
 h

yd
ro

ph
ob

ic
 c

ha
ra

ct
er

is
tic

s 
 

of
 n

on
-v

ol
at

ile
s

NASA/CP—2004-213398 161



S
oo

t F
or

m
at

io
n/

O
xi

da
tio

n 
in

 A
er

oe
ng

in
es

A
vo

id
 E

.R
.>

 1
.6

 fo
r 

fo
rm

at
io

n 
an

d 
T

<
 1

60
0-

17
00

K
 fo

r 
qu

en
ch

S
oo

t 
O

xi
da

ti
on

40
0

10
00

16
00

22
00

28
00

0
0.

5
1

1.
5

2
f/a

Temperature (K)

Id
le

T
ak

e-
of

f

S
oo

t 
F

or
m

at
io

n

So
ot

Q
ue

nc
he

d

le
an

F
ue

l r
ic

h

0 
   

   
   

   
   

   
   

   
 1

   
   

   
   

   
   

   
   

  2
   

   
   

3 
 

E
qu

iv
al

en
ce

 R
at

io

S
oo

t 
O

xi
da

ti
on

40
0

10
00

16
00

22
00

28
00

0
0.

5
1

1.
5

2
f/a

Temperature (K)

Id
le

T
ak

e-
of

f

Id
le

T
ak

e-
of

f

Id
le

T
ak

e-
of

f

S
oo

t 
F

or
m

at
io

n

So
ot

Q
ue

nc
he

d

le
an

F
ue

l r
ic

h

0 
   

   
   

   
   

   
   

   
 1

   
   

   
   

   
   

   
   

  2
   

   
   

3 
 

E
qu

iv
al

en
ce

 R
at

io

C
12

H
23

sp
ra

y,

va
po

ri
za

tio
n

C
xH

y H
   

H
2

C
2
H

2

A
lk

yl
at

ed
-

ar
om

at
ic

s

na
ph

th
en

es

G
as

-p
ha

se
 k

in
et

ic
s

PA
H

C
2
H

2

. .. . .

in
ce

pt
io

n
Su

rf
ac

e 
gr

ow
th

&
 c

oa
le

sc
en

ce

ag
ei

ng
 &

co
ag

ul
at

io
n

ox
id

at
io

n

..... .

C
12

H
23

sp
ra

y,

va
po

ri
za

tio
n

C
xH

y H
   

H
2

C
2
H

2

A
lk

yl
at

ed
-

ar
om

at
ic

s

na
ph

th
en

es

C
xH

y H
   

H
2

C
2
H

2

A
lk

yl
at

ed
-

ar
om

at
ic

s

na
ph

th
en

es

G
as

-p
ha

se
 k

in
et

ic
s

PA
H

C
2
H

2

. .. . .. .. . .
O

xi
da

tio
n 

pr
od

uc
ts

in
ce

pt
io

n
Su

rf
ac

e 
gr

ow
th

&
 c

oa
le

sc
en

ce

ag
ei

ng
 &

co
ag

ul
at

io
n

ox
id

at
io

n

..... . ..... . ..... .

Fo
rm

at
io

n 
of

 S
oo

t:
   

   
  

ox
id

at
io

n
ow

th
su

rf
ac

e_
gr

in
ce

pt
io

n
R

R
R

m
as

s)
(s

oo
t 

−
+

=
dt

d
 

 In
ce

pt
io

n:
   

   
   

   
   

   
   

  
[

][
]

2
2

in
ce

pt
io

n
in

ce
pt

io
n

H
C

ar
om

at
ic

k
R

=
 

 S
ur

fa
ce

 G
ro

w
th

:  
   

   
   

  
[

]
2

2
gr

ow
th

ow
th

su
rf

ac
e_

gr
H

C
r3m

k
R

=
 

 O
xi

da
ti

on
: O

2 
an

d 
O

H
:  

 
[

]
O

H
r3m

k
)

(
R

R
O

H
O

2
ox

id
at

io
n

+
=

N
SC

 

F
u

el
 d

ec
o

m
p

o
si

ti
o

n
 =

> 
so

o
t 

fo
rm

at
io

n
 =

> 
so

o
t 

o
xi

d
at

io
n

U
n

o
xi

d
iz

ed
 S

o
o

t 
=>

 
V

is
ib

le
 S

m
o

ke
 E

m
is

si
o

n
s

NASA/CP—2004-213398 162



P
ar

tic
le

 S
iz

e 
S

ta
tis

tic
s

•
Lo

gn
or

m
al

 d
is

tr
ib

ut
io

ns
 d

es
cr

ib
e 

m
os

t p
ar

tic
le

 d
at

a
–

P
ol

yd
is

pe
rs

e,
 s

iz
e 

ra
ng

e 
ge

ne
ra

lly
 >

 tw
o 

or
de

rs
 o

f 
m

ag
ni

tu
de

–
O

nl
y 

ca
rb

on
ac

eo
us

 m
at

er
ia

l

•
S

ta
tis

tic
al

 p
ro

pe
rt

ie
s 

–
M

ed
ia

n 
-

nm
–

M
ea

n 
-

nm
–

C
on

ce
nt

ra
tio

n
•

dN
/d

lo
gd

p 
(#

/c
m

3)

–
dN

 is
 c

on
ce

nt
ra

tio
n 

ov
er

 s
iz

e 
ra

ng
e

–
Lo

g 
sc

al
e 

co
ve

rs
 w

id
e 

si
ze

 r
an

ge

–
V

ol
um

e 
–

nm
3 /

cm
3

–
C

on
ve

rt
 to

 m
as

s 
w

ith
 a

ss
um

ed
 d

en
si

ty

0.
0E

+
00

5.
0E

+
06

1.
0E

+
07

1.
5E

+
07

2.
0E

+
07

2.
5E

+
07

3.
0E

+
07

3.
5E

+
07

4.
0E

+
07

4.
5E

+
07

10
10

0
10

00

d
p
 (n

m
)

dn/dlog(dp) (#/cm
3
)

JP
-8

, 
f/a

=
0.

03
2

JP
-8

, 
f/a

=
0.

04
0

JP
-8

, 
f/a

=
0.

04
4

JP
-8

+
10

0,
 f/

a=
0.

03
2

JP
-8

+
10

0,
 f/

a=
0.

04
0

JP
-8

+
10

0,
 f/

a=
0.

04
4

in
cr

ea
si

ng
 f/

a

N
ot

e 
th

at
 r

ed
uc

ti
on

s 
us

in
g 

+
10

0 
pr

es
en

te
d 

he
re

 h
av

e 
no

t b
ee

n 
re

pe
at

ed

NASA/CP—2004-213398 163



N
or

m
al

iz
ed

 D
is

tr
ib

ut
io

ns
 a

t 2
00

 p
si

a 
an

d 
50

0F
F

ol
lo

w
in

g 
H

ar
ris

 a
nd

 M
ar

ic
q 

(2
00

3)

0.
00

1

0.
010.
11

-1
-0

.5
0

0.
5

1

h
 =

 ln
(d

p
)-

<l
n

(d
p
)>

m = dn/d(ln(dp))/N

JP
-8

, f
/a

=
0

.0
32

JP
-8

, f
/a

=
0

.0
40

JP
-8

, f
/a

=
0

.0
44

JP
-8

+
10

0
, f

/a
=.

0
3

2

JP
-8

+
10

0
, f

/a
=.

0
4

0

JP
-8

+
10

0
, f

/a
=.

0
4

4

H
a

rr
is

 a
n

d
 M

ar
ic

q

H
&

M
, s

ig
m

a
=1

.8

NASA/CP—2004-213398 164



S
iz

in
g 

by
 E

le
ct

ro
n 

M
ic

ro
sc

op
y 

(T
E

M
) 

–
O

ld
 e

ng
in

e 
te

ch
no

lo
gy

S
ig

ni
fic

an
t a

gg
lo

m
er

at
io

n 
ob

se
rv

ed
 –

en
gi

ne
 o

r 
sa

m
pl

in
g 

ar
tif

ac
t?

so
ot

 c
ol

le
ct

ed
 b

y 
im

pa
ct

on
 fi

lte
r 

pa
pe

r 
fr

om
 a

n 
en

gi
ne

(p
rim

ar
y 

pa
rt

ic
le

 d
ia

m
et

er
 ~

 6
0 

nm
)

-
E

lw
oo

d,
 P

&
W

so
ot

 c
ol

le
ct

ed
 b

y 
im

pa
ct

 o
n 

a 
T

E
M

 g
rid

 
in

 S
B

IF
 II

I f
ro

m
 b

eh
in

d 
an

 F
16

(p
rim

ar
y 

pa
rt

ic
le

 d
ia

m
et

er
 =

 ~
 4

0 
nm

)
-

B
ro

ck
, U

ni
v.

 D
en

ve
r

NASA/CP—2004-213398 165



A
ir

cr
af

t 
C

ar
b

o
n

ac
eo

u
s 

P
M

 M
ea

su
re

m
en

t 
C

h
al

le
n

g
es

•
N

ee
ds

 a
nd

 S
ta

nd
ar

ds
–

N
o 

st
an

da
rd

 m
et

ho
do

lo
gy

 o
r 

in
st

ru
m

en
ta

tio
n 

es
ta

bl
is

he
d

–
N

o 
st

an
da

rd
 q

ua
nt

ifi
ca

tio
n 

un
it 

es
ta

bl
is

he
d

•
E

P
A

 u
se

s 
m

as
s-

ba
se

d,
 e

ng
in

e 
m

an
uf

ac
tu

re
rs

 li
ke

ly
 to

 u
se

 E
I

–
N

ot
 c

le
ar

 w
hi

ch
 p

ar
am

et
er

s 
ar

e 
of

 in
te

re
st

 to
 a

ge
nc

ie
s 

re
gu

la
tin

g 
ai

rc
ra

ft 
em

is
si

on
s 

(e
.g

., 
#,

 m
as

s,
 o

r 
si

ze
)

•
P

ar
tic

ul
at

es
 P

ro
be

–
D

iff
ic

ul
t t

o 
ch

ar
ac

te
riz

e 
pr

ob
es

 a
t r

ea
lis

tic
 e

ng
in

e 
co

nd
iti

on
s

•
V

er
y 

hi
gh

 e
xh

au
st

 te
m

pe
ra

tu
re

 a
nd

 v
el

oc
ity

 fl
ow

s
•

H
ig

h 
in

er
tia

 o
f e

xh
au

st
 P

M
 a

nd
 p

ot
en

tia
l l

ea
ks

 in
 d

ilu
tio

n 
flo

w
 th

ro
ug

h 
pr

ob
e 

tip
 r

es
ul

t i
n 

in
ac

cu
ra

te
 m

ea
su

re
m

en
t

–
P

ro
be

 a
xi

al
 lo

ca
tio

n
•

N
ea

r 
en

gi
ne

: p
rim

ar
y 

(c
ar

bo
na

ce
ou

s)
 p

ar
tic

le
s 

fo
rm

ed
 in

 e
ng

in
e

•
F

ar
 e

ng
in

e:
 p

lu
s 

se
co

nd
ar

y 
pa

rt
ic

le
s 

(v
ol

at
iv

es
) 

to
 s

tu
dy

 a
tm

os
ph

er
ic

 
im

pa
ct

s

–
P

ro
be

 d
es

ig
n

NASA/CP—2004-213398 166



A
ir

cr
af

t 
P

M
 M

ea
su

re
m

en
t 

C
h

al
le

n
g

es

•
P

ar
tic

ul
at

e 
M

at
te

r 
S

am
pl

in
g

–
M

os
t t

ur
bi

ne
 e

ng
in

e 
P

M
 e

m
is

si
on

s 
ar

e 
na

no
m

et
er

 
di

am
et

er
 s

iz
e

–
S

m
al

l p
ar

tic
le

s 
ca

n 
st

ic
k 

to
 w

al
ls

 o
f p

ro
be

 a
nd

 tr
an

sp
or

t 
lin

es •
le

ad
in

g 
to

 lo
ss

 a
nd

 m
ea

su
re

m
en

t u
nc

er
ta

in
ty

–
E

ffe
ct

s 
of

 s
am

pl
e 

co
nd

iti
on

in
g

–
P

ar
tic

le
s 

m
ay

 u
nd

er
go

 c
ha

ng
e 

fr
om

 s
am

pl
in

g 
po

in
t t

o 
in

st
ru

m
en

t
–

G
as

-t
o-

pa
rt

ic
le

 c
on

ve
rs

io
n,

 C
oa

gu
la

tio
n,

 
T

he
rm

op
ho

re
si

s,
 C

on
de

ns
at

io
n/

 e
va

po
ra

tio
n

•
S

am
pl

e 
di

lu
tio

n 
ne

ar
 s

am
pl

in
g 

po
in

t b
el

ie
ve

d 
to

 a
lle

vi
at

e 
m

os
t 

of
 th

es
e 

pr
ob

le
m

s

•
F

ue
l c

he
m

ic
al

 c
om

po
si

tio
n 

w
ill

 im
pa

ct
 P

M
 

em
is

si
on

s
–

A
ro

m
at

ic
 a

nd
 s

ul
fu

r 
co

nt
en

t

NASA/CP—2004-213398 167



S
ch

em
at

ic
 o

f P
ar

tic
ul

at
e 

S
am

pl
in

g 
S

ys
te

m

co
m

bu
st

or

he
at

er
Pa

rt
ic

le
 f

re
e

N
2

(2
0-

50
 s

lp
m

)

he
at

ed
 li

ne
s

un
di

lu
te

d 
sa

m
pl

e
Im

pa
ct

or

ex
ha

us
t

ex
ha

us
t

G
as

 E
m

is
si

on
s

(C
O

2
&

 O
2)

Cy
cl

on
e

ca
sc

ad
e

El
ec

tr
os

ta
tic

cl
as

si
fie

r
CN

 C
ou

nt
er

Sm
ok

e
m

et
er

Ce
ll 

w
al

l

D
ilu

te
d

sa
m

pl
e

G
as

 E
m

is
si

on
s

(T
H

C,
 N

O
x,

 C
O

, C
O

2
&

 O
2)

D
ilu

tio
n 

is
 u

se
d 

to
 m

in
im

iz
e 

pa
rt

ic
le

 c
oa

gu
la

tio
n 

an
d 

co
nd

en
sa

tio
n

S
am

pl
e 

sh
ou

ld
 b

e 
di

lu
te

d 
at

 p
ro

be
 

en
tr

an
ce

NASA/CP—2004-213398 168



C
or

re
la

tio
n 

of
 S

m
ok

e 
N

um
be

r
In

de
pe

nd
en

t o
f s

oo
t p

ar
tic

le
 s

iz
e 

–
bu

t ~
 fa

ct
or

 o
f t

w
o 

un
ce

rt
ai

nt
y

S
m

o
ke

 N
o

. -
 M

as
s 

C
o

rr
el

at
io

n
s

05

1
0

1
5

2
0

2
5

3
0

3
5

4
0

0
1

0
2

0
3

0
4

0
5

0
6

0
7

0

S
m

o
ke

 N
o

.

mg/m^3

W
o

o
d

, A
. D

., 
1

9
7

5
E

ck
e

rl
e

 a
n

d
 R

o
s

fjo
rd

, 1
9

8
7

N
o

rg
re

n
 a

n
d

 In
g

e
b

o
, 1

9
7

5
C

h
a

m
p

a
g

n
e

, 1
9

7
1

 (
fil

te
re

d
)

C
h

a
m

p
a

g
n

e
, 1

9
7

1
, u

n
fil

te
re

d
H

u
rl

e
y,

 1
9

9
3

U
T

R
C

, 2
0

0
0

R
e

co
m

m
e

n
d

a
tio

n
S

to
u

ffe
r,

 2
0

0
1

01234

0
10

20

S
m

o
ke

 N
o

.

mg/m^3

Sm
ok

e 
N

o.
 m

ea
su

re
d 

an
d 

so
ot

 m
as

s 
co

m
pu

te
d 

fr
om

 m
ea

su
re

d 
pa

rt
ic

le
 

si
ze

 d
is

tr
ib

ut
io

n 
an

d 
nu

m
be

r 
de

ns
ity

 
(D

M
A

/C
N

C
) 

as
su

m
in

g 
pa

rt
ic

le
 s

ph
er

ic
ity

 a
nd

 
kn

ow
n 

de
ns

ity
.

NASA/CP—2004-213398 169



P
ho

to
gr

ap
hs

 o
f f

ilt
er

s 
fr

om
 A

nd
er

so
n 

Im
pa

ct
or

A
nd

er
se

n 
Im

pa
ct

or
 

Pa
rt

ic
le

 L
oa

di
ng

 f
or

 
JP

-8
 a

t f
/a

 =
 0

.0
44

, 
P3

 =
 2

00
 p

si
a 

an
d 

T
3 

=
 5

00
 F

NASA/CP—2004-213398 170



S
E

M
 P

ho
to

m
ic

ro
gr

ap
hs

 o
f P

ar
tic

le
s

us
in

g 
A

nd
er

se
n 

Im
pa

ct
or

P
ar

tic
le

s 
ar

e 
~

 7
0-

10
0 

nm
 fo

r 
al

l s
ta

ge
s 

(e
xc

ep
tio

ns
)

St
ag

e 
4 

(4
.4

 -
 2

.8
µm

)
St

ag
e 

7 
(0

.8
8 

- 
0.

60
µm

)
St

ag
e 

f 
(<

 0
.6

0µ
m

)

S
E

M
 P

ho
to

m
ic

ro
gr

ap
hs

 o
f 

A
nd

er
se

n 
Im

pa
ct

or
 F

ilt
er

s 
at

 1
0,

00
0x

(J
P-

8 
at

 f
/a

 =
 0

.0
44

, P
3 

=
 2

00
 p

si
a,

 T
3 

=
 5

00
 F

)

So
m

e 
ro

gu
e 

pa
rt

ic
le

s,
 b

ut
 m

aj
or

ity
 a

re
 7

0-
10

0 
nm

-
ro

gu
es

 m
ay

 b
e 

sa
m

pl
in

g 
lin

e 
ar

tif
ac

ts

N
ot

e 
la

rg
e 

pa
rt

ic
le

s 
w

er
e 

ta
rg

et
ed

NASA/CP—2004-213398 171



S
E

M
 P

ho
to

m
ic

ro
gr

ap
hs

 o
f P

ar
tic

le
s

us
in

g 
A

nd
er

se
n 

Im
pa

ct
or

P
ar

tic
le

s 
ar

e 
~

 7
0-

10
0 

nm
, e

ve
n 

fo
r 

S
ta

ge
 4

 (
2.

8µ
m

 a
t 3

0k
x 

m
ag

ni
fic

at
io

n)

NASA/CP—2004-213398 172



C
on

ce
rn

s 
(u

nr
an

ke
d)

•
R

ol
e 

of
 s

ul
fu

r/
ar

om
at

ic
s 

on
 n

on
-v

ol
at

ile
 e

m
is

si
on

s 
fo

r 
ad

va
nc

ed
 

en
gi

ne
s 

•
S

iz
e 

ra
ng

e 
of

 p
ar

tic
le

s 
as

 fu
nc

tio
n 

of
 e

ng
in

e 
op

er
at

in
g 

co
nd

iti
on

s
•

Le
ve

l o
f a

gg
lo

m
er

at
io

n
•

H
yd

ro
ph

ob
ic

 v
s.

 h
yd

ro
sc

op
ic

 c
ha

ra
ct

er
•

N
on

-v
ol

at
ile

s 
as

 n
uc

le
at

io
n 

si
te

 fo
r 

H
C

•
S

pe
ci

at
io

n
•

C
on

tr
ol

 o
f e

m
is

si
on

s 
vi

a 
co

m
bu

st
or

 d
es

ig
n 

(a
nd

 tr
ad

e-
of

f b
et

w
ee

n 
vo

la
til

e 
an

d 
no

n-
vo

la
til

e 
em

is
si

on
s)

•
R

el
at

iv
e 

ro
le

 o
f n

on
-v

ol
at

ile
 P

M
 v

s.
 to

ta
l P

M
 in

ve
nt

or
y

•
R

el
at

iv
e 

he
al

th
 e

ffe
ct

s 
of

 d
iff

er
en

t P
M

•
P

ro
be

/tu
rb

in
e 

ef
fe

ct
s

•
M

as
s 

vs
. #

 v
s.

 s
iz

e

NASA/CP—2004-213398 173



M
od

ifi
ed

 F
11

9 
-

M
ea

n 
P

ar
tic

le
 D

ia
m

et
er

 R
ed

uc
ed

 w
ith

 +
10

0

JP
-8

JP
-8

+
ad

di
tiv

e
JP

-8
+

10
0

JP
-8

+
RX

P

NASA/CP—2004-213398 174



O
th

er
 R

es
ul

ts
 o

n 
JP

-8
+

10
0

C
on

fu
si

on
 p

er
si

st
s

•
N

A
V

A
IR

 –
no

 c
ha

ng
e

•
A

F
R

L 
–

re
du

ct
io

n,
 b

ut
 ti

m
e 

ef
fe

ct
 o

bs
er

ve
d

•
S

ou
th

w
es

t R
es

ea
rc

h 
In

st
itu

te
–

R
ed

uc
tio

n
–

In
cl

ud
in

g 
in

fo
rm

at
io

n 
on

 
P

A
H

N
A

V
A

IR
   

   
   

  

NASA/CP—2004-213398 175



 



D
at

ab
as

e 
an

d 
In

ve
nt

or
y 

-
cu

rr
en

t u
nd

er
st

an
di

ng
 &

 
is

su
es

S
te

ve
n 

L.
 B

au
gh

cu
m

B
oe

in
g 

C
om

pa
ny

N
A

S
A

 A
vi

at
io

n 
P

ar
tic

le
 E

m
is

si
on

s 
W

or
ks

ho
p

N
ov

em
be

r 
19

, 2
00

3

NASA/CP—2004-213398 177



O
ut

lin
e

•
B

ac
kg

ro
un

d 
–

H
ow

 d
o 

w
e 

cu
rr

en
tly

 c
al

cu
la

te
 g

as
 p

ha
se

 e
m

is
si

on
 in

ve
nt

or
ie

s?
–

W
ha

t d
o 

w
e 

ne
ed

 to
 c

al
cu

la
te

 fo
r 

pa
rt

ic
ul

at
e 

in
ve

nt
or

ie
s?

•
A

pp
ro

ac
h 

to
 p

ar
tic

ul
at

e 
in

ve
nt

or
ie

s

•
D

at
a 

ne
ed

s

NASA/CP—2004-213398 178



G
as

 P
ha

se
 E

m
is

si
on

s 
D

at
a

St
an

da
rd

 I
C

A
O

 e
m

is
si

on
s 

da
ta

ba
nk

 d
at

a 
fo

r 
C

F
M

56
-2

-C
5

L
an

di
ng

/T
ak

eo
ff

 (
L

T
O

) 
da

ta
  -

St
an

da
rd

 D
ay

 C
on

di
ti

on
s 

Se
a 

le
ve

l s
ta

ti
c

N
on

-s
ta

nd
ar

d 
co

nd
it

io
ns

:

-
C

al
cu

la
te

d 
fr

om
 e

ng
in

e 
th

er
m

od
yn

am
ic

al
 c

yc
le

 d
at

a 
co

m
bu

st
or

 in
le

t 
te

m
pe

ra
tu

re
/p

re
ss

ur
e 

(T
3/

P
3)

 d
at

a 
(P

ro
pr

ie
ta

ry
 d

at
a)

-
C

al
cu

la
te

d 
us

in
g 

em
pi

ri
ca

l f
ue

l f
lo

w
 m

et
ho

d 
da

ta
 b

as
ed

 o
n 

T
3/

P
3 

an
al

ys
es

 
(e

.g
., 

B
oe

in
g 

M
et

ho
d 

2 
or

 D
L

R
 m

et
ho

d)

M
od

e 
 

P
ow

er
 

Se
tt

in
g 

 

T
im

e 
(m

in
ut

es
) 

 

F
ue

l F
lo

w
 

(k
g/

s)
 

 
E

I(
H

C
) 

 
E

I(
C

O
) 

 
E

I(
N

O
x)

 
 

T
ak

eo
ff

 
10

0%
 

0.
7 

0.
98

5 
0.

04
 

0.
9 

18
.5

 
C

lim
bo

ut
  

85
%

 
2.

2 
0.

81
9 

0.
05

 
0.

9 
16

.0
 

A
pp

ro
ac

h 
30

%
 

4 
0.

31
1 

0.
08

 
4.

2 
8.

2 
Id

le
 

7%
 

26
 

0.
12

8 
1.

83
 

30
.7

 
4.

0 
 

NASA/CP—2004-213398 179



G
as

 P
ha

se
 E

m
is

si
on

 In
ve

nt
or

ie
s

•
A

ir
po

rt
 v

ic
in

ity

–
D

ep
ar

tu
re

/L
an

di
ng

 d
at

a 
(n

um
be

r 
of

 f
li

gh
ts

 b
y 

ai
rp

la
ne

/e
ng

in
e/

co
m

bu
st

or
 ty

pe
) 

–
C

om
bi

ne
 “

ti
m

e 
in

 c
on

di
tio

n”
 d

at
a 

w
ith

 a
pp

ro
pr

ia
te

 I
C

A
O

 L
T

O
 e

m
is

si
on

s 
da

ta

•
G

lo
ba

l i
nv

en
to

ri
es

 o
f 

cr
ui

se
 e

m
is

si
on

s 
(g

ri
dd

ed
)

–
Fl

ig
ht

 s
ch

ed
ul

e 
da

ta
 (

de
pa

rt
ur

e 
ci

ty
, a

rr
iv

al
 c

ity
, a

ir
lin

e,
 a

ir
pl

an
e 

ty
pe

)

–
M

at
ch

 a
ir

lin
e 

da
ta

 to
 d

et
er

m
in

e 
en

gi
ne

 a
nd

 c
om

bu
st

or
 ty

pe
 o

n 
ai

rp
la

ne

–
Fl

y 
ea

ch
 m

is
si

on
 (

e.
g.

, g
re

at
 c

ir
cl

e 
ro

ut
e)

 u
si

ng
 a

ir
pl

an
e 

pe
rf

or
m

an
ce

 d
at

a 

•
A

lt
itu

de
 in

cr
ea

se
s 

as
 a

ir
pl

an
e 

us
es

 f
ue

l a
nd

 g
et

s 
lig

ht
er

•
Fu

el
 b

ur
n 

ra
te

 c
ha

ng
es

 a
s 

ai
rp

la
ne

 g
et

s 
lig

ht
er

–
C

al
cu

la
te

 e
m

is
si

on
s 

us
in

g 
fu

el
 f

lo
w

 m
et

ho
d 

at
 e

ac
h 

po
in

t a
lo

ng
 th

e 
m

is
si

on
•

C
om

pr
eh

en
si

ve
 d

at
ab

as
e 

of
 e

m
is

si
on

s 
fr

om
 I

C
A

O

–
C

om
bi

ne
 d

at
a 

fo
r 

al
l a

ir
pl

an
e/

en
gi

ne
/c

om
bu

st
or

 c
om

bi
na

tio
ns

NASA/CP—2004-213398 180



20
20

 A
ir

pl
an

e 
M

ar
ke

t 
P

ro
je

ct
io

ns
 

Fl
ee

t M
ix

 P
ro

je
ct

io
ns

 

R
eg

io
na

l G
ro

w
th

 P
ro

je
ct

io
ns

 

20
20

 C
it

y-
P

ai
r 

L
ev

el
 F

lig
ht

 
Sc

he
du

le
 

G
lo

ba
l A

tm
os

ph
er

ic
 E

m
is

si
on

s 
C

od
e 

(G
A

E
C

) 

20
20

 A
ir

cr
af

t 
P

er
fo

rm
an

ce
 

C
ha

ra
ct

er
is

ti
cs

 

P
er

fo
rm

an
ce

 C
ha

ra
ct

er
is

ti
cs

 
of

 E
xi

st
in

g 
A

ir
cr

af
t 

P
er

fo
rm

an
ce

 C
ha

ra
ct

er
is

ti
cs

 
of

 F
ut

ur
e 

A
ir

cr
af

t 

20
20

 A
ir

cr
af

t 
E

m
is

si
on

s 
C

ha
ra

ct
er

is
ti

cs
 

E
m

is
si

on
s 

C
ha

ra
ct

er
is

ti
cs

 o
f 

E
xi

st
in

g 
A

ir
cr

af
t 

E
m

is
si

on
s 

C
ha

ra
ct

er
is

ti
cs

 o
f 

Fu
tu

re
 A

ir
cr

af
t 

20
20

 S
ch

ed
ul

ed
 F

le
et

 3
-D

im
en

si
on

al
 

E
m

is
si

on
 S

ce
na

ri
o 

NASA/CP—2004-213398 181



 

-1
80

-1
20

-6
0

0
60

12
0

18
0

L
on

gi
tu

de

-9
0

-6
0

-3
00306090

Latitude

  

0
4

8
12

16
20

24
28

32
36

40
44

48
52

56
60

64
68

72
76

80
N

O
x 

   
 X

   
 0

.0
10

0
4

8
12

16
20

24
28

32
36

40
44

48
52

56
60

64
68

72
76

80
N

O
x 

   
 X

   
 0

.0
10

N
O

x 
E

m
is

si
on

s 
at

 C
ru

is
e 

A
lti

tu
de

s 
P

ro
je

ct
ed

 to
 2

02
0

NASA/CP—2004-213398 182



W
ha

t i
s 

N
ee

de
d 

fo
r 

P
ar

tic
ul

at
es

?

•
W

hi
ch

 p
ar

tic
ul

at
e 

em
is

si
on

s?
–

S
oo

t?
–

S
ul

fa
te

 a
er

os
ol

s?
–

O
rg

an
ic

 a
er

os
ol

s?

•
W

ha
t p

ro
pe

rt
ie

s?
–

T
ot

al
 m

as
s?

–
T

ot
al

 n
um

be
r 

of
 p

ar
tic

le
s?

–
S

ur
fa

ce
 A

re
a?

–
P

ar
tic

le
s 

w
ith

in
 s

om
e 

si
ze

 r
an

ge
?

•
W

he
re

?
–

A
irp

or
t v

ic
in

ity
 (

se
a 

le
ve

l s
ta

tic
)?

–
R

eg
io

na
l?

–
G

lo
ba

l (
cr

ui
se

 c
on

di
tio

ns
)?

NASA/CP—2004-213398 183



S
m

ok
e 

nu
m

be
r 

ha
s 

de
cr

ea
se

d 
w

ith
 ti

m
e

•
S

m
ok

e 
nu

m
be

r 
m

ea
su

re
m

en
ts

 r
ep

or
te

d 
in

 IC
A

O
 d

at
ab

an
k 

fo
r 

al
l 

ce
rt

ifi
ca

te
d 

en
gi

ne
s

•
F

or
 m

an
y 

en
gi

ne
s,

 o
nl

y 
pe

ak
 s

m
ok

e 
nu

m
be

r 
is

 r
ep

or
te

d

M
ax

 S
m

o
ke

 N
um

b
er

 H
is

to
ri

ca
l T

re
n

d

0

1
0

2
0

3
0

4
0

5
0

6
0

7
0 1

96
0

19
64

1
97

0
19

75
19

8
0

1
98

5
19

90
1

99
5

20
00

2
00

5

E
n

g
in

e/
R

at
in

g
/C

o
m

b
u

st
o

r 
C

er
t 

 o
r 

E
m

is
si

o
n

s 
T

es
t 

D
at

e

Max Smoke Number

E
ng

in
e/

R
at

in
g/

C
om

bu
st

or
 c

om
bi

na
tio

ns
 t

ha
t 

ha
ve

S
m

ok
e 

N
um

be
r 

re
po

rt
ed

 a
t 

fo
ur

 p
ow

er
 s

et
tin

gs

E
ng

in
e/

R
at

in
g/

C
om

bu
st

or
 c

om
bi

na
tio

ns
 t

ha
t 

ha
ve

S
m

ok
e 

N
um

be
r 

re
po

rt
ed

 a
t 

le
ss

 t
ha

n 
fo

ur
 p

ow
er

 s
et

tin
gs

NASA/CP—2004-213398 184



C
an

 s
m

ok
e 

nu
m

be
r 

ch
ar

ac
te

ris
tic

s 
of

 d
iff

er
en

t e
ng

in
es

 
ha

ve
 s

im
ila

r 
fu

nc
tio

na
l f

or
m

s ?

A
na

ly
si

s 
by

 D
ou

g 
D

uB
oi

s

S
m

o
ke

 N
u

m
b

e
r 

fo
rm

s

02468101214

0.
0

0.
5

1.
0

1.
5

2.
0

2.
5

3.
0

F
u

el
 F

lo
w

 - 
kg

/s

Smoke Number

C
F

M
56

-5
B

/P
 D

A
C

II

C
F

6-
6

C
F

6-
50

 L
E

C

B
R

70
0-

71
5

10
0% 85
%

30
% 7%

P
ow

er
S

et
tin

g

NASA/CP—2004-213398 185



H
ow

 w
el

l d
oe

s 
th

e 
N

O
X

 d
at

a 
co

lla
ps

e 
fo

r 
th

e 
di

ffe
re

nt
 

va
ria

nt
s 

of
 th

e 
C

F
M

56
?

A
na

ly
si

s 
by

 D
ou

g 
D

uB
oi

s
•

C
on

si
de

rin
g 

on
ly

 s
in

gl
e 

an
nu

la
r 

co
m

bu
st

or
s

IC
A

O
 E

m
is

si
o

n
s 

D
at

ab
an

k 
N

O
x 

fo
r 

C
F

M
56

0510152025303540

0.
0

0.
5

1.
0

1.
5

2.
0

W
F

 -
 k

g
/s

EINOx

C
F

M
56

-2
C

F
M

56
-3

C
F

M
56

-5
A

C
F

M
56

-5
B

C
F

M
56

-5
C

C
F

M
56

-7
B

NASA/CP—2004-213398 186



D
oe

s 
th

e 
S

m
ok

e 
N

um
be

r 
da

ta
 c

ol
la

ps
e 

fo
r 

th
e 

di
ffe

re
nt

 
va

ria
nt

s 
of

 th
e 

C
F

M
56

?

•
C

on
si

de
rin

g 
on

ly
 s

in
gl

e 
an

nu
la

r 
co

m
bu

st
or

s

A
na

ly
si

s 
by

 D
ou

g 
D

uB
oi

s

IC
A

O
 E

m
is

si
o

n
s 

D
at

ab
an

k 
S

N
 f

o
r 

C
FM

56

024681012141618

0.
0

0.
5

1.
0

1.
5

2.
0

W
F

 -
 k

g
/s

SN

C
F

M
56

-2
C

F
M

56
-3

C
F

M
56

-5
A

C
F

M
56

-5
B

C
F

M
56

-5
C

C
F

M
56

-7
B

NASA/CP—2004-213398 187



A
pp

ro
ac

he
s 

to
 S

oo
t I

nv
en

to
rie

s

•
Z

er
o 

or
de

r
–

S
ca

le
 fu

el
 b

ur
n 

w
ith

 a
 s

in
gl

e 
sc

al
ar

 [e
.g

., 
0.

04
 g

ra
m

s/
(k

g 
fu

el
 b

ur
ne

d)
 

(D
öp

el
he

ue
r,

 1
99

7)
] t

o 
es

tim
at

e 
m

as
s 

lo
ad

in
g

–
U

se
 fo

r 
sc

op
in

g 
st

ud
ie

s 
w

ith
 a

tm
os

ph
er

ic
 m

od
el

s 
to

 u
nd

er
st

an
d 

re
la

tiv
e 

im
po

rt
an

ce
 c

om
pa

re
d 

to
 o

th
er

 s
oo

t s
ou

rc
es

 (
e.

g.
, o

ng
oi

ng
 G

M
I s

tu
di

es
)

–
D

oe
sn

’t 
ac

co
un

t f
or

 te
ch

no
lo

gy

•
F

irs
t o

rd
er

–
D

ev
el

op
 r

ep
re

se
nt

at
iv

e 
ch

ar
ac

te
ris

tic
s 

fo
r 

di
ffe

re
nt

 g
en

er
at

io
ns

of
 

en
gi

ne
s/

co
m

bu
st

or
s 

to
 a

cc
ou

nt
 fo

r 
te

ch
no

lo
gy

 c
ha

ng
es

–
N

ee
d 

da
ta

 o
n 

m
od

er
n 

en
gi

ne
s/

co
m

bu
st

or
s

–
D

iff
er

en
t a

pp
ro

ac
he

s 
to

 c
om

bu
st

or
 d

es
ig

n 
(e

.g
., 

le
an

 v
er

su
s 

ric
h)

 w
ill

 b
e 

im
po

rt
an

t

NASA/CP—2004-213398 188



A
pp

ro
ac

he
s 

to
 S

oo
t I

nv
en

to
rie

s 
(c

on
t.)

•
D

et
ai

le
d 

ca
lc

ul
at

io
ns

 

–
S

im
ila

r 
to

 o
ur

 a
pp

ro
ac

h 
w

ith
 N

O
x 

in
ve

nt
or

ie
s

–
N

ee
d 

m
et

ho
do

lo
gy

 to
 c

al
cu

la
te

 s
oo

t a
t d

iff
er

en
t a

m
bi

en
t a

nd
 e

ng
in

e 
(T

3/
P

3/
F

ue
l a

ir 
ra

tio
?)

 c
on

di
tio

ns
 (

si
ng

le
 m

is
si

on
)

•
C

an
 c

om
bu

st
or

 s
oo

t m
od

el
in

g 
pr

ov
id

e 
in

si
gh

ts
?

–
N

ee
d 

em
pi

ric
al

 m
et

ho
do

lo
gy

 e
qu

iv
al

en
t t

o 
a 

fu
el

 fl
ow

 m
et

ho
do

lo
gy

fo
r 

pr
ac

tic
al

 in
ve

nt
or

y 
ca

lc
ul

at
io

ns
 

–
N

ee
d 

de
ta

ile
d 

da
ta

 to
 d

ev
el

op
 m

et
ho

do
lo

gi
es

–
N

ee
d 

ex
te

ns
iv

e 
da

ta
 to

 b
ui

ld
 in

ve
nt

or
y

NASA/CP—2004-213398 189



S
ul

fa
te

 A
er

os
ol

 In
ve

nt
or

ie
s

•
S

ul
fa

te
 a

er
os

ol
 p

ro
du

ct
io

n 
–

S
en

si
tiv

e 
to

 fu
el

 s
ul

fu
r 

le
ve

ls
•

M
ax

im
um

 je
t f

ue
l s

ul
fu

r 
le

ve
l i

s 
30

00
 p

pm
•

T
yp

ic
al

 le
ve

l i
s 

40
0-

50
0 

pp
m

•
V

ar
ie

s 
w

ith
 fu

el
 s

ou
rc

e 
an

d 
re

fin
er

y 
te

ch
no

lo
gy

 (
e.

g.
, h

yd
ro

 tr
ea

tin
g)

•
V

ar
ie

s 
w

ith
 o

th
er

 d
em

an
ds

 o
n 

re
fin

er
y 

ou
tp

ut
–

P
re

ss
ur

e 
to

 r
ed

uc
e 

su
lfu

r 
in

 d
ie

se
l w

ill
 c

ha
ng

e 
je

t f
ue

l s
ul

fu
r 

lo
ad

in
g

–
U

nc
le

ar
 w

he
th

er
 it

 w
ill

 in
cr

ea
se

 o
r 

de
cr

ea
se

•
T

hu
s,

 w
ill

 v
ar

y 
re

gi
on

al
ly

 a
nd

 s
ea

so
na

lly
•

Li
m

ite
d 

fu
el

 s
ul

fu
r 

da
ta

 a
va

ila
bl

e
•

M
os

t f
ue

l s
ul

fu
r 

w
ill

 b
e 

em
itt

ed
 a

s 
S

O
2

NASA/CP—2004-213398 190



•
S

en
si

tiv
e 

to
 e

ng
in

e 
op

er
at

in
g 

co
nd

iti
on

s 
an

d 
de

si
gn

•
S

O
2➠

S
O

3
co

nv
er

si
on

 in
 e

ng
in

e 
(~

2-
3%

) 
(A

rn
ol

d 
et

 a
l.)

•
R

es
ea

rc
h 

is
su

e 
(M

IT
/A

er
od

yn
e/

D
LR

)

•
H

ow
 m

uc
h 

do
es

 th
is

 v
ar

y 
w

ith
–

P
ow

er
 s

et
tin

g?

–
A

m
bi

en
t c

on
di

tio
ns

?
–

C
om

bu
st

or
 d

es
ig

n?
–

E
ng

in
e?

•
P

lu
m

e 
E

vo
lu

tio
n

–
S

en
si

tiv
ity

 to
 a

m
bi

en
t t

em
pe

ra
tu

re
/h

um
id

ity
–

O
th

er
 fa

ct
or

s?

•
Is

 th
is

 a
 lo

ca
l a

irp
or

t i
ss

ue
 o

r 
a 

gl
ob

al
 is

su
e 

or
 b

ot
h?

S
ul

fa
te

 A
er

os
ol

 In
ve

nt
or

ie
s 

(c
on

t.)

NASA/CP—2004-213398 191



O
rg

an
ic

 A
er

os
ol

s

•
E

ss
en

tia
lly

 n
o 

da
ta

 n
ow

 (
fr

om
 a

n 
in

ve
nt

or
y 

pe
rs

pe
ct

iv
e)

–
S

te
ad

y 
st

at
e 

ve
rs

us
 tr

an
si

en
ts

?
–

P
rim

ar
ily

 a
n 

ai
rp

or
t v

ic
in

ity
 is

su
e?

•
A

re
 th

es
e 

a 
su

bs
et

 o
f t

he
 to

ta
l h

yd
ro

ca
rb

on
 m

ea
su

re
m

en
ts

 n
ow

 m
ad

e?

•
W

hi
ch

 o
rg

an
ic

 a
er

os
ol

s 
w

ill
 p

er
si

st
 a

s 
ae

ro
so

ls
 a

nd
 w

hi
ch

 w
ill

 e
va

po
ra

te
 

re
la

tiv
el

y 
qu

ic
kl

y?

•
W

ha
t i

s 
th

e 
co

m
po

si
tio

n 
of

 th
es

e 
ae

ro
so

ls
?

–
O

rg
an

ic
 a

ld
eh

yd
es

/k
et

on
es

/a
ci

ds
?

–
La

rg
e 

ch
ai

n 
hy

dr
oc

ar
bo

ns
?

–
U

nb
ur

ne
d 

fu
el

?
–

H
ow

 d
oe

s 
it 

ch
an

ge
 w

ith
 p

ow
er

 s
et

tin
g?

NASA/CP—2004-213398 192



T
he

 P
at

h 
F

or
w

ar
d

NASA/CP—2004-213398 193



 



Av
ia

tio
n

Av
ia

tio
n --

R
el

at
ed

R
el

at
ed

Pa
rt

ic
ul

at
e 

M
at

te
r 

D
at

ab
as

es
 

Pa
rt

ic
ul

at
e 

M
at

te
r 

D
at

ab
as

es
 

an
d 

Te
st

 V
en

ue
s

an
d 

Te
st

 V
en

ue
s

G
re

gg
 G

. F
le

m
in

g
G

re
gg

 G
. F

le
m

in
g

R
og

er
 L

. W
ay

so
n

R
og

er
 L

. W
ay

so
n

Vo
lp

e 
Ce

nt
er

 A
ir 

Q
ua

lit
y 

Fa
ci

lit
y

Vo
lp

e 
Ce

nt
er

 A
ir 

Q
ua

lit
y 

Fa
ci

lit
y

En
vi

ro
nm

en
ta

l M
ea

su
re

m
en

t 
an

d 
M

od
el

in
g 

D
iv

is
io

n
En

vi
ro

nm
en

ta
l M

ea
su

re
m

en
t 

an
d 

M
od

el
in

g 
D

iv
is

io
n

an
d

an
d

Ju
lie

 D
ra

pe
r

Ju
lie

 D
ra

pe
r

Fe
de

ra
l A

vi
at

io
n 

Ad
m

in
is

tr
at

io
n

Fe
de

ra
l A

vi
at

io
n 

Ad
m

in
is

tr
at

io
n

NASA/CP—2004-213398 195



M
ot

iv
at

io
n

•
EP

A 
an

d 
ot

he
rs

 h
av

e 
id

en
tif

ie
d 

PM
 a

s 
a 

si
gn

ifi
ca

nt
 h

ea
lth

 
is

su
e.

  
•

Fe
de

ra
l r

eg
ul

at
io

ns
 r

eq
ui

re
 a

n 
en

vi
ro

nm
en

ta
l a

ss
es

sm
en

t 
be

 
co

nd
uc

te
d 

to
 a

ss
es

s 
si

gn
ifi

ca
nt

 a
ct

io
ns

 a
t 

ai
rp

or
ts

, e
.g

., 
ne

w
/e

xt
en

de
d 

ru
nw

ay
s,

 e
tc

.  
•

R
el

at
ed

 a
ir 

qu
al

ity
, i

nc
lu

di
ng

 P
M

 e
m

is
si

on
s,

 m
us

t 
be

 
es

tim
at

ed
 a

nd
 s

ho
w

n 
to

 b
e 

in
 c

om
pl

ia
nc

e 
w

ith
 t

he
 N

at
io

na
l 

Am
bi

en
t 

Ai
r 

Q
ua

lit
y 

St
an

da
rd

s 
(N

AA
Q

S)
 o

r 
in

 c
on

fo
rm

ity
 w

ith
 

th
e 

SI
P.

  

NASA/CP—2004-213398 196



Cu
rr

en
t 

Si
tu

at
io

n

•
R
eg

ul
at

io
ns

 m
us

t 
be

 m
et

 t
od

ay
 –

th
e 

“r
ea

lit
y”

.
•

A 
st

an
da

rd
 m

et
ho

do
lo

gi
ca

l a
pp

ro
ac

h 
is

 r
eq

ui
re

d 
to

 e
ns

ur
e 

eq
ui

ta
bl

e 
co

m
pa

ra
bi

lit
y 

fr
om

 p
ro

je
ct

 t
o 

pr
oj

ec
t 

(i.
e.

, a
irp

or
t 

to
 a

irp
or

t)
.

•
St

an
da

rd
iz

ed
 P

M
 m

ea
su

re
m

en
t 

te
ch

ni
qu

es
 d

o 
no

t 
ex

is
t.

 
•

Tw
o 

pa
ra

lle
l d

ev
el

op
m

en
t 

tr
ac

ks
:

-
Ex

is
tin

g 
PM

 D
at

ab
as

es
. 

-
PM

 M
ea

su
re

m
en

t 
M

et
ho

do
lo

gi
es

 –
E-

31
 le

ad
.  

•
St

ak
eh

ol
de

rs
: 

 N
AS

A,
 F

AA
, E

PA
, S

AE
, I

CA
O

, A
ca

de
m

ia
 (

U
M

R
 

CO
E 

an
d 

FA
A 

CO
E)

, a
nd

 I
nd

us
tr

y.

NASA/CP—2004-213398 197



E
xi

st
in

g 
P

M
 D

at
ab

as
es

•
Cu

rr
en

t 
pr

ac
tic

es
 f

or
 e

st
im

at
in

g 
m

as
s-

ba
se

d 
em

is
si

on
s 

di
ff

er
.

•
M

an
y 

is
su

es
 r

em
ai

n,
 e

.g
., 

in
 p

ro
be

-b
as

ed
, p

ro
be

 c
ha

ra
ct

er
is

tic
s,

 
he

at
in

g,
 b

en
di

ng
 a

nd
 d

ia
m

et
er

 o
f 

th
e 

tu
bi

ng
. 

•
M

as
s-

ba
se

d 
PM

 d
at

a 
ar

e 
m

os
t 

de
si

ra
bl

e 
to

 m
ee

t 
re

gu
la

to
ry

 
re

qu
ire

m
en

ts
, b

ut
 v

er
y 

lit
tle

 e
xi

st
.

•
D

ev
el

op
m

en
t 

of
 a

 f
ro

m
-s

cr
at

ch
 m

ea
su

re
m

en
t-

ba
se

d 
da

ta
ba

se
 in

 
th

e 
ne

ar
 t

er
m

 is
 n

ot
 a

 r
ea

lis
tic

 e
xp

ec
ta

tio
n.

NASA/CP—2004-213398 198



E
xi

st
in

g 
P

M
 D

at
ab

as
es

•
IC

AO
 E

m
is

si
on

s 
D

at
ab

as
e 

is
 t

he
 m

os
t 

co
m

pl
et

e 
PM

-r
el

at
ed

 
da

ta
ba

nk
 –

co
nt

ai
ns

 s
m

ok
e 

nu
m

be
r 

(S
N

).
•

N
ot

 c
om

pl
et

e 
fo

r 
al

l c
om

m
er

ci
al

 a
irc

ra
ft

.
•

So
m

et
im

es
 la

ck
s 

m
od

al
 d

iff
er

en
ce

s.
•

SN
 d

oe
s 

no
t 

al
w

ay
s 

co
rr

el
at

e 
w

el
l w

ith
 m

as
s 

em
is

si
on

s 
of

 P
M

, 
w

hi
ch

 is
 w

ha
t’s

 r
eq

ui
re

d 
un

de
r 

EP
A 

re
gu

la
tio

ns
. 

NASA/CP—2004-213398 199



E
xi

st
in

g 
P

M
 D

at
ab

as
es

•
M

uc
h 

m
or

e 
co

m
pl

et
e 

th
an

 a
ny

 o
th

er
 e

xi
st

in
g 

da
ta

ba
se

.
•

Al
lo

w
s 

fo
r 

as
se

ss
m

en
t 

of
 c

ha
ng

es
 in

 P
M

 m
as

s 
em

is
si

on
s 

du
e 

to
 

ch
an

ge
s 

in
 f

le
et

 m
ix

 a
nd

 a
irc

ra
ft

 m
od

es
.

R
ec

og
ni

zi
ng

 t
hi

s…

•
Le

d 
to

 a
 c

om
pr

eh
en

si
ve

 F
AA

/V
ol

pe
 r

ev
ie

w
 o

f 
pa

st
 r

es
ea

rc
h 

in
 

th
e 

ar
ea

 o
f 

av
ia

tio
n-

re
la

te
d 

PM
 (

FA
A’

s 
Fi

rs
t-

O
rd

er
 

Ap
pr

ox
im

at
io

n)
.

NASA/CP—2004-213398 200



D
ev

el
op

m
en

t 
of

 F
O

A

O
bj
ec
ti
ve

: 
 T

o 
al

lo
w

 f
or

 a
n 

in
fo

rm
ed

 d
ec

is
io

n 
to

 b
e 

m
ad

e 
on

 a
 p

os
si

bl
e 

fir
st

-o
rd

er
 a

pp
ro

xi
m

at
io

n 
to

 p
re

di
ct

 m
as

s 
of

 P
M

 e
m

is
si

on
s 

in
 li

eu
 o

f 
a

su
ita

bl
e 

m
ea

su
re

m
en

t 
m

et
ho

do
lo

gy
, w

hi
ch

 is
 li

ke
ly

 t
o 

be
 s

ev
er

al
 

ye
ar

s 
ou

t.

•
Ba

se
d 

on
 a

ll 
da

ta
 c

ur
re

nt
ly

 a
va

ila
bl

e.
•

A 
co

m
bi

na
tio

n 
of

 m
et

ho
do

lo
gi

es
 p

ut
 f

or
w

ar
d 

pr
im

ar
ily

 b
y 

th
e 

U
ni

ve
rs

ity
 o

f 
M

is
so

ur
i R

ol
la

 a
nd

 t
he

 G
er

m
an

 A
er

os
pa

ce
 C

en
te

r,
 D

LR
.

•
Al

lo
w

s 
fo

r 
an

 a
pp

ro
xi

m
at

io
n 

of
 t

he
 m

as
s 

em
is

si
on

s 
fo

r 
m

os
t 

ai
rc

ra
ft

 
en

gi
ne

 t
yp

es
 a

s 
w

el
l a

s 
ac

co
un

tin
g 

fo
r 

fle
et

 c
ha

ng
es

 a
nd

 m
od

e.
 

•
Co

ns
is

te
nt

 w
ith

 t
he

 a
pp

ro
ac

h 
us

ed
 f

or
 o

th
er

 p
ol

lu
ta

nt
s.

NASA/CP—2004-213398 201



D
ev

el
op

m
en

t 
of

 F
O

A

•
Th

e 
de

riv
ed

 m
as

s-
ba

se
d 

fa
ct

or
 s

ho
ul

d 
be

 m
or

e 
ac

cu
ra

te
 t

ha
n 

th
os

e 
th

at
 h

av
e 

be
en

 u
se

d 
in

 t
he

 p
as

t.
•

Te
st

in
g 

ag
ai

ns
t 

ex
is

tin
g 

in
de

pe
nd

en
t 

da
ta

 in
di

ca
te

 t
ha

t 
th

e 
de

riv
ed

 F
O

A 
w

ou
ld

 p
ro

vi
de

 r
ea

so
na

bl
e 

em
is

si
on

 r
at

es
 f

or
 u

se
 b

y 
ai

rp
or

t 
op

er
at

or
s.

•
Th

e 
FO

A 
w

ill
 c

on
tin

ue
 t

o 
ev

ol
ve

 a
s 

m
or

e 
da

ta
 b

ec
om

es
 

av
ai

la
bl

e,
 a

nd
 u

nt
il 

ne
w

 m
ea

su
re

m
en

t 
te

ch
ni

qu
es

 b
ec

om
e 

av
ai

la
bl

e.
  

•
Ex

am
pl

e 
fu

tu
re

 e
nh

an
ce

m
en

ts
 in

cl
ud

e 
sm

ok
e 

nu
m

be
r 

be
ha

vi
or

, 
ef

fe
ct

s 
of

 a
dd

iti
ve

s 
an

d/
or

 im
pu

rit
ie

s 
in

 t
he

 f
ue

l, 
an

d 
in

cl
us

io
n 

of
 

th
e 

vo
la

til
e 

co
m

po
ne

nt
s,

 w
hi

ch
 is

 c
ur

re
nt

ly
 v

er
y 

di
ff

ic
ul

t 
to

 
qu

an
tif

y.
 

NASA/CP—2004-213398 202



R
es

id
ua

l F
in

di
ng

s 
of

 F
O

A 
St

ud
y

•
Sm

al
l P

M
 is

  
co

ns
id

er
ed

 t
o 

be
 a

 h
ea

lth
 c

on
ce

rn
.

•
M

os
t 

PM
 e

m
itt

ed
 b

y 
m

od
er

n 
tr

an
sp

or
t 

ai
rc

ra
ft

 h
as

 a
n 

ae
ro

dy
na

m
ic

 d
ia

m
et

er
 o

f 
le

ss
 t

ha
n 

2.
5 

µm
s 

(µ
m

),
 i.

e.
, i

m
po

rt
an

t 
co

ns
id

er
in

g 
th

e 
EP

A 
he

al
th

-b
as

ed
 s

ta
nd

ar
ds

 fo
r 

PM
2.

5
an

d 
PM

10
 .

•
PM

 is
 ir

re
gu

la
r 

in
 s

ha
pe

 a
nd

 o
ft

en
 c

oa
gu

la
te

.
•

PM
 in

cl
ud

e 
bo

th
 v

ol
at

ile
 a

nd
 n

on
-v

ol
at

ile
 c

om
po

ne
nt

s.
  

•
So

ot
 is

 t
he

 m
os

t 
pr

ev
al

en
t,

 n
on

-v
ol

at
ile

 c
om

po
ne

nt
.  

•
M

et
al

s 
ar

e 
em

itt
ed

, b
ut

 in
 e

xt
re

m
el

y 
sm

al
l a

m
ou

nt
s.

NASA/CP—2004-213398 203



R
es

id
ua

l F
in

di
ng

s 
of

 F
O

A 
St

ud
y

•
Ef

fe
ct

s 
on

 P
M

 e
m

is
si

on
 in

di
ce

s 
in

cl
ud

e 
fu

el
 f

lo
w

, e
ng

in
e 

de
si

gn
 /

 
op

er
at

in
g 

co
nd

iti
on

s,
 a

lti
tu

de
, a

nd
 f

ue
l c

om
po

si
tio

n.
•

D
ep

os
iti

on
 m

ea
su

re
m

en
ts

 n
ea

r 
ai

rp
or

ts
 h

av
e 

sh
ow

n 
th

e 
im

pa
ct

s 
of

 a
irc

ra
ft

 a
ct

iv
ity

 o
n 

pa
rt

ic
ul

at
e 

m
at

te
r 

co
nc

en
tr

at
io

ns
 t

o 
be

 
m

in
im

al
.

•
EP

A 
M

et
ho

d 
5 

te
st

in
g 

co
ul

d 
be

 u
se

d 
to

 q
ua

nt
ify

 p
ar

tic
ul

at
e 

m
at

te
r 

fr
om

 t
he

 je
t 

tu
rb

in
e 

en
gi

ne
 e

xh
au

st
, b

ut
 is

 c
os

t 
pr

oh
ib

iti
ve

 a
nd

 r
ai

se
s 

so
m

e 
te

ch
ni

ca
l q

ue
st

io
ns

 o
n 

ap
pl

ic
ab

ili
ty

to
 a

irc
ra

ft
.

NASA/CP—2004-213398 204



M
ea

su
re

m
en

t 
St

ud
ie

s/
Te

st
 

Ve
nu

es

•
D

ry
de

n 
M

ea
su

re
m

en
ts

.
-

Sp
rin

g 
20

04
.

-
D

ou
gl

as
 D

C-
8-

72
 (

4-
en

gi
ne

 a
irc

ra
ft

).
-

R
e-

en
gi

ne
d 

in
 A

pr
il 

19
86

 (
CF

M
56

-2
C)

.
•

Ai
rli

ne
/A

irp
or

t 
M

ea
su

re
m

en
ts

.
-

Fi
rs

t 
ha

lf 
20

04
.

-
2 

to
 4

 a
irc

ra
ft

 in
 a

 c
on

tr
ol

le
d 

en
vi

ro
nm

en
t.

-
M

an
y 

in
-s

itu
 a

irc
ra

ft
 (

ol
d 

an
d 

ne
w

 t
ec

hn
ol

og
y,

di
ff

er
in

g 
en

vi
ro

nm
en

ta
l c

on
di

tio
ns

, e
tc

.)
.

NASA/CP—2004-213398 205



M
ea

su
re

m
en

t 
St

ud
ie

s/
Te

st
 

Ve
nu

es

•
Pr

ob
e-

ba
se

d 
m

ea
su

re
m

en
ts

.
-

W
el

l u
nd

er
st

oo
d.

-
“G

ol
d”

St
an

da
rd

.
-

Ti
m

e-
co

ns
um

in
g,

 e
xp

en
si

ve
 p

ro
ce

ss
.

-
D

iff
er

en
t 

m
ea

su
re

m
en

t 
te

ch
ni

qu
es

 a
nd

 h
ar

dw
ar

e.
•

LI
D

AR
-b

as
ed

 m
ea

su
re

m
en

ts
 (

fe
as

ib
ili

ty
 s

tu
dy

).
-

M
as

s-
ba

se
d 

m
ea

su
re

m
en

ts
, u

si
ng

 li
gh

t 
ba

ck
sc

at
te

r.
-

Ti
m

e-
ef

fic
ie

nt
 m

et
ho

d 
of

 m
ea

su
re

m
en

t.
-

La
rg

e 
sa

m
pl

e 
ca

pa
bi

lit
y.

-
N

ew
 m

et
ho

do
lo

gy
 r

eq
ui

rin
g 

de
ve

lo
pm

en
t.

-
R
eq

ui
re

s 
se

ns
iti

vi
ty

/c
al

ib
ra

tio
n.

NASA/CP—2004-213398 206



D
IS
C
U
SS
IO
N

NASA/CP—2004-213398 207



 



E
ffe

ct
s 

of
 P

ar
tic

le
s 

fr
om

 A
irp

or
ts

 o
n 

A
ir 

E
ffe

ct
s 

of
 P

ar
tic

le
s 

fr
om

 A
irp

or
ts

 o
n 

A
ir 

Q
ua

lit
y:

 Is
su

es
 a

nd
 U

nc
er

ta
in

tie
s

Q
ua

lit
y:

 Is
su

es
 a

nd
 U

nc
er

ta
in

tie
s

D
on

 W
ue

bb
le

s
D

on
 W

ue
bb

le
s

D
ep

ar
tm

en
t o

f 
A

tm
os

ph
er

ic
 S

ci
en

ce
s

D
ep

ar
tm

en
t o

f 
A

tm
os

ph
er

ic
 S

ci
en

ce
s

U
ni

ve
rs

ity
 o

f 
Il

lin
oi

s,
 U

rb
an

a,
 I

L
U

ni
ve

rs
ity

 o
f 

Il
lin

oi
s,

 U
rb

an
a,

 I
L

N
ov

em
be

r,
 2

00
3

N
ov

em
be

r,
 2

00
3

NASA/CP—2004-213398 209



P
ar

ti
cl

e 
em

is
si

on
s 

fr
om

 A
ir

po
rt

s

NASA/CP—2004-213398 210



C
on

fl
ic

tin
g 

M
es

sa
ge

s 
in

 th
e 

M
ed

ia
(C

H
IC

A
G

O
) 

D
ec

em
b
er

 1
9
, 

1
9
9
9
 –

T
h
e 

C
it
y 

o
f 

C
h
ic

ag
o
 t

o
d
ay

 
re

le
as

ed
 t

w
o
 a

ir
 q

u
a
lit

y 
st

u
d
ie

s 
th

at
 s

h
o
w

 t
h
at

 O
’H

ar
e 

In
te

rn
at

io
n
a
l 

A
ir
p
o
rt

 h
as

 a
 m

in
im

a
l 
im

p
ac

t 
o
n
 a

ir
 q

u
a
lit

y 
in

 t
h
e 

ar
ea

 a
ro

u
n
d
 t

h
e 

ai
rp

o
rt

, 
co

m
p
a
re

d
 t

o
 o

th
er

 s
o
u
rc

es
 s

u
ch

 a
s 

m
o
to

r 
ve

h
ic

le
 t

ra
ff

ic
an

d
 i
n
d
u
st

ri
a
l 
o
p
er

at
io

n
s.

 F
u
rt

h
er

, 
th

e 
st

u
d
ie

s 
sh

o
w

 t
h
e 

a
ir
p
o
rt

an
d
 

it
s 

a
ir
lin

e 
te

n
an

t 
h
av

e 
si

g
n
if
ic

an
tl
y 

re
d
u
ce

d
 a

vi
at

io
n
 c

o
n
tr

ib
u
ti
o
n
s 

to
 l
o
ca

l 
an

d
 r

eg
io

n
a
l 
p
o
llu

ta
n
t 

em
is

si
o
n
s.

 

O
'H

A
R

E
 R

A
N

K
S 

A
S 

M
A

JO
R

 P
O

L
L

U
T

E
R

: 
"L

IK
E

 H
A

V
IN

G
 A

 
P

O
W

E
R

 P
L

A
N

T
 A

S 
A

 N
E

IG
H

B
O

R
" 

N
R

D
C

 (
19

96
)

E
PA

 (
20

00
)

N
ea

r 
O

'H
ar

e:
 E

m
is

si
on

s 
fr

om
 th

e 
ai

rp
or

t h
av

e 
an

im
pa

ct
 o

n 
ai

r 
qu

al
ity

 o
f 

ad
ja

ce
nt

 c
om

m
un

iti
es

, b
ut

th
os

e 
le

ve
ls

 a
re

 n
ot

 h
ig

he
r 

th
an

 th
os

e 
fo

un
d 

in
 ty

pi
ca

l
ur

ba
n 

en
vi

ro
nm

en
ts

 th
ro

ug
ho

ut
 th

e 
U

.S
.

NASA/CP—2004-213398 211



Sm
ok

e 
N

um
be

r

•
E

xi
st

in
g 

co
nt

ro
ls

 o
n 

ai
rc

ra
ft

 p
ar

tic
le

 e
m

is
si

on
s 

ba
se

d 
on

 s
m

ok
e 

nu
m

be
r

–
D

om
in

at
ed

 b
y 

la
rg

es
t s

oo
t p

ar
tic

le
s 

co
lle

ct
ed

 o
nt

o 
a 

fi
lte

r

–
Sa

m
pl

in
g 

pa
rt

ic
le

s 
sm

al
le

r 
th

an
 3

00
 n

m
 to

o 
in

ef
fi

ci
en

t
•

M
os

t s
oo

t p
ar

tic
le

s 
be

in
g 

em
itt

ed
 f

ro
m

 c
ur

re
nt

 e
ng

in
es

 m
uc

h 
sm

al
le

r 
th

an
 th

is

NASA/CP—2004-213398 212



NASA/CP—2004-213398 213



U
.S

. P
ar

ti
cl

e 
St

an
da

rd
s

P
ar

tic
le

S
iz

e
Le

ve
l

A
ve

ra
gi

ng
T

im
e

R
eq

ui
re

m
en

ts

P
M

2.
5

15
 µ

g/
m

3
A

nn
ua

l
3-

ye
ar

 a
rit

hm
et

ic
av

er
ag

e,
 s

pa
tia

l
av

er
ag

in
g

P
M

2.
5

65
 µ

g/
m

3
24

-h
ou

r
3-

ye
ar

 a
ve

ra
ge

 o
f 9

8t
h

pe
rc

en
til

e 
at

 e
ac

h 
m

on
ito

r

P
M

10
50

 µ
g/

m
3

A
nn

ua
l

–
no

 s
pa

tia
l a

ve
ra

gi
ng

P
M

10
15

0 
µg

/m
3

24
-h

ou
r

3-
ye

ar
 a

ve
ra

ge
 o

f 9
9t

h
pe

rc
en

til
e 

at
 e

ac
h 

m
on

ito
r 

 

3-
ye

ar
 a

rit
hm

et
ic

 a
ve

ra
ge

NASA/CP—2004-213398 214



NASA/CP—2004-213398 215



P
M

 2
.5

 I
n 

A
m

bi
en

t 
A

ir
 -

 A
 C

o
m

pl
ex

 M
ix

tu
re

P
M

 2
.5

 I
n 

A
m

bi
en

t 
A

ir
 -

 A
 C

om
pl

ex
 M

ix
tu

re

P
ri

m
ar

y 
P

ar
ti

cl
es

(D
ir

ec
tl

y 
E

m
it

te
d

)
S

ec
o

n
d

ar
y 

P
ar

ti
cl

es
(F

ro
m

 P
re

cu
rs

o
r 

G
as

es
)

C
ar

b
o

n
ac

eo
u

s

O
th

er
C

ru
st

al
A

m
m

o
n

iu
m

N
it

ra
te

N
O

x

A
m

m
o

n
iu

m
S

u
lf

at
e

S
O

2

S
ec

o
n

d
ar

y
O

rg
an

ic
s

V
O

C

A
m

m
o

n
ia

C
ru

st
al

Ju
ne

 2
00

0 
/ t

gp

NASA/CP—2004-213398 216



A
m

bi
en

t 
P

ar
ti

cl
e 

Si
ze

 D
is

tr
ib

ut
io

n

0246810

0.
01

0.
1

1
10

10
0

P
ar

ti
cl

e 
A

er
o

d
yn

am
ic

 D
ia

m
et

er
 (

µ
m

)

Relative Concentration

A
cc

u
m

u
la

ti
o

n
C

o
ar

se

P
M

 1
0

P
M

 2
.5

T
S

P

P
M

 0
.1

G
eo

lo
g

ic
al

 
M

at
er

ia
l, 

P
o

ll
en

 

S
u

lf
at

e,
 

N
it

ra
te

, 
A

m
m

o
n

iu
m

, 
O

rg
an

ic
 &

 
E

le
m

en
ta

l 
C

ar
b

o
n

, 
H

ea
vy

 
M

et
al

s,
 C

la
ys

C
ar

b
o

n

U
lt

ra
fi

n
e

W
at

so
n 

et
 a

l.,
 1

99
8

NASA/CP—2004-213398 217



P
M

2.
5

an
d

 8
-h

o
u

r 
O

zo
n

e 
S

ta
n

d
ar

d
s 

A
tt

ai
n

m
en

t

•
B

as
ed

 o
n 

av
ai

la
bl

e 
19

99
-2

00
0 

P
M

2.
5

da
ta

, 
17

3 
co

un
tie

s 
na

tio
nw

id
e 

ar
e 

lik
el

y 
to

 
ex

ce
ed

 th
e 

fin
e 

pa
rt

ic
le

 s
ta

nd
ar

d

•
C

ur
re

nt
ly

 8
2 

m
ill

io
n 

pe
op

le
 li

ve
 in

 1
73

 
co

un
tie

s 
w

ith
 p

ro
je

ct
ed

 
co

nc
en

tr
at

io
ns

 g
re

at
er

 
th

an
 1

5 
ug

/m
3 

(t
he

 
an

nu
al

 fi
ne

 p
ar

tic
le

 
st

an
da

rd
)

*1
99

7-
19

99
 o

zo
ne

19
99

/2
00

0 
P

M
2.

5-
-p

re
lim

in
ar

y 
de

pi
ct

io
n 

ba
se

 o
n 

tw
o 

ye
ar

s 
of

 d
at

a.
 T

hr
ee

 y
ea

rs
 a

re
 

re
qu

ire
d 

fo
r 

at
ta

in
m

en
t d

em
on

st
ra

tio
ns

.

NASA/CP—2004-213398 218



P
M

2.
5 

A
m

b
ie

n
t 

C
o

m
p

o
si

ti
o

n

M
id

-S
o

u
th

(1
1.

4 
u

g/
m

3)
S

o
n

or
an

 D
es

er
t

(3
.9

 u
g/

m
3)

N
ot

e:
  P

M
-2

.5
 m

as
s 

co
nc

en
tr

at
io

ns
 a

re
 d

et
er

m
in

ed
 u

si
ng

 a
t l

ea
st

 1
 y

ea
r 

of
 m

on
ito

ri
ng

 a
t e

ac
h 

lo
ca

tio
n 

us
in

g
 a

 v
ar

ie
ty

 o
f s

am
p

lin
g 

m
et

ho
ds

.  
T

he
y 

sh
ou

ld
 n

ot
 b

e 
us

ed
 to

 
de

te
rm

in
e 

co
m

pl
ia

nc
e 

w
ith

 th
e 

P
M

-2
.5

 N
A

A
Q

S
.

B
ad

la
n

d
s

(4
 u

g
/m

3)
C

o
lo

ra
d

o
 P

la
te

au
(3

 u
g

/m
3)

C
as

ca
d

e 
M

tn
s

(3
.4

 u
g

/m
3)

C
en

tr
al

 R
o

ck
ie

s
(2

.6
 u

g
/m

3)

S
ie

rr
a 

N
ev

ad
a

(6
.6

 u
g

/m
3)

B
o

u
nd

ar
y 

W
at

er
s

(4
.5

 u
g

/m
3)

N
. N

ew
 E

n
g

la
n

d
(5

.3
 u

g
/m

3)

N
on

 U
rb

an

C
ar

bo
na

ce
ou

s
Su

lfa
te

So
il

N
itr

at
e

N
ot

 C
he

m
ic

al
ly

 
C

ha
ra

ct
er

iz
ed

NASA/CP—2004-213398 219



P
M

2.
5 

fr
om

 A
ir

cr
af

t

•
M

od
er

n 
ai

rc
ra

ft
 p

ro
du

ce
 P

M
 w

ith
 

ae
ro

dy
na

m
ic

 d
ia

m
et

er
s 

le
ss

 th
an

 2
.5

 µ
m

.

•
PM

 e
m

is
si

on
s 

ar
e 

af
fe

ct
ed

 b
y 

fu
el

 f
lo

w
, 

en
gi

ne
 d

es
ig

n,
 o

pe
ra

tin
g 

co
nd

iti
on

s,
 a

lti
tu

de
, 

fu
el

 c
om

po
si

tio
n,

 e
tc

.

•
PM

 is
 c

om
po

se
d 

of
 b

ot
h 

vo
la

til
e 

an
d 

no
n-

vo
la

til
e 

co
m

po
ne

nt
s.

  T
he

 n
on

-v
ol

at
ile

 
co

m
po

ne
nt

s 
ar

e 
m

or
e 

pr
ev

al
en

t.

•
C

oa
gu

la
tio

n 
of

 p
ar

tic
le

s 
ov

er
 ti

m
e 

re
su

lts
 in

 a
 

bi
-m

od
al

 d
is

tr
ib

ut
io

n.

NASA/CP—2004-213398 220



A
er

os
ol

 C
he

m
is

tr
y:

  S
te

ad
y 

St
at

e 
O

pe
ra

tio
n 

of
 B

75
7

20
0

15
0

10
0 50 0

EI (mg/kg Fuel)

1.
5

1.
4

1.
3

1.
2

1.
1

1.
0

En
gi

ne
 P

ow
er

 (E
PR

)

Pr
ob

e 
D

is
ta

nc
e 

= 
25

 m
 SM

PS
 (t

ot
al

 v
ol

um
e)

B
la

ck
 C

ar
bo

n 
(P

SA
P)

Su
lfa

te
 (A

M
S)

O
rg

an
ic

s 
(A

M
S)

E
ng

in
e 

P
ow

er
 (

E
P

R
)

id
le

T
ak

e-
of

f

EI (mg/kg fuel)

B
la

ck
 c

ar
bo

n
do

m
in

at
es

 a
t

hi
gh

 p
ow

er

E
C

/O
C

 h
ig

he
r 

fo
r 

th
an

 d
ie

se
l a

t a
ir

cr
af

t s
te

ad
y 

st
at

e

NASA/CP—2004-213398 221



P
M

 f
ro

m
 O

’H
ar

e 
A

ir
po

rt
?

NASA/CP—2004-213398 222



E
st

im
at

ed
 

A
ir

po
rt

 
G

ro
w

th

19
90

-
20

10

NASA/CP—2004-213398 223



E
D

M
S 

M
od

el

•
E

m
is

si
on

s 
an

d 
D

is
pe

rs
io

n 
M

od
el

in
g 

Sy
st

em
 

(E
D

M
S)

–
C

om
bi

ne
s 

em
is

si
on

s 
an

d 
di

sp
er

si
on

 m
od

el
in

g 
to

 a
ss

es
s 

im
pa

ct
 o

f 
ai

rp
or

t e
m

is
si

on
s,

 in
cl

ud
in

g:
•

A
ir

cr
af

t
•

G
ro

un
d 

su
pp

or
t e

qu
ip

m
en

t (
ai

rc
ra

ft
 tr

ac
to

rs
, b

ag
ga

ge
 h

an
dl

in
g 

eq
ui

pm
en

t; 
se

rv
ic

e 
tr

uc
ks

)
–

T
re

at
ed

 e
ith

er
 (

a)
 a

ss
ig

ne
d 

to
 a

ir
cr

af
t p

er
 L

T
O

, o
r 

(b
) 

co
un

te
d 

an
d 

al
lo

ca
te

d 
to

 g
at

es

•
G

ro
un

d 
A

cc
es

s 
V

eh
ic

le
s

•
St

at
io

na
ry

 s
ou

rc
es

•
E

D
M

S 
re

qu
ir

ed
 f

or
 a

ir
po

rt
 a

ir
 q

ua
lit

y 
an

al
ys

es
 

(F
A

A
) 

an
d 

is
 a

pp
ro

ve
d 

by
 E

PA

NASA/CP—2004-213398 224



E
D

M
S 

O
ve

rv
ie

w

•
E

m
is

si
on

s 
m

od
el

in
g

–
IC

A
O

 e
xh

au
st

 e
m

is
si

on
s 

da
ta

ba
nk

 (
ce

rt
if

ic
at

io
n 

da
ta

)

•
D

is
pe

rs
io

n 
m

od
el

in
g

–
E

PA
 G

au
ss

ia
n 

di
sp

er
si

on
 m

od
el

s

C
 =

Q
2π

σ
σ

u
y

z
ex

p
1 2

y σ y

2

ex
p

1 2
z σ z

2

H
ex

p
1 2

z σ z

2

H
T

yp
ic

al
 

G
au

ss
ia

n 
E

qu
at

io
n

–
E

PA
 A

E
R

M
O

D
 d

is
pe

rs
io

n 
m

od
el

NASA/CP—2004-213398 225



D
is

ad
va

nt
ag

es
 o

f 
G

au
ss

ia
n 

P
lu

m
e 

M
od

el
s

•
In

ac
cu

ra
te

 in
 r

eg
io

ns
 w

ith
 c

om
pl

ex
 te

rr
ai

n

•
In

ac
cu

ra
te

 in
 r

ap
id

ly
 c

ha
ng

in
g 

co
nd

iti
on

s

•
In

ac
cu

ra
te

 in
 c

al
m

 c
on

di
tio

ns
 o

r 
lo

w
 w

in
d 

sp
ee

ds

•
G

en
er

al
ly

 h
av

e 
tr

ou
bl

e 
tr

ea
tin

g 
dr

y 
an

d 
w

et
 

de
po

si
tio

n 
ac

cu
ra

te
ly

•
G

en
er

al
ly

 h
av

e 
in

su
ff

ic
ie

nt
 tr

ea
tm

en
ts

 o
f 

ch
em

ic
al

, p
hy

si
ca

l a
nd

 m
ic

ro
ph

ys
ic

al
 p

ro
ce

ss
es

NASA/CP—2004-213398 226



R
eg

io
na

l A
ir

 Q
ua

lit
y 

M
od

el
: 

F
oc

us
 o

n 
C

hi
ca

go
 R

eg
io

n

D
om

ai
ns

:

D
1 

   
  3

0 
km

D
2 

   
  1

0 
km

D
3 

   
   

 2
 k

m

NASA/CP—2004-213398 227



G
lo

ba
l C

lim
at

e 
&

 C
ha

ng
e

N
C

E
P/

D
O

E
 R

ea
na

ly
si

s

C
SM

 o
r 

PC
M

 2
0th

C
en

tu
ry

C
SM

 o
r 

PC
M

 2
1st

C
en

tu
ry

In
te

rc
on

ti
ne

nt
al

 
C

he
m

ic
al

 T
ra

ns
po

rt

M
O

Z
A

R
T

 / 
G

M
I

G
lo

ba
l E

m
is

si
on

 &
 P

ro
je

ct
io

n
C

ur
re

nt
 G

lo
ba

l E
m

is
si

on

P
ro

je
ct

ed
 G

lo
ba

l E
m

is
si

on

P
ro

je
ct

ed
 C

on
ti

ne
nt

al
 

E
m

is
si

on

R
eg

io
na

l
A

ir
 Q

ua
lit

y

A
Q

M
/ C

M
A

Q

R
eg

io
na

l C
lim

at
e

U
.S

. E
m

is
si

on
 &

 P
ro

je
ct

io
n

C
ur

re
nt

 E
m

is
si

on
: N

E
I-

99

Pr
oj

ec
te

d:
 E

PA
 2

02
0

R
C

M
Im

pr
ov

ed
 M

M
5 

v3
 / 

C
W

R
F

SM
O

K
E

M
et

eo
ro

lo
gy

IC
 &

 L
B

C

C
he

m
is

tr
y

IC
 &

 L
B

C

F
oc

al
 A

re
as

M
id

w
es

t/
 

C
hi

ca
go

 
ar

ea O
3

N
O

x
V

O
C

s 
 C

O

P
M

2.
5

SO
42-

N
O

3-
N

H
3

E
C

 O
C

U
.S

. S
ca

lin
g

to
  m

at
ch

F
ill

in
g 

G
ap

s
C

an
ad

a,
 M

ex
ic

o

G
lo

ba
l C

lim
at

e-
C

he
m

ic
al

 T
ra

ns
po

rt

R
es

ol
ut

io
n:

 2
00

-3
00

 k
m

U
.S

. R
eg

io
na

l C
lim

at
e-

A
ir

 Q
ua

lit
y

R
es

ol
ut

io
n:

 3
0 

km

R
ef

in
ed

 T
ar

ge
t 

A
re

as

R
es

ol
ut

io
n:

 2
 t

o 
10

 k
m

C
le

an
 a

ir
L

B
C

U
.S

. A
Q

 P
er

tu
rb

at
io

n

T
he

 n
es

te
d 

gl
ob

al
-r

eg
io

na
l m

od
el

in
g 

sy
st

em
: 

it
s 

co
m

po
ne

nt
s 

an
d 

th
ei

r 
in

te
ra

ct
io

ns
.

NASA/CP—2004-213398 228



H
ar

ts
fi

el
d’

s 
E

m
is

si
on

s 
in

 C
ur

re
nt

 I
nv

en
to

ry
D

ai
ly

 e
m

is
si

on
s 

(t
on

s/
da

y)

0.
95

1.
37

13
.4

5
0

14
.2

6
2.

78
1.

30

PM
2.

5
PM

10
N

O
x

N
H

3
C

O
V

O
C

SO
2 C
om

po
si

tio
n 

of
 P

M
2.

5

em
is

si
on

s 
(%

)

0.
32

4.
60

29
.2

1
65

.8
7

N
O

3
SO

4
O

C
E

C

T
im

e 
S

te
p

 (
8/

15
/0

 0
:0

0:
00

 t
o

 8
/1

7/
0 

0:
00

:0
0)

1
0

2
0

3
0

4
0

Average value (g/s) at cell (32, 51)

468

D
iu

rn
al

 P
ro

fi
le

 o
f 

em
is

si
on

s

T
 O

dm
an

 e
t a

l. 
(2

00
3)

NASA/CP—2004-213398 229



G
IT

: P
re

lim
in

ar
y 

A
ss

es
sm

en
t o

f 
H

ar
ts

fi
el

d’
s 

Im
pa

ct

•
T

he
 im

pa
ct

 o
f 

H
ar

ts
fi

el
d’

s 
em

is
si

on
s 

du
ri

ng
 th

e 
A

ug
us

t 1
1-

20
, 2

00
0 

pe
ri

od
 w

as
 a

ss
es

se
d 

us
in

g 
th

e 
“b

ru
te

-f
or

ce
” 

ap
pr

oa
ch

•
A

 s
im

ul
at

io
n 

w
as

 c
on

du
ct

ed
 w

ith
ou

t H
ar

ts
fi

el
d’

s 
em

is
si

on
s 

an
d 

its
 r

es
ul

ts
 w

er
e 

co
m

pa
re

d 
to

 th
e 

ba
se

 c
as

e 
si

m
ul

at
io

n 
(w

ith
 H

ar
ts

fi
el

d’
s 

em
is

si
on

s)
.

T
 O

dm
an

 e
t a

l. 
(2

00
3)

NASA/CP—2004-213398 230



G
IT

: I
m

pa
ct

 o
n 

PM
2.

5

•
T

he
 m

ax
im

um
 im

pa
ct

 o
n 

PM
2.

5
is

 4
 

39
 m

g/
m

3
w

ith
in

 a
 

5-
km

 r
ad

iu
s;

 

•
G

re
at

er
 th

an
 1

 m
g/

m
3 

w
ith

in
 a

 2
0-

km
 r

ad
iu

s

T
 O

dm
an

 e
t a

l. 
(2

00
3)

NASA/CP—2004-213398 231



G
IT

: C
om

po
si

tio
n 

of
 P

M
2.

5 
Im

pa
ct

 
•

PM
2.

5
is

 la
rg

el
y 

in
 th

e 
fo

rm
 o

f 
E

C
 a

nd
 O

C
 (

pr
im

ar
y)

E
le

m
. C

ar
bo

n
O

rg
an

ic
 C

ar
bo

n

T
 O

dm
an

 e
t a

l. 
(2

00
3)

NASA/CP—2004-213398 232



Su
m

m
ar

y

•
M

od
el

in
g 

st
ud

ie
s 

un
de

rw
ay

 to
 in

ve
st

ig
at

e 
th

e 
im

pa
ct

 o
f 

ai
rc

ra
ft

 e
m

is
si

on
s 

fr
om

 C
hi

ca
go

 O
’H

ar
e 

an
d 

A
tla

nt
a 

H
ar

ts
fi

el
d 

ai
rp

or
ts

 o
n 

re
gi

on
al

 a
ir

 q
ua

lit
y,

 e
sp

ec
ia

lly
 P

M
2.

5.

•
Pr

el
im

in
ar

y 
an

al
ys

is
 s

ho
w

s 
si

gn
if

ic
an

t i
m

pa
ct

 o
f 

H
ar

ts
fi

el
d 

on
 E

C
 a

nd
 O

C
 in

 A
tla

nt
a 

m
et

ro
 c

ou
nt

ie
s

•
D

is
pe

rs
io

n 
m

od
el

s 
(l

ik
e 

us
e 

di
n 

E
D

M
S)

 a
re

 u
se

fu
l b

ut
 

ha
ve

 li
m

ita
tio

ns
 in

 a
ir

 q
ua

lit
y 

an
al

ys
es

•
Si

gn
if

ic
an

t u
nc

er
ta

in
tie

s 
re

m
ai

n 
in

 a
ir

po
rt

 e
m

is
si

on
s 

an
d 

in
 

ac
cu

ra
te

 r
ep

re
se

nt
at

io
n 

of
 th

es
e 

em
is

si
on

s 
in

to
 

lo
ca

l/r
eg

io
na

l m
od

el
s

NASA/CP—2004-213398 233



S
O

2
N

O
X

C
ru

st
al

F
ue

l C
om

bu
st

io
n 

(B
oi

le
rs

 / 
R

es
 H

ea
tin

g)

In
du

st
ria

l P
ro

ce
ss

es
 (

O
rg

an
ic

)

H
ig

hw
ay

 V
eh

ic
le

s

O
ff

 H
ig

hw
ay

O
pe

n 
/ B

io
m

as
s 

an
d 

W
as

te
 B

ur
ni

ng

F
ug

iti
ve

 D
us

t 
(N

on
 In

du
st

ria
l)

In
du

st
ria

l P
ro

ce
ss

es
 (

In
or

ga
ni

c)

F
ue

l C
om

bu
st

io
n 

(B
oi

le
rs

 / 
R

es
 H

ea
tin

g)

In
du

st
ria

l P
ro

ce
ss

es
 (

O
rg

an
ic

)

H
ig

hw
ay

 V
eh

ic
le

s

O
ff 

H
ig

hw
ay

O
pe

n 
/ B

io
m

as
s 

an
d 

W
as

te
 B

ur
ni

ng

In
du

st
ria

l P
ro

ce
ss

es
 (

In
or

ga
ni

c)

F
ug

iti
ve

 D
us

t 
(N

on
 In

du
st

ria
l)

P
M

2.
5 

N
at

io
na

l E
m

is
si

on
s 

S
um

m
ar

y

T
o

ta
l C

ar
b

o
n

So
ur

ce
s 

of
 P

M
2.

5

NASA/CP—2004-213398 234



N
C

E
P 

R
ea

na
ly

si
s 

D
at

a 
se

ts

A
D

P 
Su

rf
ac

e 
st

at
io

n 
da

ta

U
pp

er
 A

ir
 S

ou
nd

in
g 

R
O

A
B

S

G
ri

d 
le

ve
l F

D
D

A

O
bs

er
va

tio
n 

FD
D

A
M

et
 o

bs
er

va
tio

ns
 f

ro
m

 lo
ca

l 
so

ur
ce

s,
 s

uc
h 

as
 E

PA
 m

on
ito

ri
ng

 
st

at
io

ns

M
M

5 
V

3.
4

H
ou

rl
y

D
yn

am
ic

Fi
el

ds

T
E

R
R

A
IN

3-
D

 G
R

ID

NASA/CP—2004-213398 235



B
E

IS
3.

0
M

O
B

IL
E

 6
.2

E
PA

 N
E

I 
In

ve
nt

or
y 

(1
99

9)

Su
rr

og
at

e 
ra

tio
s 

ge
ne

ra
te

d 
fo

r 
th

e 
do

m
ai

n 
us

in
g 

A
rc

In
fo

M
M

5 
ge

ne
ra

te
d 

D
yn

am
ic

 f
ie

ld
s

H
ou

rl
y 

gr
id

de
d 

em
is

si
on

 d
at

a

SM
O

K
E

NASA/CP—2004-213398 236



C
M

A
Q

-4
.3

H
O

U
R

L
Y

 G
R

ID
D

E
D

 E
M

IS
SI

O
N

S

H
O

U
R

L
Y

 D
Y

N
A

M
IC

 F
IE

L
D

S

IN
IT

IA
L

 A
N

D
 B

O
U

N
D

A
R

Y
 

C
O

N
D

IT
IO

N
S

H
O

U
R

L
Y

 G
A

S 
A

N
D

A
E

R
O

SO
L

S 
M

IX
IN

G
 R

A
T

IO
S 

 
FO

R
 A

L
L

G
R

ID
 L

O
C

A
T

IO
N

S

1.
25

 H
R

S 
FO

R
 

1 
D

A
Y

 C
A

L
C

U
L

A
T

IO
N

U
SI

N
G

 1
6 

N
O

D
E

S 
O

N
 

A
 L

IN
U

X
 C

L
U

ST
E

R
(J

A
Z

Z
 A

T
 A

N
L

) 
FO

R
A

 9
0X

80
X

28
 G

R
ID

NASA/CP—2004-213398 237



NASA/CP—2004-213398 238



C
M

M
5 

Sk
ill

: 
D

ai
ly

 F
lu

ct
ua

ti
on

s

NASA/CP—2004-213398 239



C
M

M
5 

Sk
ill

: 
D

ai
ly

 F
lu

ct
ua

ti
on

s

NASA/CP—2004-213398 240



U
ni

ve
rs

ity
 o

f 
C

al
if

or
n

ia
 a

t R
iv

er
si

de

C
en

te
r 

fo
r 

E
nv

ir
on

m
en

ta
l R

es
ea

rc
h 

an
d 

T
ec

hn
ol

og
y

U
ni

ve
rs

ity
 o

f 
C

al
if

or
n

ia
 a

t R
iv

er
si

de

C
en

te
r 

fo
r 

E
nv

ir
on

m
en

ta
l R

es
ea

rc
h 

an
d 

T
ec

hn
ol

og
y

L
oc

al
 A

ir
 Q

ua
lit

y:
 C

on
ne

ct
in

g 
th

e 
D

ot
s

W
ay

ne
 M

ill
er

U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a,
 R

iv
er

si
de

 

B
ou

rn
s 

C
ol

le
ge

 o
f 

E
ng

in
ee

ri
ng

C
en

te
r 

fo
r 

E
nv

ir
on

m
en

ta
l R

es
ea

rc
h 

an
d 

T
ec

hn
ol

og
y

N
A

SA
’s

 2
00

3
A

ir
cr

af
t 

P
ar

ti
cl

e 
E

m
is

si
on

s 
W

or
ks

ho
p

N
or

th
 O

lm
st

ed
 , 

O
hi

o

N
ov

em
be

r 
18

 &
 1

9,
 2

00
3

NASA/CP—2004-213398 241



U
ni

ve
rs

ity
 o

f 
C

al
if

or
n

ia
 a

t R
iv

er
si

de

C
en

te
r 

fo
r 

E
nv

ir
on

m
en

ta
l R

es
ea

rc
h 

an
d 

T
ec

hn
ol

og
y

U
ni

ve
rs

ity
 o

f 
C

al
if

or
n

ia
 a

t R
iv

er
si

de

C
en

te
r 

fo
r 

E
nv

ir
on

m
en

ta
l R

es
ea

rc
h 

an
d 

T
ec

hn
ol

og
y

O
ut

lin
e

•
W

ha
t i

s 
kn

ow
n?

–
C

ri
te

ri
a 

po
llu

ta
nt

s

–
C

on
fo

rm
ity

–
C

as
e 

St
ud

y:
 S

ou
th

 C
oa

st
 A

Q
M

D
’s

 2
00

3 
A

ir
 

Q
ua

lit
y 

M
an

ag
em

en
t P

la
n

•
W

ha
t i

ss
ue

s 
ar

e 
fu

zz
y 

or
 u

nk
no

w
n?

•
L

oo
ki

ng
 B

ey
on

d 
C

ur
re

nt
 R

eq
ui

re
m

en
ts

NASA/CP—2004-213398 242



U
ni

ve
rs

ity
 o

f 
C

al
if

or
n

ia
 a

t R
iv

er
si

de

C
en

te
r 

fo
r 

E
nv

ir
on

m
en

ta
l R

es
ea

rc
h 

an
d 

T
ec

hn
ol

og
y

U
ni

ve
rs

ity
 o

f 
C

al
if

or
n

ia
 a

t R
iv

er
si

de

C
en

te
r 

fo
r 

E
nv

ir
on

m
en

ta
l R

es
ea

rc
h 

an
d 

T
ec

hn
ol

og
y

St
at

e 
Im

pl
em

en
ta

tio
n 

Pl
an

ni
ng

 P
ro

ce
ss

Fe
de

ra
l

St
at

e

L
oc

al

NASA/CP—2004-213398 243



U
ni

ve
rs

ity
 o

f 
C

al
if

or
n

ia
 a

t R
iv

er
si

de

C
en

te
r 

fo
r 

E
nv

ir
on

m
en

ta
l R

es
ea

rc
h 

an
d 

T
ec

hn
ol

og
y

U
ni

ve
rs

ity
 o

f 
C

al
if

or
n

ia
 a

t R
iv

er
si

de

C
en

te
r 

fo
r 

E
nv

ir
on

m
en

ta
l R

es
ea

rc
h 

an
d 

T
ec

hn
ol

og
y

A
m

bi
en

t A
ir

 Q
ua

lit
y 

St
an

da
rd

s*

•*
C

on
ce

nt
ra

tio
n 

ap
pe

ar
s 

fi
rs

t;
 e

.g
. "

0.
12

 p
pm

, 1
-h

r 
av

g.
 >

" 
m

ea
ns

 1
-h

r 
av

g.
 >

 0
.1

2 
pp

m
.

•*
* 

A
R

B
 a

do
pt

ed
 n

ew
 a

nd
 s

tr
ic

te
r 

st
at

e 
st

an
da

rd
s 

of
 a

 P
M

10
an

nu
al

 a
ve

ra
ge

 o
f 

20
 µ

g/
m

3
an

d 
a 

PM
2.

5
an

nu
al

 a
ve

ra
ge

 o
f 

12
 µ

g/
m

3 .

C
al

if
or

ni
a 

S
ta

nd
ar

d
Fe

de
ra

l P
ri

m
ar

y 
S

ta
nd

ar
d

C
on

ce
nt

ra
tio

n 
A

ve
ra

gi
ng

 T
im

e
C

on
ce

nt
ra

tio
n 

A
ve

ra
gi

ng
 T

im
e

0.
12

 p
pm

, 1
-h

r a
vg

.>

0.
08

 p
pm

, 8
-h

r a
vg

.>

9.
0 

pp
m

, 8
-h

r a
vg

. >
9 

pp
m

, 8
-h

r a
vg

.>

20
 p

pm
, 1

-h
r a

vg
. >

35
 p

pm
, 1

-h
r a

vg
.>

N
itr

og
en

 D
io

xi
de

0.
25

 p
pm

, 1
-h

r. 
av

g.
 >

0.
05

3 
pp

m
, a

nn
. a

vg
.>

0.
04

 p
pm

, 2
4-

hr
 a

vg
.>

0.
03

 p
pm

, a
nn

. a
vg

.>

0.
25

 p
pm

, 1
-h

r. 
av

g.
 >

0.
14

 p
pm

, 2
4-

hr
 a

vg
.>

30
 µ

g/
m

3 , a
nn

. g
eo

m
et

ric
 m

ea
n 

>
50

 µ
g/

m
3 , a

nn
. a

rit
hm

et
ic

 m
ea

n 
>

50
 µ

g/
m

3 , 2
4-

hr
 a

ve
ra

ge
>

15
0µ

g/
m

3 , 2
4-

hr
 a

vg
.>

15
 µ

g/
m

3 , a
nn

. a
rit

hm
et

ic
 m

ea
n 

>

65
 µ

g/
m

3 , 2
4-

hr
 a

vg
.>

L
ea

d 
1.

5 
µg

/m
3 , 3

0-
da

y 
av

g.
 >

1.
5 

µg
/m

3 , c
al

en
da

r q
ua

rt
er

>

S
ul

fa
te

s 
25

 µ
g/

m
3 , 2

4-
hr

 a
vg

. >

V
is

ib
ili

ty
-R

ed
uc

in
g 

P
ar

tic
le

s

Ex
tin

ct
io

n 
co

ef
fic

ie
nt

 is
 g

re
at

er
 th

an
 0

.2
3 

in
ve

rs
e 

ki
lo

m
et

er
s 

(t
o 

re
du

ce
 th

e 
vi

su
al

 ra
ng

e 
to

 le
ss

 
th

an
 1

0 
m

ile
s)

 a
t r

el
at

iv
e 

hu
m

id
ity

 le
ss

 th
an

 7
0 

pe
rc

en
t, 

8-
ho

ur
 a

ve
ra

ge
 (1

0a
m

 - 
6p

m
)

S
ul

fu
r D

io
xi

de

S
us

pe
nd

ed
 P

ar
tic

ul
at

e 

M
at

te
r 

(P
M

10
)*

*

S
us

pe
nd

ed
 P

ar
tic

ul
at

e 

M
at

te
r 

(P
M

2.
5)

**

A
ir

 P
ol

lu
ta

nt

O
zo

ne
0.

09
 p

pm
, 1

-h
r. 

av
g.

 >

C
ar

bo
n 

M
on

ox
id

e

NASA/CP—2004-213398 244



U
ni

ve
rs

ity
 o

f 
C

al
if

or
n

ia
 a

t R
iv

er
si

de

C
en

te
r 

fo
r 

E
nv

ir
on

m
en

ta
l R

es
ea

rc
h 

an
d 

T
ec

hn
ol

og
y

U
ni

ve
rs

ity
 o

f 
C

al
if

or
n

ia
 a

t R
iv

er
si

de

C
en

te
r 

fo
r 

E
nv

ir
on

m
en

ta
l R

es
ea

rc
h 

an
d 

T
ec

hn
ol

og
y

W
ha

t i
s 

C
on

fo
rm

ity
?

•
A

 F
ed

er
al

 a
ge

nc
y 

is
 r

eq
ui

re
d 

to
 d

et
er

m
in

e 
if

 th
ei

r 
ac

ti
on

 “
co

nf
or

m
s”

to
 

th
e 

ap
pl

ic
ab

le
 S

IP
, b

y 
en

su
ri

ng
 th

at
 th

e 
ac

tio
n 

do
es

 n
ot

:
–

C
au

se
 o

r 
co

nt
ri

bu
te

 to
 n

ew
 v

io
la

tio
ns

 o
f 

an
y 

N
A

A
Q

S,

–
In

cr
ea

se
 th

e 
fr

eq
ue

nc
y 

or
 s

ev
er

ity
 o

f 
ex

is
tin

g 
vi

ol
at

io
ns

 o
f 

an
y

N
A

A
Q

S,
 

–
D

el
ay

 th
e 

tim
el

y 
at

ta
in

m
en

t o
f 

an
y 

N
A

A
Q

S
 o

r 
an

y 
re

qu
ir

ed
 in

te
ri

m
em

is
si

on
 r

ed
uc

tio
ns

 o
r 

m
il

es
to

ne
s.

•
T

w
o 

ca
te

go
ri

es
 o

f 
co

nf
or

m
ity

 a
ct

io
ns

 : 
tr

an
sp

or
ta

ti
on

 a
nd

 g
en

er
al

. 
–

T
ra

ns
po

rt
at

io
n 

co
nf

or
m

it
y 

ac
ti

on
s 

re
qu

ir
ed

 f
or

 h
ig

hw
ay

 o
r 

tr
an

si
t p

ro
je

ct
s 

in
 a

ll
 n

on
-a

tta
in

m
en

t a
nd

 m
ai

nt
en

an
ce

 a
re

as
 w

ith
 F

H
A

/F
T

A
 f

un
ds

. 

–
M

os
t F

ed
er

al
 a

ct
io

ns
 a

t a
ir

po
rt

s 
ar

e 
ge

ne
ra

l c
on

fo
rm

it
y 

ac
ti

on
s.

T
he

 
ge

ne
ra

l c
on

fo
rm

it
y 

ru
le

 c
on

ta
in

s 
es

ta
bl

is
he

d 
ne

t a
nn

ua
l e

m
is

si
on

s 
th

re
sh

ol
d 

ra
te

s 
an

d 
ex

em
pt

io
ns

 f
ro

m
 a

nd
 p

re
su

m
pt

io
ns

 o
f 

co
nf

or
m

it
y.

 

•
R

ef
er

en
ce

: A
ir

 Q
ua

lit
y 

Pr
oc

ed
ur

es
 F

or
 C

iv
ili

an
 A

ir
po

rt
s 

&
 A

ir
 F

or
ce

 
B

as
es

, F
A

A
-A

E
E

-9
7-

03
, A

L
/E

Q
-T

R
-1

99
6-

00
17

 (
A

pr
il 

19
97

)

NASA/CP—2004-213398 245



U
ni

ve
rs

ity
 o

f 
C

al
if

or
n

ia
 a

t R
iv

er
si

de

C
en

te
r 

fo
r 

E
nv

ir
on

m
en

ta
l R

es
ea

rc
h 

an
d 

T
ec

hn
ol

og
y

U
ni

ve
rs

ity
 o

f 
C

al
if

or
n

ia
 a

t R
iv

er
si

de

C
en

te
r 

fo
r 

E
nv

ir
on

m
en

ta
l R

es
ea

rc
h 

an
d 

T
ec

hn
ol

og
y

So
ut

h 
C

oa
st

 A
ir

 Q
ua

lit
y 

M
an

ag
em

en
t 

D
is

tr
ic

t 2
00

3 
A

ir
 Q

ua
lit

y 
M

an
ag

em
en

t P
la

n

•
SC

A
Q

M
D

 h
as

 ju
ri

sd
ic

tio
n 

ov
er

 a
n 

ar
ea

 o
f 

ap
pr

ox
im

at
el

y 
10

,7
43

 
sq

ua
re

 m
ile

s 
w

he
re

 1
5 

m
ill

io
n 

pe
op

le
 li

ve
.

•
G

ov
er

ni
ng

 B
oa

rd
 a

do
pt

ed
 th

e 
20

03
 A

ir
 Q

ua
lit

y 
M

an
ag

em
en

t P
la

n 
(A

Q
M

P)
 o

n 
A

ug
us

t 1
, 2

00
3.

 

•
N

ew
 p

la
n 

up
da

te
s 

th
e 

at
ta

in
m

en
t d

em
on

st
ra

tio
n 

fo
r 

th
e 

fe
de

ra
l 

st
an

da
rd

s 
fo

r 
oz

on
e 

an
d 

pa
rt

ic
ul

at
e 

m
at

te
r 

(P
M

10
) 

•
In

co
rp

or
at

es
 s

ig
ni

fi
ca

nt
 n

ew
 s

ci
en

tif
ic

 d
at

a,
 p

ri
m

ar
ily

 in
 th

e 
fo

rm
 o

f 
up

da
te

d 
em

is
si

on
s 

in
ve

nt
or

ie
s,

 a
m

bi
en

t m
ea

su
re

m
en

ts
, n

ew
 

m
et

eo
ro

lo
gi

ca
l e

pi
so

de
s 

an
d 

ne
w

 a
ir

 q
ua

lit
y 

m
od

el
in

g 
to

ol
s.

NASA/CP—2004-213398 246



U
ni

ve
rs

ity
 o

f 
C

al
if

or
n

ia
 a

t R
iv

er
si

de

C
en

te
r 

fo
r 

E
nv

ir
on

m
en

ta
l R

es
ea

rc
h 

an
d 

T
ec

hn
ol

og
y

U
ni

ve
rs

ity
 o

f 
C

al
if

or
n

ia
 a

t R
iv

er
si

de

C
en

te
r 

fo
r 

E
nv

ir
on

m
en

ta
l R

es
ea

rc
h 

an
d 

T
ec

hn
ol

og
y

So
ut

h 
C

oa
st

 A
ir

 B
as

in
 C

om
pa

re
d 

to
 

M
aj

or
 U

.S
. M

et
ro

po
lit

an
 A

re
as

NASA/CP—2004-213398 247



U
ni

ve
rs

ity
 o

f 
C

al
if

or
n

ia
 a

t R
iv

er
si

de

C
en

te
r 

fo
r 

E
nv

ir
on

m
en

ta
l R

es
ea

rc
h 

an
d 

T
ec

hn
ol

og
y

U
ni

ve
rs

ity
 o

f 
C

al
if

or
n

ia
 a

t R
iv

er
si

de

C
en

te
r 

fo
r 

E
nv

ir
on

m
en

ta
l R

es
ea

rc
h 

an
d 

T
ec

hn
ol

og
y

So
ut

h 
C

oa
st

 A
ir

 B
as

in
 C

om
pa

re
d 

to
 

O
th

er
 A

ir
 B

as
in

s 
in

 C
al

if
or

ni
a

NASA/CP—2004-213398 248



U
ni

ve
rs

ity
 o

f 
C

al
if

or
n

ia
 a

t R
iv

er
si

de

C
en

te
r 

fo
r 

E
nv

ir
on

m
en

ta
l R

es
ea

rc
h 

an
d 

T
ec

hn
ol

og
y

U
ni

ve
rs

ity
 o

f 
C

al
if

or
n

ia
 a

t R
iv

er
si

de

C
en

te
r 

fo
r 

E
nv

ir
on

m
en

ta
l R

es
ea

rc
h 

an
d 

T
ec

hn
ol

og
y

Pe
rc

en
t o

f 
D

ay
s 

E
xc

ee
di

ng
 F

ed
er

al
 

St
an

da
rd

s 
at

 M
os

t A
ff

ec
te

d 
L

oc
at

io
ns

NASA/CP—2004-213398 249



U
ni

ve
rs

ity
 o

f 
C

al
if

or
n

ia
 a

t R
iv

er
si

de

C
en

te
r 

fo
r 

E
nv

ir
on

m
en

ta
l R

es
ea

rc
h 

an
d 

T
ec

hn
ol

og
y

U
ni

ve
rs

ity
 o

f 
C

al
if

or
n

ia
 a

t R
iv

er
si

de

C
en

te
r 

fo
r 

E
nv

ir
on

m
en

ta
l R

es
ea

rc
h 

an
d 

T
ec

hn
ol

og
y

A
nn

ua
l A

ve
ra

ge
 P

M
10

C
on

ce
nt

ra
tio

n 
fo

r 
20

01

NASA/CP—2004-213398 250



U
ni

ve
rs

ity
 o

f 
C

al
if

or
n

ia
 a

t R
iv

er
si

de

C
en

te
r 

fo
r 

E
nv

ir
on

m
en

ta
l R

es
ea

rc
h 

an
d 

T
ec

hn
ol

og
y

U
ni

ve
rs

ity
 o

f 
C

al
if

or
n

ia
 a

t R
iv

er
si

de

C
en

te
r 

fo
r 

E
nv

ir
on

m
en

ta
l R

es
ea

rc
h 

an
d 

T
ec

hn
ol

og
y

A
nn

ua
l A

ve
ra

ge
 P

M
2.

5
C

on
ce

nt
ra

tio
n 

fo
r 

20
01

NASA/CP—2004-213398 251



U
ni

ve
rs

ity
 o

f 
C

al
if

or
n

ia
 a

t R
iv

er
si

de

C
en

te
r 

fo
r 

E
nv

ir
on

m
en

ta
l R

es
ea

rc
h 

an
d 

T
ec

hn
ol

og
y

U
ni

ve
rs

ity
 o

f 
C

al
if

or
n

ia
 a

t R
iv

er
si

de

C
en

te
r 

fo
r 

E
nv

ir
on

m
en

ta
l R

es
ea

rc
h 

an
d 

T
ec

hn
ol

og
y

A
nn

ua
l A

ve
ra

ge
 P

M
 E

m
is

si
on

s

0

10
0

20
0

30
0

40
0

50
0

60
0

70
0

T
S

P
P

M
10

P
M

2.
5

20
20

20
00

to
ns

 p
er

 d
ay

0246810

0.
01

0.
1

1
10

10
0

P
ar

ti
cl

e 
A

er
o

d
yn

am
ic

 D
ia

m
et

er
 (

µ
m

)

Relative Concentration

A
cc

u
m

u
la

ti
o

n
C

o
ar

se

P
M

 1
0

P
M

 2
.5

T
S

P

P
M

 0
.1

G
e

o
lo

g
ic

al
 

M
at

er
ia

l,
 

P
o

ll
en

 

S
u

lf
a

te
, 

N
it

ra
te

, 
A

m
m

o
n

iu
m

, 
O

rg
a

n
ic

 &
 

E
le

m
e

n
ta

l 
C

ar
b

o
n

, 
H

ea
vy

 
M

e
ta

ls
, 

C
la

ys
C

a
rb

o
n

U
lt

ra
fi

n
e

NASA/CP—2004-213398 252



U
ni

ve
rs

ity
 o

f 
C

al
if

or
n

ia
 a

t R
iv

er
si

de

C
en

te
r 

fo
r 

E
nv

ir
on

m
en

ta
l R

es
ea

rc
h 

an
d 

T
ec

hn
ol

og
y

U
ni

ve
rs

ity
 o

f 
C

al
if

or
n

ia
 a

t R
iv

er
si

de

C
en

te
r 

fo
r 

E
nv

ir
on

m
en

ta
l R

es
ea

rc
h 

an
d 

T
ec

hn
ol

og
y

A
nn

ua
l A

ve
ra

ge
 P

M
 E

m
is

si
on

s 
by

 
So

ur
ce

 C
at

eg
or

y 
in

 2
02

0

0

1
0

0

2
0

0

3
0

0

4
0

0

5
0

0

6
0

0

Misc
ell

an
eo

us

On-R
oad

 M
oto

r V
eh

icl
es

Oth
er

 M
obile

 S
ourc

es

In
dust

ria
l P

ro
ce

ss
es Fuel 

Com
bust

io
n

Pet
. R

ef
in

e &
 M

ar
ke

t W
as

te
 D

isp
osa

l

Clea
nin

g an
d S

urfa
ce

 C
oat

in
gs

Solve
nt E

va
pora

tio
n

to
n

s
/d

a
y

T
S

P

P
M

1
0

P
M

2
.5

NASA/CP—2004-213398 253



U
ni

ve
rs

ity
 o

f 
C

al
if

or
n

ia
 a

t R
iv

er
si

de

C
en

te
r 

fo
r 

E
nv

ir
on

m
en

ta
l R

es
ea

rc
h 

an
d 

T
ec

hn
ol

og
y

U
ni

ve
rs

ity
 o

f 
C

al
if

or
n

ia
 a

t R
iv

er
si

de

C
en

te
r 

fo
r 

E
nv

ir
on

m
en

ta
l R

es
ea

rc
h 

an
d 

T
ec

hn
ol

og
y

A
nn

ua
l A

ve
ra

ge
 P

M
 E

m
is

si
on

s 
fo

r 
M

is
ce

lla
ne

ou
s 

C
at

eg
or

y 
in

 2
02

0

to
n

s
/d

a
y

0

5
0

1
0

0

1
5

0

2
0

0

2
5

0

3
0

0

3
5

0

Pav
ed

 R
oad

 D
ust Const

ru
ct

 &
 D

em
o W

in
dblo

wn D
ust Unpav

ed
 R

oad
 D

ust
W

as
te

 B
urn

in
g

Cookin
g

Res
id

en
t C

om
bust

io
n

Far
m

in
g

Fire
s

T
S

P
P

M
1

0
P

M
2

.5

NASA/CP—2004-213398 254



U
ni

ve
rs

ity
 o

f 
C

al
if

or
n

ia
 a

t R
iv

er
si

de

C
en

te
r 

fo
r 

E
nv

ir
on

m
en

ta
l R

es
ea

rc
h 

an
d 

T
ec

hn
ol

og
y

U
ni

ve
rs

ity
 o

f 
C

al
if

or
n

ia
 a

t R
iv

er
si

de

C
en

te
r 

fo
r 

E
nv

ir
on

m
en

ta
l R

es
ea

rc
h 

an
d 

T
ec

hn
ol

og
y

A
nn

ua
l A

ve
ra

ge
 P

M
 E

m
is

si
on

s 
in

 2
02

0 
W

ith
ou

t M
is

ce
lla

ne
ou

s 
So

ur
ce

 C
at

eg
or

y

05

1
0

1
5

2
0

2
5

3
0

On-R
oad

 M
oto

r V
eh

icl
es

Oth
er

 M
obile

 S
ourc

es

In
dust

ria
l P

ro
ce

ss
es Fuel 

Com
bust

io
n

Pet
. R

ef
in

e &
 M

ar
ke

t
W

as
te

 D
isp

osa
l

Clea
nin

g an
d S

urfa
ce

 C
oat

in
gs

Solve
nt E

va
pora

tio
n

to
n

s/
d

ay

T
S

P

P
M

1
0

P
M

2
.5

NASA/CP—2004-213398 255



U
ni

ve
rs

ity
 o

f 
C

al
if

or
n

ia
 a

t R
iv

er
si

de

C
en

te
r 

fo
r 

E
nv

ir
on

m
en

ta
l R

es
ea

rc
h 

an
d 

T
ec

hn
ol

og
y

U
ni

ve
rs

ity
 o

f 
C

al
if

or
n

ia
 a

t R
iv

er
si

de

C
en

te
r 

fo
r 

E
nv

ir
on

m
en

ta
l R

es
ea

rc
h 

an
d 

T
ec

hn
ol

og
y

A
nn

ua
l A

ve
ra

ge
 P

M
2.

5
E

m
is

si
on

s 
in

 2
02

0 
W

ith
ou

t M
is

ce
lla

ne
ou

s 
So

ur
ce

 C
at

eg
or

y

01234567

LDA

T1/T
2/T

3

HHDDT

T6-
D

Oth
er Off-

Road
 E

quip
Ship

s/C
om

'l B
oat Rec

re
at

io
n B

oat

Tra
in

s

Airc
ra

ft

Oth
er

T
o

ta
l O

n
-R

o
ad

 =
 1

5.
5 

to
n

s/
d

ay
T

o
ta

l O
th

er
 M

o
b

ile
 =

 1
5.

9 
to

n
s/

d
ay

NASA/CP—2004-213398 256



U
ni

ve
rs

ity
 o

f 
C

al
if

or
n

ia
 a

t R
iv

er
si

de

C
en

te
r 

fo
r 

E
nv

ir
on

m
en

ta
l R

es
ea

rc
h 

an
d 

T
ec

hn
ol

og
y

U
ni

ve
rs

ity
 o

f 
C

al
if

or
n

ia
 a

t R
iv

er
si

de

C
en

te
r 

fo
r 

E
nv

ir
on

m
en

ta
l R

es
ea

rc
h 

an
d 

T
ec

hn
ol

og
y

•
W

ha
t i

ss
ue

s 
ar

e 
fu

zz
y 

or
 u

nk
no

w
n?

•
L

oo
ki

ng
 b

ey
on

d 
cu

rr
en

t r
eq

ui
re

m
en

ts

NASA/CP—2004-213398 257



U
ni

ve
rs

ity
 o

f 
C

al
if

or
n

ia
 a

t R
iv

er
si

de

C
en

te
r 

fo
r 

E
nv

ir
on

m
en

ta
l R

es
ea

rc
h 

an
d 

T
ec

hn
ol

og
y

U
ni

ve
rs

ity
 o

f 
C

al
if

or
n

ia
 a

t R
iv

er
si

de

C
en

te
r 

fo
r 

E
nv

ir
on

m
en

ta
l R

es
ea

rc
h 

an
d 

T
ec

hn
ol

og
y

SC
A

Q
M

D
: “

U
nc

er
ta

in
tie

s 
A

ss
oc

ia
te

d 
w

ith
 th

e 
 

20
03

 A
ir

 Q
ua

lit
y 

M
an

ag
em

en
t P

la
n”

•
D

em
og

ra
ph

ic
 a

nd
 G

ro
w

th
 P

ro
je

ct
io

ns

•
In

pu
t E

le
m

en
ts

 to
 A

ir
 Q

ua
lit

y 
M

od
el

s
–

A
m

bi
en

t A
ir

 Q
ua

lit
y 

M
on

ito
ri

ng
 D

at
a

–
M

et
eo

ro
lo

gi
ca

l M
ea

su
re

m
en

ts

–
E

m
is

si
on

s 
In

ve
nt

or
y

•
A

ir
 Q

ua
lit

y 
M

od
el

s

NASA/CP—2004-213398 258



U
ni

ve
rs

ity
 o

f 
C

al
if

or
n

ia
 a

t R
iv

er
si

de

C
en

te
r 

fo
r 

E
nv

ir
on

m
en

ta
l R

es
ea

rc
h 

an
d 

T
ec

hn
ol

og
y

U
ni

ve
rs

ity
 o

f 
C

al
if

or
n

ia
 a

t R
iv

er
si

de

C
en

te
r 

fo
r 

E
nv

ir
on

m
en

ta
l R

es
ea

rc
h 

an
d 

T
ec

hn
ol

og
y

E
PA

’s
 A

P-
42

 E
m

is
si

on
 F

ac
to

rs
 -

Sm
al

l D
ie

se
l E

ng
in

es
 

SM
A

L
L

 D
IE

SE
L

 (<
 6

00
 h

p)
 

 
Em

is
si

on
 F

ac
to

r
Em

is
si

on
 F

ac
to

r
Em

is
si

on
 F

ac
to

r
Em

is
si

on
 

(lb
/h

p-
hr

) 
(g

/k
W

-h
r)

 
(lb

/M
M

B
tu

) 
Fa

ct
or

 
Po

llu
ta

nt
 

(p
ow

er
 o

ut
pu

t)
(p

ow
er

 o
ut

pu
t)

(f
ue

l i
np

ut
) 

R
at

in
g 

N
O

x  
0.

03
1 

18
.8

5 
4.

41
 

D
 

C
O

 
6.

68
E-

03
 

4.
06

 
0.

95
 

D
 

SO
x  

2.
05

E-
03

 
1.

25
 

0.
29

 
D

 
PM

10
 

2.
20

E-
03

 
1.

34
 

0.
31

 
D

 
C

O
2 

1.
15

 
69

9.
20

 
16

4 
B

 
A

ld
eh

yd
es

 
4.

63
E-

04
 

0.
28

 
0.

07
 

D
 

TO
C

 
 

0.
00

 
 

 
   

Ex
ha

us
t 

2.
47

E-
03

 
1.

50
 

0.
35

 
D

 
   

Ev
ap

or
at

iv
e 

0.
00

 
0.

00
 

0.
00

 
E 

   
C

ra
nk

ca
se

 
4.

41
E-

05
 

0.
03

 
0.

01
 

E 
   

R
ef

ue
lin

g 
0.

00
 

0.
00

 
0.

00
 

E 
 

NASA/CP—2004-213398 259



U
ni

ve
rs

ity
 o

f 
C

al
if

or
n

ia
 a

t R
iv

er
si

de

C
en

te
r 

fo
r 

E
nv

ir
on

m
en

ta
l R

es
ea

rc
h 

an
d 

T
ec

hn
ol

og
y

U
ni

ve
rs

ity
 o

f 
C

al
if

or
n

ia
 a

t R
iv

er
si

de

C
en

te
r 

fo
r 

E
nv

ir
on

m
en

ta
l R

es
ea

rc
h 

an
d 

T
ec

hn
ol

og
y

Is
su

e:
 M

ea
su

re
d 

PM
2.

5
E

m
is

si
on

 F
ac

to
rs

 a
re

 
m

uc
h 

le
ss

 th
an

 A
P-

42
 (

ge
n 

se
ts

)

0

0.
050.

1

0.
150.

2

0.
250.

3

0.
35

1
11

C
3

7
9

9C
12

10
10

C
4

5
2

6

B
u

g
 ID

 N
u

m
b

er

PM (g/kWhr)

A
P

-4
2 

=1
.3

4 
g

//k
w

-h
r

NASA/CP—2004-213398 260



U
ni

ve
rs

ity
 o

f 
C

al
if

or
n

ia
 a

t R
iv

er
si

de

C
en

te
r 

fo
r 

E
nv

ir
on

m
en

ta
l R

es
ea

rc
h 

an
d 

T
ec

hn
ol

og
y

U
ni

ve
rs

ity
 o

f 
C

al
if

or
n

ia
 a

t R
iv

er
si

de

C
en

te
r 

fo
r 

E
nv

ir
on

m
en

ta
l R

es
ea

rc
h 

an
d 

T
ec

hn
ol

og
y

Is
su

e:
 H

ow
 t

o 
M

ea
su

re
 P

M
2.

5

NASA/CP—2004-213398 261



U
ni

ve
rs

ity
 o

f 
C

al
if

or
n

ia
 a

t R
iv

er
si

de

C
en

te
r 

fo
r 

E
nv

ir
on

m
en

ta
l R

es
ea

rc
h 

an
d 

T
ec

hn
ol

og
y

U
ni

ve
rs

ity
 o

f 
C

al
if

or
n

ia
 a

t R
iv

er
si

de

C
en

te
r 

fo
r 

E
nv

ir
on

m
en

ta
l R

es
ea

rc
h 

an
d 

T
ec

hn
ol

og
y

Is
su

e:
 M

as
s 

of
 P

M
2.

5
D

if
fe

rs
 w

ith
 T

es
t M

et
ho

d

C
a

t 
 3

4
0

6
 B

 (
V

a
n

d
e

n
b

e
rg

)

0
.0

0
.1

0
.1

0
.2

0
.2

0
.3

0
.3

0
.4

0
.4

M5 50%

ISO 50%

M5 75%

ISO 75%

M5 100%

ISO 100%

Total PM gm/bhp-hr

Im
p

in
g

e
r 

In
o

rg
a

n
ic

Im
p

in
g

e
r 

O
rg

a
n

ic

F
ilt

e
r

NASA/CP—2004-213398 262



U
ni

ve
rs

ity
 o

f 
C

al
if

or
n

ia
 a

t R
iv

er
si

de

C
en

te
r 

fo
r 

E
nv

ir
on

m
en

ta
l R

es
ea

rc
h 

an
d 

T
ec

hn
ol

og
y

U
ni

ve
rs

ity
 o

f 
C

al
if

or
n

ia
 a

t R
iv

er
si

de

C
en

te
r 

fo
r 

E
nv

ir
on

m
en

ta
l R

es
ea

rc
h 

an
d 

T
ec

hn
ol

og
y

Is
su

e:
 M

as
s 

of
 P

M
2.

5
D

if
fe

rs
 w

ith
 T

es
t M

et
ho

d

D
D

C
 8

0
8

3
-7

4
0

5
 (

V
a

n
d

e
n

b
e

rg
)

0
.0

0
.1

0
.2

0
.3

0
.4

0
.5

0
.6

0
.7

0
.8

M5 50%

ISO 50%

M5 75%

ISO 75%

M5 100%

ISO 100%

Total PM gm/bhp-hr

Im
p

in
g

e
r 

O
rg

a
n

ic

Im
p

in
g

e
r 

In
o

rg
a

n
ic

F
ilt

e
r

NASA/CP—2004-213398 263



U
ni

ve
rs

ity
 o

f 
C

al
if

or
n

ia
 a

t R
iv

er
si

de

C
en

te
r 

fo
r 

E
nv

ir
on

m
en

ta
l R

es
ea

rc
h 

an
d 

T
ec

hn
ol

og
y

U
ni

ve
rs

ity
 o

f 
C

al
if

or
n

ia
 a

t R
iv

er
si

de

C
en

te
r 

fo
r 

E
nv

ir
on

m
en

ta
l R

es
ea

rc
h 

an
d 

T
ec

hn
ol

og
y

Is
su

es
: H

ow
 d

o 
yo

u 
m

ea
su

re
 lo

w
 P

M
 e

m
is

si
on

s 
an

d 
w

ha
t d

o 
fi

lte
rs

 r
ea

lly
 m

ea
su

re
?*

•
Fo

r 
st

an
da

rd
 v

eh
ic

le
 te

st
s,

 g
ra

vi
m

et
ri

c 
PM

 m
as

s 
us

in
g 

fi
lte

rs
 s

ho
w

 h
yd

ro
ca

rb
on

 a
rt

if
ac

ts
 a

t l
ow

 P
M

 le
ve

ls
 w

he
n 

co
m

pa
re

d 
to

 p
ar

tic
le

 in
st

ru
m

en
t d

at
a

–
W

ith
 3

-w
ay

 c
at

al
ys

t: 
G

ra
vi

m
et

ri
c 

PM
 m

as
s 

is
 v

er
y 

lo
w

 a
nd

 ≅
m

as
s 

ca
lc

ul
at

ed
 f

ro
m

 s
iz

e 
di

st
 o

f 
E

L
PI

/S
M

PS
–

W
ith

ou
t c

at
al

ys
t: 

G
ra

vi
m

et
ri

c 
PM

 m
as

s 
>

>
 c

al
cu

la
te

d 
m

as
s

•
Su

gg
es

ts
 th

at
 w

ith
ou

t c
at

al
ys

t s
em

i-
vo

la
til

e 
H

C
s 

in
 

ex
ha

us
t a

ds
or

b 
on

to
 f

ilt
er

. F
ID

 s
ho

w
s 

<
 H

C
 a

ft
er

 f
ilt

er
 

(H
oc

hg
re

b 
&

 K
ay

es
) 

*R
ef

er
en

ce
: F

ro
m

 w
or

k 
of

  D
r.

 M
at

ti 
M

ar
ic

q,
 F

or
d 

M
ot

or
 C

o.

NASA/CP—2004-213398 264



U
ni

ve
rs

ity
 o

f 
C

al
if

or
n

ia
 a

t R
iv

er
si

de

C
en

te
r 

fo
r 

E
nv

ir
on

m
en

ta
l R

es
ea

rc
h 

an
d 

T
ec

hn
ol

og
y

U
ni

ve
rs

ity
 o

f 
C

al
if

or
n

ia
 a

t R
iv

er
si

de

C
en

te
r 

fo
r 

E
nv

ir
on

m
en

ta
l R

es
ea

rc
h 

an
d 

T
ec

hn
ol

og
y

Is
su

e:
 W

he
re

 R
is

k 
is

 H
ig

h,
 A

ir
 T

ox
ic

 C
on

tr
ol

 
M

ea
su

re
s 

w
il

l b
e 

Im
pl

em
en

te
d.

NASA/CP—2004-213398 265



U
ni

ve
rs

ity
 o

f 
C

al
if

or
n

ia
 a

t R
iv

er
si

de

C
en

te
r 

fo
r 

E
nv

ir
on

m
en

ta
l R

es
ea

rc
h 

an
d 

T
ec

hn
ol

og
y

U
ni

ve
rs

ity
 o

f 
C

al
if

or
n

ia
 a

t R
iv

er
si

de

C
en

te
r 

fo
r 

E
nv

ir
on

m
en

ta
l R

es
ea

rc
h 

an
d 

T
ec

hn
ol

og
y

Is
su

e:
 D

at
a 

fr
om

 U
.S

. E
P

A
 N

at
io

na
l 

T
ox

ic
s 

In
ve

nt
or

y
(R

an
ke

d 
in

 O
rd

er
)

P
ol

lu
ta

nt
 

T
ot

al
 E

m
is

si
on

(T
on

s/
Y

ea
r)

 
P

er
ce

nt
 o

f 
T

ot
al

 
C

um
ul

at
iv

e 
P

er
ce

nt
 

 
 

 
 

Fo
rm

al
de

hy
de

 
6,

40
8 

42
.3

 
42

.3
 

A
ce

ta
ld

eh
yd

e 
1,

96
9 

13
.0

 
55

.3
 

B
en

ze
ne

 
1,

18
4 

7.
8 

63
.1

 
T

ol
ue

ne
 

1,
17

4 
7.

7 
70

.8
 

A
cr

ol
ei

n 
93

8 
6.

2 
77

.0
 

1,
3-

B
ut

ad
ie

ne
 

82
4 

5.
4 

82
.5

 
X

yl
en

e 
70

2 
4.

6 
87

.1
 

 R
ef

er
en

ce
: 

F
A

A
’s

 D
oc

um
en

t 
Se

le
ct

 R
es

ou
rc

es
 M

at
er

ia
ls

 a
nd

 A
nn

ot
at

ed
 B

ib
lio

gr
ap

hy
 o

n 
th

e 
T

op
ic

 o
f 

H
az

ar
do

us
 A

ir
 P

ol
lu

ta
nt

s 
(H

A
P

s)
 A

ss
oc

ia
te

d 
w

it
h 

A
ir

cr
af

t,
 A

ir
po

rt
s 

an
d 

A
vi

at
io

n,
 J

ul
y 

1,
 2

00
3

NASA/CP—2004-213398 266



U
ni

ve
rs

ity
 o

f 
C

al
if

or
n

ia
 a

t R
iv

er
si

de

C
en

te
r 

fo
r 

E
nv

ir
on

m
en

ta
l R

es
ea

rc
h 

an
d 

T
ec

hn
ol

og
y

U
ni

ve
rs

ity
 o

f 
C

al
if

or
n

ia
 a

t R
iv

er
si

de

C
en

te
r 

fo
r 

E
nv

ir
on

m
en

ta
l R

es
ea

rc
h 

an
d 

T
ec

hn
ol

og
y

Is
su

e:
 L

oo
ki

ng
 B

ey
on

d 
T

od
ay

 a
nd

 C
on

tr
ol

 
of

  P
M

2.
5

C
om

po
ne

nt
s 

(S
C

A
Q

M
D

 d
at

a)

N
ew

 c
on

tr
ol

s 
lik

el
y 

fo
r 

N
O

3, 
N

H
4, 

O
C

 a
nd

 E
C

NASA/CP—2004-213398 267



U
ni

ve
rs

ity
 o

f 
C

al
if

or
n

ia
 a

t R
iv

er
si

de

C
en

te
r 

fo
r 

E
nv

ir
on

m
en

ta
l R

es
ea

rc
h 

an
d 

T
ec

hn
ol

og
y

U
ni

ve
rs

ity
 o

f 
C

al
if

or
n

ia
 a

t R
iv

er
si

de

C
en

te
r 

fo
r 

E
nv

ir
on

m
en

ta
l R

es
ea

rc
h 

an
d 

T
ec

hn
ol

og
y

Is
su

e:
 E

PA
’s

 P
M

 M
ea

su
re

m
en

t W
or

ks
ho

p 
(1

99
8)

➘
“T

he
 g

oa
l o

f 
th

is
 W

or
ks

ho
p 

is
 to

 id
en

tif
y 

th
e 

ke
y 

co
m

po
ne

nt
s 

an
d 

de
si

gn
 

pa
ra

m
et

er
s 

fo
r 

a 
co

m
pr

eh
en

si
ve

 
m

ea
su

re
m

en
t 

pr
og

ra
m

 
to

 
ch

ar
ac

te
ri

ze
 

am
bi

en
t 

pa
rt

ic
ul

at
e 

m
at

te
r 

an
d 

im
po

rt
an

t 
co

-p
ol

lu
ta

nt
s 

in
 a

 w
ay

 t
ha

t 
op

tim
iz

es
 i

nf
or

m
at

io
n 

fo
r 

m
ul

tip
le

 
di

sc
ip

lin
es

, 
in

cl
ud

in
g 

so
ur

ce
 

ap
po

rt
io

nm
en

t; 
m

od
el

in
g,

 h
ea

lth
 a

nd
 e

xp
os

ur
e 

st
ud

y;
 a

nd
 r

is
k 

as
se

ss
m

en
t.”

➘
A

im
 f

or
 c

ro
ss

-c
ut

ti
ng

 r
es

ea
rc

h 
w

it
h 

m
ul

ti
pl

e 
di

sc
ip

lin
es

 
an

d 
st

ak
eh

ol
de

rs
 in

vo
lv

em
en

t.
 

NASA/CP—2004-213398 268



U
ni

ve
rs

ity
 o

f 
C

al
if

or
n

ia
 a

t R
iv

er
si

de

C
en

te
r 

fo
r 

E
nv

ir
on

m
en

ta
l R

es
ea

rc
h 

an
d 

T
ec

hn
ol

og
y

U
ni

ve
rs

ity
 o

f 
C

al
if

or
n

ia
 a

t R
iv

er
si

de

C
en

te
r 

fo
r 

E
nv

ir
on

m
en

ta
l R

es
ea

rc
h 

an
d 

T
ec

hn
ol

og
y

Is
su

es

•
W

ha
t a

re
 th

e 
m

aj
or

 s
ci

en
ce

 q
ue

st
io

ns
/h

yp
ot

he
se

s?
 

•
W

ha
t i

s 
to

 b
e 

m
ea

su
re

d?
…

 to
 b

e 
m

od
el

ed
?

•
W

he
re

 a
re

 th
e 

m
ea

su
re

m
en

ts
 to

 b
e 

m
ad

e?
 

…
m

od
el

s 
to

 b
e 

de
ve

lo
pe

d?

•
W

he
n 

w
ill

 th
e 

m
ea

su
re

m
en

ts
/m

od
el

s 
be

 m
ad

e?

NASA/CP—2004-213398 269



U
ni

ve
rs

ity
 o

f 
C

al
if

or
n

ia
 a

t R
iv

er
si

de

C
en

te
r 

fo
r 

E
nv

ir
on

m
en

ta
l R

es
ea

rc
h 

an
d 

T
ec

hn
ol

og
y

U
ni

ve
rs

ity
 o

f 
C

al
if

or
n

ia
 a

t R
iv

er
si

de

C
en

te
r 

fo
r 

E
nv

ir
on

m
en

ta
l R

es
ea

rc
h 

an
d 

T
ec

hn
ol

og
y

NASA/CP—2004-213398 270



Se
ss

io
n 

1:
Sa

m
pl

in
g 

M
et

ho
do

lo
gy

C
ur

re
nt

 U
nd

er
st

an
di

ng
 &

 I
ss

ue
s

D
is

cu
ss

io
n 

Su
m

m
ar

y

A
vi

at
io

n 
P

ar
ti

cl
e 

E
m

is
si

on
s 

W
or

ks
ho

p
N

ov
 1

8-
19

, 2
00

3

NASA/CP—2004-213398 271



N
A

SA
 O

bj
ec

ti
ve

Q
ua

nt
if

ic
at

io
n 

an
d 

m
iti

ga
tio

n 
of

 s
am

pl
in

g 
af

fe
ct

s 
to

 p
ro

vi
de

 q
ua

nt
ita

tiv
e 

sc
ie

nt
if

ic
 r

es
ea

rc
h 

tu
rb

in
e 

ex
ha

us
t f

lo
w

-f
ie

ld
 c

ha
ra

ct
er

iz
at

io
n 

m
ea

su
re

m
en

ts
. 

C
ur

re
nt

 N
A

SA
 S

am
pl

in
g 

P
ro

be
 H

ar
dw

ar
e 

C
on

ce
pt

•
Pr

ob
es

 w
er

e 
de

si
gn

ed
 to

 s
ur

vi
ve

 in
 s

ev
er

e 
th

er
m

al
 a

nd
 a

er
od

yn
am

ic
 

en
vi

ro
nm

en
ts

 o
f 

tu
rb

in
e 

en
gi

ne
 c

om
bu

st
or

 a
nd

 e
ng

in
e 

ex
ha

us
t f

or
 a

 w
id

e 
va

ri
et

y 
of

 f
lo

w
-f

ie
ld

 c
on

di
tio

ns
.

•
T

he
 w

at
er

 c
oo

lin
g 

an
d 

di
lu

en
t a

dd
iti

on
 d

es
ig

n 
pr

ev
en

ts
 m

as
si

ve
 c

oo
lin

g 
of

 
th

e 
pr

ob
e 

tip
 a

llo
w

in
g 

th
e 

sa
m

pl
e 

tu
be

 w
al

l t
o 

eq
ui

lib
ra

te
 a

t a
 te

m
pe

ra
tu

re
 

in
te

rm
ed

ia
te

 to
 th

at
 o

f 
th

e 
sa

m
pl

e 
an

d 
co

ol
in

g 
w

at
er

. 
•

D
ilu

tio
n 

ga
s 

is
 a

dd
ed

 c
lo

se
 to

 th
e 

pr
ob

e 
tip

 a
nd

 p
ar

al
le

l t
o 

th
e

sa
m

pl
e 

fl
ow

 
st

re
am

.
•

D
ilu

en
t r

at
io

 is
 q

ua
nt

if
ie

d 
(o

r 
ve

ri
fi

ed
) 

by
 m

ea
su

re
m

en
ts

 o
f 

C
O

2
in

 th
e 

sa
m

pl
e 

st
re

am
 w

ith
 a

nd
 w

ith
ou

t d
ilu

en
t f

lo
w

.
•

A
 w

at
er

 c
oo

le
d 

ra
ke

 s
tr

uc
tu

re
 c

an
 h

ou
se

 u
p 

to
 1

2 
in

de
pe

nd
en

t p
ar

ti
cu

la
te

 
pr

ob
es

 f
or

 s
pa

tia
l s

am
pl

in
g.

NASA/CP—2004-213398 272



D
is

cu
ss

io
n 

It
em

s

C
on

se
ns

us
 M

ea
su

re
m

en
t 

C
ri

te
ri

a 
•

T
ur

bi
ne

 e
xh

au
st

 f
lo

w
-f

ie
ld

 m
ea

su
re

m
en

ts
 m

us
t i

nc
lu

de
 th

e 
no

zz
le

 e
xi

t 
pl

an
e.

•
G

as
 s

am
pl

in
g 

pr
ob

es
 a

re
 c

on
si

de
re

d 
in

ad
eq

ua
te

 f
or

 d
et

ai
le

d 
pa

rt
ic

ul
at

e 
m

at
te

r 
sa

m
pl

in
g 

un
ti

l v
al

id
at

io
n 

m
ea

su
re

m
en

ts
 a

re
 p

er
fo

rm
ed

.
•

Pa
rt

ic
ul

at
e 

m
at

te
r 

nu
m

be
r 

de
ns

ity
 a

nd
 s

iz
e 

di
st

ri
bu

tio
n 

m
ea

su
re

m
en

ts
 a

re
 

re
qu

ir
ed

 f
or

 N
A

SA
 o

bj
ec

tiv
es

. 

Id
en

ti
fi

ed
 S

am
pl

in
g 

Is
su

es
•

N
on

-i
so

ki
ne

tic
 s

am
pl

in
g

•
T

he
rm

op
ho

re
si

s
•

W
al

l i
m

pa
ct

io
n

•
Pa

rt
ic

le
 d

if
fu

si
on

 w
al

l l
os

se
s

•
C

oa
gu

la
tio

n

D
ilu

ti
on

•
D

ilu
tio

n 
is

 r
eq

ui
re

d 
to

 h
el

p 
m

iti
ga

te
 c

on
de

ns
at

io
n,

 p
ar

tic
ul

at
e 

lo
ss

es
, 

co
ag

ul
at

io
n 

an
d 

vo
la

til
e 

ae
ro

so
l f

or
m

at
io

n 
in

 th
e 

sa
m

pl
e 

lin
e.

•
D

ilu
tio

n 
sh

ou
ld

 b
e 

in
tr

od
uc

ed
 a

t t
he

 p
ro

be
 ti

p.
 

NASA/CP—2004-213398 273



D
is

cu
ss

io
n 

It
em

s

P
ro

be
 t

ip
 a

nd
 s

am
pl

in
g 

lin
e/

sy
st

em
 t

em
pe

ra
tu

re
•

D
ilu

tio
n 

pr
ev

en
ts

 w
at

er
 c

on
de

ns
at

io
n 

an
d 

co
ag

ul
at

io
n,

 b
ut

•
U

nc
oo

le
d-

pr
ob

e-
tip

 a
nd

 li
ne

 h
ea

tin
g 

ar
e 

st
ill

 p
re

fe
rr

ed
❧

T
o 

re
du

ce
 th

er
m

op
ho

re
tic

 e
ff

ec
ts

 a
nd

 c
on

de
ns

at
io

n 
of

 U
H

C
❧

Fo
r 

m
ea

su
re

m
en

t m
et

ho
do

lo
gy

 s
ta

nd
ar

di
za

tio
n 

to
 b

e 
im

m
un

e 
to

 th
e

am
bi

en
t t

em
pe

ra
tu

re
.

P
ro

be
 a

nd
 S

am
pl

in
g 

L
in

e 
D

es
ig

n 
C

ri
te

ri
a 

•
Pa

ra
m

et
ri

ca
ll

y 
qu

an
tif

y 
sa

m
pl

in
g 

af
fe

ct
s

❧
Si

m
ul

at
e 

ex
ha

us
t f

lo
w

-f
ie

ld
 th

er
m

od
yn

am
ic

 a
nd

 a
er

od
yn

am
ic

 
co

nd
iti

on
s,

 if
 p

os
si

bl
e,

 w
ith

 k
no

w
 p

ar
tic

ul
at

e 
m

at
te

r.
❧

Pe
rf

or
m

 m
ea

su
re

m
en

ts
 w

hi
le

 s
ys

te
m

at
ic

al
ly

 v
ar

yi
ng

 p
ro

be
 te

m
pe

ra
tu

re
, 

lin
e 

te
m

pe
ra

tu
re

, d
ilu

en
t r

at
io

, p
ro

be
 a

nd
 li

ne
 d

ia
m

et
er

, p
ro

be
 a

nd
 li

ne
 

su
rf

ac
e 

m
at

er
ia

l, 
an

d 
ot

he
r 

re
le

va
nt

 p
ar

am
et

er
s.

❧
U

se
 n

on
-i

nt
ru

si
ve

 d
ia

gn
os

tic
s 

as
 a

pp
ro

pr
ia

te
.

•
D

ev
el

op
 a

 c
om

pu
te

r 
si

m
ul

at
io

n 
m

od
el

 to
 c

om
pl

em
en

t l
im

it
ed

 m
ea

su
re

m
en

t 
st

ud
ie

s 
an

d 
as

se
ss

 p
ar

tic
ul

at
e 

af
fe

ct
s 

to
 s

am
pl

in
g 

sy
st

em
 d

es
ig

n
cr

ite
ri

a.
 

NASA/CP—2004-213398 274



D
is

cu
ss

io
n 

It
em

s
D

ilu
ti

on
•

D
ilu

tio
n 

is
 r

eq
ui

re
d 

to
 h

el
p 

m
iti

ga
te

 c
on

de
ns

at
io

n,
 p

ar
tic

ul
at

e 
lo

ss
es

, 
co

ag
ul

at
io

n 
an

d 
vo

la
til

e 
ae

ro
so

l f
or

m
at

io
n 

in
 th

e 
sa

m
pl

e 
lin

e.
•

D
ilu

tio
n 

sh
ou

ld
 b

e 
in

tr
od

uc
ed

 a
t t

he
 p

ro
be

 ti
p.

 

C
om

m
en

ts
•

Sa
m

pl
in

g 
at

 o
ne

 m
et

er
 b

eh
in

d 
m

od
er

n 
co

m
m

er
ci

al
 a

ir
cr

af
t e

ng
in

e 
sh

ou
ld

 
no

t r
eq

ui
re

 p
ro

be
-r

ak
e 

co
ol

in
g 

fo
r 

su
rv

iv
ab

ili
ty

.

•
V

el
oc

iti
es

 a
re

 s
o 

hi
gh

 (
~ 

M
ac

h 
1 

ga
s 

ve
lo

ci
ty

 a
t t

ak
eo

ff
 p

ow
er

) 
th

at
 

pa
rt

ic
le

 s
iz

e 
lo

ss
es

 in
 s

am
pl

e 
lin

es
 c

an
no

t b
e 

ig
no

re
d.

•
H

ig
h 

di
lu

tio
n 

th
ro

ug
h 

sa
m

pl
e 

lin
es

 c
an

 h
av

e 
in

er
tia

 p
ro

bl
em

s.

•
M

od
el

in
g 

th
at

 a
cc

ou
nt

s 
fo

r 
an

d 
in

te
gr

at
es

 c
he

m
is

tr
y 

an
d 

al
l l

os
s

m
ec

ha
ni

sm
s 

is
 r

eq
ui

re
d 

to
 a

de
qu

at
el

y 
ad

dr
es

s 
sa

m
pl

in
g 

sy
st

em
 is

su
es

;  
an

d 
th

is
 m

od
el

 m
us

t b
e 

ve
ri

fi
ed

 b
y 

ca
re

fu
l p

ar
am

et
ri

c 
m

ea
su

re
m

en
t 

st
ud

ie
s.

NASA/CP—2004-213398 275



 



S
es

si
o

n
 2

: 
 M

ea
su

re
m

en
t 

M
et

h
o

d
o

lo
g

y 
R

ep
o

rt
 

(A
P

E
W

 M
ee

ti
n

g
 C

le
ve

la
n

d
 1

8-
19

 N
o

v 
03

)

N
ee

d 
to

 m
ea

su
re

 m
as

s,
 s

iz
e 

an
d 

nu
m

be
r 

an
d 

to
 h

av
e 

a 
m

ea
su

re
m

en
t 

m
et

ho
do

lo
gy

 th
at

 a
ch

ie
ve

s 
m

as
s 

ba
la

nc
e 

be
tw

ee
n 

co
m

po
ne

nt
s 

(v
ol

at
ile

, n
on

-v
ol

at
ile

 e
tc

…
.)

.

M
ea

su
re

m
en

t t
ec

hn
iq

ue
s 

ar
e 

av
ai

la
bl

e 
w

ith
 d

em
on

st
ra

te
d 

ap
pl

ic
ab

ili
ty

 to
 a

irc
ra

ft 
m

ea
su

re
m

en
ts

.  
In

 s
om

e 
ca

se
s 

te
ch

ni
qu

es
 n

ee
d 

m
od

ifi
ca

tio
n 

fo
r 

ai
rc

ra
ft 

m
ea

su
re

m
en

ts
.

E
P

A
 M

et
ho

d 
5 

is
 n

ot
 p

ra
ct

ic
al

 fo
r 

ai
rc

ra
ft 

em
is

si
on

s 
m

ea
su

re
m

en
ts

 fo
r 

m
as

s 
 

(t
im

e,
 c

os
t…

) 
an

d 
pr

ov
id

es
 n

o 
in

fo
rm

at
io

n 
on

 p
ar

tic
le

 m
ic

ro
ph

ys
ic

s 
(s

iz
e,

 
nu

m
be

r)
.

S
pe

ci
at

io
n 

of
  v

ol
at

ile
 c

om
po

ne
nt

 –
cf

. e
st

ab
lis

he
d 

(E
P

A
) 

m
et

ho
ds

 s
in

ce
 ty

pi
ca

l 
lo

ad
in

gs
 w

ill
 r

eq
ui

re
 lo

ng
 s

am
pl

in
g 

tim
es

.
(lu

br
ic

at
in

g 
oi

l. 
?:

  (
pa

rt
ia

lly
 o

xi
di

ze
d)

 fu
el

, P
A

H
s,

 m
et

al
s

…
)

C
on

ne
ct

 to
 S

A
E

 E
31

 C
om

m
itt

ee
.

NASA/CP—2004-213398 277



M
ea

su
re

m
en

t 
M

et
h

o
d

o
lo

g
y 

R
ep

o
rt

   
 (

co
n

ti
n

u
ed

) 
(A

P
E

W
 M

ee
ti

n
g

 C
le

ve
la

n
d

 1
8-

19
 N

o
v 

03
)

M
ea

su
re

m
en

ts
 n

ee
d 

to
 m

ad
e 

at
 b

ot
h 

th
e 

ex
it 

pl
an

e 
an

d 
ou

t i
n 

th
e 

ex
pa

nd
in

g 
pl

um
e 

an
d 

th
e 

re
la

tio
ns

hi
p 

be
tw

ee
n 

th
e 

tw
o 

m
ea

su
re

m
en

t l
oc

at
io

ns
ne

ed
 to

 b
e 

un
de

rs
to

od
.

--
si

ze
 a

nd
 c

he
m

ic
al

 e
vo

lu
tio

n 
in

 th
e 

pl
um

e 
be

hi
nd

 th
e 

en
gi

ne
.

S
am

pl
in

g 
is

su
es

 m
or

e 
co

m
pl

ex
 a

t e
xi

t p
la

ne
 th

an
 in

 p
lu

m
e.

M
et

ho
do

lo
gi

es
 fo

r 
tr

an
si

en
ts

 n
ee

d 
to

 b
e 

de
ve

lo
pe

d.
 

(c
ol

d 
st

ar
t, 

ho
t s

ta
rt

, t
hr

ot
tle

 s
hi

fts
…

.; 
en

gi
ne

 c
yc

le
)

V
ar

ia
tio

n 
of

 n
on

-v
ol

at
ile

 / 
vo

la
til

e 
co

m
po

ne
nt

s 
w

ith
 e

ng
in

e 
po

w
er

?

P
la

ne
 to

 p
la

ne
, e

ng
in

e 
to

 e
ng

in
e…

 fl
ee

t v
ar

ia
bi

lit
y’

s.
  

Le
ad

s 
to

 u
nc

er
ta

in
ty

 r
an

ge
s 

ne
ed

ed
 fo

r 
m

od
el

in
g 

(d
is

pe
rs

io
n,

 L
A

Q
…

)

P
la

ne
 to

 p
la

ne
 v

ar
ia

bi
lit

y 
re

qu
ire

s 
m

ul
tip

le
 te

st
 v

en
ue

s 
us

in
g 

es
ta

bl
is

he
d 

te
ch

ni
qu

es
 –

C
an

 (
no

ve
l) 

of
f r

un
w

ay
 te

ch
ni

qu
es

 b
e 

us
ed

 to
 e

xp
lo

re
 th

is
 

va
ria

bi
lit

y?

T
he

re
 a

re
 a

 s
m

al
l n

um
be

r 
of

 o
ff 

ru
nw

ay
 s

tu
di

es
, a

lth
ou

gh
 n

ot
 p

ar
tic

le
 s

pe
ci

fic
; 

th
es

e 
st

ud
ie

s 
ne

ed
 to

 b
e 

re
vi

ew
ed

 fo
r 

le
ss

on
s 

le
ar

ne
d.

NASA/CP—2004-213398 278



Session 3: 
Particle Modeling—Current Understanding and Issues 

 

R.C. Miake-Lye  
M. Colket 

 

Needed modeling elements for a research roadmap 
 
Over all goal of modeling efforts:  
 

Develop numerical modeling tools to establish an understanding 
of particulate formation and destruction and the relationship 
between combustor particle emissions, their engine exit 
properties, and particles deposited in the atmosphere 
 

1. Probe effects modeling  
◆ Begin development of modeling capability representing 

sampling exhaust with condensable gases: understanding of 
particle processes in probes 

◆ Applications to combustors, engine exit, and plume/wake  
 

2. Combustor Modeling 
• Quantitative predictions of non-volatile carbonaceous 

particulates (number, size, and mass, properties) (advanced 
engines) 
■ Effects of fuel aromatics (quantities and properties) 
■  Effects of fuel sulfur (quantities and properties) 

■ Hydrophilic/hydrophobic characteristics 
■  Changes due to engine operating conditions 

■ combustor pressure effects 

■ Oxidation  
■ Agglomeration levels 

■  Effects of humidity on particle formation 

■ Uncertainty/sensitivity analyses  
■ use on existing tools 

◆ Quantitative predictions of volatile hydrocarbon precursors 
■ For environmental impact (global and regional) 
■ For health effects/local air quality 
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■ Good validation data sets 

■  Internal combustor data 

■  Combustor exit data 

■  Characterization of existing fleets 

■ What data should be provided by experimentalists 
 

3. Post combustor Modeling 
 

◆ What is important? Continued connection to Stakeholders 
■ For environmental impact (global and regional) 
■ For health effects/local air quality 
■ What will be regulated? 

◆ Continued interaction with measurement programs to obtain 
comparisons between model parameters and specific 
observations 
■ Ion impacts not fully quantified 
■ Relative role of sulfates and condensable organics indeterminate 
■ Which organics are important (fuel versus oil?) 

◆ Quantitative understanding of condensation of volatiles onto 
non-volatile particles: model studies and comparison to 
measurements 
■ Sulfur or organics or both 
■ Partitioning of volatile species between volatile particles and 

condensed matter on non-volatile cores 
■ Relative mass of volatile component on non-volatile core 

◆ Obtained detailed understanding of processes that affect 
particle evolution in turbine/nozzle (NASA/QinetiQ versus 
Partemis) 

■ Sensitivities to operational parameters 
■ Use existing tools 
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Session 5: Effects of Particles from Airports on Air Quality: Session Summary 
 
Don Wuebbles 
Wayne Miller 
 
It is important scientifically to understand the effects of airports on local air quality. One of the 
potentially major issues relate to the effects of emissions of particles and particle precursors. 
This summary is divided in three parts. Each part has an objective plus priorities for research. 
 
Measurements 
 
Existing measurements of particles near airports only focus on measuring total mass. These 
measurements are insufficient to adequately characterize particles from aircraft and from other 
airport related sources. 
 
The objective is to establish atmospheric measurement capabilities that can fully characterize 
airport-related particle. The more general objective extends this to capabilities to fully 
characterize particles affecting overall air quality. 
 
Research Priorities 

• Confirm total mass with new EPA Method 5/202 methods. 
• Measure particle size and number with several methods that are based on independent 

scientific principles. 
o Compute and compare mess to first bulleted priority to establish a new 

methodology. 
• Determine particle speciation – measure organic particles and toxics. 
• Interact with health experts to determine key measurement priorities for toxics on 

particles. 
• Develop improved plan (relative to existing measurement programs) for determining best 

locations to measure the airport contributions to local air quality. 
 
Emissions Inventory 
 
Existing emissions inventories in the vicinity of airports are based on inadequate measurements 
of the emissions. For aircraft, the emissions are estimated based on smoke number (or on old 
data for some aircraft), which is totally inadequate for the PM2.5 particles of particular concern. 
For airports, these emissions are summarized using the EDMS model, which also has well 
known limitations. The emissions for the region are typically then characterized onto a grid 
through use of the complex SMOKE model. 
 
The objective is to establish more accurate atmospheric emissions inventories for the 
emissions associated with aircraft and with airports. 
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Research Priorities 
• Make sure accurate measurements are made and used in inventories for all airport related 

sources. For aircraft this means emissions as a function of engine, fuel flow, operating 
conditions (including transients), fuel composition and other factors. 

• Develop improved representation of take-offs/landings to make sure all emissions in the 
boundary layer are accurately represented. Make sure these emissions can be adequately 
represented in the grid structures of 1 km or less that will be available in next generation 
numerical models used to study air quality. 

• Similar concerns about representing emissions from airport mobile and fixed emissions 
sources. 

• Develop improved predictive capabilities for future emissions. 
 
Air Quality Modeling 
 
The existing approach to understanding local and regional air quality is to use either dispersion 
models or grid models. Dispersion models have the advantage of requiring little computational 
power (therefore allowing many runs to be done on personal computers), but have major 
limitations in accuracy under a variety of atmospheric conditions. Grid models can much more 
fully represent the chemistry and physics affecting air quality but are also much more 
computationally intensive. 
 
The objective is to develop enhanced capabilities for understanding the effects of airports on 
local and regional air quality. 
 
Research Priorities 

• Improved emissions inventories are key to improving air quality studies. 
• Likewise the improved measurement capabilities are key to verifying modeling 

capabilities, to provide “ground truth” for air quality analyses and predictions. 
• The analyses of airport effects would be enhanced by improved modeling capabilities 

aimed particularly at better representation of:  
o particle physics and chemistry processes,  
o local and regional meteorology,  
o the effects of buildings on air quality transport and deposition 
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The Aviation Particle Emissions Workshop was held on November 18–19, 2003, in Cleveland, Ohio. It was sponsored
by the National Aeronautic and Space Administration (NASA) under the Vehicle Systems Program (VSP) and the Ultra-
Efficient Engine Technology (UEET) Project. The objectives were to build a sound foundation for a comprehensive
particulate research roadmap and to provide a forum for discussion among U.S. stakeholders and researchers. Presenta-
tions included perspectives from the Federal Aviation Administration, the U.S. Environmental Protection Agency,
NASA, and United States airports. There were five interactive technical sessions: sampling methodology, measurement
methodology, particle modeling, database, inventory and test venue, and air quality. Each group presented technical
issues which generated excellent discussion. The five session leads collaborated with their members to present summa-
ries and conclusions to each content area.








