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* New standards on aircraft emissions being developed including
. CO,
 Solid particle mass
* Solid particle number larger than 10 nm

* Extreme exhaust sampling conditions require very sampling lines

* Must correct for particle losses in the sampling system which may be
severe, 80-90% loss at 10 nm

* Here | am examining a critical assumption of the line loss method,
known particle density

gﬂ?
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Line loss correction method ‘~=‘

U

» Size dependent corrections are required but the
SAE E-31 committee decided against direct

o + Rt ‘ particle size measurement
l I g * The only measurements available are
| _oemsio ( o) [L”D)F —— nonvolatile particle mass and number (nvPM
Peneuauon,n.,(D;)’\“ il """ | Penetration, n(D,) and nVPN)
P P “Zﬂ * Requires well validated line loss model,
Adgst Moo s F J currently uses UTRC model
1 ! S ! * Assumptions
L bt~ * No nucleation or coagulation
! * Engine exit plane size distribution is lognormal
(a: \/( 1. MR‘/“N )z ‘ * Effective particle density and o, are known
: * Remaining unknown is the exit plane geometric
\ mean diameter
4&9}\ Calculate final Ny g a0 Mo e . Geometric mean dia_meter is \_/ari.ed ip an iterative
30, =Noss tane/Nires solution until the exit plane distribution, before

Facu=Mose pane/Mnes line losses yields the observed downstream nvPM

and nvPN
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Typical aircraft exhaust sampling system

*¥ Sum of Sections 1-4 Shall Not Exceed 35 m

SAE International Aerospace Information Report 6241

Section 1 Section2 Section 3 Section 4 Section §
\  Probeln - Splitter1 In Splitter] In - Diluter1 Out Diluterl Out-CycloneIn Cyclone In—Instrument In PM Measurement ,
< > < " »>< > > < »
! **(Length <8 m) H (Length<1m) 1 "(Length=24.5+0.5m) E **(Length <3 m) ' |
E E Filtered Diluent Gas E H E E
| H (Air orNy) <10 ppm CO; ' E H ;
: Isolation Valve 2 : : : :
; E E E i €O, Analyzer E
: Sampling : : i H [COs)an
! / Probes 1 Excess Diluent : : :
5 : Sample Heater E ' splitter2 nvPM Mass Instrument
: i Py Pressure H H - PMmi :
! 1 Control Valve Diluterl E E nyPMmi Pump '
H : (DF, s=8-14) H H l 0 '
E : Py T H Flow = 25%2 slpm H o i Filter  Flow Controller Primary Pump i
: Tioe2145°C | [ [ ; Tige=60:15°C 1 Tuse =O0=15°Cg’ ypope.up Flow :
: : ® ' ID =7.59-8.15mm ' l_- ;
: : f Isolation Valvel T : : :
E é Sphiiterl Dil lE Cvel 1 “s'" : VER Excess Flow nvPM Number E
H ' luterl; yclone Separator H
: : Vent | VPR (DF) Instrument :
: : nvPMni (CPC) :
:: Collection Part bie Transfer Part i Filtersd Difoent Gas ;
: ' : (Typically Air) :
|« R :
i< < :
! ' From CO, Analyzer in GL |
| < : 2 ) 1
: Length<35m ' splitterl [CO.] 5
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1.4E+02
1.2E+02
1.0E+02
8.0E+01

6.0E+01

dm/dlogDp [pg/m?3]

4.0E+01

2.0E+01

0.0E+00

Impact of density on line loss correction factors % &)

-e-40 PLA mass density = 1 g/cm3

-o-40 PLA mass measured density

Average effective
density = 0.72 g/cm3

10 100
Mobility diameter [nm]

1000

a on

i/’/-'m;;m,ﬁ N;g\xx\@@

Impact of density on estimated
line loss correction factors, K_ for

number and K_ for mass

Density
g/cm3

1.0 6.8 1.5
0.72 5.59 1.42
% Error 22 6
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For each combustion source particle properties were varied by
* Changing load

* Changing fuel

» Using a catalytic stripper (CS) to remove adsorbed semivolatile matter
and separate semivolatile particles
* CS operated at 350 C, some material tightly bound to particles may remain
 Particles measured downstream of CS are defined as “solid” particles

* Concentration varied over wide range by varying dilution ratio



Density measurements
Setup typically used and used in VARIANT 3
DMA-CPMA-CPC

Inner Outer
Rotating Rotating

Electrode
Aerosol Inlet ~ Electrode

Ve (1]

@) F=207 Y "~
\ - Velocity Profile

Sample in

Aerosol Outlet

N eV
mro® =qE = [
" {7}
7
m eV

N,

v ey}

Adapted from Olfert, et al., JAS 37 (2006) 1840-1852
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Data was taken 2 distinct
measurement configurations DMA-CPMA-CPC
Each configuration had a %1°Po

neutralizer before _
Instruments Aerosol in

DMA-CPMA-CPC

* Use DMA to select a single
electrical mobility diameter

* Scan over range of masses to
produce a mass distribution

CPMA-DMA-CPC CPMA-SMPS

* Use CPMA to select a single
mass to charge ratio

* Perform a typical SMPS scan Classifie |\)
(DMA-CPC) over range of Aerosol in
electrical mobility diameters

* Much faster
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3?2 Examples of single data point for each @0
configuration :‘
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CPMA-DMA-CPC DMA-CPMA-CPC

mass_set_pt_fg © 0.25

-
0.25 % 172044-J-85-PLA_80-Jet-A-N-80nm tsv
® =
g '%) & 30000
| — N
& 4e+05- - 3
& ©9 220000~ scan
) { \ i 1
S - () 5 °2
= 2e+05 ¢ 8
g / \ < 10000~
5 o © 5
Q.
0e+00 'mmmm ﬂ 0- . l — )
[22]
40 60 80 100 201508]1)0 © 0.10 0.15 0.20 0.25
= Mass (fg)

Particle Diameter (nm)
Solid line represents best fit of lognormal to data * Each DMA set point had and “up” and a “down” scan
* Solid black line represents fit to both scans
* Dashed vertical line represents geometric mean diameter
from a lognormal fit
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CPMA-SMPS

* Fit mass selected SMPS scan to
lognormal

* Use geometric mean diameter
from fit, GMDISMPSfit

* p=6 massilsetpoint /i
GMDISMPSfit T3

3?4 Computing effective density from data :@0‘1’

s
11V£‘JK 171'0?} .~
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DMA-CPMA-CPC

* Fit DMA particle diameter
selected CPMA scan to
lognormal

* Use geometric mean diameter
from fit, GMDImassfit

 p=6 GMDImassfit /i
DMAlsetpoint T3
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VARIANT 3 measurements

e All measurements used DMA-CPMA-CPC
e Selected results below
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CS, total density

X
<
X JetA 40 PLA y = 3756.6x°0-416
® JetA90 PLA y =3492.1x°0404
© JetA 75 PLA y = 3426.8x°0:406
2 60 80 100

Diameter [nm]

120

J-85 turbojet tests — influence of engine load
(10 PLA =idle, 90 PLA = max thrust)

J-85 Jet-A fuel, variable thrust without

[

11v oR"s

J-85 jet-A fuel, variable thrust with CS,

1000

900

800

~N
o
o

[=2)
o
o

Density [kg/m3]

solid density

® JetA 90 PLA CS y= 3531.3x°0411
X JetA 40 PLACS y = 3656.2x°044
A JetA15PLACS | y=2864.6x040°

20

40 60

Diameter [nm]

80

100

120
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1000
900
800
700
600

500

Density [kg/m3]

400

300

200

100

J-85 turbojet —

X
X JetA 40 PLA y = 3756.6x0416
e JetA 90 PLA y= 349210404
® JetA90PLACS |y =353]1.3x0411
[ JetA40PLACS | y=3656.2x04
0.00 20.00 40.00 60.00 80.00 100.00

Diameter [nm]

120.00

influence of catalytic stripper (CS) =‘

* At high load nearly the
same density with /
without CS

* At low load density
reduced by CS

* Likely due to removal of
semi-volatile materials
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VARIANT 4 measurements

e Used both DMA-CPMA-CPC and CPMA-DMA-CPC methods
* CPMA-DNA-CPC method allows faster scanning
e Selected results below
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J-85 Jet A, DMA/CPMA, no CS e
V4 V4 V4
1.00 1.00
0.90 0.90
0.80 0.80
0.70 0.70
£ 0.60 2 0.60
< S
o o
z 0.50 > 0.50 X V4 JetA PLA 90
€ 0.40 V3 JetAPLA 40 £ 0.40 £ V4 JetA PLA 75
e X V3 JetA PLA 90 Q V4 JetA PLA 50
0.30 AV3JetAPLA TS 0.30
0.20 0.20
0.10 0.10
0.00 0.00
0 30 60 90 120 150 0 30 60 90 120 150

Diameter [nm] Diameter [nm]

Approximately matched conditions — why the difference?



Hl.
AN

(€D ST,q
N %,

o,
Y agenct

W, &
4L proT®

Comparison of VARIANT 3 and 4 size distributions k“
Much higher V4 concentrations at PLA90  °

Due mainly to less dilution.

1.8E+07

1.6E+07

1.4E+07

1.2E+07

= 1.0E+07

8.0E+06

6.0E+06

dn/dlogDp [particles/cm3]

VARIANT 3 Jet APLA 90

4.0E+06

0.0E+00

‘ VARIANT 3 Jet A PLA 40 ‘
AN
2.0E+06 /\

30 300
Diameter [nm]

dn/dlogDp [particles/cm3]

1.8E+07

1.6E+07

1.4E+07

1.2E+07

1.0E+07

8.0E+06

6.0E+06

4.0E+06

2.0E+06

0.0E+00

9, s
g0

@)}

30
Diameter [nm]

There does not seem to be anything remarkably different between V3 and V4 particle size
distributions except that V4 particles are smaller and were measured over a wider concentration

range

300
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Comparison of VARIANT 3 and 4 size

distribution properties, DGN and sigma g

50
45
—ome
Cmm - -
40
L]
* iar——11”—————‘
oo
30 Q
T sF----- o
=
= 25
Q n
a 20 n e V4 PLA SO
m V4 PLA 40
o0
15 e V4 PLA 20
O V3 PLA90O
10 OV3PA40
5
0
0.0E+00 2.0E+06 4.0E+06 6.0E+06 8.0E+06

Number concentration [particle/cm3]

1.0E+07

9, s 4
e

1.7
1.7
. 0 [ X ) °
PRl :\
1.6 ° -
-7 °
- o o
--0
o _--"
1.6 _Q--"
_9--
g
0’15

15
® V4 PLA 90

14 = V4 PLA 40
e V4APLA 20

1.4 OV3PLA90
OV3PLA4O

13

0.0E+00 2.0E+06 4.0E+06 6.0E+06 8.0E+06 1.0E+07

Number concentration [particle/cm3]

There does not seem to be anything remarkably different between V3 and V4 particle size
distributions except that V4 particles are smaller and were measured over a wider concentration

range
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3?4 Comparison of DMA/CPMA and CPMA/DMA @C‘i"
o density measurements, VARIANT 4 >

* Many cases show large difference in density distributions measured
by the 2 methods

* Soot particles have very complex structures so that the 2 methods
may be looking at different particles

* Nevertheless the results below are puzzling and need further study
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" Comparison between 2

test configurations

For J-85, Jet-A with and without
catalytic stripper (showing only
select PLAS)

* CPMA-DMA-CPC method gives flatter
density distributions, suggesting
compact particles

* Effective density results between 2
different measurement configurations
diverge at smaller particle diameters

* The effective density divergence
between 2 configurations is more
prominent at higher PLAs

measurement_configuration © CPMA-SMPS @ DMA-CPMA-CPC

CS N
10-
03 ¥ :
07- "0 5
06- Bﬁp‘ e
0.5-
1.0- 8
08 8 . IS
(')A 0" @ @ @ 8 (5} >
07- e o0 o % R %o o
50_6- 0 g 00 3
90.5-
1.0-
>
2 g :
c Vo e® op ©° 8 >
B35 e% e e ° s Bt o 3
Los-
<= 10- )
®09- o n
%0-8' ‘0 e e ® p
0.7- TR R°e @ o N
0.6- o
05-
1.0- %%
i :
0" ) ] >
o o
8;_ @ [5) oY) @ ‘ i %‘8"0& ° 8
0.5- 1 1 1 1 1 1
40 80 120 40 80 120

Particle Diameter (nm)
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Effective Density Comparison
" petween 2 measurement

configurations: miniCASTs
with (CS) and without (N) catalytic stripper

o
’VAGENO“

* Limited data between 2
methods, but both configurations
give same result

e CPMA-SMPS method shows
strong size dependence--not flat
like some J-85 measurements

6200 CAST

measurement_configuration © CPMA-SMPS © DMA-CPMA-CPC

N
M,\O.S = .
07"
z &
2 061 o
[0) S
S05- & -
e ® -
'..(_-_) @
ﬁ 0.4- R
O
@
03 = 1 1 1
50 100 150
Particle Diameter (nm)
5201 CAST
measurement_configuration © CPMA-SMPS
CS
@
1.0-
(]
E: °
S 8
208- ]
(2]
5 % S
© 2
[ $ =
=06 1Y
© %
g ’o e ©
(5] ® % g
(<}
04- 1 1
100 200

Particle Diameter (nm)
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Don’t see flat distributions

s For piston engine testing in Minnesota we usually use a
Mg’the CPMA first configuration

W, &
4L prot®

Limited tests of both configuration give identical results

Engine
Emission
Sample

‘ “Reversed” setup ‘

Dilutor

A=
CPMA
EEPS @
om | |
CPC

T. E. Murphy Engine Research Laboratory

Q. -
~~~~~ O Tes
------ o Pl

1.2
111
Ty 1
L
2091
208,
AN
@ 0.7 \sq\
[a] A
_g 0.6 N
Sosk e -
o Y- O ™anl,
b= "
1] 04F
0.3
0

T T
O LH 2000rpm 7bar
-+ Fitp,=10.765d_Prn®, D =2.287
4 Stoich 2000rpm 7bar
——Fitp,,=8.520d_Pmn®,D__=2418
o LS 2000rpm 4bar
- -Fitp=10.034d ®nn®, D =2332
LH 2000rpm 7bar with DMA-CPMA-CPC setup
Fitp,,=13.697d Cnm®, D =2229

.2 1 1
40 60 / 80

Red is DMA-CPMA
Turquoise is CPMA-DMA

100 120 140 160 180 200
Mobility Diameter (nm)

UNIVERSITY OF MINNESOTA
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Summary

* Comparison of V3 and V4 density distributions shows significant differences

Similar engine and fuel conditions
Size distributions don’t suggest reasons for the differences

* In VARIANT 4 density measured using 2 different configurations (1) DMA-
CPMA-CPC (commonly used) and (2) CPMA-DMA-CPC

Method 1 gives decreasing density with size ~Dp®-3 — Dp?® equivalent to mass-
mobility coefficients of ~2.4-2.7

Method 2 gives density nearly independent of size for many test conditions,
especially J-85 at high load, equivalent to mass-mobility coefficients of ~ 3

However, with the propane flame, both methods give essentially the same
decreasing density with size.

Piston engine tests at U of M show essentially the same decreasing density with
size, for both configurations.

This needs further study
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Some VARIANT Study Goals
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* Improving measurement of solid particle mass and number from aircraft
engines
 Evaluation of the PM mass instruments with respect to:

* Sensitivity over a range of particle morphologies and size, especially smaller
particles

* Sensitivity to BC concentrations at or near LOD
* Compliance with the applicability requirement for engine certification
* Calibration source and sampling system

 Evaluating and improving line loss estimation method being developed for
SAE including:

* Investigation of log normality of engine exhaust particle size distributions
* Investigation of the measurement of density vs. particle size

25 Preliminary Draft - DO NOT Distribute
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* We assume the distribution is lognormal at the exit plane, not at the
measurement plane

* Must know line penetration to correct data to exit plane
* Tests for lognormal
* Visual shape
* Shape must be the same for all moments, number, surface, volume
* Compare geometric standard deviations, sigma g
* Finding sigma g
* Direct calculation, truncation error

* Fits, find exit plane distribution that

* Minimizes error at exit plane (loss correction errors amplified at small sizes)
* Minimizes error at measurement plane (less error, most stable)

o,
Y agenct
K4 !

Testing lognormal assumption
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VARIANT 2 Jet A PLA15

Example of good fit to lognormal distribution M Gt

-
)

///'W’”H\'g me'\k%\@

8.0E+06 1.0E+07 = SMPS measured
AEDC Aug26 e2.1 PLA15 - =Measured SMPS fit
7.0E+06 - ,ﬁn ——SMPS N fit from exit plane lognorm
— i ——Exit lognorm N from SMPS fit
6.0E+06 Exit fit based on SMPS N . 1.0E+06 /' o SMPS loss corrected to exit plane
’ 1 o SMPS loss corrected to exit plane ’ ’ — — SMPS loss corrected exit plane fit
— — SMPS loss corrected exit plane fit I’
;E\ 5.0E+06 - Measured SMPS fit GE‘ p AEDC Aug26 e2.1 PLA15
$ = SMPS measured L / \
o o 1 \
£ 4.0E+06 - £ 1.0E+05 / \
« S \
o [ / \
= ~ ] \
& 3.0E+06 - & , )
= =) \
o o / \
3 3 l \
Z 2.0E+06 { g 1.0E+04 1 \:‘
1 R
! \
1.0E+06 - ] \
)
W
0.0E+00 | 1.0E+03 | !
1 10 100 1000 1 10 100 1000

Particle Diameter (nm)

Particle Diameter (nm)



Example of good fit to lognormal distribution % 0@«_“7

VARIANT 2 Jet A PLA15 >\ &

35 | —Exit V fit based on number AEDC Aug26 2.1 PLA15
o0 SMPS V loss corrected to exit plane AEDC Aug26 e2.1 PLA1S Fit or
30 |- = SMPS V loss corrected exit fit Fit or [calculation| Parameter
——SMPS V based on number exit fit Condition Calculated| plane plane |DGN |sigma N|DGV|Sigma V| Difference
o SMPS measured Measured calculated | SMPS SMPS 19.2 1.59 |43.7] 1.76 -9.34%
— 2°|- - swPs measured V fit Measured fit N SMPS | TSMPS 184 61 [ 36.3] 161 0.00%
§
E 20 A Measured
i corrected to exit| calculated Exit Exit 14.1 1.60 |36.1 1.84 -13.33%
?g’ 15 4
3 Measured
3 corrected to exit fit N Exit Exit 12.2 1.75 |31.0] 1.75 -4.95%
10
Measured
5 | corrected to exit fit vV Exit Exit 11.6 1.83 |35.0] 1.83
Exit plane model fit N SMPS Exit 116 1.83 |344| 1.83 0.43%
o Exit plane model fit vV SMPS Exit 120 1.82 |35.1] 1.82

1 10 100 1000
Particle Diameter (nm)
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Example of poor fit to lognormal distribution ¥ &Rl

EMPA data, T > 500 >\

4.0E+06 1.0E+07
— Exit fit based on SMPS N - EMPA T > 500 EMPA T > 500
358+06 || ° SMPS loss corrected to exit plane
— — SMPS loss corrected exit plane fit
——Measured SMPS fit
3.0E+06 1| _ SMPS measured 1.0E+06 -
% 2.5E+06 - T
3] S
K k7
£ 20E+06 | £ 1.0E+05 |
] <
= =
- -3
1.5E+06 -|
nm % = SMPS measured
[<] <] / \
T T = —Measured SMPS fit
% 1.0E+06 - % 1.0E+04 1 ——SMPS N fit from exit plane lognorm
——Exit lognorm N from SMPS fit
5.0E+05 o SMPS loss corrected to exit plane
i — — SMPS loss corrected exit plane fit \
0.0E+00 . 1.0E+03 L . T 3
1 100 1000 1 10 100 1000

Particle Diameter (nm) Particle Diameter (nm)
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EMPA data, T...,, > 500 > <
7 " exh
1400
—r [EMPA T > 500]
—EXxit V fit based on number EMPA T > 500
1200 4 | o SMPSV loss corrected to exit plane EMPA T> 500
- = SMPS V loss corrected exit fit Fit or
1000 | ——SMPS V based on number exit fit Fit or calculation | Parameter
= o SMPS measured Condition Calculated plane plane |DGN |sigma N| DGV |Sigma V| Difference
E - — SMPS measured V fit Measured calculated [ SMPS SMPS [47.0| 1.84 [109.7] 1.53 20.70%
E 800 -
i Measured
aQ corrected to exit | calculated Exit Exit 39.5| 2.04 |106.9| 1.56 30.97%
2 600 -
T
% Measured
400 | corrected to exit fit N Exit Exit 40.3| 2.10 |208.5] 2.10 16.02%
Measured
200 A corrected to exit|  fitV Exit Exit 52.3] 1.76 |136.5] 1.76 0.00%
Exit plane model fit N SMPS Exit 41.1| 2.03 |184.5| 2.03 13.79%
Exit plane model fit V SMPS Exit 53.3| 1.75 |136.1| 1.75 0
0

10 100 1000
Particle Diameter (nm)
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2.00

1.50

1.00

Geometric standard deviation, Gy

0.50

0.00

sigma g is measure of departure from lognormal

VARIANT 2 and —=-Sigma g number
EMPA data, —-Sigma g volume
fitted exit plane gmag
conditions

10 15 20 25 30 35 40

Geometric mean diameter [nm]
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E?d VARIANT 3 and 4 density measurements S St
"oa, paoﬂé o~ %- J
J-85, Jet A, DMA/CPMA, no CS 22

°

o

o
°
o
S

Density [g/cm3]
o
wu
o
Density [g/cm3]

o

v

=)

0.40 = V3 JetA PLA 40 0.40 + V4 JetA PLA 60
X V3 JetA PLA 90 X V4 JetA PLA 90
030 2 V3 JetAPLATS 030 4 V4 JetA PLA 75
0.20 0.20 * V4 JetA PLA 70
m V4 JetA PLA 50

0.10 0.10
= V4 JetA PLA 20

0.00 0.00

0 30 60 90 120 150 0 30 60 920 120 150

Diameter [nm] Diameter [nm]
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Density measurements =
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* Density needed for current line loss method

* Knowledge of size dependent density might allow direct

measurement of particle mass from a size distribution measurement
using integrated particle size distribution method

2
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%;%ize distributions — gas turbine APU and J-85 wiM Qi"
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without CS =P

APU loaded (bleed air on) J-85 at medium thrust setting
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CS has no influence on size measured by SMPS, density changes due to material in pores



