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Transportation Emissions
and Near-Source Impacts

NRMRL Management Briefing
Ocin 40 0]

SEPA  Presentation Overview

Environmental | Protection

« Background
« NRMRL Transportation-related Research

— Motor vehicle emissions characterization
— Near-road air quality and health effects
— Aircraft Emissions

— Port and rail emissions and exposures

- EPA Research Capabilities

= Example Results and Impacts

23



EPA  Background

United Statas
Environmental Protection
Agenocy

« EPA estimates over 50 millicn people reside within 100 meters
of a major highway, airport or rail facility

« Living, working, or going to school near major roadways has
been associated with humerous adverse health endpoints
—Respiratory effects (e.g., asthma, bronchitis) .
—Adverse birth outcomes/developmental effects
—Premature mortality
—Cardiovascular effects

—Cancer ~ e
Transportation sources are major emitters of many air
pollutants

o Criteria (CO, NO,, Pb)
o Air Toxics (Benzene, Formaldehyde, etc.)
o Particulate Matter (PM, ., PM,,, organics, metals, etc.)

$EPA  Background

Environmental Protection
Agency

+ Understanding transportation impacts and mitigation
options for protecting health and the environment
require state-of-the-art, novel approaches

«  NRMRL research capabilities to address these
issues include:

— Laboratory measurements of source emissions and controls

— Field and laboratory measurements of emissions and air
quality impacts

— Laboratory analytical capabilities for sample analysis
including PM and VOC speciation

— Research and regulatory models of pollutant emissions,
= dispersion, and atmospheric reactions
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<EPA
United States

Environmental Protection
Agency

Motor Vehicle Emissions

SEPA NRMRL Research Capabilities

United States .
Environmental Protection
Agency

- Chassis Dynamometers
—Light-duty car and truck laboratory dynamometer
= Temperature controlled (-20°F to 110°F)

+ Passenger cars, trucks, SUVs
—Heavy-duty truck laboratory dynamometer
—Portable light-duty dynamometer

+ Used all over the world

- On-board emissions measurements
—-C0O, NO,, HC, PM
—Real-world driving
- Analytical laboratories
—Particulate matter speciation
—Gaseous VOC speciation
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SEPA  Example Projects

Unitad States
Enviranmental Protection
Agency

- Characterize emissions from transportation sources
operating on alternative and renewable fuels
—  Ethanol-blend gasolines

— Bicdiesel

Characterize and compare emissions from new
technology and in-use motor vehicles

Determine the effectiveness of emission control devices

Determine the effect of cold ambient temperatures on
vehicle emissions

- Evaluate how driving activity influences vehicle
emissions

wEPA Ambient Temperature Effects

United States
Environmental Protection

Agency
8
&
- 3 ety ] EPA's MOVES
4 o TN Sk S a, ", 2 ¥ =-0.0336x + 3.33 enifssions
2 s el s R
g BTy TR, mode! recently
E o y =-0.0385x + 3,7822 . . oER e vt
£ M updated fo
g include ambient
£ L |
T =T ‘I- I \ & K Reteelushiclas tempera ture
5 4 It N | . Tt veticies
ol = nL’:;:Tr(:«: ::hmlnl‘esl effeCfS
=
=10 *‘
=12 T T T T
-4C -20 0 20 40 B0 20 100
Temperature (degrees F!
NRMRL research has identified how
emissions increase with decreasing ambient
temperatures for varying vehicle
‘ technologies and fuels
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SEPA  Vehicle Technology Effects

United States
Environmental Protection
Agency

Fulper, Kishan, Baldauf et al. {2010)
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NRMRL research has shown the effectiveness of vehicle emission
standards and the variabifity of emission rates, with a range
approaching three orders of magnitude in urban fleets

SEPA Alternative Fuels

United States
Environmental Protection

Ethanof blends can also increase
aldehyde emissions, with potential
health and air quality consequences

Acetaldehyde emissions

PM mass emissions

Ethanol blend gasoline can reduce
PM impacts and our reliance on e
- rmported 0“( Leng, Baldauf._Snow {2008)
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SEPA  Driving Activity

Environmental Protection
Agency

E

=)

<o omission rate (i
[

=

EPA driving cycles do not caplure
all emissions conditions, which
can dramatically increase during
T aggressive driving

&EPA  Impacts of Research

United States
Environmental Protection

- Updated and improved the EPA’s regulatory motor vehicle emissions
model (MOVES)

— Temperature effects
- Vehicle technologies and deterioration

» Improved emission inventories for National Ambient Air Quality
Standards (NAAQS), Greenhouse Gases (GHGs) and other programs

- |dentified relationships among vehicle technologies, fuels, operations,
and environmental conditions with air pollution emissions for regulatory
and planning applications

- Determined the effectiveness of air pollution control strategies for the
U.S. and Europe

- Provided data for predicting how changes in motor vehicle emissions
will effect air quality, climate and health

- E15 Waiver determination
— Near-road impacts
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S&EPA ORD Research Capabilities

United States 1
Environmental Protection
Agency

- Unique combination of field, wind tunnel and modeling
—Field measurements of traffic, weather and air quality

- Fixed site sampling B P

» Mobile monitoring 5!
—Wind tunnel assessments

« General road configurations

zzzzzzzz

- Simulations of field sites
—Modeling assessments

- Computational Fluid Dynamics (CFD) models
- EPA emissions (MOVES) and dispersion (AERMOD) models

<EPA

United States
Environmental Protection
Agency

Near-Road Air Quality
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&EPA Research Project Examples

United States .
Enviranmental Protection
Agancy

- Raleigh/RTP area Near-Road Studies
—Multi-pollutant measurements
—Toxicology comparison
—Effects of roadside features (noise barriers/vegetation)
+ FHWA/EPA collaborative studies
—Long-term temporal and spatial measurements
—Wind tunnel simulations
—Modeling comparisons (MOVES and AERMQOD)
- Near-Road Health Studies
—NEXUS investigating asthma endpoints in children
-RAMSES investigating cardiovascular effects in adults

SEPA  Traffic Emissions Impacts

United States
Environmental Protection
Agency .

] ®  Wind Speed © Wind Direction

Las Vegas data shows ‘ )
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&EPA  Traffic Emissions Impacts

United States
Enviranmental Protection

Ageney
CQ Concentration and Traffic Volume by Hour .
"|Las Vegas ey i CO measurements in Detroit
’ show highest levels near the
road, with concentrations
elevated during rush hour traffic
R
] o i
2 E P €O Concentration and Traffic Volume by Hour
A I : i
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R 2,00 o
Lagio
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& & i 4~ Traflic
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elevated concentrations in the AM T i
even without high traffic e s

o Tt B

SEPA Traffic Emissions Impacts

United States
Environmental Protection
Agency

prk W
Lol ]

Raleigh data shows multi-
pollutant impacts, including
temporal and spatial
variability. Toxicity also
varied with fraffic and
meteorological factors
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&EPA Pollutant Transport & Dispersion

United States
Environmental Protection
Agency

Wind tunnel results show effects of changing
road design and roadside features
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Environmental Protection
gen

Gt o barer

No barrier (solid)

No Barrier
Barrier (dashed,
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08 6m Barrier
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o
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1} 6 0 16 20 25 80 b
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Tracer studies and CFD modeling show reductions in
concentrations downwind of a sound wall, although upwind,
on-road levels can increase
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SEPA Potential Mitigation Options

United States
Environmental Protection
Agancy

x10* Chapel Hill 112008
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S Barrier, backgraundsubircted fem)

Vegetation may remove smaller size fractions of PM for downwind
receptors; effect most evident closer to ground-level. Field study resufts
not always consistent, variable results seen for thin tree stands and
| changing wind conditions (e.g. parailel to road, low winds)

&EPA Impacts on Scientific Understanding

United Statas
Environmental Protection

- Relationships among traffic emissions and near-road air
quality, population exposures and adverse health effects

« Factors influencing pollutant transport and dispersion on
and from the road

- Emission and dispersion model evaluation and
development

- Identifying potential mitigation options
—Emission standards
—Reducing vehicle activity
—Roadside features

- Evaluating urban development practices on air quality
(e.g. smart growth, multi-modal)
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SEPA Impacts on EPA Programs and Policy

United States
Environmental Protection
Agenoy

« ORD research programs in ACE and SHC
+ Vehicle emission and fuel standards
—Mobile Source Air Toxics (MSAT) rules
—Alternative fuels assessments (E15 Waiver)
« Programs to reduce vehicle activity
—Public transit initiatives
—Alternative commuting programs
» Land Use and Transportation Planning
—PM Hot Spot Conformity Guidance
—EPA School Siting Guidelines
- NAAQS Requirements

~NO, and CO Near-Road Monitoring Requirements

SEPA  Impacts on ORD Programs

Environmental Pratection
Agency

ACE Research Themes

Theme 1: Assess Impacts

/A5SESS. IMAN &N ECOSYSIEIT. SOSUTeS and STecs assoclated
with air polutants and dimate changa atlndbactsal, comeiy,
“egians|, and global scales

SHC Tasks 1.2.5,2.21,2.2.2, 2.4,
413,415,421

Theme 4
Integrated Solutions for Sustainable Outcomes

The state of the practice for 4 sectors
Waterials & waste managemant
i Transpartaion slternativas

Buiklings and Infrastructure {including energy and water]

. Land Use decisions
ACE TaSkS 01 3: 01 9! 034= 0921 Methods ta assess Total Resource Impactsand Outcomes
1 80 STAR_"I O [TRIO) associated with community decisions —both

prospectively ta inferm & retrospectively to track progress
Systems models to identify options for multiple benefits
Collaborative Proof-of-Concept: Durham, NC
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SEPA Transportation Conformity

United States
Environmental Protection
Ageney

« Certain projects in PM, 5, PM,,, and CO nonattainment and maintenance
areas required to undergo a hot spot analysis

— Ensure a project does not cause new violations, worsen existing violations, or
delay timely attainment

—In PM areas, required for new projects with significant increases in diesel traffic

Project and
nearby source
concentrations
from air quality
model

Cembine to determine
total concentrations

h 4

Calculate design >
value(s)

h 4

Determine conformity

Background
concentrations |

United States .
Environmental Protection
Agency

SEPA  School Siting Guidelines

« Recommendations for evaluating the
environmental and public health risks and
benefits of potential school locations

- Near-Road exposures a prominent concern in
the Guidelines

— Consider health concerns from exposures to
elevated pollutant cencentrations from road, rail,
port, airport, emissions

—Evaluate near-road exposures with benefits of School Siting
active commuting (walking, biking, etc.) Guidelines

— School mitigation aptions to consider:

« Indoor air treatment
+ Site layout
+ Barriers

» Buffers
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SEPA Near-Road Monitoring Requirements

United States
Environmental Protection
Agancy

CB3As with Required Near-road NO2 Sites

- EPA now requires near-road monitoring
for NAAQS attainment:

—One near-road NO, monitor in each
CBSA having >500,000 population
» Second near-road NO, monitor in each CBSA

having >2.5 million or one or more road
segments with >250,000 AADT -

—One near-road CO and PMZ2.5 monitor in
each CBSA with >1,000,000 population

SEPA  Future Activities

ed States
Enviranmental Protaction
Agency

» Health Studies
—Complete Near-Road Exposures to Urban Air Pollutants Study
(NEXUS; ACE task 180 and STAR-10)

—Begin Research Triangle Area Mobile Source Exposure Study
(RAMSES; ACE task 034)

« Dispersion model evaluation and improvement (ACE task 013)

- Mitigation evaluation and quantification: Sound walls/vegetation
{ACE task 092)

- Raleigh Near-Road Site/NCDENR collaboration (ACE task NEW)

- National Atlas for Sustainability improvement (SHC task 1.2.5)

- GlIS-based community model development (STREET model)
(SHC task 2.2.1 and 4.1.3)

» Transportation building blocks (near-road) - OSC collaboration
(SHC task 4.1.3)

- Expand beyond roadways to include ports and rail (ACE task 019)
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wEPA

United States
Environmental Protection
Agency

Aircraft Emissions

oL PM and Air Toxic Emissions from
wEPA Commercial Aircraft Engines

United States

Enviranmental Protection e SR

hgeney . &

« Commercial aircraft is the only non-regulated e S S
PM source in the U. S.

+ A standardized method is required by EPA-
OTAQ and ICAO for certification of new and in-
preduction engines

» Extensive research has been conducted to L
address these needs i :
IO - T .
- Testing conducted at the engine exit, in the _,, S 5 .\.\.
evolving plume, and under controlled laboratary - T .
conditions since 2004 ==

- New instrumentation has been evaluated for the
determination of black carbon emissions from
aircraft engines and similar sources

- Standard test method (Aerospace Information
Report) has been developed in support of
IS OTAQ and ICAO
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WEPA

United States
Environmental Protection
Agency

Impacts from Port & Rail Activities

wEPA Port and Rail Research

United States
Environmental Protection
Agency

- Urban areas have multiple transportation _ )
sources, often with concentrated emissions Environmental Justice

- Understanding emissions is important in C:Q;Z::ita,‘_mﬂ
determining exposures and risks

b
B i
(LR
O wie
B i
W chs
£
Ex. Port of New York/ : i i o i
New Jersey area : 43 selectod US perts, and () with diesel pariculale matter ik > 10 por millon resuling |
e . o, fiom enwlsons frent 43 sefacted US ports, |
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SEPA -
Dehed St Example Research Projects

Environmental Protection
Agency

- Near-rail yard research:
- Cicero Rail Yard Study: Region 5 RARE project m
- Atlanta Rail Yard Study m
- Computational fluid dynamics modeling of rail yard

environment

- Near-port / multi-modal research:

- Region 2 Port-area Investigation of Emissions Reduction:

RARE project
- PANama Canal expansion and Air Quality study

...utilizing a combination of modeling, field measurement,
B and GIS analyses

SEPA  Cicero Rail Yard Study

Environmental Protection
Agency

« Cicero Rail Yard is located in densely populated suburb of Chicago

+ Intermodal rail yard; emission sources include: trucks, cranes, switcher
locomotives, trains passing through (commuter and freight) and idling.

» Estimated container lift volume: 400,000; other Chicago-area
mtermodal hubs rangmg ~100, 000 800 000
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SEPA Cicero Rail Yard Study

United Statas
Environmental Protection
Agancy

Example findings from mobile sampling A il rafiamms

s EWind from South BWind from Nerth

90%

% of 80%
northern  70%
transect areagpe; |
,WIth e
significant
increase
over 30% 1+
background 2go;, 1|
10% -

0% -

BC UFPs co PM2.5 PM10

For 3 early morning sessions with wind from S:
“...excess concentration of 0.3-0.6 ug m3 BC, 30-
40% higher total BC concentrations relative to the
urban background (background ranged 0.8-2.0 lig

m? BC). The other measurements shown —

UFPs, CO, PM, s, and PM,, — do not show the

same upwind/downwind frend of excess levels”

SEPA Rail Yard CFD modeling

United States X
Environmental Protaction
ancy

ohi Neighborhoods, no barrier
T ——

Wind direction =2 CED ey
being used to
evaluate
measurements,
determine
neighborhood
concentrations and
exposures, and

C consider
Wind direction — effectiveness of a
i boundary wall for

mitigation

Neighborhoods + 6 m wall

i 10
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SEPA  Panama Canal Expansion

United States
Environmental Protection
Agency

“By 2020, even at moderate rates of economic growth, total domestic
tonnage of freight carried by U.S. freight systems will increase by 100% in
the West, 89% in the Midwest and South, and 79% in the Northeast. In
this same timeframe, every major U.S. container port is expected to at
least double in volume, with select East Coast ports tripling their volume
and some West Coast ports quadrupling.”

Source: U.S. Maritime Administrat'[én, 2009

- On top of economic growth increasing
freight volume at ports, the expanded
Panama Canal (est. 2014) may lead to
even more growth in pert activity along the
Gulf Coast and Eastern Seaboard

SEPA Port Research — near-source air quality

United Statas
Environmental Protection
Agency

Caoncept of linked emissions; location of source and population key for
near-source impact

Marine vessels acters.
- New standards
Cranes lowering emissions
- Voluntary
Rall |il'|eS % mejaSI:lres to lower
2 emissions

- Larger Post-
Panamax ships may
replace several
smaller ships

- Overall increase in
freight anticipated

Distribution
faciliities

Rail yards

freight
freight
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EPA NRMRL Research Team

United States
Environmental Protaction
Agancy

Port/Rail
Gayle Hagler
Halley Brantley
Sue Kimbrough
Eben Thoma

‘ PAL — ACE Emission Measurement: Mike Hays }

‘ PAL — SHC Transportation Sector: Rich Baldauf ‘
| PAL — ACE Near-Source Impacts: Rich Baldauf ‘

wEPA Port Research

United States .
Environmantal Prataction

2010 Imports (tons) by State from CA,CR,WA

Understanding baseline conditions:

5 Ports selected for analysis:
Port of NY/NJ

Port of Savannah

Port of Norfolk

Port of Houston

Port of Miami

Questions being addressed in the detailed analysis phase:

+ How closely can we connect freight activity changes along the multi-medal
transportation network?

+ What are the population demographics in the near-source areas (50, 100,
300 m) along the freight distribution network for a particular port?

+ What is the existing air quality status (criteria pollutants and air toxics)?
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$EPA  Partners/Collaborators

Environmental Protection
Agency
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<EPA

United States
nental Pratection

BC measurement activities at the US EPA (ORD-RTP)

Michael D. Hayy

Office of Research and Development
National Health and Erwironmental Effect al v and Nationa En h Laboratary June 18,2012

<EPA —— i
mmaswm  Garbon classification by analytical method
Eg\élgg:mental Pratectian
Thermochemical Molecular Optical
Classification Structure Classification
.'j!\\ Elemental Graphene Layers Black VAN

/ § Carbon (EC) (graphitic or turbostratic) Carbon (BC) 7’ N

Palycyelic Aromatics, é
| |Refractory Humic-Like Substances, Colored 5
% Organics Biopolymers, etc. Organics é
=
2 5 ©
@| |Non-Refractory Lowan:dwog)r: i;(;ﬁg:ons Colorless | |5
"o . 1 [F]
g Organics (OC) (carboxylic acids, stc.) Organics (OC) &

different sources emit these in different proportions

- from Poschl, Anal. Bioanal. Chem 2003
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Ny -
VUEW., S Black carbon generation

Environmental Protection
Agency

« BC forms in fuel-rich, poorly mixed hot (1600 °K+) flames
+ from fuel-nascent PAH; H abstraction; or other mechanisms (C5)
+ other factors include flame residence time, metal catalysis etc.

- proportion of b/e can effect adsorption, soot reactivity, wettability
+ soot is oxygenated; not graphite per se

with help from Bond tutorial

<wEPA (Ground-based) Carbon measurement techniques

United States
Environmental Pratectian
Agency

« current techniques
- thermal-chemical or “evolved gas” analysis
- thermal-optical analysis
- NIOSH, 5040, EPA-NIST, and IMPROVE
+ light absorption measurements
+ filter-based — aethalometer, PSAP, MAAP [scattering correction])
« direct on the aerosol — photoacoustics, incandescence (SP2)
-Raman spectroscopy
+ molecular level, functional group concentration
+ poor for routine monitoring
+HR-TEM
qualitative

+ possible future techniques
+ high-resolution MS
- chemical formulas
+ not always a matter of defining specific chemical structure
+ spectral absorption
+ fluorescence lidar
+ remote sensing technique
+ photophoretics
- XPS
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o 2 i
wEPA Thermal and thermal-optical techniques
E:\‘rtx?g-’ﬁ?:;i Protectian
Agency
+ semi-continuous (30 min, 0.5 pg/m?) or integrated samples (0.2 pg/cm?) {field and lab}
+ multitude of thermal programs, reflectance, transmittance

+ ambient monitoring networks rely on these methods

1000 1000 2000
He [Fe/D,
NIST DEP
B
750 _ | 1sa0
g -
I oew . z 4
2 500 7 [1oo0 ®
2 am é %
s
S 250 s
= 632.8 ni
o ; o o
o 180 200 450 500

Time [seconds)

+ thermal technique issues (French method)
+ filter-sample interactions and oxidant composition varies
« charring (possibly avoided with extractions, more temp. steps = tedious)

« thermal-optical techniques correct for charring but....
- carbon with OC- and EC-like properties (“brown carbon” [likely invisible])
+ EC not a proxy for LAC
« light extinction of char varies with that of native BC
» methods disagree for some sources (in-filter charring)

widely used EFA

n
EPA
United States
Environmental Protectian
Agency
Differences in the OC/EC Ratios that Characterize Ambient and Source Aerosols due to
Thermal-Optical Analysis Bernine Khan, Michael D. Hays, Chris Geron & James Jetter (2012, 46: &=

127-137)

INPROVE TOR 5 7] . i .
PR OVE ToT (i 30—~ P 00178 L T—
T = -
®  Average location
it x e zg]__l‘[p =201 () mueragevalue
NIST TOT 0.2m) I
[ 1 Pualug o= 0.05)
PR OUE ToR o 2 (016)
[ RO TOT e 1 (P 200001
NIDSH TOR »: 1013 |
Rurel yiosy ot e R [ = 0.0001] |
NIST ToR . 2 (014
MIST TOT {nfng) |- Ip=0.0001] |
INPROVETOT : e e Hp=01001
Diessl  MOSATOR o= i TR (M5} ip = 03024
| [ £ '
‘ NISTTOR - a fhszy o
L usTTOT ! ! i 10.48) Tp -luawsg]
r RO 101 ! : T §§U]'5UJ_ Flp=0 0530
NIOSHTOR o 3 (0.41)
Cookstove T T [ }lp=01724
| e - : — T
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o EPA Thermal-optical transmittance for EC in biological samples
"Umted States Saxena et al, Tox. Sci 111(2), p. 382 [2008), and Biofechniquss 44, p. 799 (2008)

Environmental Protection

Agency
50 pg/mL DEP or CB 8 mg/mL NIST SRM 2975 (DEP)
30 Tz HHE cells s0 29
20
25 o
- 3
L g 400 i s
T ] =
20 ] B T
"y = &=
) i i
5 3 14 Sg
w15 B zoo Bz
2 2 =t
T = TE
£ 1w ,, o ZE
] 2 Qg
- & 200 . 22
= w g 4
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—C— 3HR Rat
0 00 4
i = . 011 0 00 100001 1 w00 1000
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200
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280

200
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3

100

<wEPA Light absorption techniques (filter-based)

United States
Environmental Pratectian
Agency

- Aethalometer

catbonaceous PM + Particle Soot Absorption Photometer (PSAP)
+ Multi-Angle Absorption Photometer (MAAP)
+ Difference method (loading issue)

filter tape

Petzold et al. 2005

detector

+ on-line, semi-continuous methods
+ A=In(l,/1) propottional o,,.C

M Upg/Cogot = 1-30 m2/g - — -
- dual or multiple wavelengths Technique Alnm) BC Sensitivity operation
. Aethalometer 370, 470, 520, 100 ng/ma at 1 transmission
limits 590, 660, 880 (i),  min
+ lack of reference standards a50
* o unique o for conversion PSAP 567 . traremiSsiBn:
+ PM aging ) ) ref. filter,
- filter-aerosol interactions loading

+ scattering MAAP 670 100-20 ngfm? sim. multi-

+ shadowing at2-30min avg  andle,
- systematic errors up to 2 transmission,

Tdepends on spot size reflectance
o —mass-specific absorption coefficient widely used, EPA
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3EPA Light absorption techniques (direct)

United States
Environmental Protection
Agency

Photoacoustics spectrometry (PAS)
- continuous, suspended state
« absorbed energy - acoustic pressure wave
+ ho response to light scattering

+ issues
- drifting
- expensive Bpag= P 28 T/ PLQ (= 1) = daps” Conm
« used less
« cross-sensitive to NO, cell cross sectional area, resonator quality, laser power

carrier gas specific heats

Droplet Measurements Technology [DRI]
+ PASS-1and -3

- one or three A settings

+ 50 ng/m® @ 1 sec integration

AVL [TUM] (source emissions)
- A =808 nm
+ 5 pgim? {(up to 50 mg/m?)

BECOMING widely used

\‘-‘:EPA Laser-induced incandescence (LII)

United States
Environmental Pratectian
Agency

+ in-house designs
- combustion and flame experiments
- not routine

Example: PS2 (Droplet Measurement Technologies)
- real-time single particle technique
+ sub-femtogram (¢, = 70 nm)

+ 4 optical axis measure scattering and LIl emissions
+ non-absorbers sized (df = 250- 1000 nm)
+ heated (1000 K) to incandesce — vaporize organics
+ sensitive to soot f,
+image output
+ LIl peak can be used for BC particle sizing
+d, = 50-500 nm {mass equivalent diameter)

- issues
+ relatively new (can be linked to AMS)

+ expensive
« max no. conc = 5000 particles/cm?
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Aerostat sampling of PM, ;, BC, and CO, from
i’;EPA prescribed forest fire — Eglin Air Force Base, FL

United States

Envirenmental Protection (Brian G ul Iett)

Agency

25 600 —PM2.5
o 20 | 550 —EBlack Carbon
T‘E‘“ 500 o
§- 15 H
@ L asp &
= o
£ 104 a
2 - oo ¢
o
£ os - L a5

0.0 - - 300

16:53 17:33 18:13 18:53 19:33

« 200-300 ft aloft

« vertical plume distribution

+ 2-min average.

+ ambient air CO, concentration: 390 ppm

SEPA Characterizing PM emissions from commercial aircraft
United States engines (John Kinsey)
Environmental Protactian
Agency
1400
7
g o
E B0
:
'S 1110 T T =
g R
® || @B upsrMALP i oStripper
FE wstpper
g | &MSE v o/stpper
|| mLne rstrpper
an pp
| mNos HE 040 v S irpper
y = = i I =t 1 CIN KOS HE 040 v o/ Strij i.l'
- ! 0 200 400 LT3 I Ao 1200 400
Lab-scale flow tunnel system used far Teflon Filter Coneertration--OC Comected (ug/m3)
BC instrument evaluation.

Can a standardized test method be developed for measuring non-volatile PM
emissions for use in aircraft engine cetification world-wide?
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<EPA

United States
Environmental Protection
Agency

Tesl ehamsed line sec)
a 200 400 600

3,

EC gass-equNalent dsmetsr (Lm)
G number concentration (#/cm

<EPA

United States
Environmental Pratectian
Agency

Intersection
30,000 vehiclesiday

123,000 vehiclesiday

1000 1200 1400

5 1 15 20 gy

@Nag/dLogMEDs i#cm’)

1ydw) pasds Bpyay
Hlg= EME D W

EPActs LDV Dynamometer/LIl studies — E10 at 23 °C

zear’

i3] &
G mass-squivaient cismeter yam)

Dane with DWT (Subu)

On-road measurement of black carbon concentration
and aerosol optical properties -- Amara Holder

Black carbon concentrations are highest on the
highway, but are also elevated at intersections
where vehicles accelerate from a stop.

BC Cencentration (Ugt‘maj
35810+ 0 z 4 8 8 10
G
35.905 -
2 35000 b3
Background = *
: 2 35895 e
13,000 vehiclesiday g -~
35 860~ -,
35.335“
L ‘ 35880 |
0.6 — -78.8¢0 *?5‘530 -78.870
. Intersections Latttude
Single 069 ‘
Scattaring e . i ; .
Atieds iax Similarly, particle optical properties vary by location.
02 Strongly absorbing particles dominate on the
[ 15 i | highway leading to low SSA values.

Background Intersection  Highway
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&EPA Ground level particle emissions from a prescribed fire
pltan St at Ft. Jackson, SC — Amara Holder

Environmental Protection
Agency

Samples from the fire plume are identified by
the CO; concentration and the combustion

regime is identified by the angstrom exponent 800 Smoldering Flaming
(o). T 700
o
& 600
Flaming g8 SOO_JI\‘ J‘“M
o ~1 - 400f\ T T 1
e 12
""U-, o
E 8
_ & w T
B, =4 S 4 nﬁw
o 0 1 lﬁ\_,w
] 1 f T 1
Smoldering 200x10° | Angstrom Expopen
o > “e 150 2 4 6
B .
£ 100+ [
8 50| Ny 1|1
m 07\:-* iy M ""l""*-i.,).-, Tl 5 ‘
1 T T 1
210PM  220PM  2:30 PM
o]
\"I!EEA Visualizing soot
Environmental Protectian
Agency

Electron tomography with TEM images
Adachi et al. 2007, JGR

diesel soot 200 nm

classic particle model

Taalen

Metais
Sacondary Sulfate
and Nitrals

anie Carsen
ety

Elarnantal
Carban Core

irmproved Oy, Ry, AdY, Ky
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3EPA Visualizing black carbon

United States

Environmental Protection
Agency

+ BC is nanoheterogeneous
- internal and external mixture

+ interior-perimeter effects

+ fullerenic structure — anthropogenic emissions
m + fringe analysis confirmed subtle differences

« variety of soot types in atmospheric aerosols
with help from Bond tutorial

<wEPA Experimental setup

United States

Environmental Pratectian

Agency i :
lllumination laser

(532 nm)

Window
(silica)

Z;
Ll

CCD camera with
macro objective

120 mm

Window

(silica) [ -
Photo of the Setup
(phototonics spectra 4/2008)
Excitation laser Aerosol
(808 nm) - in
Window
(silica)
Ll
m Profile of the illuminaton laser is modified to a thin layer

to observe only the by the excitation laser affected particles
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‘i’lEPA Experimental phase optical and BC particle measurements

United States
Environmental Protection
Agency

photothermophoresis

direct photophoresis

Strongly Absorbing Weakly Absorbing Transparent

Photothermophoresis occurs when a temp. gradient within the particle leads to a movement

Photophoretic Velocimetry for the Characterization of Aerosols

<EPA

United States
Environmental Pratectian
Agency

Trakel Pt

rawe

9%

E

36 8 12 15 18 21 24 2 30 33 2% 39 42 5 &8 5 53 57 bu b2 65 68 72 19 78
calmns

tracking results (single experiment)

Christoph Haisch,, Carsten Kykal, and, Reinhard Nisssner
Analdical Chemising 2008 80 {5), 1546-1551

in development at TUM

Results

LOHIS] SN TE4a : : :
S falurie Dopan waer

nanndiamands -

alroraft analng soot

i T 2

2y P A T u sy
Wi gmlcrometar’s)

Photo-thermophoresis as a new tool for aerosol characterization.

Haisch, C., Opilik, L., Hays, M., and Niessner, R.. (2009} Journal of Physics:
Canference Series, in review.
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United States

Environmental Protection
Agency

measured difference between ejected electron
energy and incident beam = binding energy

1-10 nm sample depth
survey scan and high resolution scan

— elements determined to within =0.1% (atomic)

— HR scan for carbon bonding states and functional

groups (10 sweeps 7 cycles)
— curve fit C1s binding region
— Lorentzian and Shirley fit

XPS technigue and experimental details

Ehms Fiatran Fasirsis g1 6
azeapa ouly fram 0o very o 2urface

Fecured Beam or
TR

Elécoon Enargy drsl/zar (12540
ek iy

(70 - 19050 o7 tha aampic

Sieamars
Catecton:
Lere

Elaction Datactar

L

e d
S R s
OIS TS UDR LU [0 S, frapa s Slean Ve Zar

- examined emissions from plant-, institutional-, and residential-scale oil boilers, diesel and bio-diesel engine

exhaust, wildfire, and aircraft engines

United States

Environmental Pratectian
Agency

high-resolution scan over C15 region

1800

ROB

~ 2
1611 \ C C Sp
1400 |
o 14K O C_ OH | \
£ 1 !
= 1000 I
& -C-OH c=0 b \
a0 i \
e \n Lo \
san - i s R
200 £
294 7‘;? 7%:' 788 285 284 2587 280

Binding srergy, eV

= percentages of carbon atoms apportioned to oxygen functional groups
= slight shift in C1s hinding energy indicate different oxygen functional groups
- different carbon bonding states at the particle surface
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<EPA

United States
Environmental Protection
Agency

Raman spectroscopy

« specific to vibrational and rotational modes
+ sensitive to electron clouds and bonds
+ ground state >=> vibrational energy state

+ chemical structure and soot reactivity

= defect (D) and graphite (G) peaks

Ivleva et al. EST 2007

with help from Wikipedia

= 5 —ideal graphite

= D1 — vibration mode graphene e

- D2 — vibration surface graphene

- 03 — amorphous, organics

- D4 — disorderad graphite and sp?

IR )
"

o We0  EEd W00 8GR e J0%0
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o Upcoming BC Investigation:

wE

United States

Environmental F‘mlECUDﬂStatio n a ry D iesel Gen erato rs

Agency

- Three different generators will be
tested with and without after-market,
post-combustion emissions controls for

emissions factors

o ~300hp, 500hp, and 700hp diesel
generatars
oPost-combustion contrals will vary but will
fall within the categories of:

» Active DPF

» Ceramic

¥ Oxidative catalyst

» Instrumentation/Methodology to be
used:

oAethlometer

oPhatoacoustic

olLll

o Thermal-optical (NIOSH5040 or
IMPROVE)

o CEM benches to monitor combustion
gases

- o PM mass via teflon filter collection
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rarely used

After-market active DFF installed on diesal
generator [ phole courtesy of Rypos)




e )
'i'lEPA Refine thinking to climate-relevant properties of PM

United States
Environmental Protection
Agency

likely interlaced with metals and organic matter over a strongly adsorbing matrix
= i.e., BC is not alone
arganic matter an P is light absarbing
- nitrated and aromatic asrosols
uneven surface coverage of chemical groups
- wery poor knowledge of surface chemistry in general
atomic order gives rise to nano- and micro-structure which changes conformation and binding properties of soot
photophaoretics suggests physical and chemical properties impacts optical properties

\eIEPA Conclusions

United States
Environmental Pratectian
Agency

Selection of BC instrument depend on aerosol sample being taken and information needed
Instruments can be designed, modified, and outfitted to solve specific problems
Adwancements are being made

- Mewier instrumentation will be available
Source aerosol emissions are studied relatively less than atmospheric aerosols
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Passive Aerosol Sampler. Part I: Principle of Operation

Jeff Wagner and David Leith

University of North Carolina, Department of Environmental Sciences and Engineering,

Chapel Hill, North Carolina

A method has been developed to estimate average concentra-
tions and size distributions with a miniature passive aerosol sam-
pler. To use the passive sampler, one exposes it to an environment
for a period of hours to weeks. The passive sampler is intended to
monitor ambient, indoor, or occupational aerosols and has poten-
tial utility as a personal sampler. The sampler is inexpensive and
easy to operate and is capable of taking long-term samples to in-
vestigate chronic exposures. After sampling, the passive sampler
is covered and brought to the lab. Scanning electron microscopy
(SEM) and automated image analysis are used to count and size
collected particles withd ,> 0.1 pm. Alternatively, more advanced
microscopy techniques can be used for ambient-pressure analysis
or elemental characterization. Image analysisis used in conjunction
with particle density and shape factors to obtain the mass flux as a
function of aerodynamic diameter. The flux and a deposition veloc-
ity model are then used to estimate the average mass concentration
and size distribution over the sampling period. The deposition ve-
locity model consists of a theoretical component and an empirical
component. The theoretical component incorporates gravitational,
inertial, and diffusive mechanisms, but can be approximated by the
simple terminal settling velocity in many cases. This article, Part I,
describes how measurements are made with the passive sampler.
The sampler design, theoretical component of the deposition veloc-
ity model, and microscopy methods are presented. Part I describes
wind tunnel experiments performed to measure sampler precision
and determine the empirical component of the deposition velocity.

INTRODUCTION

Epidemiological studies have shown a relationship between
particle exposure and community health effects (e.g., Dockery
et al. 1993; Thurston et al. 1994; Pope et al. 1995). The causal
mechanisms in this relationship are not yet clear, partly due to
uncertainties in exposure assessment. In occupational and in-
door environments, the threat posed by specific aerosol toxins is
better understood, but many aerosol exposures remain unchar-
acterized.
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Current techniques to assess aerosol exposures have limita-
tions. For example, long-term chronic exposures are often es-
timated by averaging several short-term samples. Obtaining a
reliable average with this approach is difficult, however, be-
cause short-term levels may vary over time or be autocorrelated
(Rappaport 1994). Mean exposure can also be assessed with a
continuous monitor, but power and maintenance requirements
make this method relatively expensive.

Another problem is the large number of samplers needed for
some types of exposure studies. Monitoring community expo-
sure with a few centrally-located samplers may not adequately
represent exposures in outlying regions (Liu et al. 1995). Sim-
ilarly, multiple samplers are required to represent the exposure
variability between individuals in heterogeneous populations.
Many samplers are also needed to investigate the relationship
between indoor, outdoor, and total personal exposure levels (Suh
et al. 1992). These tasks can be costly and labor intensive if con-
ventional pump-operated samplers are used.

Although personal samplers are typically much smaller than
stationary samplers, their sampling pumps can be noisy, heavy,
or bulky. This issue is important because any inconvenience
experienced by a person wearing a personal sampler may al-
ter behavior and produce nonrepresentative exposure estimates
(Wiener and Rodes 1993).

This paper presents a miniature passive aerosol sampler that
can be used to estimate long-term average size distributions and
concentrations. The passive sampler is intended to monitor am-
bient, indoor, or occupational aerosols over a period of hours
to weeks and has the potential to be used as an area monitor or
as a personal sampler. The longer sampling times of the pas-
sive sampler should improve assessments of long-term mean
exposures. The sampler is cheaper and easier to operate than
conventional samplers and therefore a larger number of passive
samplers can be deployed. Because the passive sampler is much
lighter, smaller, and quieter than pump-operated personal sam-
plers, it may yield more representative measurements.

During sampling, particles passively deposit on the sam-
pler’s collection surface. Afterwards, the sampler is enclosed in
a plastic case and transported to the lab for analysis using scan-
ning electron microscopy (SEM). Alternatively, more advanced
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microscopy techniques can be used for ambient-pressure anal-
ysis or elemental characterization. During SEM analysis, col-
lected particles with d,, > 0.1 um are representatively counted
and sized and elemental compositions can be determined as well.
The resulting flux measurement (particles collected/(area-time))
and a semiempirical deposition velocity model are then used
to determine the average concentration and size distribution to
which the sampler was exposed.

Previous investigators have raised concerns about passive
sample collection, noting that particle deposition is dependent
on wind speed and particle size (Lehtimaki and Willeke 1993).
Indeed, simply examining the deposited particles without con-
sidering the physics of the particle deposition will lead to highly
uncertain and distorted size distribution calculations. For this
reason, the present work incorporates a deposition velocity
model that calculates particle deposition as a function of both
particle size and turbulence level.

The passive sampler developed in this research differs from
the designs of previous investigators in several respects. The
passive dust monitor of Brown et al. (1995) collects particles
electrostatically with a charged electret. Calculation of aerosol
concentration requires knowledge of the average aerosol electri-
cal mobility and electret charge. Alternatively, electret mass can
be correlated with the results of conventional samplers (Brown
et al. 1996). The passive sampler of Vinzents (1996) collects
particles onto upward-facing, sideways-facing, and downward-
facing substrates. A light extinction technique can be used to
provide an index of mass concentration. The sampler of Vinzents
measures approximately 14 cm x 6 cm x 5 cm, somewhat larger
and heavier than the passive sampler of this research.

This article begins with a brief description of the sampler
design. The sampling and analysis procedures for the passive

stainless-steel mesh
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sampler are then described, including the theoretical basis of
the deposition velocity model and the microscopy methods.
Part II describes tests conducted on the passive sampler using a
specially-designed wind tunnel (Wagner and Leith 2001).

SAMPLER DESIGN

The design objectives for this research were to create a pas-
sive sampler that is small and lightweight, sturdy, convenient
for microscopy analysis, and resistant to sample contamination
or resuspension. A schematic of the passive sampler is shown
in Figure 1. The body of the sampler is composed of either
an aluminum or carbon SEM sample mount. Aluminum-based
samplers are preferable for size distribution analyses because
their high conductivity allows for good resolution. Carbon-based
samplers are preferable when elemental analysis is important to
minimize interference with the elemental spectra. A 1.5 cm di-
ameter cap supporting a stainless steel mesh is mounted onto the
SEM base with spray mount adhesive. The spray mount securely
fastens the mesh caps during sampling, but allows removal of
the caps afterwards for analysis. The semiquiescent collection
region is 1.2 mm deep and 6.8 mm in diameter, and the mesh
is 127 um thick. Because the machining of the SEM substrates
often creates microscopic grooves and imperfections, a circular
collection surface of smooth aluminum tape is mounted on the
“floor” of the collection region. The particles that collect on
the smooth substrate can then be analyzed with a minimum of
interference.

The purpose of the mesh cover is to prevent deposition of
very large particles, such as sand, hair, or other debris, onto
the collection surface. The particle sizes that are removed by the
mesh are determined by the mesh pore size. A smaller mesh size

collection surface

removable
mesh
cap

SIDE VIEW

SEM stub

+«— 15 mm ——»

TOP VIEW

Figure 1. Passive sampler design.
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is desirable because it will prevent more unwanted large particles
from depositing. However, a smaller mesh size will also collect
some smaller particles by diffusion and interception, which will
reduce the total sample size. Thus the mesh size was selected to
reach a compromise between these two concerns. A mesh with
holes of conical cross section and dimensions of 160 um (top
diameter) and 225 um (bottom diameter) has been selected for
general use (Buckbee-Mears, St. Paul, Inc.). However, a range
of mesh sizes is commercially available and can be selected with
respect to the sampling application.

DEPOSITION VELOCITY MODEL

Several particle deposition models have been described in
the literature for various applications, including studies of at-
mospheric dry deposition, particle deposition in microelectronic
clean rooms, smog chamber wall losses, and indoor air depo-
sition (e.g., Sehmel and Hodgson 1978; Slinn and Slinn 1980;
Liu and Ahn 1987; Nazaroff and Cass 1987; Cooper et al. 1989;
Schneider et al. 1994). An expression commonly used in these
models is the deposition velocity:

Vaep = F/C, [1]

where F is the flux of particles to a given surface and C is the
bulk aerosol concentration. The deposition velocity, F, and C
are all functions of particle diameter.

These models vary in the particle transport mechanisms they
consider. For this research, the relevant deposition mechanisms
are convective diffusion, inertia, and gravitational settling. Ther-
mophoresis, electrostatic Coulomb forces, and electrostatic im-
age forces have not been included in the model. Any temperature
gradients that occur between the sampler surface and the sur-
rounding air are expected to be random and short lived. Therefore
the average temperature gradient is assumed to be zero over the
several-week sampling period. Similarly, any voltages that ac-
cumulate on the sampler are expected to be transient rather than
continuous and would be difficult to quantify accurately. Nev-
ertheless, when possible the sampler should be grounded. The
magnitude of electrostatic image forces are probably not impor-
tant compared to the other deposition mechanisms (McMurry
and Rader 1985).

A schematic for the deposition velocity model is shown in
Figure 2. A collected particle is assumed to travel from the tur-
bulent atmosphere into the passive sampler’s boundary layer,
through the sampler’s mesh holes, into the sampler’s collection
region, and finally onto the collection surface. Along this path,
several factors specific to the sampler and mesh geometry can
affect particles’ deposition velocities. For one, if the surround -
ing wind currents have a large horizontal component, particles
can be removed on the leading edge of the sampler by iner-
tia, diffusion and interception. In addition, some particles will
be removed by the mesh as they pass into the collection re-
gion. Even those particles that travel into the mesh holes can be
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Figure 2. Schematic of deposition into passive sampler with
horizontal mean wind velocity.

removed by the hole walls due to inertia, diffusion and inter-
ception. Once inside the collection region, some particles will
deposit on the underside of the mesh and the collection region
walls, enhanced by any air circulations induced inside the col-
lection region. Diffusive deposition inside the collection region
may also be influenced by the aerosol concentration inside the
collection region.

Expressions analogous to some of these deposition mecha-
nisms have been published in the literature, e.g., enhanced depo-
sition due to surface roughness (Wood 1981), deposition inside
a closed vessel (Crump and Seinfeld 1981), and deposition in
nucleopore filter holes (Heidam 1981). These expressions ap-
ply only loosely to the passive sampler’s geometry and flow
fields, however, and would require assuming values for the vari-
ables which could not be measured directly. Thus using a purely
mechanistic equation for the deposition velocity was judged to
be inappropriate.

We have adopted an alternative approach, conceptually di-
viding the overall deposition velocity into two components. The
first is the ambient deposition velocity, vg,p, Which describes
the deposition velocity a particle would normally have when de-
positing onto a flat, smooth surface. This component is expressed
as a mechanistic equation. The second component is the “mesh
factor,” y,,, an empirical correction which is intended to account
for the combined effects of the sampler and mesh, as discussed
above. The overall deposition velocity is then expressed as

Vdep = VambVm- [2]

The expression for v, is obtained using a procedure similar
to that used by Shimada et al. (1989) and Schneider et al. (1994).
For deposition onto a horizontal surface due to turbulent forces
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and gravity, one can set up the steady-state equation
dc
Fomp = VgpC = (D + De)d_y + v, [3]

where F,;, is the mass flux onto the surface, D(= kTC./
37 ud,s)isthe Brownian diffusion coefficient, & is the Boltzmann
constant, 7' is the ambient temperature, C, is the Cunningham
correction factor, u is the dynamic viscosity, D, is the turbu-
lent eddy diffusion coefficient, c is the concentration at height
y above the surface, v;(= 7g) is the terminal settling veloc-
ity, T = (pod>C.)/(18 1), py is the unit particle density, and
g is the gravitational acceleration. The equivalent-surface dia-
meter, d,, is the diameter of a sphere with the same surface area
as the particle. The aerodynamic diameter, d, is the diameter
of a unit density sphere with the same settling velocity as the
particle.

To integrate Equation (3), the terms can be rearranged and
converted into dimensionless form:

1 dc-‘r 00 dy-‘r
/+ v uet / D+ + DS’ [4]
C t o+ e

o+ —amb

where ¢t = (¢/C), v;’mb = (Wamp /), v = (v /uy), y© =
(yus/v), Dt = (D/v), D} = (D,./v), v is the kinematic vis-
cosity, and u, is the turbulent friction velocity. Integration is
carried out from infinity, where ¢t = (C/C = 1), to a distance
from the surface equal to the particle’s stop distance, o. After
integrating the left-hand side, one obtains

—1
?[ln h, —vr)—In@, , —

ot N =17, [5]

where It denotes the integral on the right-hand side of Equa-
tion (4). Rearranging terms yields

+ + =it
vy d=c e )
Vamb = .

(6]

1 —eul*

Assuming steady-state, the fluxes at infinity and at o from the
surface are equal. Then

+
v x 1
C;_+ = %’ [7]
Yo

where var is the nondimensional velocity of a particle at a dis-
tance of o from the wall. Substituting Equation (7) into Equa-
tion (6) and rearranging yields
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The expression for /1 can be adapted from the work of Wood
(1981):

1
It = , [9]
BB 462 x 1074 +)?

where S, is the Schmidt number (= v/D), T+ = (tu?/v) and
the surface is assumed to be smooth.
An empirical expression for vj was developed by Sehmel
(1970):
vf = 1.49(z )70, [10]
Finally, substituting Equation (10) into Equation (8) and con-
verting back to dimensional form yields

—,
= , 11
Vamb = 11 = 0.6720®u, 002,08y e—ul] — | [11]
where I = (I /u,) and I'" is given by Equation (9).
To estimate u., one can use the correlation
u

where u is the wind speed at height z above the ground and zg
is the surface roughness. Various authors have compiled values
for zg corresponding to different surfaces (e.g., Sehmel 1980;
McRae et al. 1982), and u can be estimated by consulting data
relevant to the given indoor, workplace, or ambient environment.
Depending on the sampling application, these data may include
previous measurements conducted at the site, literature results
for a similar environment, or public-access meteorological data.

When u, < 0.4 m/s, an important simplification to Equa-
tion (11) can be made. Figure 3 is a plot of v,,,;, vs. d, for values
of u, from 0.2 to 0.8 m/s. The figure shows that foru, < 0.4 m/s,
the ambient deposition velocity is largely independent of u, and
[13]

~
Vamb = V¢

1E-1
~O—Equation 11, u* =02 m/s
1E-2 + —&~ Equation 11, u* = 0.4 m/s
- Equation 11, u* = 0.8 m/s
@ 1E3 4 —quation 13
E
2
> 1E-4 +
1E-5 -
1E-6 }
0.1 1 10

da (um)

Figure 3. Deposition velocity, v, versus aerodynamic par-
ticle diameter, d,, plotted for various friction velocities, u*.
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for d, > 0.5um. The simplification can be assumed to hold for
all d, when calculating PM2.5 and PM 10, since these mass met-
rics usually will be dominated by particles with d, > 0.5 um.

Equation (13) can be used to approximate Equation (11)
in many cases. In U.S. outdoor environments, © = 4 m/s (at
z = 10 m) is a representative wind speed. Using this wind speed
and Equation (12), one finds that u, < 0.44 m/s over all sur-
faces with zg < 2.6 cm. This z( range corresponds to nonurban
and nontree-covered areas (McRae et al. 1982). In indoor envi-
ronments, typical wind speeds are much lower, on the order of
u = 0.1 m/s. Thus Equation (13) should be applicable in some
outdoor and most indoor sampling applications.

The expression for y,, has been determined experimentally
in a wind tunnel:

VYm = I, du <1.63 um,

14
ym = (5.95 x 10_3)Re;0'439, d, > 1.63 pum, [14]

where Re, = (d,v;/v). The methods used for this determination
are described in detail by Wagner and Leith (2001).

ANALYSIS

After sampling is completed, the passive sampler is trans-
ported to the lab in a protective case. In the lab, the case is
opened, the mesh cap is removed, and the remaining substrate is
then ready for analysis. Analysis of the collected particles can
be performed with several different microscopy techniques. En-
vironmental SEM or atomic force microscopy can be utilized to
count particles at ambient pressure. With a modified collection
substrate, transmission electron microscopy techniques such as
cluster analysis, spot-reaction sulfur identification, or EELS
spectroscopy could be used (Mamane and de Pena 1978; Saucy
et al. 1987; Maynard 1995). An SEM and energy-dispersive
x-ray detector were used by Wagner and Leith (2001). SEM is
appropriate when the major aerosol constituents are nonvolatile.
The energy-dispersive x-ray detector is useful for identifying el-
ements with atomic numbers of 11 and greater. In addition to
making an inventory of the elements present in the total collected
sample, the chemical compositions of individual particles can
be examined in conjunction with their morphology to make in-
ferences about their sources.

To measure the deposition flux as a function of particle size,
multiple microscope images are captured by computer at several
different magnifications. Fields are selected across the sampler
substrate in a random manner, and the particles are semiauto-
matically counted and sized with the aid of an image analysis
software package.

A decision rule is used to count and size particles that are
only partially within a given SEM field. Borders of width W,
corresponding to the largest particle size expected to be present,
are applied to the bottom and right sides of each SEM field. All
particles touching these two borders are sized, while all particles
touching the other two sides are not. The maximum measurable
particle size is then equal to W. At the highest magnifications,
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W is not allowed to exceed 1/8 of the field height. In addition, a
minimum measurable particle size of d, = 7 pixels is set for all
magnifications to prevent inaccurate sizing of small particles.

After counting, both the deposition model and count distri-
bution are discretized into size bins. The number and width of
size bins is arbitrary; for comparison of results with those from
another sampler, one can create size bins that match those of the
other sampler. The mass flux for size bin i is then

_ Nin(d_ev)?pp

) 15
6A;t [ ]

i

where N; is the number of particles counted in size bin i, p,, is
the particle density, and ¢ is the sampling time. The total field
area used for counting, A;, varies with particle size because
for any given magnification, some size bins will not be within
measurement limits. For these size bins, the magnification’s field
area is not counted. The equivalent-volume diameter, d,,, is the
diameter of a sphere with the same volume as the particle. The
3rd moment average, d.,,, is used to give the average mass of
the size bin:

1

dey)in 33
T (dey)i L dev ddev

e (dey)in
j;deu )iL ddev

R
|

. [16]

_ |: (dev ;‘,h B (dev ;‘,L :|%
L4 de)in — @)

where (d,,); 1, and (d,,); » are the lower and upper limits of size
bin i.

Because many particles are nonspherical, their sizes are mea-
sured in terms of their projected area diameters (d), is the di-
ameter of a sphere with the same projected area as the particle).
The d,, values are then converted to d,, d,,, and d,. These
conversions are made using the following expressions (Davies
1979; Noll et al. 1988):

12
des = dpa (i> s [17]
b
d
dey = S” [18]
12
:OpCc,dev 1
d, = doy| ——— . 19
ev( p()Cc,da Sd) [ ]

where f isthe surface shape factor, S, is the volume shape factor,
and S is the dynamic shape factor. Equations (18) and (19) can
be combined to give

du _ (Cc,dev> ]/2(&i> ]/ZL
dpa Cc,da Lo Sd Sv .
Note that for particle sizes >1 um, C. = 1 and (d,/d,,) be-
comes independent of particle size.

Published data can be used to estimate these parameters

(Table 1). Except where indicated, all tabulated values are either
measured quantities or are derived from measured quantities.

[20]
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Table 1
Shape factors and densities for various particle types [D = Davies (1979); C = CRC (1997); S = Stein et al. (1969);
N = Noll et al. (1988); L = Lin et al. (1994); H = Hinds (1982)]

Particle type Ref. pp (glem?) S, Sy f da/d3,
Common dusts
Quartz D 2.65 1.2-14 1.36 24 0.97-1.16
Sand D 2.5 1.3 1.57 2.95 1.0
China clay D 2.2 — — — 0.92
Talc D 2.6 1.5 2.04 2.18 0.73-0.77
Anthracite coal D 1.5 1.5 1.37 2.2 0.70
Bituminous coal D 1.4 1.3 1.05-1.11 3.02 0.87-0.90
Glass D 2.6 — — — 1.08-1.34
Cotton D 1.5 — — — 0.72-0.78
Limestone (CaCO3) C/D 2.7 1.5 — — —
Gypsum (CaSO42H,0) C/D 2.3 1.6 — — —
Heterogeneous aerosols
1969 Pittsburgh aerosol S 2.2 — — — 0.68
1986 Chicago aerosol N 2.0° 1.89 1.41° — 0.63¢
1992 Chicago aerosol L 1.77 (fine)? 2.64 (coarse)® 1.61 1.41° — 0.74¢
General shapes
Sphere H [1.0] 1.00 1.00 3.14 1.00
Cube H [1.0] 1.11 1.02 — 0.89
Compact flake D — 1.34 — 2.38 —

“For d, < 1 um, multiply value by (Cegev/ Ceda)-
bEstimated, not measured.
“Calculated using estimated parameter.

To use Table 1, one must have some knowledge of the aerosol
sample’s identity. This information can be obtained from the
microscopy and x-ray fluorescence. In some cases, the aerosol’s
composition may be homogenous or well specified, e.g., when
sampling in certain industrial environments. In many cases, how-
ever, average parameter values must be assumed for a fairly het-
erogeneous aerosol. For example, a value of p, = 2.0 g/cm? has
been selected as an average value when sampling urban atmo-
spheric aerosols (Noll et al. 1988). Lin et al. (1994) estimated
different densities for fine and coarse particles based on their
respective primary components, (NH4),SO4 and SiO,.

Once average aerosol types have been identified, one can con-
sult Table 1 to obtain f, S,, and S;. (If Equation (13) is used, d,
does not enter into the calculations and f does not need to be
estimated.) For particle types with no listed S, or S; values, one
can calculate d, directly using the tabulated d,/d,, values. In
contrast with Equation (20), however, these values are not size
dependent and are only valid for particle sizes > 1 wm. For parti-
cles smaller than 1 um, one should multiply the tabulated value
by (Cegev/ Cean)- Regardless, an estimate of S, is still required
to obtain d,, for use in Equation (15).

To estimate shape factors whose values are not listed in
Table 1, one should determine the average shape of the collected
particles, i.e., flaky, angular, or rod-like. Then one can estimate
S, or S, using tabulated values for various particle shapes. Only

the most basic shapes are given in Table 1; many more are given
by Davies (1979) and Hinds (1982). In addition, procedures ex-
ist for calculating S, for a given geometric shape (Leith 1987)
and for agglomerates (Tohno and Takahashi 1990).

Using the mass flux together with Equations (1), (2), (9), and
(11) (or Equations (1), (2), and (13) for u, < 0.4 m/s), one can
then calculate C for each size bin. The midpoint of each size bin
is used to calculate d,; in Equation (9). To calculate t for each
size bin d,, is used, where

3 _(ap %
(du )i,h (du )l,L :| [21]
3((da)in — da)iL)

i
da)in 12 2
d— _ (dy)i L d” dd” _
a— (do)in dd -
(dy)i L a

and (d,); 1. and (d,); ;, are the lower and upper limits of size bini.

CONCLUSION

A method has been developed to estimate average concentra-
tions and size distributions with a passive aerosol sampler. To
use the passive sampler, one exposes it to an environment for
a period of hours to weeks. The sampler is then covered and
brought to the lab. Microscopy and image analysis are used in
conjunction with particle density and shape factors to obtain the
mass flux as a function of aerodynamic diameter. The flux and a
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deposition velocity model are then used to calculate the average
concentration and size distribution to which the sampler was
exposed.

The deposition velocity model consists of a theoretical com-
ponent and an empirical component. The theoretical component
incorporates gravitational, inertial, and diffusive mechanisms,
but can be approximated by the simple terminal settling veloc-
ity in many cases. Wagner and Leith (2001) describe the de-
termination of the empirical component and give the results of
laboratory tests of the passive sampler’s precision. Field testing
is now underway in an occupational environment.
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Passive Aerosol Sampler. Part 1I: Wind

Tunnel Experiments

Jeff Wagner and David Leith

University of North Carolina, Department of Environmental Sciences and Engineering,

Chapel Hill, North Carolina

Wind tunnel experiments have been performed on a passive
aerosol sampler. The sampler estimates average concentrations
and size distributions using a deposition velocity model and the
measured particle flux to the sampler. The small-scale wind tun-
nel incorporated a high-output aerosol generator that produced
nonvolatile, polydisperse particles. An eight-stage impactor was
connected to the tunnel with an isoaxial, isokinetic probe and was
equipped with polycarbonate-membrane substrates saturated with
oleic acid to minimize particle bounce. Before performing exper-
iments, the tunnel’s test section was characterized. Aerosol con-
centrations were determined to have a CV < 6%. The friction
velocity, an index of turbulence, was found to range from 0.09 to
0.25 m/s for wind speeds of 1.5 to 5 m/s. The empirical portion
of the deposition velocity model, ~,,, was determined as a func-
tion of particle size by minimizing the sum-of-squares difference
between impactor and passive sampler across all size bins and all
experiments. The relatively simple correlation is a function of the
particle Reynolds number only. Precision was assessed by run-
ning three passive samplers simultaneously in each experiment.
The tests yielded CVpyzs = 18.1% and CVppio = 32.2%. ANOVA
tests were conducted on accuracy and precision to see whether
they depended on wind speed, relative humidity, or aerosol con-
centration, and accuracy was tested with respect to particle size.
No significant trends were observed. Sensitivity analysis showed
that the volume shape factor is the most important of the mass
and shape conversion factors. If SEM is used, the passive sampler
will exhibit some error when sampling volatile aerosols. Because
concentrations fluctuate over time, long-term exposures measured
by the passive sampler should be more accurate than conventional
averages based on short-term samples.

INTRODUCTION

The overall objective of this research is to develop a miniature
passive aerosol sampler to estimate average size distributions
and concentrations. The passive sampler monitors ambient, in-
door, or occupational aerosols over periods of hours to weeks and
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is about the size of a dime. During sampling, particles passively
deposit on the collection surface. Scanning electron microscopy
(SEM) or other microscopy techniques are then used to analyze
the collected particles (Wagner and Leith 2001).

Mass size distributions are calculated by dividing the mea-
sured mass flux, F, by the deposition velocity, vg,:

F F
C= = [1]
Udep Vamb Vm

where C is the average mass concentration over the sampling
period, v,y is the ambient deposition velocity, and y,, is the
mesh factor. All are calculated as a function of aerodynamic
diameter, d,. Standard measures of airborne particulate levels
such as PM2.5 and PM10 (mass concentration of particles with
aerodynamic diameters <2.5 ym and 10 pm, respectively) can
be calculated by integrating C over the appropriate particle sizes.

A special wind tunnel was designed and built to test the pas-
sive sampler. The wind tunnel tests were used to determine y,,
under different wind conditions and to determine the precision
of the passive sampler.

This paper begins by describing the rationale for these tests
and the design of the wind tunnel. Next, the characterization
of the wind tunnel’s concentration and flow fields is described.
Methods, results, and discussion of the passive sampler tests
follow. The paper concludes with sensitivity and uncertainty
analyses.

WIND TUNNEL DESIGN

Test Objectives and Rationale

The objectives of the wind tunnel tests were to determine y,,
under different wind conditions and to determine the precision
of the passive sampler. The empirical expression for y,, was
determined by fitting the size distribution results of the passive
sampler to those of an active, mass-based sampler. Because “ac-
curacy” has been defined with respect to the reference sampler,
an effort was made to reduce the reference sampler’s uncer-
tainties as much as possible. Precision was assessed by testing
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three passive samplers simultaneously. A secondary objective
was to determine if y,,, was dependent on the relative humidity
or aerosol concentration.

Although many approaches are possible when testing a sam-
pler, a decision was made to test under defined, stable conditions.
The effect of more realistic, fluctuating conditions will be as-
sessed separately with field tests. Experiments were designed
for a range of constant wind speeds and an aerosol with known
properties. The two major variables of the experiments were
then wind speed and particle size.

Unique Features of the Wind Tunnel

Because testing of the passive sampler required some unique
conditions, a special wind tunnel was designed and built.

Several criteria had to be met for the aerosol generator and
test aerosol. For one, the passive sampler is designed to sample
over a period of weeks. To scale down experiment times so that
they were on the order of hours, it was necessary to scale up the
aerosol concentrations accordingly. Thus an aerosol generator
capable of producing sustained high concentrations was needed,
as well as a large quantity of particulate matter. Because analy-
ses were conducted under vacuum with an SEM, a nonvolatile
aerosol was needed. Finally, the test aerosol had to be polydis-
perse, with a portion in the submicron range.

To satisfy these criteria, a HEART high-output nebulizer
(Westmed, Inc., Tuscon, AZ) was used to disperse continuously a
slurry of distilled water and a manufactured SiO, dust (CERAC,
Milwaukee, WI). A Kr-85 neutralizer (Model 3054, TSI Inc., St.
Paul, MN) was used to neutralize the aerosol immediately down-
stream of the nebulizer. Because the output of the nebulizer was
12 LPM, or less than one tenth of the neutralizer’s maximum
recommended flow rate, the aerosol was assumed to be fully
neutralized. The nebulized SiO, dust had a size range of approx-
imately (0.6-9) um, and an average of 13 g Si0,/200 ml H,O
was nebulized per experiment. The original size distribution of
the SiO, was slightly undesirable in that it had too many coarse
particles. The distribution was improved by injecting the nebu-
lized aerosol near the bottom of one end of the tunnel, removing
many of the coarse particles as the aerosol traveled toward the
test section at the other end. Using this apparatus, concentrations
of up to 7.4 mg/m> were maintained in the tunnel’s test section
for 2-7 h, with an average mass median aerodynamic diameter
of 2.5 um and geometric standard deviation of 1.8.

To achieve high concentrations at wind speeds of up to 5 m/s,
the wind tunnel was built with a small cross-section (50 x
100) mm. Because the passive samplers are also quite small,
placing three passive samplers side by side in the tunnel was
feasible. Using a smaller cross section also made it easier to
maintain a uniform concentration profile than would be possi-
ble with a conventional, larger wind tunnel (Ramachandran et al.
1998).

The reference sampler was an eight-stage Andersen cascade
impactor (Andersen Instruments Inc., Smyrna, GA) with size
cuts between (0.43-9) um and a 10 um preseparator. To min-
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imize particle bounce, a 77 mm polycarbonate membrane sub-
strate with 5.0 um pore size was placed on each impactor stage
and saturated with 20 L oleic acid. The substrates were trimmed
down from 90 mm Isopore filters (Millipore, Bedford, MA). This
approach was based on the work of Turner and Hering (1987).
The impactor was equipped with a probe mounted isoaxially
with the tunnel flow. Interchangeable probe inlets were used to
sample isokinetically at each wind speed.

Overview of Wind Tunnel

A schematic of the wind tunnel is shown in Figure 1. The
straight section of the tunnel was constructed of clear acrylic,
had a rectangular cross section, and was 2.4 m long. Air was
pulled through the straight section by two high-volume samplers
(hivols) in parallel. Wind speeds in the tunnel were adjusted by
variable transformers connected to the hivols and were mon-
itored with a hot-film anemometer (Velocicheck Model 8830,
TSI Inc., St. Paul, MN).

Aerosol was injected at the bottom of the entrance to the tun-
nel. The aerosol then encountered turbulence screens at 51 and
56 cm downstream. The screens had wire spacings of 1.2 cm
and 0.2 cm, respectively. The first screen was blocked across
the bottom half to create a flow “hurdle.” This feature enhanced
particle mixing into the upper half of the tunnel cross section.
After travelling the length of the straight section, the aerosol
encountered the test section. There, three passive samplers were
mounted side by side in a holder in the mid-plane of the tunnel.
The samplers’ collection surfaces were parallel to the flow, and
the samplers were electrically grounded. The inlet to the im-
pactor probe was mounted 6.5 cm behind the passive samplers,
also in the mid-plane of the tunnel. Finally, the aerosol traveled
around a 45° elbow though a filter holder and hivol manifold.
The unit consisting of the hivol manifold, filter holder, and im-
pactor apparatus was mounted on a wheeled cart that could be
detached from the rest of the wind tunnel.

Aerosol concentrations in the wind tunnel were monitored
qualitatively with one of two real-time optical aerosol monitors,
either a DataRAM (MIE Inc., Billerica, MA) or DustTRAK
(TSI Inc., St. Paul, MN). Relative humidity in the tunnel was
monitored with a dew point hygrometer (Model 11-661, Fisher
Scientific, Atlanta, GA).

WIND TUNNEL CHARACTERIZATION

Spatial Uniformity of Aerosol

A valid comparison between two samplers requires that both
be exposed to comparable aerosols. Because the passive sam-
plers were located 6.5 cm away from the impactor’s probe inlet,
establishing spatial uniformity in the test section was impor-
tant. Spatial uniformity of the aerosol was characterized with
an Aerosizer LD (API, Hadley, MA), a time-of-flight particle
sizer. Aerosol measurements were taken at 18 points across
two equal area 3 x 3 traverse planes (Figure 2). The first plane
was located 3.2 cm upstream of the samplers, while the second
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Figure 1. Wind tunnel for testing passive samplers.

plane was located between the passive samplers and the im-
pactor probe, 2 cm downstream of the passive samplers. Three
sets of replicates were performed at each location, for a total of
54 measurements. The aerosol used for these tests was a lactose
aerosol with a measured aerodynamic size range of approxi-
mately 0.2-4 um and a mass median aerodynamic diameter of
1.0 um. Sampling was performed by inserting a small, grounded
copper probe (7.5 cm long, ID = 5 mm) into sampling ports on
the side of the tunnel. The probe had a 90° elbow so that the in-
let was parallel to the flow direction. The passive samplers were

¢ = measurement location

[ " = .
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. . .
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» ' . \ S
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y ’ e
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Figure 2. Traverses used for concentration uniformity mea-
surements.

mounted on the tunnel floor during these tests. Measurements
were taken at the lowest tunnel wind speed used in the passive
sampler experiments, # = 1.5 m/s, to achieve a “worst case”
mixing of the aerosol.

For total mass concentration, small but significant differences
were found between positions and as a function of height above
the tunnel floor. The coefficient of variation (CV) between po-
sitions was fairly low: CV = 5.6%. In addition, only 28% of
the 153 pairwise comparisons between positions showed signif-
icant differences. Average concentrations across the two traverse
planes were not significantly different.

The diameter of average mass was also calculated for each
measured size distribution. No significant differences were found
between positions or with height. The CV between positions and
all CVs within position were very low, <1%.

A limitation of this characterization is that most measured
particles had an aerodynamic diameter of d, < 4 um. Larger
particles could exhibit more spatial variability than described
above, although approximately 70% of the aerosol mass in the
passive sampler experiments described later was also <4 um.
To further reduce the effects of any variability, the passive sam-
pler mount was modified for subsequent experiments so that the
samplers were at the same height as the impactor probe. Thus
the aerosols measured by the passive samplers and the impactor
were judged to be reasonably comparable and suitable for further
work.
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Turbulence Characterization

Because the tunnel’s reference sampler was active rather than
passive, it was not appropriate to establish that both sampler
types experienced comparable flow fields. Instead, each sampler
type had different flow considerations. The impactor required
isokinetic and isoaxial sampling conditions. At the start of each
experiment, the velocity adjacent to the probe inlet was measured
with a hot-film anemometer (Velocicheck Model 8830, TSI, Inc.,
St. Paul, MN). The probe alignment and tunnel wind speed were
then adjusted so that the tunnel velocity was equal in magnitude
and direction to the probe inlet velocity.

For the passive sampler, it was necessary to characterize the
friction velocity, u,, in the test section. This parameter is an
index of the turbulence and is required for development of the
deposition velocity model. At each of the four experimental
wind speeds, vertical velocity profiles were measured upstream
of the passive samplers in the center of the tunnel cross sec-
tion. Velocity profiles were measured with a platinum hot-film
anemometer (Model 1240-20, TSI Inc., St. Paul, MN) and con-
troller/signal processor (IFA-100 Intelligent Flow Analyzer, TSI
Inc., St. Paul, MN). The anemometer was calibrated in a 0.20 m
diameter flanged duct with an orifice meter.

Each velocity profile consisted of 6 pairs of replicate mea-
surements of the mean streamwise component of the velocity.
Because calculations showed that the flow was in the “hydrauli-
cally smooth” regime, an equation for the velocity profile in a
smooth pipe was then adapted from Schlichting (1979):

(Yoo ) = u*[z.SIn (M> + 5.5}, [2]

v

where u(y,, ) is the wind speed at a distance y,, from the
tunnel walls, v is the kinematic viscosity, y., = (yDy/H),y
is the actual vertical distance, H is the vertical height of the
tunnel, D, = (4A/P,,) is the hydraulic diameter, A is the cross-
sectional area of the tunnel, and P, is the wetted perimeter of
the tunnel. The concept of effective distance was used to account
for the noncircular tunnel cross section.

By adjusting the value of u., Equation (2) could then be fit-
ted to each vertical profile using the method of least squares.
An example data fit is shown in Figure 3. This procedure was
used to determine u, empirically as a function of tunnel wind
speed (Table 1). Although these u, values are strictly valid for
the center passive sampler only, they were assumed to repre-
sent adequately the turbulence near the left and right samplers
as well. This assumption was supported by later experiments,
which revealed no consistent variation in deposition across the
tunnel cross section (see Results).

A regression analysis of the logarithms of u, and the mean
tunnel wind speed, U, yielded

u, = (6.2 x 107 U, [3]

For these experiments, v = 1.5 x 10> m?/s and D;, = 0.07 m.
Using these values and an equation developed by Blasius for
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Figure 3. Fit of Equation (2) to a measured velocity profile.
For this profile, u4, = 2.7 m/s and u, = 0.15 m/s.

pipe flow (cited in White (1994)), one obtains

0.316Re, '/*\ '/ v \"8
w, =U(——=<—) =020
8 D,U

= (6.9 x 107U, [4]

where Re, is the duct Reynolds number. By comparing Equa-
tions (3) and (4), one can see that the experimental result found
in this study matches that predicted by theory extremely well.

METHODS

Experiment

To prepare the passive samplers for each experiment, four
mesh caps, one plastic case, and a section of aluminum tape
were cleaned with soap, water, and methanol. The meshes were
further cleaned with a fine-haired brush and blasts of compressed
air to clear the mesh holes of any debris. Spray mount adhesive
was applied to the surfaces of four SEM stubs, and one 7 mm
aluminum disc was placed in the center of each stub. After clean-
ing the discs with methanol, a mesh cap was placed onto each
substrate and the samplers were closed inside their plastic case
until the experiment began. The fourth passive sampler was used
as a sampling blank.

Table 1
Results of wind tunnel turbulence measurements

Velocity at  Mean wind  Friction

Nominal tunnel probe inlet speed, velocity,
wind speed (m/s) (m/s) U(m/s) u, (m/s)
1.5 1.6 1.5 0.09
3 2.9 2.7 0.15
4 3.9 3.7 0.20
5 5.0 4.9 0.25
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Impactor concentrations were obtained gravimetrically with
an analytical balance (Mettler Toledo Model AE200, Toledo,
OH). Preweighing was conducted at least 1 h after applying
oleic acid to the impactor substrates.

Duplicate experiments were run at u = 1.5, 3, 4, and 5 m/s.
Concentrations and relative humidities varied randomly between
experiments. Relative humidity (RH) and temperature were re-
corded at the start and end of each experiment with the nebulizer
running.

At the end of each experiment, the three passive samplers
were returned to their plastic case to stop sampling.

Passive Sampler Analysis

The general analysis procedure is described elsewhere
(Wagner and Leith 2001); additional methods and parameters
used in the wind tunnel experiments are presented here. Be-
fore obtaining images with a Cambridge S-200 SEM (Leo Inc.,
Fornwood, NY), each passive sampler substrate was sputter-
coated with a 60/40% gold/palladium alloy to enhance conduc-
tivity and resolution. Counts per area as a function of particle
size were obtained for particles with d,, > 0.1 um using an
image acquisition system (Spectral Engine 4.0, 4 Pi Analysis
Inc., Durham, NC) and image analysis software (SigmaScan-
Pro, Jandel Scientific, San Rafael, CA). An energy-dispersive
X-ray detector (KEVX 7000, Fisons, San Carlos, CA) was oc-
casionally used to distinguish submicron SiO, particles from the
contaminant particles present on the aluminum substrates. Typ-
ically, 20-40 SEM fields were acquired across 6 or 7 different
magnifications for each sampler. A 10 um border decision rule
was used to handle particles that were only partially within a
given SEM field.

The continuous count data were discretized into nine size
bins to match those of the impactor. To convert the count data
to mass fluxes, values of p, = 2.65 g/cm3, S; = 1.36, and
S, = 1.25 were used for the particle density, dynamic shape
factor, and volume shape factor, respectively. These values were
taken from published data presented by Davies (1979) for SiO,.
Some degree of particle agglomeration was found in the SEM
images, with the agglomerates tending to be more spherical than

the nonagglomerates. Thus the value for S, was chosen to be at
the upper end of the range of values presented by Davies, i.e.,
tending towards the more spherical end of the range.

Because u, < 0.4 m/s for all wind tunnel experiments,
Equation (1) was calculated using vgm =v; =tg, where
T =(pod?C.)/(18 u), po is unit particle density, C. is the
Cunningham correction factor, u is the dynamic viscosity, and
g is the gravitational acceleration (Wagner and Leith 2001).

RESULTS

Experimental conditions for the eight wind tunnel experi-
ments are listed in Table 2. Experiments typically lasted 2-8 h.
RHs and temperatures ranged from 15 to 50% and 21 to 27 °C, re-
spectively. Aerosol size distributions measured by the impactor
were lognormal. Cumulative log-probability plots showed lin-
ear relationships, with regression coefficients of R? > 0.99 for
each experiment.

The average number of counts per passive sampler was cal-
culated by dividing the total counts obtained in each experiment
by three (Table 2). A typical surface density collected by the
passive samplers is shown in Figure 4. Relatively low counts
were recorded with the passive samplers because of a limitation
imposed by the impactor. Total mass loadings on the impactor
substrates of >40 mg led to undesirable amounts of particle
bounce, so experiment durations and concentrations had to be
kept below certain levels. Evidence of substantial bounce un-
der higher loading conditions included particle deposits in the
impactor jets and departures from lognormality in the impactor
size distributions. Apparently, collected masses of this magni-
tude overcame the oleic acid/filter method designed to prevent
bounce from occurring. All eight experiments used for analysis
had total collected impactor masses of <25 mg.

The mesh factor, y,,, was determined by comparing impactor
concentrations to the averages of the three passive sampler con-
centrations determined for each experiment. An optimal expres-
sion for y,, was developed by minimizing the sum-of-squares
difference between impactor and passive sampler at each size
bin, across all experiments. The optimization parameter, OP, was

Table 2
Experimental conditions for passive sampler testing

Test Wind speed Duration Avg. Avg. PM10 MMAD Avg. count per
1D (m/s) (min) RH (%) temp.(C) (mg/m?)* (um)/GSD* passive sampler
1 1.5 462 43.2 23.5 1.8 3.1/2.0 60.0
2 1.5 102 14.6 21.5 7.4 2.9/1.9 74.3
3 3 247 16.4 21.1 2.9 2.6/1.7 73.0
4 3 240 22.5 25.6 1.5 2.0/1.8 78.3
5 4 280 50.1 27.0 2.7 2.1/1.5 82.3
6 4 237 15.7 23.0 3.1 2.3/1.8 70.3
7 5 262 20.6 23.3 2.2 2.3/1.8 95.3
8 5 360 30.4 21.8 2.0 2.6/1.9 81.0

*As measured by the impactor.
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Figure 4. SEM image from passive sample analysis.

defined as follows:

8

% 29: ((d C/d log d, )passive - (dC/d 10g d, )impactor) :
(dC/d 10g da)impactor i ;

[5]

where (dC/d logd,) is the concentration of size bin i (normal-
ized by the width of the bin) and j is the experiment number.
The OP was minimized by formulating y,, with appropriate di-
mensionless groups, then determining the constants using the
“Solver” tool in Microsoft Excel (Seattle, WA). Data points for
which either a) the impactor recorded zero mass or b) the passive
sampler average was less than one count per sampler were not in-
cluded in the optimization. Otherwise, this procedure weighted
each size bin equally, independent of the test aerosol’s size
distribution.

Several formulations for y,, were explored, with an emphasis
on obtaining the simplest model possible that still provided a
good optimization. The following expression was obtained:

Ym =1, d, < 1.63 um,
Ym = (5.95 x 10_3)Re;0'439, d, > 1.63 um,

where Re, = (d,v,/v). This relatively simple expression con-
tains one dimensionless group and three parameters, including
the diameter at which y,, starts to steadily decrease with d,.
Note that this expression is not dependent on u, and therefore
does not require estimating u, when sampling. Only small vari-
ations in deposition were observed as a function of wind speed
for the experimental conditions (1, < 0.3 m/s).

Other candidates for y,, possessed additional parameters and
dimensionless groups, including u, terms. These models gen-
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Figure 5. Typical results for one experiment: normalized con-
centration, dC/d logd,, vs. aerodynamic diameter, d,, for three
passive samplers and an impactor. The average of the three pas-
sive samplers’ results is also shown.

erally yielded OP values that were only minor improvements
given their added complexity. In addition, these improvements
would likely be offset in practice by the uncertainty in estimat-
ing u,. For these reasons, Equation (6) was judged to be the best
expression for y,.

Size distributions were then calculated for all experiments
using Equations (1) and (6). The results for one experiment are
shown in Figure 5. The error bars represent counting error only
and were calculated with Poisson statistics.

Figure 6 shows the average passive sampler result for each
experiment plotted against the corresponding impactor result.
Results are plotted for PM2.5, PM 10, mass median aerodynamic
diameter (MMAD), and geometric standard deviation (GSD).

To determine sampler precision, a PROC NESTED analy-
sis (SAS, Cary, NC) was performed on the natural logarithms
of the passive sampler measurements. This analysis yielded
the “within-experiment” variation due to differences among the

100
X ® PM2.5 {mg/m3)
O PM10 (mg/m3)
10 1 & MMAD (micrometers}
A GSD
—1:1 line

passive sampler

0 1 10 100
impactor

Figure 6. PM2.5, PM10, mass median aerodynamic diameter,
MMAD, and geometric standard deviation, GSD, as measured
by the passive samplers and impactor in the eight wind tunnel
experiments.
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three samplers in each experiment. The resulting CVs for PM2.5
and PM 10 were 18.1% and 32.2%, respectively. No consistent
patterns were found in the variation between the left, center,
and right passive sampler locations. Blank samplers exhibited
negligible amounts of SiO; for all experiments.

Passive sampler size distributions were found to be approx-
imately lognormal. Regressions for cumulative log-probability
plots of the passive results yielded R?=0.93-0.98, slightly
lower than those determined for the impactor. Because of their
lognormality, these size distributions can be adequately summa-
rized in terms of their MM ADs and GSDs.

DISCUSSION

Accuracy

To evaluate whether accuracy depended on particle size, mass
concentration, wind speed, or RH, the results of the three pas-
sive samplers in each experiment were averaged. Analysis of
variance (ANOVA) was performed on % error(c qogd,) to see
if particle size was a significant effect. Again, data points that
represented an average of <1count per sampler were discarded,
as were comparisons where zero mass was recorded by the im-
pactor. The dependence of % error on particle size was found to
be insignificant at the 0.05 level (p = 0.07).

Wind speed, RH, and concentration were found to be con-
founders with respectto one other. Thus ANOVA tests performed
on each of these quantities were controlled for the other two.
ANOVA revealed no significant dependence of % errorpyp 5 and
% errorpp o on wind speed (all p values > 0.5). No dependence
of % errorpyp 5 or % errorpy;o was found on impactor PM 10, the
index used for aerosol concentration level (all p values > 0.9).
As to be expected with a nonvolatile aerosol, ANOVA showed
no significant dependence of these quantities on RH (all p val-
ues > 0.6).

No significant variation of % errorymap or % errorgsp was
found with wind speed, concentration level, or RH (all p val-
ues > 0.3).

Precision

As in the previous section, ANOVA tests of wind speed,
RH, and concentration were each controlled for the other two.
Figure 7 shows CVs for the three passive samplers in each
wind tunnel experiment, calculated for PM2.5 and PM10 and
plotted against wind speed. Although this plot suggests decreas-
ing trends in CVpppp 5 and CVpyo with increasing wind speed,
these trends are not statistically significant when one controls
for concentration and RH (all p values > 0.3). Similarly, the
ANOVA tests revealed no significant variation of CVppp 5 or
CVpmio on concentration level (all p values > 0.07) or RH (all
p values > 0.7).

Some of the between-sampler variation may have been due
to small physical differences between each mesh cap. The preci-
sion is also dependent on the strength of the analysis technique,
which is in turn heavily dependent on counting statistics. Be-
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Figure 7. Coefficient of variation (CV) of collocated passive
samplers for PM2.5 and PM 10 as a function of wind speed, u.

cause passive sampler counts were much lower than ideal, the
sampler’s precision is expected to improve under normal sam-
pling conditions. Even so, the CVpypp 5 found here, 18.1%, is
comparable to the EPA’s stated objective of 15% precision for
PM2.5 samplers (U.S. EPA 1996).

SENSITIVITY AND UNCERTAINTIES

The sensitivity of passive sampler results to particle density
and shape factors was assessed with a representative wind tun-
nel data set. Table 3 shows the effect of £10% changes in p,,,
S4, and S, on the average PM2.5, PM10, MMAD, and GSD.
The tabulated numbers represent the average of the changes in
the plus and minus directions. The effect of all factors on the
GSD was negligible, while the effect of p, and S; on PM2.5,
PM10, and MMAD was < 10%. The results were quite sensitive
to S,, however, as =10% changes produced a linear response in
MMAD and changes in PM2.5 and PM10 of 18 and 21%, re-
spectively. Clearly, one must estimate S, accurately. Using the
techniques described by Wagner and Leith (2001), one should
be able to estimate S, to within about 10%.

Semivolatile particles are a potential source of error for the
passive sampler. If SEM is used for analysis and the sample
is placed under vacuum, the aerosol’s volatile components will
evaporate. By analyzing only the “dry” component of the aerosol,
particle shape factors and densities will be incorrectly assessed
and particle size will be underestimated. These errors cause

Table 3
Results of sensitivity analysis

Percent change due to & 10% change in parameter:

Parameter PM2.5 PM10 MMAD GSD
Pp +3.6 +5.2 +6.5 F0.5
Sq +6.5 +4.9 F6.5 +0.6
S, +18 +21 +11 F0.4
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Figure 8. Simulated error when sampling an ammonium sul-
fate aerosol at 90% RH. Normalized concentration, d C /d log d,,
vs. aerodynamic diameter, d,,.

underestimation of both the mass flux and deposition velocity,
two deviations which counterbalance each other somewhat.

To assess the consequence of this situation, a sampling sim-
ulation was performed in which the particles were assumed
to be ammonium sulfate collected at an average RH of 90%.
This extreme scenario results in particles that are 75% water by
mass. The simulated flux data were then analyzed in two ways.
First, an ambient size distribution was calculated using only the
dry-component flux, density, and shape factors. Second, a con-
densation equation accounting for curvature and solute effects
(Seinfeld 1986) was used to calculate the “wet” flux at RH =
90%. The wet deposition velocity, density, and shape factors
were then used to recalculate the ambient size distribution. The
second result represents the “true” distribution, whereas the first
represents the inaccurate, “measured” distribution derived from
the dry component only (Figure 8). For this simulation, the errors
for PM2.5 and PM10 are 35 and 47%, respectively. The errors
for MMAD and GSD are 46 and 1.5%, respectively. Because
this is an extreme scenario, one would obtain much less error
under more typical sampling conditions (i.e., lower mean RH
or lower volatile aerosol fraction). If ambient-pressure analysis
techniques such as atomic force microscopy are used instead of
SEM, error would be reduced substantially. Nevertheless, one
should be aware of this issue when passively sampling nitrates,
organics, or hygroscopic particles. When using SEM, the passive
sampler is best suited to applications that do not feature consis-
tently high humidities or aerosols whose mass is dominated by
volatile constituents.

These calculations suggest that a nonnegligible degree of
measurement error is possible in some cases. However, temporal
variability of concentrations is often much larger than these mea-
surement errors (Rappaport 1994). This variability can result in
significant errors in conventional long-term averages based on
only a few short-term samples. Because the passive sampler ef-
fectively integrates over time, it eliminates this source of error
and thus long-term averages measured by the passive sampler
should generally exhibit better accuracy.

J. WAGNER AND D. LEITH

CONCLUSION

A wind tunnel has been developed to determine the empir-
ical portion of the deposition velocity model and to test the
precision of a passive aerosol sampler. The wind tunnel features
an aerosol generator that can deliver polydisperse, nonvolatile
dusts at high concentrations. The tunnel is relatively small, pos-
sessing a straight section 2.4 m long and inner dimensions of
(50 x 100) mm. The reference sampler connected to the tunnel,
an eight-stage impactor, is equipped with oleic acid-coated filter
substrates to minimize particle bounce and an isoaxial, isokinetic
probe. Aerosol concentrations were found to have a CV of <6%
in the test section, while the diameter of average mass had aCV
<1%. Friction velocities were found to range from 0.09 to 0.25
m/s for wind speeds of 1.5 to 5 m/s.

Wind tunnel tests of the passive sampler have determined a
sampler precision of CVpyp s = 18.1% and CVpyg = 32.2%.
The mesh correction factor, y,,, was empirically determined by
minimizing the sum of squares difference between impactor and
passive sampler across all size bins and all experiments. The rel-
atively simple correlation is a function of the particle Reynolds
number only. ANOVA tests were conducted on accuracy and
precision to see whether they depended on wind speed, RH, or
aerosol concentration, and accuracy was tested with respect to
particle size. No significant trends were observed. The volume
shape factor was the most sensitive of the mass and shape con-
version variables.

If SEM is used for analysis, the passive sampler will exhibit
some error when sampling semivolatile aerosols. For this reason,
the passive sampler is probably best suited to applications that
do not feature consistently high humidities or aerosols whose
mass is dominated by volatile constituents. If ambient-pressure
analysis techniques such as atomic force microscopy are used
instead of SEM, however, this source of error should be much
less. Because the passive sampler integrates over hourly and
daily fluctuations in concentration, it should be more accurate
than conventional short-term samples when monitoring long-
term exposures.

Work is currently underway to test the passive sampler in an
occupational setting. These tests will provide a measure of the
passive sampler’s accuracy under actual, variable conditions.
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