Development of an
ultrafine /nanoparticle
occupational exposure

detection sensor
313
Sang Young Son

Tuesday, March 30, 2010 10:45 to 11:45 a.m.

@ Exposure level to many pollutants is
highly variable over short distances and
dependent upon personal activity
patterns

— Children are more active than adults and
therefore breathe more rapidly

— Children are exposed to elevated levels of
diesel as a result of the buildup of diesel
exhaust inside school buses

— Ambient diesel levels are highest near
highways, busy roadways, bus depots, panigclles

construction sites, etc. wo|— :ﬁ?:::’f:;:(e
|

-> Personal monitors capable of i [ bisrunning
measuring micro environmental PM
exposure with time and location data
logging is needed.

From Clean Air Task Force, www.catf.us

@ Many scientific studies have linked breathing particle pollution to a series of
significant health problems, including:

— Exposure to particulate matter (PM) has
been significantly associated with
wheezing and asthma’-?

— Increases in respiratory symptoms like
coughing and difficult or painful
breathing

— Ultrafine particulates have a higher

association with respiratory symptoms

than coarse particles®

Chronic bronchitis

Decreased lung function

— Premature death in people with heart e
and lung disease
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Small-Scale (Material-Level) Test
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The change of Ultra-fine particle number density is a key
indicator of environmental hazard level associated with
critical human respiratory health.
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Env. Particle Size Distribution
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Condensate Particulate Counter

Can NOT detect \\\\\ Even though high-intensity light energy
is exposed to nanoparticle surface, we
can not detect the particles due to the

Nan0-scal€ particle scattering is Rayleigh mode.

Scattered light from micro-scale size
particles is MIE scattering. We can easily
detect the particles with proper exposing
light intensity.

Can detect \\\\\

Micro-scale particle
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Can NOT detect e How can we increase the particle size for
\ detection purpose?

> CONDENSATION

Nano-scale particle

Can detect \\\\\

Micro-scale particle
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By Cooling By Heating
Supersaturation Condition
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Outlet of Airborne
Nanoparticle

Optical Diagnostics Zone

= T Rowmeter and pumg

Inlet of Airborne
Nanoparticle

Supersaturation Zone
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Flgure 1-1: Model £525 P-TrAR Ultrafine Particle Courter
- With Inlet Probe Assembly, 3attery Pack, and Batteries
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1. Small Sensor Volume & Mass

2. Sensor should be /independentfrom
gravity effect.
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CPC (Conder?sation Particle Counter)‘ __ASIS

is the most traditional, but still the most powerful tool for i H"’é‘:’g’d
detecting ultrafine particles. e

Personal
Condensation
From TSl Inc. Device

Micro ThermoFluidics Laboratory 17

Requirements of Personal Sensor
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Principles
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*High fraction of atoms at or near the surface.

eSurface Tension: liquids surfaces behave as though they are an
elastic film.

eKelvin Effect: higher vapor pressure over smaller droplets

*Ostwald Ripening: large particles grow at the expense of
smaller particles

e Adsorption: impurities tend to stick to surfaces

eSurface charge: adsorption of ions can leave the nanoparticle
electrically charged

OU NanolLab/NSF NUE/Bumm &
Johnson

Micro ThermoFluidics Laboratory 19

Molecules Themodynamically
stable clusters (TSC) ¢ Nucleation
° — Ternary/Kinetic
%q huckeation & heutral of Nucleation
o L ion clusters Initial steps of the
] growth

de.
-

0@ ) — Heterogeneous
: Nucleation

.'." + Growth

- — vapours

Growth

CCN »

+ Aerosol dynamics
— competition
Aerosol between processes

Growth particles

Kulmala: Science 302, 1000-1001, 2003

forD,<A 10 Eww:
V, P
z 77 4 ‘W  from kinetic theory of gases Cum"sa”"" "0 Lo
@ P | © 8RT .Maswell-Boltzman " 1t 70w isgonnady oo o
kT M

 Ideal gas law @ J‘ V-f(v)j\/: Secuiar colion of vapor
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distribution rtoos. Tarale o coton s givn by
(Zin = Zgu )A\urtace : the net rate of arrival of molecules to the entire droplet surface 3o ems o o

3 (P-R)

ho kinol theory of gases.

velocity can be derv

(Zm - zm)&mm = W - the rate of loss is given with P4 from Kelvin or Thomson-Gibbs equation
dv . : the rate of change of droplel volume, where Vmolecule is the vapor
i {210 ~ 2o JAusics Woctse  molecutar volume; Voo =
P

dla3)_6-m3(P-R)

dt 2amkT

where,
M : molecular weight of liquid , Ditv: difusion cosficient
m: mass of a vapor molecule, : gas mean free path, zp : density of liquid

D, 2M (P -Py)
=——— 4 P : partial pressure of vapor in the gas surrounding the droplet
dt PN A /2 7mkT Pﬂ partial pressure of vapor at the droplet surface given by the Kelvin equation

Jre . rdzo Number (6.71023
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Example: The required condensation channel length is only 5 cm for the 0.1 m/s
nanoparticle flow.

dD, _ 2M(P-P,)

6 ———4 forD <X
¢ dt  p,N,v2mkT ’
e

g edet | dD, 4DIM(P-R) forp >
i e

Kinetic theory estimates that less than
20 ms is required to increase particle
size from nano-scale to micro-scale
through heterogeneous condensation.

growlh time / ms

Droplet growth curves for different particle
number concentration, Supersaturation ratio =
1.5 and T, = 35°C (Heidenreigh et al., 2000)
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for Dp >A Evaporation

: With Diffusion
= 27ZD lef N coefficient or Fick's
For parcies larger than the gas mean ree path, growih

Law
2ED p D If-fv (P Ps ) does not depend on the rate of random molecular
net I — collisions but on the rate of diffusion of molecules to the:
kT droplet surface. This is completely analogous to the

coagulation of aerosol pariicles. The rate of collisions of
Vapor molecules with a croplet of diameter Dp can be
derived for particles of equal size and diffusion coefficient
difusing to each other with assumplon of negligible
diameter of molecule to a droplet.

NanopgHicie Droplet

where,
N: net concentration of vapor molecules

dD 4DIfE/M (P _ P ) M : molecular weight of liquid

P _ s m: mass of a vapor molecule
—_— A gas mean free path
dt ) d RT Py density of liquid
pYp P partial pressure of vapor in the gas surrounding the droplet

P, partial pressure of vapor at the droplet surface given by the Kelvin equation
P, : saturation vapor pressure

for D, > N Avogardro Number (6.7x10%9)
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UC-NIEHS Personal Ultrafine
Particle Sensor Development
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Sensor Picture

Sensor Picture

(a) First prototype developed

(b) Second prototype developed in this work
(c) Saturator wick used in conventional
handheld CPC

(d) Alcohol cartridge for conventional handheld
CPC

ic of | i hamber design
Pictures of CC
Sample pictures of the prototypes
Pictures of CC
~=
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Mass Transfer Equation by Evaporation

Pt Peato

mevp = hmass ) Aevp ’
Pt Proto
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Mass Transfer Equation by Evaporation

. psa[ pSat,oc
mevp = hmass : Aavp ' -
ptot p’[ot,m

Body of Condensation Chambers Schematic

At'vp,panial > '%vp, fully
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Conventional UC Sensor
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Young-Laplace Equation of Capillary Force

O=0c G -0

solid—gas — Cliquid—gas

solid—liquid —

static—contact
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Young-Laplace Equation of Capillary Force

2. Oiquid —gas * cos (e
r

dynamic—contact )

pcapillary = pworkingliquid - pgas

Body of Condensation
Chambers Schematic
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Condensation Control Daughter
Chamber Board

PM1.0 Cyclone Optical Detection
\ Module

N

Sensor Picture

Gravity-independent
Liquid chamber
k/ q

Miniature Phase-
L
N < separator

Air-pump
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Test Setup
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UC-NIEHS Personal Ultrafine
Particle Sensor Performance
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Size Distribution of Nanoparticles used for
Test: Generated by Atomizing Distilled Water

Test#1
-— Test#2
— = Test#3

Particle Diameter (nm)
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Distilled water source for particle
- Class | DI water
-18.2MQ-cm

Dmean, UFPM = 20 nm

Airborne Ultrafine
Particulate Matter

Average Concentration (#/cm®)

80 Statistics
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Aerodynamic Diameter (micro meter)

# Size Distribution of

4 Condensed Droplets
Measured by the Aerosol
q Instrument , APS 3321 (TSI
Inc.)

Inlet particles: potassium chloride
particles of 20 nm generated by a
collision-type nebulizer and a
differential mobility analyzer
(DMA, TSI Model 3081)

Output droplets: the mean
diameter — 3.60 um, more than
95% of the droplets are in the size
range from 2 to 5 um, the
counting efficiency is about 90% .
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Stop generat
particles

Start generating
particles again
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Reference
Temp.

Conden-
sation
Image

Particle
Count

53 %

Average

pixel Size 29.151 34.656

Particle

) <1 mi i
Size 1 micron 1 micron

101 97
51.941 66.825
2 micron 3 micron
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Condensation

Air flow rate = 0.21 lpm

With Condensation

Counting Efficiency: more than 80%
Condensation Chamber Volume: about 0.5 cm?®
Inlet particle concentration = 60,000 - 70,000 #/cm?
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Single Counting Mode

Counting Efficiency: Single Count

Sensor performance in evaluating

8 Plot
2010 March:
Single Counting Mode
1000 30,000 #/cc

2010 January:
Single Counting Mode
10,000 #/cc
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Mobility concern

* Acceleration test setup is prepared.

Mechanical shock system setup

* Project target : stable sensor operation under +5g

Time [sec]
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Mobility in Action Particle View
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Environmental Particle Concentration
By Time of Day, University of Cincinnati, Cincinnati

_ mmm“”ﬂ[ omadITITL
Range: 10 nm < Dp < 600 nm

Mean: 51 nm

Total Concentration: 3,266 /cc, 1:30 PM
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Mobility in Action
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Sensor performance in evaluating
Single Counting and Stationary mode
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Environmental Particle Concentration
By Time of Day, University of Cincinnati, Cincinnati
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- UC Sensor
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TSI 3781: Averaged

UC Sensor: Real Time
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does not
necessarily represent the official views of the National Institute Of
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Thank you

Question and Comment
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