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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards bodies
(ISO member bodies). The work of preparing International Standards is normally carried out through ISO
technical committees. Each member body interested in a subject for which a technical committee has been
established has the right to be represented on that committee. International organizations, governmental and
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Introduction

Differential electrical mobility classification and analysis of airborne particles has been widely used to measure
a variety of aerosol particles ranging from nanometre-size to micrometre-size in the gas phase. In addition, the
electrical mobility classification of charged particles can be used to generate mono-disperse particles of
known size for calibration of other instruments. One notable feature of these techniques is that they are based

on si
techr
semi
Howg
slip

aeros
distri

ology, e.g. aerosol instrumentation, production of materials from aerosols, contamination

ver, in order to use electrical mobility classification and analysis correctly, several‘issues
orrection factor, the ion-aerosol attachment coefficients, the size-dependent-charge di
ol particles and the method used for inversion of the measured mobility distribution to the
bution, need due caution.

Therg is, therefore, a need to establish an International Standard for the use of differential elec

analy
in pa

sis for classifying aerosol particles. Its purpose is to provide a methodology for adequate g
ticle size and number concentration measurement with this method.

science and
control in the

conductor industry, atmospheric aerosol science, characterization of engineered nanopatrticlgs, and so on.

such as the
stribution on
aerosol size

rical mobility
uality control
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INTERNATIONAL STANDARD

1ISO 15900:2009(E)

Determination of particle size distribution — Differential
electrical mobility analysis for aerosol particles

This [International Standard provides guidelines on the determination of aerosol particle size d
mears of the analysis of electrical mobility of aerosol particles. This measurement is usually calle|
electfical mobility analysis for aerosol particles”. This analytical method is applicable to

meagurements ranging from approximately 1 nm to 1 ym. This International Standard does nof
specific instrument design or the specific requirements of particle size distribution measurement
appligations, but includes the calculation method of uncertainty. In this Intergational Standard,

systgm for carrying out differential electrical mobility analysis is referred*t6 as DMAS (differe
analysing system), while the element within this system that classifies theparticles according to t
mobility is referred to as DEMC (differential electrical mobility classifier).

stribution by
d “differential
particle size
address the
5 for different
he complete
ntial mobility
heir electrical

fer to relevant
or developing

positive and

2 Terms and definitions

For the purposes of this document, the following terms and definitions apply.
21

aerosol

system of solid or liquid particles stispended in gas

2.2

attachment coefficient

attachment probability ofions and aerosol particles

23

bipolar charger:

devige to attain/the equilibrium steady state of charging by exposing aerosol particles to both
negative jons*within the device

24

charge neutralization

process that leaves the aerosol particles with a distribution of charges that is in equilibrium and makes the net
charge of the aerosol nearly zero, which is usually achieved by exposing aerosol particles to an electrically

neutral cloud of positive and negative gas charges

25

condensation particle counter

CPC

instrument that measures the particle number concentration of an aerosol

NOTE 1
nanometres.

© 1SO 2009 — All rights reserved
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NOTE 2 A CPC is one possible detector for use with a DEMC.
NOTE 3  In some cases, a condensation particle counter may be called a condensation nucleus counter (CNC).

2.6

critical mobility

instrument parameter of a DEMC that defines the electrical mobility of aerosol particles that exit the DEMC in
aerosol form, which may be defined by the geometry, aerosol and sheath air flow rates, and electrical field
intensity

NOTE Particles larger or smaller than the critical mobility migrate to an electrode or exit with the excess flow and do
not exit from the DEMC in aerosol form

27
differential ¢lectrical mobility classifier
DEMC
classifier that is able to select aerosol particles according to their electrical mobility and passthem to its gxit

NOTE A |DEMC classifies aerosol particles by balancing the electrical force on each particle’ with its aerodypamic
drag force in gn electrical field. Classified particles are in a narrow range of electrical mobility-determined by the opdrating
conditions ang physical dimensions of the DEMC, while they can have different sizes due ‘to-difference in the numper of
charges that they have.

2.8
differential mobility analysing system
DMAS
system to measure the size distribution of submicrometre aerosol particles consisting of a DEMC, flow meters,
a particle detector, interconnecting plumbing, a computer and suitable software

29
electrical mobility
mobility of a pharged particle in an electrical field

NOTE Elgctrical mobility can be defined as the migration velocity dependent on the strength of the electrical fie|d, the
mechanical mebility and the number of charges per particle.

210
electrometef
device that njeasures electrical current ranging from about 1 femtoampere (fA) to about 10 picoamperes (pA)

211
equilibrium charge distribution
charging condition for aeros§al particles that is stable after exposure to bipolar ions for a sufficiently long geriod
of time

NOTE Bipolar iens are positive and negative ions which are produced by either a radioactive source or a dorona
discharge.

212

Faraday-cup aerosol electrometer

FCAE

electrometer designed for the measurement of electrical charges carried by aerosol particles

NOTE A Faraday-cup aerosol electrometer consists of an electrically conducting and electrically grounded cup as a
guard to cover the sensing element that includes aerosol filtering media to capture charged aerosol particles, an electrical
connection between the sensing element and an electrometer circuit, and a flow meter.

2 © 1SO 2009 - All rights reserved
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Knudsen number
Kn [ISO]

ratio of gas molecular mean free path to the radius of the particle, which is an indicator of free molecular flow
versus continuum gas flow

214

laminar flow

gas fl

215

ow with no temporally or spatially irregular activity or turbulent eddy flow

migration velocity

stead

2.16

parti
devig
charg

217

Pecl¢t number

Pe [I9
dime

218
Reyn
Re [I9
dime
an ae

2.19
slip ¢
SC

dime
beco
mole

2.20
spac
netc

2.21

Stok
drag
numk

y-state velocity of a charged airborne particle within an externally applied electric field

cle charge conditioner
e used to establish a known size-dependent charge distribution on the sampled.aerosol of
ing state, which is either a bipolar or unipolar charger

O]
nsionless number representing the ratio of a particle’s convectiveto diffusive transport

olds number
O]

nsionless number expressed as the ratio of the ineftial force to the viscous force; for examp
rosol particle or a tube carrying aerosol particles

torrection

hsionless factor that is used to correct the drag force acting on a particle for non-continuun
me important when the particle ‘size is comparable to or smaller than the mean free pat
cules

e charge
narge spatially distributed in a gas

bs' drag
force acting on a particle that is moving relative to a continuum fluid in the creeping flow (I
er) limit

an unknown

le, applied to

h effects that
h of the gas

pw Reynolds

2.22

system transfer function
transfer function defined as the ratio of the particle concentration at the particle concentration measurement
detector of a DMAS to the particle concentration at the inlet of the DMAS, which is normally expressed as a
function of electrical mobility

2.23

transfer function
ratio of particle concentration at the outlet of a DEMC to the particle concentration at the inlet of the DEMC,
which is normally expressed as a function of electrical mobility

©I1SO
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2.24

unipolar charger

device to attain a steady-state charge distribution of aerosol particles by exposing them to either positive or

negative ions within the device

3 Symbols

For the purposes of this document, the following symbols are applied.

Symbol Quantity S| Unit
A, B, C elements of the slip correction factor defined in Equation (2) dimensionlgss
Cy number concentration of an aerosol m3
c thermal velocity of an ion or molecule ms
D diffusion coefficient of a particle or an ion in air m2s=3
d aerosol particle diameter m
E electric field strength in a DEMC Vm
& relative error
elementary charge
¢ =1,602177x 10719 ¢C
Kn Knudsen number
Boltzmann constant
k
=1,381x 10723 y K1
effective active length of a DEMC, approximated by the axial distance between
L the midpoint of the aerosol entrance and, the midpoint of the exit slit of a m
cylindrical DEMC
/ mean free path of a molecule m
M mass of a molecule amu
m mass of an ion amu
Avogadro constant
N
~ 6,022 141 79(30) x 1023 mol-"
N, number density of ions m-3
P atmospheric pressure Pa
P number of elementary charges on a particle (dimensionlgss)
Pe Peclet number (dimensionlgss)
41, 42, 43, 94 | flow rates of air (or gas) and of aerosol entering and exiting a DEMC m3 s
4 aerosol air flow rate
ry outer radius of inner cylinder of a cylindrical DEMC m
Iy inner radius of outer cylinder of a cylindrical DEMC m
Re Reynolds number (dimensionless)
S Sutherland constant ( =110,4 K at 23 °C and standard atmospheric pressure)
S, slip correction (dimensionless)
T absolute temperature K

© 1SO 2009 - All rights reserved
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Symbol Quantity Sl Unit
t residence time of an ion S
U DC voltage used to establish an electrical field in a DEMC \%
14 volume m3
Z electrical mobility of a charged aerosol particle m2 V11
Z4,Zy,Z4, Z, | critical electrical mobilities that describe the transfer function of a DEMC m2Vv-1s1
Yij attachment coefficient of ions onto aerosol particles m3s-1
y recombination coefficient of ions (dimensionless)
) radius of a limiting sphere m
n coefficient of dynamic viscosity of a gas kg m1s1
! ion pair production rate =3 53
) mean free path of an ion m
P mass density of a particle kg m3
4 GGeneral principle
4.1 | Particle size classification with the DEMC
The measurement of particle size distributions with a DMAS is based on particle classification| by electrical
mobility in a DEMC. The DEMC may be designed in\many different ways; for example, coax|al cylindrical
DEML, radial DEMC, parallel plate DEMC, etc. The coaxial cylindrical DEMC shown in Figure 1 i$ an example
of a yidely used design. It consists of two coaxiak\cylindrical electrodes with two inlets. One inlgt (marked ¢4
in Figure 1) is for filtered clean sheath air. The*other inlet (marked g¢5) is for the aerosol sample aif.

The gerosol sample air, some of whoseg particles are electrically charged, enters the DEMC as &

cyling
betw
withir
the d
acroq
charg
slit n
mark|

er around a core of filtered, particle-free sheath air. By applying a voltage, an electric fie
ben the inner and outer electrades. A charged particle in the presence of an electric fielg
the field and reach a terminal migration velocity when the fluid dynamic drag on the part
fiving force of the electric\field. Charged particles of the correct polarity within the sample air
s the sheath air flow.towards the inner electrode. At the same time, the clean sheath air flo
ed airborne particles.downward. A small fraction of the charged particles enters the thin ci
par the bottom,ef_the centre electrode and is carried by the air flow to the detector (in
ed ¢3). By varying the voltage, particles of different electrical mobility are selected.

thin annular
Id is created
will migrate
cle balances
begin to drift
W carries the
rcumferential
the direction
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Figure 1 — Schematic diagram of coaxial cylindrical DEMC

vithin a DMAS, measurements of relevant parameters-such as voltage and flow and their tir
combined with other measurements such as the“output from the particle detector. T
re usually controlled using a system controller as_shown in Figure 3.

4.2 Relationship between electrical mobility and particle size

The electricd
electrical mo

Z(d,p)4

I mobility of a particle depends on jtstsize and its electric charge. The relationship bet
bility and particle size for spherical/patticles can be described by Equation (1):

| _pe
3nnd °©

The slip cortection, S;, extends the Stokes' law-based calculation of the drag force on a spherical pa

moving with
expression g

1+

Se

For a detaile

Kn{A + Bexp(

low Reynolds number in a gas phase to nanometre-sized particles. It is approximated b
ven in Equation~2):

-

j discussion of the slip correction, see Annex C.

hings
hese

ween

(1)

rticle
y the

()

The dynamic viscosity and the mean free path of gas molecules used within Equations (1) and (2),
respectively, depend on both the temperature and the pressure of the carrier gas. Equations (3) and (4) shall
be used to calculate the viscosity and the mean free path for temperatures and pressures different from the
reference temperature and pressure, 7 and P, specified in Table 1, respectively.

TO +S
T+S

i

[

Fo
P

J

TO +S
T+S

)

©)
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where S, the Sutherland constant, has the value given in Table 1.

Unless explicitly specified differently in the measurement report, Equations (1) to (4) and the set of parameters
given in Table 1 shall be used for the calculation of the relation between electrical mobility and particle size
in air.

Table 1 — Values of parameters recommended for the calculation
of the electrical mobility from the particle size in air

Parameter Value Remarks
Mo 1,832 45 105 kg-m1.s~"
o 6,730 x 108 m For dry air at 7,, = 296,15 K; P, = 101,3kPa
S 110,4 K All values from;
A 1,165 J.H. Kim, G.W. Mulholland~S.R. Kukuck
B 0,483 and D.Y.H. Pui (2005).
C 0,997

4.3 [ Measurement and data inversion
For g given supply voltage, U, the response, R(U), of the-particle detector to aerosol particles|entering the

DEM[ is given by Equation (5), which is called the basic equation for the response of the elecjrical mobility
meagurement:

R(U)=4,3 [ n(d)- 1, (d)-2[2(d, p)how)] (. p)aa (5)

vhere

W(d, p) is the factor relating the detector response to the rate of particles;
For condensation particle counters (CPCs), the response is particle number concgntration and
W(d, p) = nepe(d) qCPC4' where 77cpc(d) is the size-dependent detection efficiency of the CPC

and gqpeiS the measuring flow rate of the CPC.

Forfaraday-cup aerosol electrometers (FCAEs), the response is current and
W(d, p) = p e necae(d), where recpe(d) is the size-dependent detection efficiency offthe FCAE.

n(dYdd is the number concentration of aerosol particles in the diameter interval dd around 4

fp(d) is the charging probability function (see 4.5 and Annex A);
Q[Z(d,p), A(D(U)] is the transfer function of the DEMC (see 4.4 and Annex E);

Z(d, p) is the electrical mobility (see 4.2);
A@U) is afunction of the supply voltage and the geometry of the DEMC (see 4.4 and Annex E).
If the transfer function, €2, the charge distribution function, f,(d), and the maximum particle size (see 5.2.1) are

known, the particle size distributions can be calculated based on the measurements with a DEMC. Details of
some methods of data inversion are described in Annex D.

© 1SO 2009 — All rights reserved 7
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4.4 Transfer function of the DEMC

The transfer function, ©, of a DEMC is defined as the probability that an aerosol particle which enters the
DEMC at the aerosol inlet will leave via the detector outlet. It depends on the particle’s electrical mobility, Z, on
the four volumetric flow rates, on the geometry of the DEMC and on the electrical field. The influence of the
geometry and the electrical field on the transfer function is expressed by the term A®, which is a function of
the geometry and the supply voltage of the DEMC. For a given supply voltage, A® is constant.

If particle inertia, Brownian motion, space charge and its image forces are neglected, the transfer function of a
DEMC can be described as a truncated isosceles triangle with the half-width, AZ, centred around the electrical
mobility, Z*, as in Figure 2.

A detailed discussion of the transfer function for the example of a coaxial cylindrical DEMC can be-feynd in
Annex E.

Z* = (q1+ ga)l(4n -AD)

(2% q3)/2q,
(| go=415] y(2n -AD)

Omax=min (1, g3/ q5)

NY

2AZ =(qy* q3)/(2n -AD)

< Py
g B

Figure 2— Transfer function of a DEMC

4.5 The charge distributionfunction

As stated in 4.3, the particle-size-dependent charge distribution function, f(d) must be known to calcularle the
particle size distribution, of particles measured by a DEMC. In principle, a known charge distribution function
can be estaljlished either by bipolar or by unipolar charging. An aerosol particle charge conditioner (5.4.2) is
used for this purpose:

For unipolarLc S 5 cha
Therefore, the charge d|str|but|on funct|on ];(d) must be evaluated for each speC|f|c unlpolar charger deS|gn
The particle concentration to be charged must be limited in such a way that the depletion of the ion
concentration due to ion attachment to the particles does not lead to significantly reduced charges on the
particles. The instrument manufacturer or the user shall, by design or by measurement, ensure that the
method performs correctly and does not produce artefact particles. Unipolar charging is discussed further in
Annex A.

In a gaseous medium containing aerosol particles and a sufficiently high concentration of bipolar ions
produced e.g. by a radioactive source, an equilibrium charge distribution will develop on the aerosol as a
result of the random thermal motion of the ions and the frequent collisions between ions and aerosol particles.
The bipolar equilibrium charge distribution depends on the ion properties (ion mobility and ion mass), gas-
dynamic properties (diffusion coefficient of the ions and mean free path of the ions) and the ion-aerosol
attachment coefficient. Details are described in Annex A.

8 © 1SO 2009 - All rights reserved
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The bipolar charging probability for spherical particles in air (293,15 K, 101,3 kPa) can also be calculated
using the approximation by Wiedensohler (1988) [50] in combination with a result from Gunn (1956) [24], given
in Annex A. This approximation compares well both with other theoretical calculations and experimental
results. Table 2 shows the results of this calculation.

Unless explicitly specified differently in the measurement report, values in Table 2 shall be used for the
determination of the charge distribution function,j;(d), for aerosol particles in air.

Table 2 — Bipolar charging probability];,(d ) for spherical particles in air (293,15 K, 101,3 kPa), from
Equations (A.10) and (A.11)

d, Charging probability
nm -6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6
1(0 0 0 0 0 0,004 8 0,999 3 (0,004 5 |0 0 0 0 0
20 0 0 0 0 0,008 3 0,974 2 (0,007 5 |0 0 0 0 0
5|0 0 0 0 0 0,0225 10,969 3 [0,0189 |0 0 0 0 0
10(0 0 0 0 0 0,0514 10,9124 ({0,0411 (0O 0 0 0 0
2010 0 0 0 0,0002 10,1096 (0,793 1 | 0,084 610,000 1 O 0 0 0
5010 0 0 0 0,0114 10,2229 (0,581 4 |0,169/6 0,006 6 |0 0 0 0
1J0 |0 0 0,000 1 10,0037 (0,056 110,279 3 (0,425 9,.0;213 8 |0,0317 |[0,0017 |0 0 0
270010 0,000 5 |0,0053 (0,0340 |0,121 1 | 0,264 1 | 0,299(1,| 0,204 3 [0,0719 |0,0153 (0,0018 |0,0001 |0
5o (0,006 7 |0,0207 (0,0504 |0,0980 (0,1490 |0,1816 (0,181 8 (0,1403 |0,089 1 (0,0440 |0,017 3 |0,0054 (0,001 4
104o(0,0357 |0,0584 (0,0854 0,111 3 (0,126 1 |0,138.52{0,123 5 (0,103 9 |0,0754 (0,050 0 |0,029 3 |0,0154 (0,007 2

5 $Pystem and apparatus

5.1 | General configuration

A complete DMAS for the measurement of particle size distributions based on differential elecfrical mobility
analysis typically has the following fundamental components (see Figure 3):

a) pre-conditioner;
b) particle charge'conditioner;

c) [DEMC.with flow control and high voltage control;

d) aerosol particle detector;

e) system controller with data acquisition and data analysis (typically built-in firmware or dedicated software
on a personal computer).

© 1SO 2009 — All rights reserved 9
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Sample .
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Figure¢ 3 — Fundamental components of the differential mobility analysing system (DMAS)
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ectrical mobility analysis is typically used for airborne particles ranging from a few nanomet
y one micrometre. Aerosol samples can be measufed from a variety of sources. The
hple sources are particles aerosolized from a liquid-suspension, particles sampled directly,
pre and particles sampled from a combustion seurce. The particle pre-conditioner and the pa
tioner are necessary to achieve defined sample conditions.

separate a mono-mobile fraction of the  aerosol flow, which is transferred to the aerosol p4

other configurations exist, for example, systems with two parallel DEMCs and detecto
ticle size range, systems with multiple detectors or systems with multiple parallel DEMC

easurement is controlled by the system controller, which also acquires data and performs
e system control can, for example, reside as software and/or hardware in a personal compu
htegrated into a self-contained particle sizing instrument.

onents

onditioner

itioner component serves two purposes: removing large particles and, if necessary, reducir

es to
most
from
rticle

rticle
hown
s for
5 and

data
ter. It

g the

sample humi

NOTE

ify Qther prp-rnndifinning may he I'Pﬂlllirpd for annr‘ifir‘ nlnlnlir‘q’rinnq

is a helpful sampling flow measurement which does not interfere with the incoming particles.

5.2.2 Particle charge conditioner

Calibrating the pressure differential across the particle pre-conditioner against the flow rate through this device

In order to calculate the particle number distribution from the measured electrical mobility number distribution,
the particle size-dependent distribution of electrical charges must be known. A bipolar diffusion particle
charger (also called an aerosol neutralizer) is often used in a DMAS. The charger ionizes the aerosol carrier
gas. The ions of both polarities diffuse to the aerosol particles, preferentially to particles of opposite polarity.
Under appropriate operating conditions, these chargers establish the equilibrium charge distribution on the
aerosol particles. Either radiation from a radioactive source or ions emitted from a corona electrode can be
used to ionize the aerosol carrier gas. Unipolar corona chargers may also be used in a DMAS.
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DEMC

The DEMC is the core component of a DMAS. The basic operating principle is electrical mobility
discrimination by particle migration perpendicular to a laminar sheath flow. The migration is determined by an
external electrical force and the counteracting particle drag forces in the laminar sheath flow.

DEMC can be designed in a variety of geometries. The classifying characteristic of a DEMC is described by its
transfer function. Whatever the geometrical design of the DEMC, the transfer function is defined by the critical
mobilities, which are determined by the geometrical dimensions of the device, by the flow rates and by the
voltage potential between the electrodes. Details on the transfer function of the DEMC can be found in 4.4.
For the example of a coaxial cylindrical DEMC, details on the critical mobilities as well as the transfer function

E

aforind in Annas
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range to be reported. The lower end of the size range limits the aerosgl particle detector that can
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the o
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The

uring a particle size distribution is usually achieved by changing the voltage. For transient'm
Ss with multiple particle detectors have been designed. These systems typically lopera
jes.

Aerosol particle detector

aerosol outlet from the DEMC shall be connected to a well-characterized particle d
ment shall be able to detect particles exiting the DEMC with knewn efficiency across th

now, either a continuous flow condensation particle counter (CPC) or an aerosol electr
used. In a CPC, aerosol particles are exposed to.‘condensable supersaturated vap
bnsing on the particles grows them into droplets that can be counted by optical me
ometers are typically designed as Faraday-cup aeresol electrometers (FCAEs). The ae
5it on a filter inside the Faraday cup. The electrical tharge on the deposited particles can
current by the electrometer amplifier. If there>is no need to measure particles smaller
n models of optical particle counters are also-suitable as aerosol particle detectors.

le detectors are discussed further in Anhex B.

System controller, data acquisition and analysis

system controller with data) acquisition and data inversion must cover several tasks
urement, the system control of an automated measuring system should set all operating pa
he operator if any of (these parameters cannot be set correctly. During the measurement
bl should acquire and/monitor all critical parameters (for example, the flow rates) and flag
perator if any of-these parameters are outside pre-established tolerances. At the same tim
m must set the ‘electrode voltage through the variable high voltage supply and read the pa

easuredparticle size distribution is presented, stored, exported, etc.

pasurements,
e with fixed

btector. This
e entire size
be used.

ometer have
our. Vapour
Ans. Aerosol

e measured
an 100 nm,

rrol particles

Before the
ameters and
, the system
a warning to
e, the control
ticle number

from the aefosol particle detector. Either during or after the measurement, data inversion takes place and

system control should also create an event log which contains all detected irregulari

meag

urément.

1es during a

6 Measurement procedures

6.1

6.1.1

Setup and preparation of the instrument

General

Proper instrument setup is critical in obtaining the correct particle size distribution. There are many different
ways to configure and operate a DEMC instrument and the reader shall refer to the manufacturer's instrument
manuals for specific details. This clause addresses only those issues common to all types of DEMC systems.
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6.1.2 Aerosol pre-conditioning: Humidity

For atmospheric sampling, humidity may or may not play a role in obtaining an accurate particle size
distribution. However, it shall be considered when making a measurement. Hygroscopic particles (e.g. sulfate
particles) can change size depending on the amount of water in the air. Other types of particles (e.g.
elemental carbon) will not be appreciably affected by humidity. Since humidity can change over time, the size
distribution of the sample aerosol can also change over time. If sampling times are sufficiently long, the
aerosol size distribution can change during a single measurement. This can be avoided by pre-drying the
incoming aerosol with a diffusion dryer or by using dry dilution air. Other humidity control devices can allow
measurements to be made at a constant relative humidity. In any case, it is important to consider how
humidity may affect atmospheric aerosol measurements and how a dryer may affect particle losses.

Particles sus urate
r with

on. If

pended in a liquid shall be thoroughly dried after atomization in order to obtain an_-acg
particle size fistribution. The aerosol can be dried with dilution air (at less than 30 % relative humidity) o
a diffusion dryer. Dilution air is preferable if the aerosol concentration is very high and can tolerate- dilut
that is not th¢ case, a diffusion dryer is the best choice.

6.1.3 Aerogol pre-conditioning: Separation of large particles

Measuring particle size distributions with a DMAS requires data inversion, as described in 4.3 and Annex|D. In

order to solv
the DEMC.
carrying mul
removing thg

A pre-separs
used pre-se(

b the inversion equations, it is necessary to know the size of the largest particles allowed to

tiple charges may have the same electrical mobility as smaller, singly-charged particle
larger particles, the true size distribution is more accurately determined.

arators are impactors or cyclones. The cut-off size should be selected such that

enter

This will prevent larger multiply-charged particles from entering"the DEMC. Large paiticles

5. By

tor with known cut-off sizes shall be installed in the sampling flow to fulfil this need. Cominonly

a) the pre-$eparator does not remove particles from the desired size range of the measurement, and
b) the cut-gff size is within the size range for data inversion.
NOTE Impactors are mostly used for sample flow'rates of less than 1,5 I/min; cyclones are applicable for sample flow

rates of 1 I/mip and more.

During oper3d
regularly insy

6.1.4 Parti

All aerosol
reproducible

Either radiati
aerosol carri
85Kr (primari

tion, some particles will depesit in the pre-separator. Therefore, the pre-separator needs
ected and cleaned when necessary.

Cle charge conditioning

samples should. gither be charge-neutralized or be charged unipolarly in a defined
way just before ‘entering the DEMC.

pbn from & radioactive source 1) or ions emitted from a corona electrode can be used to ioniz
br gas. Three of the most common types of radioactive sources, 241Am (primarily alpha radia
y béta radiation), and 210Po (primarily alpha source) have half-lives of 458 years, 10,78

to be

and

e the
tion),
years

and 138,4 d

hys) respectively. It is especially important to ensure that the radioactive source is still gtrong

enough to neufralze the Incoming aerosol. A weak radioaciive source or an improperly working charger will
skew the particle size distribution, giving incorrect results. Under appropriate operating conditions, these
chargers establish equilibrium charge distribution on the aerosol particles.

Unipolar charging can yield a higher charging probability than charge equilibrium, thus increasing the system
transfer function. The increased charging probability, however, leads to both a higher fraction of
multiply-charged particles and higher charge levels on these particles. This has the adverse effect of reducing
the size resolution of the DEMC. Therefore, unipolar charging is typically used for instruments with lower size
resolution.

1) Using radioactive sources requires compliance with local, national and international regulations and laws.
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It is possible for any particle charge conditioner, particularly bipolar and unipolar corona chargers, to generate
ultrafine particles that lead to incorrect measurement. Careful charger design, characterization and operation
are necessary to minimize or avoid such effects.

Details of the charge equilibrium distribution can be found in 4.5. Details on particle charge conditioners can
be found in Annex A.

6.1.5 DEMC: Flows

The flow control system is an important component with respect to the precision, resolution and repeatability
of a DEMC. Both the particle sizing and the particle concentration measurement rely on accurately known
flows|

Depgnding on the type of DEMC used, the sheath flow to aerosol flow ratio will vary. Aigh sheath/aerosol
ratio will result in a narrow transfer function with better resolution of the size distribution.;Avhighef sheath flow
rate also reduces diffusion broadening within the DEMC. A low sheath/aerosol ratio Will"increas¢ the aerosol
conceéntration, desirable for lower concentration aerosols.

Every DEMC has two flows entering the device (sample flow and sheath flow)'and two flows exitipng the device
(monpdisperse aerosol flow and excess air flow). Three out of these four flows must be controlled for stable
opergtion. The sheath air shall be particle-free. In order to avoid interference with the aerosol to je measured,
the recommended flows to be controlled are the sheath flow, the{excess air flow and the mponodisperse
aerogol flow. Absolute accuracy on the flow rate measurements is.€ritical since the sample flow i, in general,
determined by the difference between the outgoing flows and the incoming sheath flow.

The inlet and outlet flows are strongly coupled, so upstream“or downstream perturbations to any one of the
flows| may cause other flows to change. To minimize the\sensitivity to such perturbations, the [flow network
should be carefully designed. The volumetric flow ratés shall be defined and kept constant during the
meagurement. It should be periodically ensured thatthere are no leaks in the system.

The flow control system can be simplified andstabilized by cleaning and recirculation of the eXcess flow as
sheath flow in a closed loop. This recirculatioh-not only guarantees that the sheath flow equals thg excess flow,
it aISI eases the constraints on the precision’ with which the sheath and excess flow rates are megasured since,
in st¢ady-state operation, the incoming-aerosol flow exactly equals the outgoing classified monodisperse
aerogol flow, provided there are no.leaks in the recirculation system and the temperature of [the recycled
partigle-free gas is the same as that of the incoming aerosol flow into the DEMC. An exception is|a measuring
setug where the aerosol inlet is pressurized (overpressure sampling mode). In such a case, it might become
necegsary to use a meteredbleed to allow balancing of the flows.

6.1.6| DEMC: Voltage

In mgst DMAS systems, a variable DC high-voltage supply is used to control the potential differgnce between
the QEMC's electrodes. Fluctuations in the voltage across the DEMC will greatly affect the reslilting particle
size dlistribution measurement.

For large, low-mobility particles, the required voltage can be high, reaching up to 10 kV or| 20 kV. The
maximum voltage must be limited in order to prevent arcing within the instrument. Arcing generates artefact
particles and can damage exposed surfaces in the instrument. The stability of the supplied voltage influences
the resolution and repeatability of the DEMC.

For safety reasons, the outer DEMC surfaces are normally grounded while the variable, positive or negative
voltage supply is connected to an inner electrode.

6.1.7 DEMC: Temperature and pressure

The temperature and pressure inside the DEMC should be monitored during the measurement. Temperature
and pressure fluctuations will adversely affect the data inversion unless they are taken into account.
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6.1.8 Particle detection: CPC

Typically, a CPC has effectively 100 % counting efficiency over a wide range of particle sizes. Toward the low
end of the detectable size range, the counting efficiency decreases to zero with a relatively steep sensitivity
curve.

If the measuring range of the differential mobility analysing system extends into the range of the decreasing
efficiency curve of the CPC, the measurements must be corrected accordingly.

A CPC must be operated within its specified particle concentration range. If the particle concentration is higher
than the upper limit of the specified concentration range, particle coincidence will become significant and
therefore will

S o -+ A Heara-ant
UAUOLT TITUTTCUUOS TTTCAOUT CITITTILO.

6.1.9 Partigcle detection: FCAE

If an FCAE |is used as a particle detector, the particle concentration exiting the DEMC-shall provig
electrical cufrent well above the noise level of the electrometer. Currently, aerosol electrometers me
electrical curfents down to approximately 1 fA (or approximately 6 250 singly-charged particles per secon

e an
bsure
d).

6.1.10 Datalacquisition

Most commadrcially available instruments have data acquisition software. It.iSdmportant to make sure that the

software coll

pcts all of the necessary data during the measurement. This-will'include the particle counts

from

the particle dounter) or electrical current (from the electrometer), the DEMC voltage, all necessary flow fates,
temperature,| pressure, etc. Some software packages have more options than others. Refer to the instryment
manufacturef's manuals for details on setting up the data acquisition,system.

6.2 Pre-measurement checks

6.2.1 Gengdral

There are sgveral tests that can be made to ensure that the entire system is operating properly. These|tests

are also helpful in instrument troubleshooting.

6.2.2 Overall DMAS check

Apply clean fair (through a HEPA ffilter) to the DMAS inlet and run a size distribution measurement. There
should be nd (or only very few) parficles detected across the whole particle size distribution. Remove thg filter
to expose the DMAS to nornial,*non-filtered air and run another size distribution measurement. Check if a
significantly larger number of particles are observed in the size distribution compared to that of filtered air
6.2.3 Dataljacquisition'check

Ensure that the data-acquisition system is connected and operating properly. Verify that the voltages, particle
counts, flow fates ‘and other necessary data are recorded.

6.3 Measurement

Once the instrument has been set up and checked, measurement can begin. The parameters of the
measurement will depend on the type of DEMC system used and the type of aerosol being measured. In all
cases, determination of the particle size distribution requires measuring the number concentration of all
particles exiting the DEMC at a given voltage. These have the same electrical mobility but can have different
sizes due to possible multiple charges. Repeated measurements of the particle concentration at different
voltages will provide a concentration versus electrical mobility curve that is the basis for determining the size
distribution.

There are many different ways to run a DMAS. It is up to the operator to decide on the best method based on
the measurements to be made, the equipment used and the instrument manufacturer's recommendations.
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For the measurement, a few considerations should be noted.

a) A stepping DEMC system changes the voltage between concentration measurements. For a stepping

system, it is important to allow enough time for the particle detector to achieve a steady-state
concentration. The amount of time needed for each step can be approximated by determining the travel
time of the aerosol from the DEMC inlet to the particle detector based on the operating flow rate and tube
length. Some commercial software packages can reduce the time needed between voltage steps by the
use of proprietary algorithms. However, manual scans and manual adjustments will usually need longer
times at each voltage.

A scanning DEMC system smoothly changes the voltage (often as an exponential ramp) during a

\

I
¢
g

g¢can from a low voltage to a high voltage. The inverse is called

“‘downscan”. For a scanning
me constants (residence time of the particle in the DEMC, residence time in the tubing-bef

and particle detector, the response time of the particle detector and the time constant fo

amp) and the scanning direction may cause a shift and a deformation of the transfer functi
vith the stepping system (Collins et al., 2004, [12]).

I is important to know the stability of the source. Rapid changes of the)size distribution
oncentration, or both, affect the measurement of the size distribution~Critical conditions d
ource can be identified by repeating the size distribution measurement and by changing th

procedure (number of voltage steps, scan time).

The periodic tests and calibrations required during measurement are’set out in Clause 7.

6.4

Maintenance

The maintenance schedule for a DEMC depends highly, on the application, including aerosol type

conc
use.

Inlet
colle
vacu
that |

Neut
as in
shou

pntration. The interval for maintenance dependsson the sampled aerosol concentration and
he following parts of a DEMC should be redularly cleaned:

pre-separator: Impactor nozzles should-be cleaned with compressed air or an ultrasonic b
ted on an impactor plate should-beremoved and the plate should be recoated with a
Iim grease. The maintenance should be done every six hours of sampling unless experienc
bnger sampling times between ‘cleanings may be tolerated.

ralizer: Radioactive sources should be checked to ensure the source has not exceeded its U
dicated by an expiration ‘date or date of manufacture. Cleaning such sources can be h3
d only be performed-Dy a trained professional. The cleaning or repair of radioactive source

designates a

system, the
ween DEMC
r the voltage
bn compared

the particle
f the particle
€ measuring

and aerosol
frequency of

bth. Particles
thin layer of
b has proven

seful lifetime
zardous and
5 by the end-

user |s not recommended.

Elecfrodes: DEMC-electrodes should be cleaned after every few months of continuous sampling. Use a very
soft fissue toiclean all electrode surfaces. Some particles on the electrodes will have no ¢ffect on the
classffication-gfficiency, but layers of particles could cause flow disturbances and could distort fthe electrical
field.|Aftér €leaning, the surfaces of the DEMC electrodes should be checked visually for any damage. Even
small seratches could lead to flow disturbances or change the electrical field, causing turbulence nd resulting
in an inaccurate transfer function for the DEMC.

Other internal components: During operation, many components are exposed to solid or liquid particle
deposition. All components that are exposed to such deposition shall be cleaned regularly. Excessive soiling
may change the geometry and particle cut-size of the preconditioner, may reduce the efficiency of the particle
charge conditioner, may distort the electric field and/or the laminar flow in the DEMC and may affect the
accuracy of the particle detector.

Filters for sheath air/excess air: Most of the aerosol particles entering a DEMC will not be classified and will
exit with the excess air flow and deposit on a clean-air filter. The filter shall be replaced when necessary to
avoid creating a large pressure drop within the sheath air flow, which is normally obtained from recirculation of
the excess air flow.
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7 Periodic tests and calibrations

7.1 Overview

Following the procedures below will ensure that a DMAS attains a known, small uncertainty for measurement

of particle size and concentration. These procedures shall be performed only by qualified personnel. The
procedures shall cover the fundamental components as summarized in the matrix.
Table 3 — Matrix for sensitive components of a DMAS
Preconditioner | Particle charge DEMC Aerosol particle Systenj
conditioner detector controllgr
Leak tept X X X X
Zero tedts X X X X
Floyv mgter X X X
calibratipn
Voltage calill)ration X X
Particle criarge
conditioner iptegrity X
test
Calibration fpr size X X X X X
measurement
Size resolutipn test X X X X X
Numbgr
concentrgtion X
calibratipn
7.2 Leak test
Each compopent shall be tested to ensure it is free of significant leaks. A significant leak is, for exampldg, one
that causes & change of greater than“5' % per hour in pressure inside the component during a vacuunj leak
test. The leakage rate measured during a leak test shall be recorded.
To check thqg leakage of airinte‘or out of the DEMC, plug the sample inlet, sheath air inlet and the exceps air
connection qf the DEMC{)Co6nnect a manometer to measure the pressure inside the DEMC. Conngct a
vacuum pumnp to the monodisperse aerosol outlet and excess air connections. Draw the pressure inside the
DEMC down to lesssthan 10 % of atmospheric pressure (< 10 kPa). Seal off the DEMC from the vafuum
pump. Watch thetpressure measured by the manometer for at least 1 hour. The DEMC leakage rate is
acceptable iflthe pressure inside the DEMC measured by the manometer changes by less than 5 % per Hour.

If the leakage test fails, the component shall be serviced to repair the leak.

NOTE 1 Testing some components for leaks, such as a CPC, requires special procedures that are specified by the

manufacturer.

NOTE 2 If the excess air is recirculated to the sheath air, those two connections need not be plugged.

16 © 1SO 2009 — Al rights re

served


https://standardsiso.com/api/?name=33620e28a783ecaf243660f3d0b73a30

7.3

7.3.1

ISO 15900:2009(E)

Zero tests

General

Once the flow rates are checked, there are three zero tests that can be performed to ensure that there are no

leaks

7.3.2

and that the instruments are working properly.

Particle detector zero test

Disconnect the particle detector from the DEMC and keep the tubing exposed to normal office or laboratory

room

air (not clean-room air). Ensure that the instrument is on and there is air flow into the partic

e detector at

the c
even
makeq
meas

7.3.3

Reco
99,94
very

there
each

7.3.4

Make
apprd
appli
partig

a) f

b) 1

7.4

brrect rate. The particle detector should count a high concentration of particles. The particle
saturate while sampling room air. Place a high-efficiency particulate air (HEPA) filtet\on
sure that the particle detector signal drops to a negligible level compared to thefconcer
ured.

DEMC zero test
nnect the particle detector to the rest of the DMAS, apply clean air (through a HEPA filter|
% efficiency) to the DMAS inlet and run a size distribution measufement. There should b
ew) particles detected across the whole particle size distribution~ If'the particle detector dete

are leaks in the DMAS, either in the components or in the interconnecting tubes. To tes
component, go back to 7.2.

Overall DMAS zero test

sure the aerosol inlet tube to the DEMC is open to normal room air (not clean-room air|
priate sheath flow and aerosol flow rates within,the DEMC and to the particle detector. Sg

les:

he sheath/aerosol ratio could be tooJdow and particles are diffusing into the aerosol outlet ¢

This can be corrected by decreasing-the aerosol flow rate or increasing the sheath flow rate.

he flow rates within the DEMG are too high and turbulent conditions exist. If this is the cas

flow rates to return to laminarflow. Annex E describes a test for laminar flow for cylindrical D

Flow meter calibration

The flow meters indicating the volumetric flow rates of sheath air, excess air, incoming aerosol

class|
stand

fied samplé aerosol shall be calibrated against a flow meter that is traceable to internation
ards.

detector may
the inlet and
tration to be

with at least
e no (or only
cts particles,
t leakage for

. Set up the
t the voltage

pd to the DEMC to 0 volts. The particle deteetor should count no particles. If the particle defector detects

f the DEMC.

b, reduce the
EFMC.

and outgoing
blly accepted

Volu

flow faté/ transformation from mass flow rate to volumetric flow rate is necessary.

etfic flow rates govern the DEMC transfer function. If mass flow meters are used to meas

Tre or control

NOTE

When the excess air is circulated and used as the sheath air, one can assume that the incoming and sample

aerosol flows are equivalent if the air leakage in the circulation circuit is verified to be negligible. In such cases, the flow
meters need only be calibrated for the sheath air and the sample aerosol.

7.5

Voltage calibration

The voltage applied across the DEMC electrodes shall be calibrated against a voltmeter that is traceable to
internationally accepted standards.
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7.6 Particle charge conditioner integrity test

Aging of radioactive materials in the particle charge conditioner slowly reduces its charging efficiency.
Because the charging efficiency is a function of particle size and concentration, the integrity of the conditioner
shall be tested using particle sizes and concentrations similar to those to be measured.

The test requires two radioactive neutralizers. If the size distributions of nearly monodisperse aerosol are not
significantly different using the first neutralizer alone, the second neutralizer alone and both neutralizers in
series, they are both suitable for the measurement.

Other types of particle charge conditioners, such as unipolar chargers, should be in good operating condition

according to

the manufacturer’s specifications.

7.7 Calibr

7.71

This subclau

7.7.2 Purp

The tests an

components
by a DMAS &
DMAS calibr|
to
a) the meth
b) the con
sufficien
c) the due

(remove|

The following
is performed
given by the

ation for size measurement

Gengdral

se describes a method to test sizing accuracy of the DMAS.

bse of calibration

0 calibrations described in 7.2 to 7.6 are necessary to check accufacy and integrity of indi
of the DMAS. However, they are not necessarily sufficient for verification of the accuracy of
s an entire system. Therefore, a particle size calibration shall)be’carried out to test for accur

btion with standard monodisperse particles of a certified\size requires due attention with re

od of dispersing these particles in air, preferably with electrospraying,

Centration of the particle dispersion in the-liquid that has to be dispersed, which mu
Hly low to substantially avoid the aerosolization of particles other than singlet particles,

surfactants and ionic species, etc)_prior to the aerosolization of the particles.

subclause provides a procedure for calibration that uses particle size standards. The proc
with the standard DMAS sizing method and includes the data inversion and correction algor
manufacturer.

7.7.3 Calibration with standard DMAS sizing method

Aerosolize pI

Calculate th
calculate the

The standard

rticles with a-certified size, d, and measure the size distribution of them by the DMAS undg
number<weighted mean d|ameter d, from the size distribution data. Repeat this 5 time
average-of the mean diameters, d . Report the relative error, ¢ between d and de.

particles should have a small uncertainty for the certified size and a narrow size distribution.

idual
Bizing
ACY.

Spect

5t be

removal of any non-volatile dissolved-materials from the liquid other than the certified pairticles

pdure
thms

r test.
5 and

The

HNoF loca—than- 5 0/ and—ih

r

ative

relative stan

7= I riointy rth rhfiad ald ot
1Igara ulluUllalllL_y foftRe—Ceftea—StZze—Snotht—oe Uqual tO—Of—1eSS—tRah—o 70, arid_arc—1

standard deviation of the distribution should be equal to or less than 20 % in diameter, whenever possible.

The arithmetic mean should be used for calculation of d. For example, when the size distribution is presented

(6)

as ———versus d:
dlogd
J.d _av dlogd
E _ dlo ogd
J dv -dlogd
dlogd
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NOTE 1 The following equation can be used to calculate the relative error, ¢:

d-d
o= c

100 (7)

Cc

The tolerance value for the relative error, &, shall be prescribed based on the purpose or requirements of the
measurement in which the DMAS is used, the sizing capability of a specific DMAS and the magnitude of the
size uncertainty of the standard particles used in the test.

NOTE 2  Annex F contains a procedure for a more detailed evaluation of DMAS sizing accuracy.

7.7.4] Report for sizing accuracy calibration
The fpllowing information shall be included in the report:
a) date of calibration;

b) gertified size (d,) and its standard uncertainty [u.(d.)] of the standard particles’and — if apglicable — the
¢orresponding electrical mobility (Z.);

c) [PMAS settings, such as flow rates, voltage range, voltage scan rate, €tc:;

d) pressure and temperature in the DEMC during test;
e) aqverage of the mean diameters, Z or mean electrical mobility; ?;

f) lative error, ¢.

7.8 | Size resolution test

Any disturbance or inhomogeneity of the flow field and/or the electrical field can distort and|broaden the
transfer function.

When a DMAS measures the size distribution of monodisperse or quasi-monodisperse particles using the
apprgximation method described in Annex D.1, the obtained distribution is broader than the actudl distribution.
This gan be exploited to extract the information about the width (resolution) of the transfer function.

The relative standard deviatign ;of the measured distribution of certified particles, o, at meagured particle
diameter 4, shall be compared with the relative actual standard deviation, o, of the standard particles of
certiffed diameter d;. This~comparison shall consider the theoretical resolution defined by trar|sfer function
(see 4.4). Let AZ/Z* designate the relative width of the transfer function. For example, when the DEMC is
opergted with the sheath and excess air flows set equal and hence the transfer function is tfiangular, the
following equation‘should be satisfied to a prescribed tolerance:

2 2
O'_dz & K-AZ
e ()

__Z dld) _ Se
k=-2. 24 _ (©)
d dz 2S,-1+BCexp[-C/Kn(d)]

Se, B, C and Kn are as defined in 4.2. Note that this equation is only valid when broadening of the transfer
function due to Brownian motion of the particles is expected to be negligible.
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7.9 Number concentration calibration

The measurement of the particle number concentration shall be calibrated against an aerosol particle detector
that is traceable to internationally accepted standards.

Techniques for checking the number concentration of the particle detector are given in Annex B.

8 Reporting of results

Results will always be reported as a part of the results of the broader experimental system. ISO 9276-1 may
be helpful fof determining how to present size distribution results.

The DMAS parameters to be recorded for each experiment, or set of experiments, shall include the following:
a) date of gnalysis;

b) unique igentification of the analysis laboratory;
c) operatofs name;

d) unique iflentification of the sample;

e) identification of the type of instrument used, including manufacturer, model number (if any) and perial
number pr other unique identification;

f) sampled flow rate of the gas containing the aerosol particles;
g) sheath dir flow rate;

h) excess air flow rate;

i) exit aergsol flow rate;

i) pressurg inside the DEMC during the ‘experiment;

k) date and leakage rate of the most'recent leak test;

I) temperature inside the DEMC-during the experiment;

m) method pf calculationéemployed, including formulas used;

n) observajions of unusual events during the experiment.

20 © ISO 2009 — All rights reserved
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Annex A
(informative)

Particle charge conditioners and charge distributions

General

The
distri

The
charg

A.2
The
aeroy
achig

time.
sourq

A.2.1

A.2.1

In a ¢

bipolar charge distribution will develop on the particles as a result of the random thermal motio

and

A.2.1

Unds
fp(“

pution on the sampled aerosol prior to the size classification process in the DEMC.

Charge distribution achieved by the particle charge conditioner can either be_the: bipold
e distribution or a known, stable unipolar charge distribution.

Electrical charge neutralization
bperation of electrical charge neutralization is a form of particle (Charge conditioning use
ol particles from the uncertain charged condition into the certain equilibrium charge dis
ve this, aerosol particles are exposed to a sufficiently high goneentration of bipolar ions for

This bipolar ion concentration can be produced either by. radioactive ionization of air fror
es or by corona discharge ionization.

Equilibrium charge distribution

.1 General
aseous medium containing aerosol particles and a sufficient concentration of bipolar ions, 3
he collision between ions and aerasol*particles.

.2 Charge distribution function of particles

r the steady-state conditions in the case of bipolar charging, the charge distribu
)(charging probability).can be expressed as:

11 (534/8,
fp(d):CCL]\’]p:P=+1( ”1/ p%, it p>+1

unction of the particle charge conditioner in a DMAS is to establish a known size-deperl\dent charge

r equilibrium

d to convert
tribution. To
an exposure
h radioactive

n equilibrium
n of the ions

ion function

(A1)
+00
Cor T Baalts) /
fp(d)=w= ¢ . i p<-T (A.2)
f (d)—ﬂ—/ if p=0 (A.3)
)4 - CN - Z; p - "
© IS0 2009 — Al rights reserved 21


https://standardsiso.com/api/?name=33620e28a783ecaf243660f3d0b73a30

ISO 15900:2009(E)

where

LA BEICAR

f»(d) s the charge distribution as a function of particle size d;

Cy is the number concentration of aerosol particles of size d;

CN,p is—theTumber concentrationof thargedpartictes of particte size ;
Cy.o is the number concentration of uncharged particles of size d;

B is the ion-aerosol attachment coefficient of particles of size d;

P is the number of elementary units of charge.

From the abgve Equations (A.1), (A.2), (A.3), if the ion-aerosol attachment coefficients (combination chgrging
constants) g|corresponding to Z are known, the charge distribution function fp(d) can be calculateq and

may be used in Equation (5) in the text.

A.2.1.3 lon-aerosol attachment coefficient — Fuchs' Theory

Under the steady-state charging processes, there is well-known ‘expression about the ion-aerosol attacjment

coefficients, |3, which is the so-called Fuchs’ attachment theory, that can be expressed as:

ncta-86? ~exp{—(p(5)/kT}

14 exp{—go(é)/kT}c:Dai..iZ.[(j/gexp{¢)(a/x)/k7’}dx

2 2 2
B o) ] _ p-e _81—1 e a
CD(F)—J. O(r)-dr At e r e+18m-24 rz(rz_az)

(A.4)

A [ N a “) J J
2
a
a=|—
5
a is the aerosol particle radius (d =2a );
r is the distance between the particle and the ion;

et is the thermal velocity of positive or negative small ions;

22
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a is called Fuchs' a parameter, corresponding to the square of the ratio of the particle
limiting sphere;

radius to the

1) is the radius of a sphere that divides the free molecular regime near the particle and the continuum
regime far from the particle; this imaginary sphere is often called Fuchs' limiting sphere;

k is the Boltzmann constant;

T is the absolute temperature;

If thg values of dynamic propertieSCi, D*, 2% of the small ion, and aerosol particle diamets
know, the ion-aerosol attachment coefficients, 3, can be calculated.

A.2.1

The
theor

The
expre

wher

The t

wher

D* s the thermal diffusion coefficient of positive or negative small ions;

tg  is the dielectric constant;

1 is the specific dielectric constant;

b+ is the mean free path of positive or negative small ions.

.4 Properties of the ion

Jalues of dynamic properties ¢, DT, 2% of small iofis-can be defined from fundamentg
es.

relationship between the diffusion coefficient and' mobility was given by Einstein (1905) [
ssed as:

D+ :szi/
e

b 7+ is the electrical mobility_of.small ions.

hermal velocity of small iGns was derived by Kennard (1938) [32]; it can be expressed as:

+ / 8kT
- +
mw-m

b m™ is theymass of a small ion.

thes

Therj are.several approximation methods for the mean free path of small ions. The representativi

rd=2a are

| gas kinetic

7l: it can be

(A.5)

(A.6)

e example of

can respectively be expressed as:

/Ii

©I1SO

, described by Fuchs and Sutugin (1970) [21]

_ 1612 Di( M j%

- —
3n ¢ \M+m—

, a first-order Chapman-Enskog approximation,

explained by Bricard (1965) [8]
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1

t 2
o 1 1862 DT ( M . described by Pui (1976) [441, Pui et al. (1988) 151, and
1+0 3n ci M + nf[i
Hoppel et al. (1986) [28] (A.9)
where
M is the average molecular mass of air;
o is a correction factor: o =0,132.
If the ion prgperties Z* and m* are known, the charge distribution function, fp(d),can be calculated| The
values of se\eral ion properties are shown in Table A.1.
Table A.1 — Values of ion properties used by various authors
Mobility of ion Mass of ion
Auth fi
z+(x10—4m 2v—1sr1) Z‘(><10‘4m2V_1s_1) m*(amu) | m~(amu) UgTeg-eind reference

1,15 1,425 290 140 Reischl et.al. (1996)

1,40 1,90 109 50 Adachietal. (1985)

1,40 1,90 130 100 Adagchi et al. (1985)

1,15 1,39 140 101 Rorstendorfer et al. (1983)

1,20 1,35 150 90 Hoppel and Frick (1986)

1,15 1,39 140 101 Hussin et al. (1983)

1,39 1,60 148 130 Wiedensohler et al. (1986)

1,393 1,84 200 100 Hoppel and Frick (1990)

1,40 1,60 140 101 Wiedensohler and Fissan (1991)
A.21.5 Approximation of the bipolar charge distribution for aerosol particles
As described in above subclauses, an expertuser of DMAS should be able to calculate the charge distrijution

function, f »

expression t¢ approximate the charge.distribution function, I (d) in the size range from 1 nm to 1 000

presented in
distribution fu

For an aerog
function, f,
model. To de

a) ion mob

d). However, those calculation methods are long and complicated. Therefore, an empirical

this subclause. This approximation permits a useful and rapid calculation of the bipolar c
nction.

ol particle carsying up to two elementary charges, in charge equilibrium, the charge distril

d), can betexpressed using the approximation given in Equation (A.10), derived from the F
velop this.approximation, specific values of ion properties are taken, and their sources are

litigs.from Wiedensohler et al. (1986) [52],

nm is
harge

ution
uchs

b) ion masses from Hussin et al. (1983) [30],

c) the Fuchs' a parameters from Hoppel and Frick (1986) [28] (see Table A.1).

The coefficients q; (p) were determined using a least—square regression analysis and are listed in Table A.2.
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oo (4] - E ) (o0

This equation is valid for the size range:

1nm < d <1000 nm for p={-10,1 and

20 nm < d <1000 nm for p=-2,2.

NOTE

In this equation, d is in units of nanometres.

(A.10)

The
the fq

wher

Nt

For t
ion
are g

harge distribution function, f (d) with three or more elementary charge units can be(cal
llowing Equation (A.11), which is based on Gunn's model:
N,z

e e |

2negdkT

62

_ 2neqdkT

62

e

~ JanPsqdit

i

/(4 oxp

2

W

is the concentration of positive or negative small ions:

nis calculation, the concentration of positive and negative ions is assumed to be equal, an
obilities Zf/Zl-’ was taken from Wiedensohler-&t al. (1986) to be 0,875. The results of th
ven in Figure A.1 below and in Table 2 in thetext.

Table A.2 — Coefficients g, ( p) for Equation (A.10)

culated using

(A11)

H the ratio of
s calculation

. a;(p)
1

p=-2 p=-1 p=0 p=+1 p=+2
0 —26,332 8 -2,3197 -0,000 3 -2,348 4 -#4,475 6
1 35,904 4 0,617 5 -0,101 4 0,604 4 19,377 2
2 -21)460 8 0,620 1 0,307 3 0,4800 -$2,890 0
3 7,086 7 -0,1105 -0,337 2 0,001 3 26,449 2
4 -1,308 8 -0,126 0 0,102 3 -0,1553 15,748 0
5 0,105 1 0,029 7 -0,0105 0,0320 0,504 9

©I1SO
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fp(d) A
1.E+00
ol -9
1.E-01 _j:—_.i; - -4
L= ﬁ:.;,f --=-3
Zaill g Cod
1.E-02 Lo T 0
.~ % 1
------- + 2
_____ +3
1.8-03 o 4
—@*5
1.5-04 -
1 10 1 000Q d
Key
d particle diameter, expressed in nanometres

j;(d) chargimg probability (-)

A.2.2 Nytq

The degree
ions, N;, mu
(size range f
described as

Nt

This equatio
strongly dep
product has
Kn<<1 and
beyond whid
1x10"3m 35

The ion condg

Figure A.1 — Charging probability function for particlesin the size range
between 1 nm and 1 000 nm calculated from Equations (A.10) and (A.11)

roduct

of neutralization mainly depends on the N4 product, which is the concentration of b
tiplied by the residence time, ¢, of the aerosolparticles in the ion cloud. For polydisperse aer

polar
psols

rom 1 nm to 1 000 nm) passing through *a-particle charge conditioner, the N, -t product c@n be

follows:

h is derived from the\subclause above (A.2.1.5). The ion-aerosol attachment coefficient,
endent on the aerosel particle diameter; it is in the order of 10’12m3s’1, therefore, the
been found to~be approximately 6x10"?m=3s and 1x10"?m=3s for the two limiting
Kn >> 1, respectively. Therefore, a design-dependent upper particle concentration limit
h the charge~equilibrium condition will not be reached. For an N; -¢ product larger than
, the equilibrium charge distribution will be achieved in most practical situations.

A.12)

B, is
IV, -t
ases
pXists
about

is expressed

ass

entration is related to the intensity of the ion pair production rate. In particle free air, this intTnsity

l:]/'NI+'N[7

where

1

e

26

is the ion pair production rate;

is the recombination coefficient of positive and negative small ions.

(A13)
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If the effective volume, V, of the ionized area is known, the ion pair production rate, i, can be calculated from
the measured saturation current, I, by the following equation:

I
= A4
1= (A.14)

To measure the ion pair production rate, the ionization source can be mounted on a polytetrafluoroethylene
(PTFE) insulating support and inserted into a copper tube. With a DC voltage applied between the ionization
source and the copper tube, the electrical charges can be measured as electric current using an electrometer.

A.2.3 lonization sources

In th
hous
charg

called primary ions like N,™ and O,* and free electrons in the carrier gas. These ions are short-li

them
(Brov
trans
of th

al
-

case of radioisotope methods, generally, a sealed radioactive source mounted in th
ng is used to achieve the equilibrium charge distribution. This device acts as @ bipolar diff
e conditioner. It produces both negative and positive ions in the carrier gas; The radiation g

attach themselves to neutral molecules, which then coagulate into relatively stable ion clust
nian movement) leads to collisions between these ions and the aerosol particles and th
fer to the particles. The N, - ¢ product reached in a radioactive neutralizer depends on the typ
b radiation of the isotope, on the activity and geometry of the'sealed source, on the geqg

Therg¢ are two types of ionization sources for DMASs, based on radioisotopes and corona-discharlges.

e neutralizer
Ision particle
enerates so-
ed. Some of
brs. Diffusion
us to charge
e and energy
metry of the

housing, on the flow rate of the aerosol through the housing and on'the carrier gas.

A.2.3.1 Radioisotopes

Most| neutralizers are designed as stainless steel housings, which contain a sealed radioagtive source.
Krypfon 85 (8°Kr), americium 241 (241Am) and polonium 210 (210Po) are the most compmonly used
radio|sotopes. These properties are explained in thé-following subclauses.

A.2.31.1 Krypton 85 (85Kr)

85Kr |s a beta emitter (with additional very low gamma radiation) with a half-life of 10,78 years| Its maximal
beta energy is 0,695 MeV. Krypton is a noble gas, substantially reducing the health risk in case pf leakage or
damgge to the source. After approximately 10 years, 8%Kr sources should be replaced. In nearly all 85Kr

neutr
tube

throu
alum
prody
<0,5

plizers, the 85Kr gas is contained in a small-diameter sealed stainless steel tube. The small-diameter
is contained inside a™larger-diameter stainless steel or aluminium housing. Aerosol passes axially
gh the housing that-contains the 85Kr tube. Part of the beta radiation is absorbed in|the steel or
nium that makes @dp'the tube and the housing, thus producing Bremsstrahlung that also confributes to ion
ction. The acfivity for most DEMC applications (< 107 particles cm=3 at sample air flow rates of
I/min) should*be around 370 MBq (= 10 mCi).

A.2.3.1.2 _Americium 241 (241 Am)

241Arp iS a solid alpha emitter (with additional very low beta and gamma radiation). Sealed|sources are
available as strips covered with a very thin gold film. The alpha energy is 5,6 MeV and it has a half-life of 433
years. The activity for most DEMC applications (< 107 particles cm=3 at sample air flow rates of < 0,5 I/min)
should be approximately 5 to 10 MBq.

A.2.3.1.3 Polonium 210 (210 Po)

210Po is an alpha emitter. Its alpha energy is in the range between 4 MeV and 5,3 MeV and it has a half-life of
138 days. It is available in the form of gold-coated strips, typically embedded in a protective housing. The
required activity for most DEMC applications (< 107 particles cm=3 at sample air flow rates of < 0,5 I/min)
should be approximately 5 MBq to 10 MBq. Due to their short half-life, 210Po sources must be replaced
annually or more often.
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A.23.2 Lic

ensing and precautions for radioisotopes

The use, transportation and disposal of radioisotopes are regulated by government authorities. Basic
international standards and guidelines are, for example, set by commissions of the United Nations like IAEO,
ICRP, ADR, etc. The licensing, shipping and disposal regulations that govern radioactive sources vary from
nation to nation. This International Standard can therefore only advise all users of radioactive material that
local, national and international laws and regulations must be considered and followed.

A.233 Co

rona discharge

Corona discharge may also function as a source for both negative and positive ions in the carrier gas. Either a

single coron§i electirode operated with AC-high voltage or Iwo separate corona elecirodes (one for ead

polarity) can
as an additig
an aerosol e

If corona dis

a DMAS, th¢ instrument manufacturer and the user shall, by design or by measurement, ensure tha

method perfq

A.3 Unipd

Besides the

achieve a d¢fined charge distribution in a DMAS. In a unipolar charger, ions of either positive or neg

polarity are
advantageod
charging.

Unipolar ele
advantage ff]
particles are
On the other
charging. Th

A variety of
(1957), Med
chargers are
chargers hay
charged aerq

If corona dis
flow of a DM
the method g

be used. If an aerosol electrometer is used as a particle detector, an ion trap may be nece
nal element to eliminate any remaining free ions from the charge-neutralized aerosel; othe
ectrometer would measure these free ions as an additional current.

charge methods are used to achieve equilibrium charge distribution in the aetoesel sample fl

rms correctly and does not produce artefact particles.

lar electrical charging
widely used equilibrium charge distribution, unipolar electrical charging can also be us

produced by a corona discharge process. Like im, bipolar charging, diffusion chargi

ctrical charging can achieve higher charging probabilities than bipolar charging. This

small particles (d <20 nm) are to be measured. Due to the higher charging probability,
classified by the DEMC and reach the,particle detector. This leads to better counting stat
hand, larger particles (d > 100 nmy) carry significantly more multiple charges compared to b
s makes the data inversion more complex and reduces the size resolution of large particles.

Unipolar chargers for aerosol) particles have been described and built; see, for example, K
ed et al. (2000), Buscher.et al. (1994), Chen and Pui (1999) and Pui et al. (1988). Many of
used in combination.with one or more aerosol electrometers as particle detectors. Some of
sol; otherwise theZaerosol electrometer will measure these free ions as an additional current

charge methods are used to achieve a defined unipolar charge distribution in the aerosol sz

erforms.correctly and does not produce artefact particles.

h ion
5sary
rwise

bw of
t the

bd to
ative
ng is

s because variations caused by the composition ef\the particles can be neglected for diffusion

s an
more
stics.
polar

lewitt
hese
hese

e an ion trap as an.additional element. The ion trap eliminates any remaining free ions from the

mple

AS, the«instrument manufacturer and the user shall, by design or by measurement, ensur¢ that

The particle

concentration to be charged must be limited in such a way that the depletion of th

B jon

concentration due to ion attachment to the particles does not lead to significantly reduced charges on the

particles.
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Annex B
(informative)

Particle detectors

General

Itis n

DEM[. For this purpose, a condensation particle counter (CPC) or a Faraday-cup aeresol
(FCAE) is generally used. These detectors are described below.

B.2 [Condensation particle counter

B.2.1 General

Aerogol particles entering the CPC are first exposed to anatmosphere containing
supefsaturated vapour in a component called a “saturator”. A supersaturated condition is gene

vapo
scatt

Typid
defin
size.

for particles in the size range in which a CPC has léss than 100 % counting efficiency.

A CF
Becal
signg
conc
of th
conc
beco

To n
inten
CPC
meas

Beforl

Ir to condense on the particles, growing the particles into droplets that can be detected by
pred from a light beam.

bd minimum particle size. The counting efficiency‘decreases to zero at the minimum detec

ecessary to select an appropriate particle detector to measure particle concentration down

ally, a CPC has almost 100 % counting efficien¢y:over a wide range of particle sizes |

To measure the particle size distribution usingca CPC, it is necessary to correct the count

C usually needs to cover a particle concentration range up to 104 or 10° particles per cubi
use the droplet diameter in the (detection zone of a CPC is usually several microme
I-to-noise ratio for single-droplet-counting is relatively high, a CPC is a reliable method f{
bntration aerosols. The maximum concentration for single-droplet-counting is limited by the ¢
b instrument and is usually_in the range of 103 to 10° particles per cubic centimetre. |
pntration exceeds the upper limit of the specified concentration range of the CPC, particle
mes significant and the_reported concentration will be incorrect.

easure higher_eoncentrations, some CPCs include a photometric detection method tha
5ity of the lightiseattered from all the particles in the sensing zone of the instrument at any
with photometric concentration measurement shall be calibrated periodically to ens
urements.

e using the CPC, the user shall confirm that:

1

stream of the
electrometer

condensable
ted, causing
eans of light

arger than a
table particle
ng efficiency

C centimetre.
res and the
o detect low
ptical design
the particle
coincidence

detects the
piven time. A
ire accurate

a)

by a CPC.)

b)

the flow rate into the CPC is correct. (The flow rate directly influences the particle concentration indicated

there is sufficient working liquid in the CPC reservoir. (If sufficient working liquid is not present or if the

working liquid contains too much water, condensation of the working liquid on the particle will be inhibited.
The result will be an incorrect indication of particle concentration.)

B.2.2 Calibration

This International Standard does not attempt to describe a calibration method that links number concentration
measurements traceably to international standards. The calibration described here is a comparison method to

©I1SO
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compare the particle detector being used with a reference detector. The requirements of a reference detector
are not defined here.

To calibrate a CPC, calibration particles having nearly mono-size shall be used. As an example, sodium
chloride particles may be generated by evaporation of sodium chloride in a tube oven to produce a vapour,
followed by rapid cooling of the vapour. The mean particle diameter may be adjusted by changing the flow
rate of air (or nitrogen) through the tube oven and by changing the temperature of the tube oven. However,
sodium chloride particles produced in this way do not have sufficient mono-size for calibration of CPCs. Use of
a DEMC to size-classify the sodium chloride aerosol produces sufficient mono-sized particles. For generating
particles larger than 50 nm in diameter, a serial, tandem DEMC system is recommended to remove multiply-
charged particles with sizes larger than desired that have the same electrical mobility as the desired singly-
charged partjeles-

A pre-calibrated aerosol electrometer or CPC is used as a transfer standard. Details of an-agrosol
electrometer|are described in B.3. A schematic diagram of the calibration system is shown in Figure/B.1.

Aerosol Generator » Cooling System _| Aerosol Charger
(High Temperature Furnace) " 9oy (Neutralizer)

A |

Filtered Clean Air v

Differential Electrical
Mobility-Classifier

' !

FCAE (or CPC)
(Reference)

CPC to be Calibrated

Figure B.1 — Example system component diagram for calibration of a CPC

To calibrate|a CPC, its indicated) concentration is compared to a pre-calibrated reference detector.| This
procedure is|repeated for a range of particle sizes and number concentrations, such that the operating rgnges
of the detector are covered; The counting efficiency is defined by the following equation:

Counting efficiency(%) = (CPC indicated concentration/reference concentration) x 100 (B.1)

The minimum particle detection size of a CPC is defined by the size having 50 % counting efficiency.

B.3 Faraday-cup electrometer

B.3.1 General

An FCAE is a detector of the electrical current resulting from the collection of ions and charged particles in the
sample flow. An FCAE is intended to operate in the pressure range between a few atmospheres and high
vacuum. An FCAE captures both positive and negative electrical charges and reports the net charge. An
FCAE measures the very low electrical current after the charge is released from the particles as they come in
contact with conducting parts of the FCAE. When an FCAE is used as an aerosol detector with a DEMC, it
must be designed to allow the gas to permeate through the filter and to fully capture the charged particles.
Therefore, it is necessary for an FCAE to have a filter portion inside a cup-shaped housing to efficiently
capture the electrical charges. It is not necessary for the filter to be made from conducting material, since
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space charge on the collected particles will force the electrical current to the conducting surfaces of the
Faraday cup that surrounds the filter.

An FCAE is usually suited for the measurement of a charged particle number concentration in the range from
104 to 108 particles per cubic centimetre. If the electrical charging is based on equilibrium charging, the
number concentration of the total (namely, positive, negative and neutral) fine particles in the actual sample
gas is typically one to three orders-of-magnitude higher than the number concentration of the (positively or
negatively) charged particles measured downstream of a DEMC, depending on the method of charging and
the size distribution of the particles. Since the charging efficiency of fine particles depends on particle size, it is
necessary to consider in advance whether the relevant sample particle number concentration is within the
range of FCAE measurement. If measurements at a lower particle number concentration are necessary, one
must cansider use of a CPC detector as described in B 2

Whilg¢ an FCAE being used as a detector with a DEMC is usually operated at or near atmaosphgric pressure,
an FCAE may also be operated at low pressures, in an extreme case, as low as 200 Pa)te’ 930 Pa. For low
presgqure operation, a special design is needed to reduce aerodynamic resistance.

B.3.2 Structure and detection mechanism of FCAE

Figure B.2 shows a typical FCAE structure. When sample gas containingscharged fine particlgs enters the
inlet fube to the FCAE, the gas flows through the filter and the particles are\collected on the filtef. The filter is
normglly surrounded by a porous metallic housing, converting the filter into"an ion collector. The gharge on the
fine particles is then released from the particles and forced by space€ charge within the filter miaterial to the
surrounding metal housing.

The e¢lectrical current thus formed is very minute, usually measured in units of femtoamperes| The current
from fthe filter passes into an electrometer and is amplified.-T he amplified current is proportional fo the particle
number concentration, the average number of electrical:€¢harges per particle and the sample flow rate of the
charged aerosol entering the FCAE.

==

| N — |
/3
= | Lz = 6
2Vd/|l 7

5

Key

1 Faraday cup to collect electrical current from charged collected particles and to reduce externally-induced
electro-magnetic noise

very-high-resistance electrical insulator to isolate the filter from electrical ground

high-efficiency particulate air (HEPA) filter to trap airborne charged particles

charged particles in

particle-free air out

preamplifier

electrometer

~NOoO o wN

Figure B.2 — Schematic diagram of Faraday-cup aerosol electrometer (FCAE)

© IS0 2009 — Al rights reserved 31


https://standardsiso.com/api/?name=33620e28a783ecaf243660f3d0b73a30

ISO 15900:2009(E)

B.3.3 Calibration

This subclause describes those elements within the FCAE that are to be calibrated during normal operation. It
does not describe a calibration method that links FCAE number concentration measurements traceably to
international standards.

If the filter in an FCAE is a HEPA filter, the efficiency of capturing the charge carried on airborne particles in a
sample gas for the FCAE is very close to 100 %. Most electrometers contain a feedback resistor with very
high resistance, typically 101 Q or 1012 Q. The resistance of FCAE feedback resistors and the gain of the
amplifier shall be calibrated annually. Since the resistance and gain directly affect the measured current of the
electrometer, these values shall be maintained within 5 % of their nominal values.

The flow rale of sample through the FCAE directly affects the measured concentration. Thereford, the
flowmeter used to measure the sample flow rate through the FCAE shall be calibrated at least annually.

An FCAE cap also be calibrated by comparison to a pre-calibrated reference detector.
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Annex C
(informative)

Slip correction factor

General

The
uniqu
for th

plectrical mobility of a particle depends on the particle size and the number of elementar
e relationship between electrical mobility and particle size is described in 4.2. The theoretic
e drag force on a spherical particle moving with low Reynolds number in a gas phase i

y charges. A
bl expression
5 customarily

writtgn by multiplying the Stokes’ law expression by a slip correction factor of the form:given in Equation (2),
repeated here as Equation (C.1), as introduced by Knudsen and Weber (1911).
C
5 =1+Kn{A+Bexp[——ﬂ (C.1)
Kn
wherge
2] . :
Kn = " is the particle Knudsen number;
is the mean free path of gas molecule;
d is the spherical particle diameter,
4,Band C are empirical constants;
A is the slip correction.
The goal of this annex is to provide further detail on the source of the recommended parametefs for the slip

corregction factor given in Table.G.1.

C.2 [Historical investigation of the slip correction factor

Tablg
perfo
meas
well-|

C.1 summarizes a number of measurements of slip correction parameters. Millikan’s expe
rmed between 1909 and 1923 (Millikan 1910 401, 1923 [41]). His last experiment e
urements up to Kn ~134 and visually fitted his data using the form of Equation (C.1). Milli
nown apparatus called “Millikan’s oil droplet apparatus” or “Millikan’s cell apparatus”. He ob

of 4

Fiments were
xtended the
an used the
ained values

E 0864 and 4 + B = 1 154 He found that the value C = 1 25 fitted his data from Kxn — Q 25

to 134. The

earliest values for 4, B and C were determined by Knudsen and Weber (1911) [34] from the damping of
torsional oscillation of a pair of glass spheres suspended in a vessel at low pressures; they obtained the
values of 0,772, 0,40 and 1,63, respectively. Several authors have used Millikan’s values for 4, B and C and
have modified them using different values of the molecular mean free path, /, as shown in Table C.1. Fuchs
recalculated a value of / = 65,3 nm and modified Millikan’s values to 4 = 1,246, B= 0,42 and C = 0,87 (Fuchs,
1964) [20]. This set of values is probably the most widely used to correct Stokes’ law.

Allen and Raabe (1982) [5] reviewed and re-evaluated Millikan's data using up-to-date values of the relevant
physical constants and nonlinear least-squares function fitting to make new estimates of the three slip
correction parameters: 4 = 1,155, B= 0,471 and C = 0,596. Also, they made slip correction measurements on
solid spherical particles in air using Millikan’s cell apparatus, and they obtained 4 = 1,142, B = 0,558 and
C=0,999 (Allen and Raabe, 1985 [6]). They took the value of the mean free path, I/, of air molecules at
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Ty =296,15 K and P = 760 mmHg to be 6,73 x 10-8 m. The mean free path for other temperatures T and

pressures P was calculated using Equation (4).

They made a choice for the value 75 = 1,8324 x 10-% kg m~1s~" for the viscosity of dry air at Ty = 296,15 K.

The values of n for other temperatures were calculated using Equation (3).

The data from Millikan’s cell experiments consist of a set of time intervals required for test particles to move
vertically between two scale marks as determined visually by the operator. Millikan's cell method requires

independent knowledge of the particle mass density, the absence of thermal air currents in the test cell,

and

detailed knowledge of the electric field in the test cell. For this reason, Hutchins, Harper and Felder (1995) [31]
have measured sllp correctlon factors for spherlcal solid partlcles in air with an automated apparatus using a

new approagh-w ReRe : - ,
application of the modulated dynamlc light scatterlng method, WhICh is fundamentally d|fferent from M|II|
cell, and thaf drag forces on spherical polystyrene latex particles were measured in dry air. In this metho
data are tinpe autocorrelation functions of the intensity of light scattered by single particles fron
intersection Jyolume of two coherent laser beams.

This experiment provided detailed information about test particle Brownian motion, including the value
particle diffusion coefficient. Each test was made on 72 solid spherical particles with"diameters ranging
1,0 um to 2, um, at air pressures ranging from 760 mmHg to 0,2 mmHg. Colléeted data provided
distinct expefimental values of the slip correction factor with Kn ranging from 0{06*to 500. Analysis of
data gave the values 4 = 1,231 0£ 0,002 2, B = 0,469 5+ 0,003 7 and C = 14,178 3+ 0,009 1 using the
equations of|Allen and Raabe’s analysis, where the mean free path of airrmolecules and the viscosity
air were taken to be 6,73 x 108 m and 1,8325 x 10® kg m~1 <, “fespectively, at 760 mmHg

 the

pf the
from
| 586
hese
same
bf dry
and
they

To=296,15 K. When they compared the results for the drag force ratio of solid and liquid particles,
indicated tha
closely, and the results for solid particles from their work agree closely with Allen and Raabe’s results fo
particles, buflthe kinetic theory and the drag force ratio values of\oil droplets fall below those for solid pa
over the range Kn = 0,09 to 18, with differences as great as 8-%.

The most regent work was published by Kim et al. (2005),[33]. Based on the viscosity and mean free path
molecules chjosen by Allen and Raabe, they measured-slip corrections using certified polystyrene latex
particles of precisely known size and a DEMC. Thé measurements covered a wide range of sizes (19,9
269 nm), pressures (98,5 kPa to 8,27 kPa) and Knudsen numbers (0,5 to 83). A detailed uncertainty an
showed approximation uncertainties (95 % confidence interval) smaller than 3 % for the whole data set.

the results from kinetic theory and from Allen and Raabe’s re-evaluation of Millikan’s data :rgree

solid
ticles

of air
PSL)
hm to
blysis
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Table C.1 — Published values of slip correction factors for Stokes' law

Author

Mean free path

A

B

C

A+ B

Bibliography and

[ (um) comments
Knudsen and Weber (1911) | 0,094 17 0,772 0,400 1,630 1,172 Allen and Raabe (1982)
Millikan (1923b) 0,094 17 0,864 0,290 |[1,250 |1,154 | ibid.
Davies (1945) 0,066 0 1,257 0,400 |1,100 |[1,657 |ibid.
DeMarcus, Thomas (1952) | 0,065 5 1,250 [0,440 |1,090 |[1,690 |ibid.
Reif (1958) 0,065 2 1,260 [0,450 |1,080 |1,710 |ibid.
Dahfeke (1973) 0,066 0 1,234 |0414 |0,870 |[1,648 |ibid.
Aller) and Raabe (1982) 0,067 3 1,155 [0,471 |0,596 |1,626 | ibid. forliqui¢l particles
AIIerl and Raabe (1985) 0,067 3 1,142 0,558 0,999 1,700 forsolid particles
Hutdhins, et al. (1995) 0,067 3 1,231 0,4695 | 1,178 3 | 1,700 5, for solid partitles
Millitan (1923b) 0,067 4 1,209 [0,406 |0,893 |[1,615 |Rader (1990
Radgr (1990) 0,067 4 1,207 0,440 |0,780 , [NI5647 | ibid.
Millitan (1923b) 0,094 17 0,864 0,290 |[1,250 ©[1,154 | Fuchs (1964
Matthuch (1925) 0,898 0,312 [2(370 ibid.
Fucl}s (1964) 0,065 3 1,246 0,420 | 0,870 | 1,666 | ibid.
Schiitt (1959) 145 |040~ |09 ibid.
C.3 |Recommended coefficients for-the slip correction factor

In thg
drag

above description, there is strong-evidence that the results of Hutchins, Harper and Felder
force ratio for solid particles clasely agree with the results of Allen and Raabe (1985) [6] for s

and that the results for the dragforce ratio from kinetic theory agree closely with Allen and R3

from
and ¢

Cong
coeff
Figun
Harp
differ|
-1 %

re-evaluation of Millikan's oil"droplet data. However, the solid particle results differ from the
il droplet results by upte 8 % in the Knudsen number range of 0,09 to 18.

(1995) [31] of
olid particles
abe's results
inetic theory

idering the tracegahility of the experiments, this International Standard recommends the use of the
cients determified by Kim et al. (2005) [33] for particle size distribution measurements (as
e C.1 shows“a comparison between the slip correction calculated with the coefficients
pr and Feélder (1995), Allen and Raabe (1985) and Kim et al. (2005). As can be seen
bnce ofithe first two calculations to the calculation with the recommended coefficients is wit
over a particle diameter range from 1 nm to 10 ym.

piven in 4.2).
by Hutchins,

the relative
nin +3 % and
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— Slip correction and relative difference for coefficients from Hutchins et al. (1995) and
Allen and Raabe (1985) compared to Kim et al. (2005)
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Annex D
(informative)

Data inversion

General

Sincs

in a narrow range of Z. Therefore, it is a common practice that, to solve Equation (5) for n(d);’th

()

outo

wher
centr

NOTH
abovd

Thei

The ¢
funct

Ther¢ are several data inversion methods to solve Equation (D.1) while deconvoluting with resp

numl

D.2

In or
relati
aeros
aeroq

the DEMC is generally operated at high resolution, non-zero values of the transfer function
and W(d, p) are assumed to be constant within the non-zero interval of the transfer function
[ the integral as:

R(U)=q2in(dp*).fp(dp*).W(dp*,p)J';:O.Q[Z(d, p),AcD(U):| dd
p=1

b d_* is the diameter of particles of charge p that has the electrical mobility equal to Z*,
bl electrical mobility of the transfer function for the set voltage U as given in 4.5.

approximation method is used in data inversion, the obtained distribution is broader than the actual di

htegral in Equation (D.1) is further converted to:

0 Q[Z(d,p)yA@(U)] dd:(dd/dZ)d % °

. :wg(z,z*) dz

ifferential term dd/dZ is given in Clause F.4. The integral term corresponds to the area und¢g
on, which has a shape of either triangle or trapezoid as shown in Subclause 4.4.

er p. The representative méthods of Hoppel and Knutson are described below.

Hoppel method

Her to convert the mobility distribution to the size distribution, it is necessary to establi
bnship between the mobility of a charged aerosol particle and its diameter and secondly t
ol particles of a given size that carry a given number, p, of elementary charges. Since
ol-particles cover a range from those that have radii much larger than the molecular mear

0 occur only
e terms n(d),
0 and taken

(D.1)

which is the

When a DMAS measures the size distribution of monadisperse or quasi-monodisperse patticles and the

Stribution.

(D.2)

r the transfer

bct to charge

sh firstly the
ne fraction of
atmospheric
free path to

those

that have radii smaller than the mean free Inn’rh, it is imlrmeeihlp to_relate the parﬁrlp m

obility to the

particle size by using a single theory. This International Standard deals with three particle size ranges:

f

t

©I1SO

irst is the transitional regime ranging from 3,0 nm to 30,0 nm;

second is the multiply-charged regime ranging from 30,0 nm to 300 nm;

hird is Junge’s distribution regime ranging from 300 nm to 1 000 nm.
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The relationship between electrical mobility and radius of an airborne particle is given by Equation (1) above.
For an ionized aerosol in charge equilibrium as well as thermal equilibrium, we may assume that the
Boltzmann distribution describes the number of electrical charges carried by aerosol particles. This results in a
charge distribution on multiply-charged and Junge's distribution regime aerosols of radius r given by:

Cn,p (r)

where

2
pe

2kTr

2

|

=Cyp (r)exp[—

Cyol(r)
CN,p (7"
k

p

e
T

For the tran
conversion o
for multiply-c|

For the multi
irrespective

X(r)

Combining B
rand the nu

Frp (r)

is-the number concentration of ||nr\h9rgnr1 pnrﬁr\lnc;

is the number concentration carrying p elementary charges of one polarity;

is Boltzmann's constant;

is the number of elementary charges on the particle;
is the elementary charge;

is the absolute temperature.

sition regime, the number concentration of multiply-charged” particles is negligible an
f the mobility distribution to the size distribution shall usexEquation (D.3), without any corre
harged particles.

bly-charged and Junge distribution regimes, the total:)number concentration of aerosols of ra
f the charge level or charge polarity is denoted by:

TN’O(r)+2§;:1CN,p ()

quations (D.3) and (D.4) yields the relationship between the total number of particles of r
mber with p elementary charges of one sign:

[1+2iRp(r)]

|

Rp(r)

exp(—

p2€2

2kTr

(D.3)

| the
ction

dius

(D.4)

adius

(D.5)

(D.6)

In the DEMC, only those aerosol particles that are charged can be detected. Charged particles in a specified
mobility range Z i1 —Zj) may be singly-charged particles of that mobility or multiply-charged particles that
would be in a lower mobility range if they were singly-charged. Multiply-charged particles carrying p
elementary charges would be in a reduced mobility range between Zj+1/p and Zilp if they carried a single
charge. In terms of their reduced single-charge mobility, the number of charged particles in the mobility range
(Zj+1 —Zj) can be written as:

AN(Z .

38

SN

p

Ziq Z;
_ J+1 J
1—Zj)—AN1(Zj+1—Zj)+AN2(T—7J+...+ANp[ -
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In Equation (D.7), AN, [(Z_m/p)—(zj/pﬂ is the number of particles with p elementary charges in the
mobility range (Zj+1 —Zj). These particles are characterized by an equivalent single-charge mobility range
[(Zjﬂ/p)—(zj/pﬂ . Denoting the functional dependence of the radius on the single-charge mobility as r(Z),
Equation (D.7) can be expressed as:

7. 7.
_ J+1 j
Mr{2,)H(2,)] =6V r(2,) r(zj)}ANzH ; J(ﬂ]
(D.8)
ALELINEA|
p
L\ 7 /) \FJ]
Equation (D.8) has been written to emphasize the fact that the mobilities of charged particles come from
sevefral size ranges that are different from singly-charged aerosols.
AN[ ~(Zj+1)—r(Zj)J is readily obtained from experimentally-determined values | of f(Z)
(e.g.|AN :f(Z)AZ) obtained with a DEMC. From a set of measurements of AN[r(ZjH)—r(Zj)J covering
the | entire  mobility range, the number of aerosol particles in the sige interval
[r(Z -+1)—r(Zj):| , AX[r(ZjH)—r(Zj)J, is calculated by the following method. Since therg are nearly
always more singly-charged particles than any other charge class~(éxcluding zero charge) for|the practical
range of a DEMC, the first approximation assumes that all chargéed particles in the mobility intervial are singly-
charged. Equation (D.8) then becomes:
1
h( )N{r(ZjH)—r(Zj)J:AN[r(ZjH)—r(Zjﬂ (D.9)
wherg the numerical superscript denotes a first-order approximation. The first-order size distriqution is then
obtaiped from Equation (D.9) by calculating A(1)X for each mobility interval:
2 -, ([ —\ | (2
h( )X[F(Zj+1)—r(2j)}= {1+22Rp(rj)J/R1(rj) Al )N1[r(zj+1)—r(z_jﬂ (D.10)
p=1
wherg E is the size corresponding to the average mobility of the (Z ;.4 —Z ;| interval. This approximation, of
courge, overestimates ,AX~because it attributes more singly-charged particles to the interval than are actually
there
The [second approximation for calculating the number of singly-charged particles is derived from
Equation (D.9).as:
Z . Z .
«(2)N1[r(7j+1/_r(7/.)} = ANrr(7j+1/ _ r(7j)}_ A(1)NJ{ /2” }_ {7/}]+
L J (D.11)
Z j+1 Zj

where A(1)Np is the number of multiply-charged particles estimated from Equation (D.8) using the first order
approximation:

Z., 7z, _ 0 _
A“)Np{r{#}—r[?fﬂ - Rp(rj)/{1+2;Rp(rj)J A(1)X[r(Zj+1)—r(Zj)J (D.12)
p=
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Equation (D.11) estimates the number of multiply-charged particles from larger size channels that are
contributing to the charged particles observed in the mobility channel (Zj+1 —Zj) and subtracts the multiply-
charged particles to give a new estimate of the singly-charged particles in that channel. The new estimate of
singly-charged particles (A(Z)N1) is then used to calculate the second approximation to the size distribution,
given by the equation:

A(Z)X[r

(1) 2|1 25| 15 O )]

For higher a
newly found

NOTE TH

D.3 Knutson method

This procedd
used this me

Firstly, the data inversion process is shown in Figure D.1.

The oblique
elementary o
set to have &
DEMC inclug
elementary ¢
0,186 um, O,
electrical ch
completely o

pproximations, the process given in Equations (D.10), (D.11) and (D.12) is repeated usin
Bpproximation for AX .

e procedure in this clause was reported by Hoppel (1978) [27],

re was proposed by Knutson as a simple method of obtaining theparticle size distributio
thod to measure atmospheric aerosols and laboratory-generated’aerosols.

lines mean the relationship between the electrical mobility and the particle diameter hayi
harges. The mobility Z ., shown as a vertical axis,,is'the electrical mobility to be obtained, 3

ratio of 1,429 to the adjacent one. As already known, the classified particles at some voltg

harges. For example, in case of Z,, there~are four different diameters of particles, 0,12
P40 ym and 0,292 um, corresponding to*d4 , do, d3 and d,, and they carry p =1, 2, 3 I
prges, respectively. Generally speaking, classified particles having a mobility of Z; ¢c

[ particles within the particle diameters-of d,,¢, d;,», d,.3 and d,. 4, respectively.

40

(D.13)

g the

He

ng p

nd is
ge of
e several groups of particles having different(sizes, each group carrying a different number of
D) um,

nd 4
nsist
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Z electrical mobility, expressed in cm?/volt-sec
d phrticle diameter, expressed in micrometres
p npmber of electrical charges carried by each particle

Figure D.1 — Relationship between electrical mobility Z and particle diameter, 4

Knutgon assumed that the number of charges wasyno more than 4 and found the number concentration,
Cy, 1 by the following equation:

Ri =42 W, ;P "Cn,j @), (D-14)
wherg
R is the response of{the aerosol measuring instrument at i-voltage of the DEMC;

1

a is the aerosolair flow rate;

v, s thedveighting factor of the measuring instrument for one particle of d; with p charges;

7, ; - is'the weighting factor for the finite width of mobility;

p=023 4equivalentto j =i +1.i +2. i +3. i +4 respectively. In addition. @,,_; is thd ratio of pth
charged particles to the total particles within the j th size range. As a result, Knutson adopted the Boltzmann'’s
distribution law for particle diameters larger than 0,02 um. The following equations simplified the theory of
Gentry et al. for the smaller particles:

0.q)] 15444
Qp(d):{2+(7’j} TR

@,(d)=0 if |p| >1 (D.15)
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Equation (D.14) may be strictly rewritten in the following forms:

R(V)=0, 0 [W,(d)-@,(d)-Cy, ,(d)-2(p-Z-4-V) (D.16)
R(V)=0,2. > W,(d)-®,(d)-Cy ,(d)-2(p-Z-A-V) (D.17)
where

£ s called the transfer function (see Clause 5);

A with

Knutson mag

DMA and cglculated the particle size distribution of N ditj=1to m—12> using Equation (D:43). He a
increased the voltage, V,,, to a point where the particle concentration
there were virtually no particles larger than d,, in his aerosol.

NOTE TH

in the term for Q2 is L/(Inry/ry).

ually

e measurements using 25 voltage steps from 1,902 to 10 000 volts for each flow candition of a
% that

ecame nearly zer@) confirmin

e procedure in this clause was published by Knutson (1976) [35],
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Cylindrical DEMC

E.1 Geometry of cylindrical DEMC

ISO 15900:2009(E)

A schematic diagram of a cylindrical DEMC is shown in Figure E.1. A clean sheath air flow (g4)'gurrounds the
annular region around the centre rod. The aerosol flow (g,) enters as a thin annular flow adjacent to the outer
cylinger. While the maijority of the flow exits through holes in the bottom closure of the DEMC ag excess flow
(94), p fraction (¢3) is withdrawn as monodisperse flow through a circumferential slotdocated near the bottom
of thg centre electrode. This flow (¢3) goes to the aerosol detector. The flow in the DEMC from th¢ point where
aerogol enters to the point where ¢5 is extracted is laminar. The inner or outerielectrode is mgintained at a
voltage (U) while the counter-electrode is grounded. The aerosol sample flow (g,) entgrs, and the
mongqdisperse flow (¢3) leaves through field free regions. Over the effectivellength (L) between the inlet of ¢,
and the outlet of g5, the particles are exposed to the electric field produced by the voltage (U). The dotted lines
in Figure E.1 indicate trajectories of charged particles which defing,the’ critical mobilities Z,, 4, Z3 and Z,
assogiated with the instrument, described in Clause E.2.

|
Z2 \:

rq

r2

L

-

»
Lt

A

Figure E.1 — Schematic diagram of a cylindrical DEMC
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E.2 Transfer function

The quantities Z, Z,, Z3 and Z, are the critical mobilities of a charged particle which will follow the critical
trajectories shown in Figure E.1. These critical mobilities, determined by the instrument geometry and
operating conditions of the DEMC, are given by:

Z1ZQ1+42—43,22:Q1+‘12,Z3 Nod3 g o A1 (E.1)
2n-AD 2n-AD 2n-AD’ 2n-A®

where A® is a function of the geometry and the supply voltage of the DEMC.

For a coaxial cylindrical DEMC, A@ is defined as:
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riand r4  are the radii of the inner and outer electrodes, respectively;

where

L is the effective electrode length between the aerosol inlet@nd outlet;
U is the voltage potential between the electrodes of thexDEMC.

If particles of a single mobility, Z, enter the DEMC, the transferfunction @2 (Z) is the ratio of the number of
particles leaying the DEMC with g5 to the number of particles;with the mobility Z entering the DEMC with g7, or,
in other words, the probability that an aerosol particle which.enters the DEMC at the aerosol inlet will leaye via
the detector putlet:
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where Cy 5 and Cy, 3 are the particle number concentrations entering the DEMC with ¢, and leaving the QEMC
with g3, respéctively. If the DEMC is_setfo the voltage U’, the transfer function € (Z) can be written as:
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The transfer function, Q(Z), of the DEMC is shown in Figure E.2. The left-hand-side diagram shows the case

where g5 > ¢o; the centre diagram shows the special case where g5 = ¢,; and the right-hand-side diagram
shows 2(Z) for g5 < g,.
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Figure E.2 — Transfer function for a coaxial cylindrical DEMC

The fransfer function has the form of a truncated isosceles triangle centred around:
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7" is the electrical mobility of the target particles;

" s the voltage potential on the DEMC that corresponds to the mobiIityZ*.

From| Figure E.2 and Equation (E.1), the mobility resolution AZ/Z* of the DEMC is defined as:
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In the¢ case of re-circulating the excess flow to the sheath flow (¢4 = ¢4, which forces g, = g3 )

ition simplifies to AZ/Z" £ g5 /¢4 with 2" = ¢ -|n(r2/r1)/(2n.L-U*) .

If thel DMAS is used te-measure a particle size distribution, the particles entering the DEMC w
singlé mobility Z. Instéad, a mobility distribution will enter the DEMC. If the mobility distribution fu

brosol particlés-entering the DEMC is defined as:
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the mobility

Il not have a
nction f(Z) of

(E.10)

N3(U*)=Z—§J..Q(Z,U*)f(z)dz
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where dNZ(Z) is the number concentration of all charged aerosol particles with the opposite polarity of the
centre electrode of the DEMC in the mobility range from Z to Z +dZ , then the total number concentration of
particles N3 (U ) leaving the DEMC with the monodisperse flow g5 is:

(E.11)
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