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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
non-governmental, in liaison with ISO, also take part in the work. ISO collaborates closely with the
International Electrotechnical Commission (IEC) on all matters of electrotechnical standardization.

International Standards are drafted in accordance with the rules given in the ISO/IEC Directives, Part 2.

The main task of technical committees is to prepare International Standards. Draft International Standards
adopted by the technical committees are circulated to the member bodies for voting. Publication as an
International Standard requires approval by at least 75 % of the member bodies casting a vote.

Attention is drawn to the possibility that some of the elements of this document may be the subject of patent
rights. 1ISO shall not be held responsible for identifying any or all such patent rights.

ISO 15900 was prepared by Technical Committee ISO/TC 24, Particle characterization including sieving,
Subcommittee SC 4, Particle characterization.
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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 simple physical principles. The techniques have become important in many fields of aerosol science and
technology, e.g. aerosol instrumentation, production of materials from aerosols, contamination control in the
semiconductor industry, atmospheric aerosol science, characterization of engineered nanoparticles, and so on.
However, in order to use electrical mobility classification and analysis correctly, several issues, such as the
slip correction factor, the ion-aerosol attachment coefficients, the size-dependent charge distribution on
aerosol particles and the method used for inversion of the measured mobility distribution to the aerosol size
distribution, need due caution.

There is, therefore, a need to establish an International Standard for the use of differential electrical mobility
analysis for classifying aerosol particles. Its purpose is to provide a methodology for adequate quality control
in particle size and number concentration measurement with this method.
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INTERNATIONAL STANDARD ISO 15900:2009(E)

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

1 Scope

This International Standard provides guidelines on the determination of aerosol particle size distribution by
means of the analysis of electrical mobility of aerosol particles. This measurement is usually called “differential
electrical mobility analysis for aerosol particles”. This analytical method is applicable to particle size
measurements ranging from approximately 1 nm to 1 ym. This International Standard does not address the
specific instrument design or the specific requirements of particle size distribution measurements for different
applications, but includes the calculation method of uncertainty. In this International Standard, the complete
system for carrying out differential electrical mobility analysis is referred to as DMAS (differential mobility
analysing system), while the element within this system that classifies the particles according to their electrical
mobility is referred to as DEMC (differential electrical mobility classifier).

NOTE For differential electrical mobility measurements relating to Road Vehicle applications, please refer to relevant
national and international standards. ISO Technical Committee TC 22, Road vehicles, is responsible for developing
International Standards relating to road vehicles, components and measurements.

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

21
aerosol
system of solid or liquid particles suspended in gas

2.2
attachment coefficient
attachment probability of ions and aerosol particles

23

bipolar charger

device to attain the equilibrium steady state of charging by exposing aerosol particles to both positive and
negative ions 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 The sizes of particles detected are usually smaller than several hundred nanometres and larger than a few
nanometres.
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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 electrical mobility classifier

DEMC

classifier that is able to select aerosol particles according to their electrical mobility and pass them to its exit

NOTE A DEMC classifies aerosol particles by balancing the electrical force on each particle with its aerodynamic
drag force in an electrical field. Classified particles are in a narrow range of electrical mobility determined by the operating
conditions and physical dimensions of the DEMC, while they can have different sizes due to difference in the number 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 charged particle in an electrical field

NOTE Electrical mobility can be defined as the migration velocity dependent on the strength of the electrical field, the
mechanical mobility and the number of charges per particle.

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

211

equilibrium charge distribution

charging condition for aerosol particles that is stable after exposure to bipolar ions for a sufficiently long period
of time

NOTE Bipolar ions are positive and negative ions which are produced by either a radioactive source or a corona
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.
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213

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

2.15
migration velocity
steady-state velocity of a charged airborne particle within an externally applied electric field

216

particle charge conditioner

device used to establish a known size-dependent charge distribution on the sampled aerosol of an unknown
charging state, which is either a bipolar or unipolar charger

217

Peclet number

Pe [ISO]

dimensionless number representing the ratio of a particle’s convective to diffusive transport

2.18

Reynolds number

Re [ISO]

dimensionless number expressed as the ratio of the inertial force to the viscous force; for example, applied to
an aerosol particle or a tube carrying aerosol particles

2.19
slip correction
S

[}

dimensionless factor that is used to correct the drag force acting on a particle for non-continuum effects that
become important when the particle size is comparable to or smaller than the mean free path of the gas
molecules

2.20
space charge
net charge spatially distributed in a gas

2.21

Stokes' drag

drag force acting on a particle that is moving relative to a continuum fluid in the creeping flow (low Reynolds
number) limit

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
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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 Sl Unit
A, B, C elements of the slip correction factor defined in Equation (2) dimensionless
Cy number concentration of an aerosol m-3
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 (dimensionless)
Pe Peclet number (dimensionless)
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
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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
/4 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 m3s3
) mean free path of an ion m
P mass density of a particle kg m3

4 General 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, coaxial cylindrical
DEMC, radial DEMC, parallel plate DEMC, etc. The coaxial cylindrical DEMC shown in Figure 1 is an example
of a widely used design. It consists of two coaxial, cylindrical electrodes with two inlets. One inlet (marked ¢4

in Figure 1) is for filtered clean sheath air. The other inlet (marked g¢5) is for the aerosol sample air.

The aerosol sample air, some of whose particles are electrically charged, enters the DEMC as a thin annular
cylinder around a core of filtered, particle-free sheath air. By applying a voltage, an electric field is created
between the inner and outer electrodes. A charged particle in the presence of an electric field will migrate
within the field and reach a terminal migration velocity when the fluid dynamic drag on the particle balances
the driving force of the electric field. Charged particles of the correct polarity within the sample air begin to drift
across the sheath air flow towards the inner electrode. At the same time, the clean sheath air flow carries the
charged airborne particles downward. A small fraction of the charged particles enters the thin circumferential
slit near the bottom of the centre electrode and is carried by the air flow to the detector (in the direction
marked ¢3). By varying the voltage, particles of different electrical mobility are selected.
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Figure 1 — Schematic diagram of coaxial cylindrical DEMC

When used within a DMAS, measurements of relevant parameters such as voltage and flow and their timings
need to be combined with other measurements such as the output from the particle detector. These
parameters are usually controlled using a system controller as shown in Figure 3.

4.2 Relationship between electrical mobility and particle size

The electrical mobility of a particle depends on its size and its electric charge. The relationship between
electrical mobility and particle size for spherical particles can be described by Equation (1):

2d.p) =5 5 5e (1)

The slip correction, S;, extends the Stokes' law-based calculation of the drag force on a spherical particle
moving with low Reynolds number in a gas phase to nanometre-sized particles. It is approximated by the
expression given in Equation (2):

Se :1+Kn{A+Bexp(—K£ﬂ 2)

n

For a detailed discussion of the slip correction, see Annex C.

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.

%
n=nox[1j {T‘”S] 3)

T 0 T+S
T 2 P To+S
[=lgx|—| x 20 1] 20 4)
Ty P)\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~"
lo 6,730 x 108 m For dry air at T, = 296,15 K; P, = 101,3 kPa.
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 a given supply voltage, U, the response, R(U), of the particle detector to aerosol particles entering the
DEMC is given by Equation (5), which is called the basic equation for the response of the electrical mobility

measurement:
R(U)=4,Y [ n(d)-1,(d)-2[2(d. p).adU)] W(d, p)d (5)
p=1
where

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 concentration and
W(d, p) = ncpc(d) qCPC4' where 77cpc(d) is the size-dependent detection efficiency of the CPC
and g¢cpc is the measuring flow rate of the CPC.

For Faraday-cup aerosol electrometers (FCAEs), the response is current and
W(d, p) = p e nrcae(d), where necpe(d) is the size-dependent detection efficiency of the FCAE.

n(d) dd is the number concentration of aerosol particles in the diameter interval dd around d;

j;(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) s 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.
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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 found in
Annex E.

Z*=(q1+ gal(4n -AD)

(2% q3)/2q,
(| go— g3l y2n -20)

max = Min (1, g3/ q,)

NY

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

g B

Figure 2 — Transfer function of a DEMC

4.5 The charge distribution function

As stated in 4.3, the particle size-dependent charge distribution function,j;(d), must be known to calculate the
particle size distribution of particles measured by a DEMC. In principle, a known charge distribution function
can be established either by bipolar or by unipolar charging. An aerosol particle charge conditioner (5.2.2) is
used for this purpose.

For unipolar charging, the achieved charge distribution depends on the technical design of the charger.
Therefore, the charge distribution function,];(d), must be evaluated for each specific unipolar charger design.
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.

[o] .
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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
2|0 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 6 |0,0001 [0 0 0 0
5010 0 0 0 0,0114 10,2229 (0,581 4 |0,1696 | 0,006 6 |0 0 0 0
100(0 0 0,000 1 10,0037 |0,0561 (0,2793 |0,4259 10,2138 |0,0317 (0,0017 |0 0 0
200(0 0,0005 10,0053 |0,0340 (0,121 1 (0,264 1 10,299 1 | 0,204 3 (0,071 9 |0,0153 |0,0018 [0,0001 |0
500(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
1000(0,0357 |0,0584 (0,0854 |0,1113 (0,126 1 |0,1385 (0,123 5 (0,103 9 |0,0754 (0,0500 |0,029 3 |0,0154 (0,007 2

5 System and apparatus

5.1 General configuration

A complete DMAS for the measurement of particle size distributions based on differential electrical 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).
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Figure 3 — Fundamental components of the differential mobility analysing system (DMAS)

Differential electrical mobility analysis is typically used for airborne particles ranging from a few nanometres to
approximately one micrometre. Aerosol samples can be measured from a variety of sources. The most
common sample sources are particles aerosolized from a liquid suspension, particles sampled directly from
the atmosphere and particles sampled from a combustion source. The particle pre-conditioner and the particle
charge conditioner are necessary to achieve defined sample conditions.

Most DMAS separate a mono-mobile fraction of the aerosol flow, which is transferred to the aerosol particle
detector for particle number concentration measurement. In addition to the basic system configuration shown
in Figure 3, other configurations exist, for example, systems with two parallel DEMCs and detectors for
extended particle size range, systems with multiple detectors or systems with multiple parallel DEMCs and
detectors.

The entire measurement is controlled by the system controller, which also acquires data and performs data
inversion. The system control can, for example, reside as software and/or hardware in a personal computer. It
can also be integrated into a self-contained particle sizing instrument.

5.2 Components

5.2.1 Pre-conditioner

The pre-conditioner component serves two purposes: removing large particles and, if necessary, reducing the
sample humidity. Other pre-conditioning may be required for specific applications.

NOTE Calibrating the pressure differential across the particle pre-conditioner against the flow rate through this device
is a helpful sampling flow measurement which does not interfere with the incoming particles.

5.2.2 Particle charge conditioner

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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5.2.3 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
can be found in Annex E.

Measuring a particle size distribution is usually achieved by changing the voltage. For transient measurements,
DMASs with multiple particle detectors have been designed. These systems typically operate with fixed
voltages.

5.2.4 Aerosol particle detector

The aerosol outlet from the DEMC shall be connected to a well-characterized particle detector. This
instrument shall be able to detect particles exiting the DEMC with known efficiency across the entire size
range to be reported. The lower end of the size range limits the aerosol particle detector that can be used.

Up to now, either a continuous flow condensation particle counter (CPC) or an aerosol electrometer have
been used. In a CPC, aerosol particles are exposed to condensable supersaturated vapour. Vapour
condensing on the particles grows them into droplets that can be counted by optical means. Aerosol
electrometers are typically designed as Faraday-cup aerosol electrometers (FCAEs). The aerosol particles
deposit on a filter inside the Faraday cup. The electrical charge on the deposited particles can be measured
as a current by the electrometer amplifier. If there is no need to measure particles smaller than 100 nm,
certain models of optical particle counters are also suitable as aerosol particle detectors.

Particle detectors are discussed further in Annex B.

5.2.5 System controller, data acquisition and analysis

The system controller with data acquisition and data inversion must cover several tasks. Before the
measurement, the system control of an automated measuring system should set all operating parameters and
flag the operator if any of these parameters cannot be set correctly. During the measurement, the system
control should acquire and monitor all critical parameters (for example, the flow rates) and flag a warning to
the operator if any of these parameters are outside pre-established tolerances. At the same time, the control
system must set the electrode voltage through the variable high voltage supply and read the particle number
data from the aerosol particle detector. Either during or after the measurement, data inversion takes place and
the measured particle size distribution is presented, stored, exported, etc.

The system control should also create an event log which contains all detected irregularities during a
measurement.

6 Measurement procedures

6.1 Setup and preparation of the instrument

6.1.1 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.

A 1A~ AAAA AT
Copyright International Organization for Standardization ghtS reserved 1 1
Provided by IHS under license with ISO
No reproduction or networking permitted without license from IHS Not for Resale



ISO 15900:2009(E)

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 suspended in a liquid shall be thoroughly dried after atomization in order to obtain an accurate
particle size distribution. The aerosol can be dried with dilution air (at less than 30 % relative humidity) or with
a diffusion dryer. Dilution air is preferable if the aerosol concentration is very high and can tolerate dilution. If
that is not the case, a diffusion dryer is the best choice.

6.1.3 Aerosol 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 solve the inversion equations, it is necessary to know the size of the largest particles allowed to enter
the DEMC. This will prevent larger multiply-charged particles from entering the DEMC. Large particles
carrying multiple charges may have the same electrical mobility as smaller, singly-charged particles. By
removing the larger particles, the true size distribution is more accurately determined.

A pre-separator with known cut-off sizes shall be installed in the sampling flow to fulfil this need. Commonly
used pre-separators are impactors or cyclones. The cut-off size should be selected such that

a) the pre-separator does not remove particles from the desired size range of the measurement, and
b) the cut-off 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/min and more.

During operation, some particles will deposit in the pre-separator. Therefore, the pre-separator needs to be
regularly inspected and cleaned when necessary.

6.1.4 Particle charge conditioning

All aerosol samples should either be charge-neutralized or be charged unipolarly in a defined and
reproducible way just before entering the DEMC.

Either radiation from a radioactive source 1) or ions emitted from a corona electrode can be used to ionize the
aerosol carrier gas. Three of the most common types of radioactive sources, 24 Am (primarily alpha radiation),
85Kr (primarily beta radiation), and 219Po (primarily alpha source) have half-lives of 458 years, 10,78 years
and 138,4 days, respectively. It is especially important to ensure that the radioactive source is still strong
enough to neutralize the incoming aerosol. A weak radioactive 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.

Depending on the type of DEMC used, the sheath flow to aerosol flow ratio will vary. A high sheath/aerosol
ratio will result in a narrow transfer function with better resolution of the size distribution. A higher sheath flow
rate also reduces diffusion broadening within the DEMC. A low sheath/aerosol ratio will increase the aerosol
concentration, desirable for lower concentration aerosols.

Every DEMC has two flows entering the device (sample flow and sheath flow) and two flows exiting the device

(monodisperse aerosol flow and excess air flow). Three out of these four flows must be controlled for stable

operation. The sheath air shall be particle-free. In order to avoid interference with the aerosol to be measured,

the recommended flows to be controlled are the sheath flow, the excess air flow and the monodisperse
~aerosol flow. Absolute accuracy on the flow rate measurements is critical since the sample flow is, 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 rates shall be defined and kept constant during the
measurement. It should be periodically ensured that there are no leaks in the system.

The flow control system can be simplified and stabilized by cleaning and recirculation of the excess flow as
sheath flow in a closed loop. This recirculation not only guarantees that the sheath flow equals the excess flow,
it also eases the constraints on the precision with which the sheath and excess flow rates are measured since,
in steady-state operation, the incoming aerosol flow exactly equals the outgoing classified monodisperse
aerosol flow, provided there are no leaks in the recirculation system and the temperature of the recycled
particle-free gas is the same as that of the incoming aerosol flow into the DEMC. An exception is a measuring
setup where the aerosol inlet is pressurized (overpressure sampling mode). In such a case, it might become
necessary to use a metered bleed to allow balancing of the flows.

6.1.6 DEMC: Voltage

In most DMAS systems, a variable DC high-voltage supply is used to control the potential difference between
the DEMC's electrodes. Fluctuations in the voltage across the DEMC will greatly affect the resulting particle
size distribution measurement.

For large, low-mobility particles, the required voltage can be high, reaching up to 10kV 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 cause erroneous measurements.

6.1.9 Particle detection: FCAE

If an FCAE is used as a particle detector, the particle concentration exiting the DEMC shall provide an
electrical current well above the noise level of the electrometer. Currently, aerosol electrometers measure
electrical currents down to approximately 1 fA (or approximately 6 250 singly-charged particles per second).

6.1.10 Data acquisition

Most commercially available instruments have data acquisition software. It is important to make sure that the
software collects all of the necessary data during the measurement. This will include the particle counts (from
the particle counter) or electrical current (from the electrometer), the DEMC voltage, all necessary flow rates,
temperature, pressure, etc. Some software packages have more options than others. Refer to the instrument
manufacturer's manuals for details on setting up the data acquisition system.

6.2 Pre-measurement checks

6.2.1 General

There are several 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 air (through a HEPA filter) to the DMAS inlet and run a size distribution measurement. There
should be no (or only very few) particles detected across the whole particle size distribution. Remove the filter
to expose the DMAS to normal, 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 Data acquisition check

Ensure that the data acquisition system is connected and operating properly. Verify that the voltages, particle
counts, flow rates 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.

b) A scanning DEMC system smoothly changes the voltage (often as an exponential ramp) during a
continuous measurement of the particle concentration. The scanning direction “upscan” designates a
scan from a low voltage to a high voltage. The inverse is called “downscan”. For a scanning system, the
time constants (residence time of the particle in the DEMC, residence time in the tubing between DEMC
and particle detector, the response time of the particle detector and the time constant for the voltage
ramp) and the scanning direction may cause a shift and a deformation of the transfer function compared
with the stepping system (Collins et al., 2004, [12]),

c) It is important to know the stability of the source. Rapid changes of the size distribution, the particle
concentration, or both, affect the measurement of the size distribution. Critical conditions of the particle
source can be identified by repeating the size distribution measurement and by changing the measuring
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 and aerosol
concentration. The interval for maintenance depends on the sampled aerosol concentration and frequency of
use. The following parts of a DEMC should be regularly cleaned:

Inlet pre-separator: Impactor nozzles should be cleaned with compressed air or an ultrasonic bath. Particles
collected on an impactor plate should be removed and the plate should be recoated with a thin layer of
vacuum grease. The maintenance should be done every six hours of sampling unless experience has proven
that longer sampling times between cleanings may be tolerated.

Neutralizer: Radioactive sources should be checked to ensure the source has not exceeded its useful lifetime
as indicated by an expiration date or date of manufacture. Cleaning such sources can be hazardous and
should only be performed by a trained professional. The cleaning or repair of radioactive sources by the end-
user is not recommended.

Electrodes: DEMC electrodes should be cleaned after every few months of continuous sampling. Use a very
soft tissue to clean all electrode surfaces. Some particles on the electrodes will have no effect on the
classification efficiency, but layers of particles could cause flow disturbances and could distort the electrical
field. After cleaning, the surfaces of the DEMC electrodes should be checked visually for any damage. Even
small scratches could lead to flow disturbances or change the electrical field, causing turbulence and 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 System
conditioner detector controller
Leak test X X X X
Zero tests X X X X
Floyv mgter X X X
calibration
Voltage calibration X X
Particle charge
conditioner integrity X
test
Calibration for size X X X X X
measurement
Size resolution test X X X X X
Number
concentration X
calibration

7.2 Leak test

Each component shall be tested to ensure it is free of significant leaks. A significant leak is, for example, one
that causes a change of greater than 5 % per hour in pressure inside the component during a vacuum leak
test. The leakage rate measured during a leak test shall be recorded.

To check the leakage of air into or out of the DEMC, plug the sample inlet, sheath air inlet and the excess air
connection of the DEMC. Connect a manometer to measure the pressure inside the DEMC. Connect a
vacuum pump to the monodisperse aerosol outlet and excess air connections. Draw the pressure inside the
DEMC down to less than 10 % of atmospheric pressure (< 10 kPa). Seal off the DEMC from the vacuum
pump. Watch the pressure measured by the manometer for at least 1 hour. The DEMC leakage rate is
acceptable if the 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.
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7.3 Zero tests

7.3.1 General

Once the flow rates are checked, there are three zero tests that can be performed to ensure that there are no
leaks and that the instruments are working properly.

7.3.2 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 particle detector at
the correct rate. The particle detector should count a high concentration of particles. The particle detector may
even saturate while sampling room air. Place a high-efficiency particulate air (HEPA) filter on the inlet and
make sure that the particle detector signal drops to a negligible level compared to the concentration to be
measured.

7.3.3 DEMC zero test

Reconnect the particle detector to the rest of the DMAS, apply clean air (through a HEPA filter with at least
99,99 % efficiency) to the DMAS inlet and run a size distribution measurement. There should be no (or only
very few) particles detected across the whole particle size distribution. If the particle detector detects particles,
there are leaks in the DMAS, either in the components or in the interconnecting tubes. To test leakage for
each component, go back to 7.2.

7.3.4 Overall DMAS zero test

Make sure the aerosol inlet tube to the DEMC is open to normal room air (not clean-room air). Set up the
appropriate sheath flow and aerosol flow rates within the DEMC and to the particle detector. Set the voltage
applied to the DEMC to 0 volts. The particle detector should count no particles. If the particle detector detects
particles: 5

a) the sheath/aerosol ratio could be too low and particles are diffusing into the aerosol outlet of the DEMCi
This can be corrected by decreasing the aerosol flow rate or increasing the sheath flow rate.

b) the flow rates within the DEMC are too high and turbulent conditions exist. If this is the case, reduce the
flow rates to return to laminar flow. Annex E describes a test for laminar flow for cylindrical DEMC.

7.4 Flow meter calibration

The flow meters indicating the volumetric flow rates of sheath air, excess air, incoming aerosol and outgoing
classified sample aerosol shall be calibrated against a flow meter that is traceable to internationally accepted
standards.

Volumetric flow rates govern the DEMC transfer function. If mass flow meters are used to measure or control
flow rate, transformation from mass flow rate to volumetric flow rate is necessary.

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 Calibration for size measurement

7.7.1 General

This subclause describes a method to test sizing accuracy of the DMAS.

7.7.2 Purpose of calibration

The tests and calibrations described in 7.2 to 7.6 are necessary to check accuracy and integrity of individual
components of the DMAS. However, they are not necessarily sufficient for verification of the accuracy of sizing
by a DMAS as an entire system. Therefore, a particle size calibration shall be carried out to test for accuracy.

DMAS calibration with standard monodisperse particles of a certified size requires due attention with respect
to

a) ?the method of dispersing these particles in air, preferably with electrospraying,

b) :'the concentration of the particle dispersion in the liquid that has to be dispersed, which must be
“sufficiently low to substantially avoid the aerosolization of particles other than singlet particles,

c) ‘the due removal of any non-volatile dissolved materials from the liquid other than the certified particles
(remove surfactants and ionic species, etc.) prior to the aerosolization of the particles.

The following subclause provides a procedure for calibration that uses particle size standards. The procedure
is performed with the standard DMAS sizing method and includes the data inversion and correction algorithms
given by the manufacturer.

7.7.3 Calibration with standard DMAS sizing method

Aerosolize particles with a certified size, d;, and measure the size distribution of them by the DMAS under test.
Calculate the number-weighted mean diametgr, d, from the size distribution data. Rgpeat this 5 times and
calculate the average of the mean diameters, d . Report the relative error, &, between d and d.

The standard particles should have a small uncertainty for the certified size and a narrow size distribution. The
relative standard uncertainty for the certified size should be equal to or less than 5 %, and the relative
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

dN
as ———versus d-

dlogd
J.d . % -dlogd
d="——aq (6)
J aN
-dlogd
dlogd
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NOTE 1 The following equation can be used to calculate the relative error, ¢:

_;_dc

& 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 following information shall be included in the report:
a) date of calibration;

b) certified size (d,) and its standard uncertainty [u.(d.)] of the standard particles and — if applicable — the
corresponding electrical mobility (Z.); ‘

c) DMAS settings, such as flow rates, voltage range, voltage scan rate, etc;
d) pressure and temperature in the DEMC during test;
e) average of the mean diameters, Z or mean electrical mobility, ?;

f) relative 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
approximation method described in Annex D.1, the obtained distribution is broader than the actual distribution.
This can be exploited to extract the information about the width (resolution) of the transfer function.

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

2 2
&z i K-AZ
S BN

__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 for 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 analysis;
b) unique identification of the analysis laboratory;
Cc) operator's name;
d) unique identification of the sample;
e) identification of the type of instrument used, including manufacturer, model number (if any) and serial
number or other unique identification;
f) sampled flow rate of the gas containing the aerosol particles;
g) sheath air flow rate;
h) excess air flow rate;
i) exit aerosol flow rate;
i)  pressure 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 of calculation employed, including formulas used;
n) observations of unusual events during the experiment.
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Annex A
(informative)

Particle charge conditioners and charge distributions

A.1 General

The function of the particle charge conditioner in a DMAS is to establish a known size-dependent charge
distribution on the sampled aerosol prior to the size classification process in the DEMC.

The charge distribution achieved by the particle charge conditioner can either be the bipolar equilibrium
charge distribution or a known, stable unipolar charge distribution.

A.2 Electrical charge neutralization

The operation of electrical charge neutralization is a form of particle charge conditioning used to convert
aerosol particles from the uncertain charged condition into the certain equilibrium charge distribution. To
achieve this, aerosol particles are exposed to a sufficiently high concentration of bipolar ions for an exposure

time. This bipolar ion concentration can be produced either by radioactive ionization of air from radioactive
sources or by corona discharge ionization.

A.2.1 Equilibrium charge distribution

A.21.1 General
In a gaseous medium containing aerosol particles and a sufficient concentration of bipolar ions, an equilibrium

bipolar charge distribution will develop on the particles as a result of the random thermal motion of the ions
and the collision between ions and aerosol particles.

A.2.1.2 Charge distribution function of particles

Under the steady-state conditions in the case of bipolar charging, the charge distribution function
I (d) (charging probability) can be expressed as:

1 (s54/5,
fp(d):ﬂ:zw”( -/ p%, if p=>+1 (A1)

Cy
+00
- +
cy, M 1(/3,,+1 / ﬂPV |
fp(d)=w= ¢ o i ps-t (A2)
f (d):ﬂ:/ if p=0 (A.3)
P Cy X’ p )
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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 the number concentration of charged particles of particle size d,
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 above Equations (A.1), (A.2), (A.3), if the ion-aerosol attachment coefficients (combination charging
constants) g corresponding to Z are known, the charge distribution function fp(d) can be calculated 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 attachment
coefficients, g, which is the so-called Fuchs’ attachment theory, that can be expressed as:

. i. . 2. p—
g n-c af exp{ ¢(5)/kT} (A4)

’I+exp{—go(5)/kT}c;1.DCi..i2j:/gexp{w(a/x)/kT}dx

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

a is the aerosol particle radius (d =2a );

r is the distance between the particle and the ion;

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

9 .
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a is called Fuchs' a parameter, corresponding to the square of the ratio of the particle radius to the
limiting sphere;

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;

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

gy is the dielectric constant;

&1 is the specific dielectric constant;

A*  is the mean free path of positive or negative small ions.

If the values of dynamic properties ¢, D*, 2% of the small ion, and aerosol particle diameter d =2a are
known, the ion-aerosol attachment coefficients, /3, can be calculated.

A.2.1.4 Properties of the ion

The values of dynamic properties ¢, D, 2% of small ions can be defined from fundamental gas kinetic
theories.

The relationship between the diffusion coefficient and mobility was given by Einstein (1905) [17]: it can be
expressed as:

Dt = kTZZ (A.5)

where Z* is the electrical mobility of small ions.

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

e | 8kT+ (A.6)
T-m-

where m™* is the mass of a small ion.

There are several approximation methods for the mean free path of small ions. The representative example of
these can respectively be expressed as:

1642 D* M V2
At = 3 T[—+j , described by Fuchs and Sutugin (1970) [21] (A7)
T ¢ \M+m—
: p:
A% ?D—[LJJ , a first-order Chapman-Enskog approximation,
T ¢ M+m—

explained by Bricard (1965) [8] (A.8)
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1
2
—+j , described by Pui (1976) [44], Pui et al. (1988) [43] and

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 properties Z* and m* are known, the charge distribution function, fp(d),can be calculated. The
values of several 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
Z+(x10_4m2V_1s_1) Z‘(><104m2V_1s_1) m* (amu) m’(amu) Author and reference
1,15 1,425 290 140 Reischl et al. (1996)
1,40 1,90 109 50 Adachi et al. (1985)
1,40 1,90 130 100 Adachi et al. (1985)
1,15 1,39 140 101 Porstendorfer et al. (1983)
1,20 1,35 150 90 Hoppel and Frick (1986)
1,15 1,39 140 101 Hussin et al. (1983)
1,35 1,60 148 130 Wiedensohler et al. (1986)
1,33 1,84 200 100 Hoppel and Frick (1990)
1,40 1,60 140 101 Wiedensohler and Fissan (1991)

A.2.1.5 Approximation of the bipolar charge distribution for aerosol particles

As described in above subclauses, an expert user of DMAS should be able to calculate the charge distribution
function, fp(d). However, those calculation methods are long and complicated. Therefore, an empirical
expression to approximate the charge distribution function, I (d) in the size range from 1 nm to 1 000 nm is
presented in this subclause. This approximation permits a useful and rapid calculation of the bipolar charge
distribution function.

For ain aerosol particle carrying up to two elementary charges, in charge equilibrium, the charge distribution
function, 1 (d) can be expressed using the approximation given in Equation (A.10), derived from the Fuchs
model. To develop this approximation, specific values of ion properties are taken, and their sources are

a) ion mobilities from Wiedensohler et al. (1986) [52],

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.

nA .
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S i
og] /()] = Z ai(p)-(l0g 4) (A10)
1=
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.

The charge distribution function, f (d) with three or more elementary charge units can be calculated using
the following Equation (A.11), which is based on Gunn's model:

2
+ +
3 p_27'c502dkT n N;T Z
£, (d) ¢ ‘ Ni Zi (A11)
= -exp .
P
JAn2edkT o 2medkT
o2
where
N,i is the concentration of positive or negative small ions.

For this calculation, the concentration of positive and negative ions is assumed to be equal, and the ratio of
ion mobilities Zf/Zl-’ was taken from Wiedensohler et al. (1986) to be 0,875. The results of this calculation
are given in Figure A.1 below and in Table 2 in the text.

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

. 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 -44,475 6
1 35,904 4 0,617 5 -0,101 4 0,604 4 79,377 2
2 -21,460 8 0,620 1 0,307 3 0,4800 -62,890 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 -5,748 0
5 0,105 1 0,029 7 -0,0105 0,0320 0,504 9
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Figure A.1 — Charging probability function for particles in the size range
between 1 nm and 1 000 nm calculated from Equations (A.10) and (A.11)

A.2.2 N;t product

The degree of neutralization mainly depends on the N; -t product, which is the concentration of bipolar
ions, N;, multiplied by the residence time, ¢, of the aerosol particles in the ion cloud. For polydisperse aerosols
(size range from 1 nm to 1 000 nm) passing through a particle charge conditioner, the N, -t product can be
described as follows:

Ni
N,i.zz_i.m[ _TPJ (A.12)

This equation is derived from the subclause above (A.2.1.5). The ion-aerosol attachment coefficient, p, is
strongly dependent on the aerosol particle diameter; |t is in the order of 10~ 12m3s" , therefore, the N, -¢
product has been found to be approximately 6x10 12m=3s and 1x10"m3s for the two limiting cases
Kn << 1 and Kn >> 1, respectively. Therefore, a design-dependent upper particle concentration limit exists
beyond which the charge equilibrium condition will not be reached. For an N; -t product larger than about
1%x10"3m 3s the equilibrium charge distribution will be achieved in most practical situations.

The ion concentration is related to the intensity of the ion pair production rate. In particle free air, this intensity
is expressed as:

where
¢ is the ion pair production rate;

y is the recombination coefficient of positive and negative small ions.

b I~ :
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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
There are two types of ionization sources for DMASs, based on radioisotopes and corona-discharges.

In the case of radioisotope methods, generally, a sealed radioactive source mounted in the neutralizer
housing is used to achieve the equilibrium charge distribution. This device acts as a bipolar diffusion particle
charge conditioner. It produces both negative and positive ions in the carrier gas. The radiation generates so-
called primary ions like N,* and O,* and free electrons in the carrier gas. These ions are short-lived. Some of
them attach themselves to neutral molecules, which then coagulate into relatively stable ion clusters. Diffusion
(Brownian movement) leads to collisions between these ions and the aerosol particles and thus to charge
transfer to the particles. The N, - t product reached in a radioactive neutralizer depends on the type and energy
of the radiation of the isotope, on the activity and geometry of the sealed source, on the geometry 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 radioactive source.
Krypton 85 (8°Kr), americium 241 (241Am) and polonium 210 (210Po) are the most commonly used
radioisotopes. These properties are explained in the following subclauses.

A.2.3.1.1 Krypton 85 (85Kr)

85Kr is 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 of leakage or
damage to the source. After approximately 10 years, 8%Kr sources should be replaced. In nearly all 85Kr
neutralizers, the 8%Kr gas is contained in a small-diameter sealed stainless steel tube. The small-diameter
tube is contained inside a larger-diameter stainless steel or aluminium housing. Aerosol passes axially
through the housing that contains the 85Kr tube. Part of the beta radiation is absorbed in the steel or
aluminium that makes up the tube and the housing, thus producing Bremsstrahlung that also contributes to ion
production. The activity for most DEMC applications (< 107 particles cm=3 at sample air flow rates of
< 0,5 I/min) should be around 370 MBq (= 10 mCi).

A.2.3.1.2 Americium 241 (241 Am)

241Am 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.2.3.2 Licensing 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.2.3.3 Corona discharge

Corona discharge may also function as a source for both negative and positive ions in the carrier gas. Either a
single corona electrode operated with AC-high voltage or two separate corona electrodes (one for each ion
polarity) can be used. If an aerosol electrometer is used as a particle detector, an ion trap may be necessary
as an additional element to eliminate any remaining free ions from the charge-neutralized aerosol; otherwise
an aerosol electrometer would measure these free ions as an additional current.

If corona discharge methods are used to achieve equilibrium charge distribution in the aerosol sample flow of
a DMAS, the instrument manufacturer and the user shall, by design or by measurement, ensure that the
method performs correctly and does not produce artefact particles.

A.3 Unipolar electrical charging

Besides the widely used equilibrium charge distribution, unipolar electrical charging can also be used to
achieve a defined charge distribution in a DMAS. In a unipolar charger, ions of either positive or negative
polarity are produced by a corona discharge process. Like in bipolar charging, diffusion charging is
advantageous because variations caused by the composition of the particles can be neglected for diffusion
charging.

Unipolar electrical charging can achieve higher charging probabilities than bipolar charging. This is an
advantage if small particles (d <20 nm) are to be measured. Due to the higher charging probability, more
particles are classified by the DEMC and reach the particle detector. This leads to better counting statistics.
On the other hand, larger particles (4 > 100 nm) carry significantly more multiple charges compared to bipolar
charging. This makes the data inversion more complex and reduces the size resolution of large particles.

A variety of unipolar chargers for aerosol particles have been described and built; see, for example, Hewitt
(1957), Medved et al. (2000), Blscher et al. (1994), Chen and Pui (1999) and Pui et al. (1988). Many of these
chargers are used in combination with one or more aerosol electrometers as particle detectors. Some of these
chargers have an ion trap as an additional element. The ion trap eliminates any remaining free ions from the
charged aerosol; otherwise the aerosol electrometer will measure these free ions as an additional current.

If corona discharge methods are used to achieve a defined unipolar charge distribution in the aerosol sample
flow of a DMAS, the instrument manufacturer and the user shall, by design or by measurement, ensure that
the method performs correctly and does not produce artefact particles.

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.
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Annex B
(informative)

Particle detectors

B.1 General

It is necessary to select an appropriate particle detector to measure particle concentration downstream of the
DEMC. For this purpose, a condensation particle counter (CPC) or a Faraday-cup aerosol electrometer
(FCAE) is generally used. These detectors are described below.

B.2 Condensation particle counter

B.2.1 General

Aerosol particles entering the CPC are first exposed to an atmosphere containing condensable
supersaturated vapour in a component called a “saturator”. A supersaturated condition is generated, causing
vapour to condense on the particles, growing the particles into droplets that can be detected by means of light
scattered from a light beam. :

Typically, a CPC has almost 100 % counting efficiency over a wide range of particle sizes larger than a
defined minimum particle size. The counting efficiency decreases to zero at the minimum detectable particle
size. To measure the particle size distribution using a CPC, it is necessary to correct the counting efficiency
for particles in the size range in which a CPC has less than 100 % counting efficiency.

A CPC usually needs to cover a particle concentration range up to 104 or 10° particles per cubic centimetre.
Because the droplet diameter in the detection zone of a CPC is usually several micrometres and the
signal-to-noise ratio for single-droplet-counting is relatively high, a CPC is a reliable method to detect low
concentration aerosols. The maximum concentration for single-droplet-counting is limited by the optical design
of the instrument and is usually in the range of 103 to 105 particles per cubic centimetre. If the particle
concentration exceeds the upper limit of the specified concentration range of the CPC, particle coincidence
becomes significant and the reported concentration will be incorrect.

To measure higher concentrations, some CPCs include a photometric detection method that detects the
intensity of the light scattered from all the particles in the sensing zone of the instrument at any given time. A
CPC with photometric concentration measurement shall be calibrated periodically to ensure accurate
measurements.

Before using the CPC, the user shall confirm that:

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

b) 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

A 1A~ AAAA AT
Copyright International Organization for Standardization ghtS reserved 29
Provided by IHS under license with ISO
No reproduction or networking permitted without license from IHS Not for Resale



ISO 15900:2009(E)

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 particles.

A pre-calibrated aerosol electrometer or CPC is used as a transfer standard. Details of an aerosol
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 ranges
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 consider use of a CPC detector as described in B.2.

While an FCAE being used as a detector with a DEMC is usually operated at or near atmospheric pressure,
an FCAE may also be operated at low pressures, in an extreme case, as low as 200 Pa to 930 Pa. For low
pressure 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 containing charged fine particles enters the
inlet tube to the FCAE, the gas flows through the filter and the particles are collected on the filter. The filter is
normally surrounded by a porous metallic housing, converting the filter into an ion collector. The charge on the
fine particles is then released from the particles and forced by space charge within the filter material to the
surrounding metal housing.

The electrical current thus formed is very minute, usually measured in units of femtoamperes. The current
from the filter passes into an electrometer and is amplified. The amplified current is proportional to the particle
number concentration, the average number of electrical charges per particle and the sample flow rate of the
charged aerosol entering the FCAE.

N=IN

| [— |
/3
= | Lz = 6
2Vd/|l 7

5

Key B

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

Figure B.2 — Schematic diagram of Faraday-cup aerosol electrometer (FCAE)
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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 rate of sample through the FCAE directly affects the measured concentration. Therefore, the
flowmeter used to measure the sample flow rate through the FCAE shall be calibrated at least annually.

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

Slip correction factor

C.1 General

The electrical mobility of a particle depends on the particle size and the number of elementary charges. A
unique relationship between electrical mobility and particle size is described in 4.2. The theoretical expression
for the drag force on a spherical particle moving with low Reynolds number in a gas phase is customarily
written 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).

Sy =1 +1<;{A B exp[—iﬂ (1)
Kn
where
2] . :
Kn= " is the particle Knudsen number;
/ is the mean free path of gas molecule;
d is the spherical particle diameter;

A,Band C are empirical constants;

is the slip correction.

The goal of this annex is to provide further detail on the source of the recommended parameters for the slip
correction factor given in Table C.1.

C.2 Historical investigation of the slip correction factor

Table C.1 summarizes a number of measurements of slip correction parameters. Millikan’s experiments were
performed between 1909 and 1923 (Millikan 1910 [0l 1923 [41]). His last experiment extended the
measurements up to Kn ~134 and visually fitted his data using the form of Equation (C.1). Millikan used the
well-known apparatus called “Millikan’s oil droplet apparatus” or “Millikan’s cell apparatus”. He obtained values
of 4 = 0,864 and 4 + B = 1,154. He found that the value C = 1,25 fitted his data from Kn = 0,25 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 slip correction factors for spherical solid particles in air with an automated apparatus using a
new approach which requires none of Millikan’s cell conditions. They emphasized that the new method was an
application of the modulated dynamic light scattering method, which is fundamentally different from Millikan’s
cell, and that drag forces on spherical polystyrene latex particles were measured in dry air. In this method, the
data are time autocorrelation functions of the intensity of light scattered by single particles from the
intersection volume of two coherent laser beams.

This experiment provided detailed information about test particle Brownian motion, including the value of the
particle diffusion coefficient. Each test was made on 72 solid spherical particles with diameters ranging from
1,0 ym to 2,2 uym, at air pressures ranging from 760 mmHg to 0,2 mmHg. Collected data provided 1 586
distinct experimental values of the slip correction factor with Kn ranging from 0,06 to 500. Analysis of these
data gave the values 4 = 1,231 0+ 0,002 2, B = 0,469 5+ 0,003 7 and C=1,178 3+ 0,009 1 using the same
equations of Allen and Raabe’s analysis, where the mean free path of air molecules and the viscosity of dry
air were taken to be 6,73 x 1078 m and 1,8325 x 105 kg m~! s, respectively, at 760 mmHg and
To=296,15 K. When they compared the results for the drag force ratio of solid and liquid particles, they
indicated that the results from kinetic theory and from Allen and Raabe’s re-evaluation of Millikan’s data agree
closely, and the results for solid particles from their work agree closely with Allen and Raabe’s results for solid
particles, but the kinetic theory and the drag force ratio values of oil droplets fall below those for solid particles
over the range Kn = 0,09 to 18, with differences as great as 8 %.

The most recent work was published by Kim et al. (2005) [33]. Based on the viscosity and mean free path of air
molecules chosen by Allen and Raabe, they measured slip corrections using certified polystyrene latex (PSL)
particles of precisely known size and a DEMC. The measurements covered a wide range of sizes (19,9 nm to
269 nm), pressures (98,5 kPa to 8,27 kPa) and Knudsen numbers (0,5 to 83). A detailed uncertainty analysis
showed approximation uncertainties (95 % confidence interval) smaller than 3 % for the whole data set.
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Table C.1 — Published values of slip correction factors for Stokes' law

Author Meanl :Le:)path 4 B c A+ B Bib::gg\r:}z%;nd
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.
Dahneke (1973) 0,066 0 1,234 0,414 0,870 1,648 ibid.
Allen and Raabe (1982) 0,067 3 1,155 0,471 0,596 1,626 ibid., for liquid particles
Allen and Raabe (1985) 0,067 3 1,142 0,558 0,999 1,700 for solid particles
Hutchins, et al. (1995) 0,067 3 1,231 0,4695 |1,1783 [ 1,7005 | for solid particles
Millikan (1923b) 0,067 4 1,209 0,406 0,893 1,615 Rader (1990)
Rader (1990) 0,067 4 1,207 0,440 0,780 1,647 ibid.
Millikan (1923b) 0,094 17 0,864 0,290 1,250 1,154 Fuchs (1964)
Mattauch (1925) 0,898 0,312 2,370 ibid.
Fuchs (1964) 0,065 3 1,246 0,420 0,870 1,666 ibid.
Schmitt (1959) 1,45 0,40 0,9 ibid.
i pabns Kok ns [ ge7s [ 1res oo [oser |10 |Mosmredui NST

C.3 Recommended coefficients for the slip correction factor

In the above description, there is strong evidence that the results of Hutchins, Harper and Felder (1995) [31] of
drag force ratio for solid particles closely agree with the results of Allen and Raabe (1985) (6] for solid particles
and that the results for the drag force ratio from kinetic theory agree closely with Allen and Raabe's results
from re-evaluation of Millikan's oil droplet data. However, the solid particle results differ from the kinetic theory
and oil droplet results by up to 8 % in the Knudsen number range of 0,09 to 18.

Considering the traceability of the experiments, this International Standard recommends the use of the
coefficients determined by Kim et al. (2005) [33] for particle size distribution measurements (as given in 4.2).
Figure C.1 shows a comparison between the slip correction calculated with the coefficients by Hutchins,
Harper and Felder (1995), Allen and Raabe (1985) and Kim et al. (2005). As can be seen, the relative
difference of the first two calculations to the calculation with the recommended coefficients is within +3 % and
—1 % over a particle diameter range from 1 nm to 10 ym.
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Figure C.1 — 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

D.1 General

Since the DEMC is generally operated at high resolution, non-zero values of the transfer function £ occur only:
in a narrow range of Z. Therefore, it is a common practice that, to solve Equation (5) for n(d), the terms n(d),:
j;(d) and W(d, p) are assumed to be constant within the non-zero interval of the transfer function 2 and taken".
out of the integral as: 1

R(U)=q22;n(dp J- 1o, ) wia," p)f 2[2(d.p). ao()] da (D.1)
p:
where d * is the diameter of particles of charge p that has the electrical mobility equal to Z*, which is the

central electrical mobility of the transfer function for the set voltage U as given in 4.5.

NOTE When a DMAS measures the size distribution of monodisperse or quasi-monodisperse particles and the
above approximation method is used in data inversion, the obtained distribution is broader than the actual distribution.

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

" 0
d:O_Q[Z(d,p),ACD(U)] dd =(dd/dz), .| _

Q(z,z*) dz (D.2)
The differential term dd/dZ is given in Clause F.4. The integral term corresponds to the area under the transfer
function, which has a shape of either triangle or trapezoid as shown in Subclause 4.4.

There are several data inversion methods to solve Equation (D.1) while deconvoluting with respect to charge
number p. The representative methods of Hoppel and Knutson are described below.

D.2 Hoppel method

In order to convert the mobility distribution to the size distribution, it is necessary to establish firstly the
relationship between the mobility of a charged aerosol particle and its diameter and secondly the fraction of
aerosol particles of a given size that carry a given number, p, of elementary charges. Since atmospheric
aerosol particles cover a range from those that have radii much larger than the molecular mean free path to
those that have radii smaller than the mean free path, it is impossible to relate the particle mobility to the
particle size by using a single theory. This International Standard deals with three particle size ranges:

— first 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;

— third 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:

2 2
Crnp(r)=Cnrp (r)exp[— Zk;r ] (D.3)

where

Cnpo (r) s the number concentration of uncharged particles;

Cnp (r) is the number concentration carrying p elementary charges of one polarity;

k is Boltzmann's constant;

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

T is the absolute temperature.

For the transition regime, the number concentration of multiply-charged particles is negligible and the
conversion of the mobility distribution to the size distribution shall use Equation (D.3), without any correction
for multiply-charged particles.

For the multiply-charged and Junge distribution regimes, the total number concentration of aerosols of radius r
irrespective of the charge level or charge polarity is denoted by:

X(r)=Cyo(r +ZZCNP (D.4)

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

x(r) :M!H-ZiRp(r)] (D.5)

where

2 2
_ _pe
R,(r)= exp( T } (D.6)

In the DEMC, only those aerosol particles that are charged can be detected. Charged particles in a specified
mobility range (Z ; L ) may be singly-charged particles of that mobility or multiply-charged particles that
would be in a Iower mob|I|ty range if they were singly-charged. Multiply-charged particles carrying p
elementary charges would be in a reduced mobility range between Z +1/p and Z; /p 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 -Z; ) can be written as:

Zon Z. Z.4 Z.
_ JH1 J J+1 J
AN(Zj+1—Zj)—AN1(Zj+1—Zj)+AN2(—2 - J+...+ANp[—p ——p] (D.7)
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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:

AN[r(ZjH)—r(Zj)J=AN{r(ZjH)—r(Zj)]'_ANZ{I{Z;HJ_’{%ﬂ_‘_

i

Equation (D.8) has been written to emphasize the fact that the mobilities of charged particles come from
several size ranges that are different from singly-charged aerosols.

(D.8)

AN[r(ZjH)—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 size interval
[r(ZjH)—r(Zj)J, AX[r(ZjH)—r(Zj)J, is calculated by the following method. Since there are nearly
always more singly-charged particles than any other charge class (excluding zero charge) for the practical
range of a DEMC, the first approximation assumes that all charged particles in the mobility interval are singly-
charged. Equation (D.8) then becomes:

A0y, [r(zm) - r(zjﬂ = AN[r(ZM) - r(Zj)} (D.9)

where the numerical superscript denotes a first-order approximation. The first-order size distribution is then

obtained from Equation (D.9) by calculating A(1)X for each mobility interval:

20} (2] #1258, 5) | 1) ) 12 o0

where E is the size corresponding to the average mobility of the (Z ;.4 —Z ;) interval. This approximation, of
: course, 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:

) -r(2s )] [ (2s) )] -0 o 252 o 2

st [ a2

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

o [ 22 A 2] )| 2 0 ) st o2

(D.11)
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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:

A2 [1(2;4)-r(2))]- [”2;% (E)J/’“ ()| AP V[ (21) (2] (D-13)

For higher approximations, the process given in Equations (D.10), (D.11) and (D.12) is repeated using the
newly found approximation for AX .

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

D.3 Knutson method

This procedure was proposed by Knutson as a simple method of obtaining the particle size distribution. He
used this method to measure atmospheric aerosols and laboratory-generated aerosols.

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

The oblique lines mean the relationship between the electrical mobility and the particle diameter having p
elementary charges. The mobility Z ., shown as a vertical axis, is the electrical mobility to be obtained, and is
set to have a ratio of 1,429 to the adjacent one. As already known, the classified particles at some voltage of
DEMC include several groups of particles having different sizes, each group carrying a different number of
elementary charges. For example, in case of Z,, there are four different diameters of particles, 0,120 um,
0,186 ym, 0,240 pm and 0,292 ym, corresponding to d4 , d,, d3 and d4, and they carry p =1, 2, 3 and 4
electrical charges, respectively. Generally speaking, classified particles having a mobility of Z; consist
completely of particles within the particle diameters of d;, 4, d;,o, d;,5 and d, 4, respectively.
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Z electrical mobility, expressed in cm?/volt-sec

d particle diameter, expressed in micrometres

p number of electrical charges carried by each particle

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

Knutson assumed that the number of charges was no more than 4 and found the number concentration,
Cy, j» by the following equation:

Ri=q, )W, @, -Cy @, (D.14)
where

R; is the response of the aerosol measuring instrument at i-voltage of the DEMC;

qa is the aerosol air flow rate;

w,; isthe weighting factor of the measuring instrument for one particle of d; with p charges;

@, ; Isthe weighting factor for the finite width of mobility;

p =123, 4equivalentto j =i +1,i +2,i +3, i +4, respectively. In addition, @, ; is the 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 within the term for 2 is L/(Inry/ry).

Knutson made measurements using 25 voltage steps from 1,902 to 10 000 volts for each flow condition of a
DMA and calculated the particle size distribution of N d;ij =1to m—12> using Equation (D.13). He actually
increased the voltage, 7,,, to a point where the particle concentration became nearly zero, confirming that
there were virtually no particles larger than d,, in his aerosol.

NOTE The procedure in this clause was published by Knutson (1976) [35].
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Annex E
(informative)

Cylindrical DEMC

E.1 Geometry of cylindrical DEMC

A schematic diagram of a cylindrical DEMC is shown in Figure E.1. A clean sheath air flow (¢,) surrounds the
annular region around the centre rod. The aerosol flow (¢,) enters as a thin annular flow adjacent to the outer
cylinder. While the maijority of the flow exits through holes in the bottom closure of the DEMC as excess flow
(94), a fraction (¢3) is withdrawn as monodisperse flow through a circumferential slot located near the bottom
of the centre electrode. This flow (¢3) goes to the aerosol detector. The flow in the DEMC from the point where
aerosol enters to the point where ¢5 is extracted is laminar. The inner or outer electrode is maintained at a
voltage (U) while the counter-electrode is grounded. The aerosol sample flow (g,) enters, and the
monodisperse flow (¢3) leaves through field free regions. Over the effective length (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 define the critical mobilities Z,, Z,, Z3 and Z,
associated with the instrument, described in Clause E.2.

q, 92
A T ou=
| T
AU AR
Z2 \\H- .-".. \ 4
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»
|

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+512—Q3,Z _41%492 7 4q1-493 . Z 1N (E.1)
2n-AD

2n-a0’ 2T 2 a0’ 4T 210
where A® is a function of the geometry and the supply voltage of the DEMC.

For a coaxial cylindrical DEMC, A@ is defined as:

where

ryand r, are the radii of the inner and outer electrodes, respectively;

L is the effective electrode length between the aerosol inlet and outlet;
U is the voltage potential between the electrodes of the DEMC.

If particles of a single mobility, Z, enter the DEMC, the transfer function @2 (2) is the ratio of the number of
particles leaving the DEMC with g5 to the number of particles with the mobility Z entering the DEMC with ¢, or,
in other words, the probability that an aerosol particle which enters the DEMC at the aerosol inlet will leave via
the detector outlet:

Q(z)=-N3 95 (E.3)

Cy.2(Z) g2

where C)y 5 and Cy, 3 are the particle number concentrations entering the DEMC with ¢, and leaving the DEMC
with g3, respectively. If the DEMC is set to the voltage U’, the transfer function € (Z) can be written as:

2(z)=0 if  Z<ZzorZ,<Z (E4)
1| _2rn-L-U . .
2(2)=—|Z2—-(91-43) if Z3<Z <min(Z4, Z4) (E.5)
q2 (rz/ﬁ)
0(z)= m|n£1 q3j if Min(Zq, Z4) < Z <max(Zq, Z4) (E.6)
92

M] if  max(Zy, Z4)<Z <Z, (E.7)

|n(l’2/l"1)
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,.

1
Q(Z):ZlQ1+q2—Z

© 1SO 2009 - All rights reserved

Copyright International Organization for Standardization
Provided by IHS under license with ISO
No reproduction or networking permitted without license from IHS Not for Resale



ISO 15900:2009(E)

Q2)A Q2)A Q2)A Z, Z,
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Figure E.2 — Transfer function for a coaxial cylindrical DEMC
The transfer function has the form of a truncated isosceles triangle centred around:
7" :Z(U*): Zy+Z3 _Z1+Z4 _291+492-43 _ 44 td4_ In(ra/r) (E.8)
2 2 An-AD An-L-U
where
Z" s the electrical mobility of the target particles;
U 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:
£_ZZ_Z3 _ 921493 :q2+q3 (E.9)

7' Zy+Z3 291+q2-q3 q1+44

In the case of re-circulating the excess flow to the sheath flow (¢4 = g4, which forces g, = g3 ), the mobility

resolution simplifies to AZ/Z" = g5/q4 with Z” = ¢ ~In(r2/r1)/(2noL~U*) .

If the DMAS is used to measure a particle size distribution, the particles entering the DEMC will not have a
single mobility Z. Instead, a mobility distribution will enter the DEMC. If the mobility distribution function f(Z) of
the aerosol particles entering the DEMC is defined as:

_dN,(2)

- (E.10)

/(2)

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:

N3(U*)=Z—§J..Q(Z,U*)f(z)dz (E.11)
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With © from Equations (E.4) to (E.7), Equation (E.11) becomes:

N3(U*):
B R P o PR 77
q3 |*Z3 |n(r2/r1) ’ 3 Za Zy |n(r2/r1)

where Z, =min(Z4,Z,) and Z, =max(Zy, Z,).

Once the air flows are set, any one of the critical mobilities Z4, Z,, Z3 and Z, in Equation (E.12) can be taken
as an independent variable and is physically varied by changing the voltage, U .

If it is assumed that f(Z) is nearly constant in the mobility intervals of (Z3,Z,) and (Z,,Z5),
Equation (E.12) reduces to the approximation:

Ny (U*);min[m q—ZN ZZ:f(Z)dZ+J.ZZ:f(Z)dZ+J.ZZ:f(Z)dZ};min[l qi]-j?f(z)dz (E.13)

493 43 d
where Z, :%{23 +min(Z1,Z4)] and Z, =%-[22 +max(Z1,Z4)] .

If g4 =g4 (which forces ¢, = ¢q3), the mobility Z; equals Z,. The transfer function becomes symmetrically
triangular and Equation (E.13) further reduces to:

*\ - Ze ~1 Zy
Na(U)= A (2)az=o [ 2 (2)dz (E.14)

The above analysis is based on the assumptions that

a) particle inertia and Brownian motion may be neglected,

b) the air flow is laminar, axi-symmetric and incompressible, and
c) the space charge and its image forces are negligible.

An analysis including the influence of Brownian motion can, for example, be found in Stolzenburg (1988) [49]
or Hagwood et al. (1999) [25],

E.3 Uncertainty calculation for Z’

The influence parameters for the centre particle mobility follow [from Equation (E.8)]:

7' -2a1td2=ds (72 (E.15)
4TCLU 1”1

This equation describes the static situation of the electrical mobility for the monodisperse aerosol and not the
uncertainty in the scanning mode. The following assumptions allow the calculation of the uncertainty of Z". The
calculation can be performed with the GUM Workbench Version 2.3.2.36. All uncertainties, u,, in (x = u,) are
given as standard uncertainties (coverage factor C = 1); the percentage contributions to the total uncertainty
are given below.

— Sheath air flow ¢4 = (3,00 + 0,06) I/min (volumetric flow, including fluctuation, and deviations due to
atmospheric pressure and air temperature) contributes with 88 %.
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— Voltage U (standard uncertainty of 0,5 %, negligible fluctuations) contributes with 6 %.
— Length L (standard uncertainty of 0,5 %) contributes with less than 1 %.
— Electrode diameters 4 and r, (standard uncertainty of 0,1 % and 0,06 %) contribute with less than 1 %.

— Aerosol air flow ¢, = (0,300 + 0,006) I/min (volumetric flow, including fluctuation, and deviations due to
atmospheric pressure and air temperature) contributes with less than 1 %.

— Monodisperse aerosol air flow g3 = (0,300 + 0,006) I/min (volumetric flow, including fluctuation and
deviations due to atmospheric pressure and air temperature, conservative assumption for the correlation
between g, and g3 is 0) contributes with less than 1 %.

— The roughness and the soiling of the electrode surface causes an inhomogeneity of the electrical field.
This effect is assumed to be included in the uncertainty for U, »; and r,.

— Inhomogeneities of the flow streamlines (due to surface effects) are neglected.

The uncertainty with the above assumptions is u,./ Z* = 2,2 % (slip correction factor S, = 1).

Other uncertainty calculations can, for example, be found in Donnelly and Mulholland (2003)[16] and
Mulholland et al. (2006) [42].

E.4 Test methods for laminar flow

E.4.1 General

The flow pattern of aerosol and sheath air inside a DEMC strongly influences the performance of the DEMC to
obtain the mobility distribution data. If the aerosol and sheath air do not undergo laminar flow, the shape of the
mobility distribution and transfer function will be distorted. The DEMC zero test described in 7.3.2 can indicate
flow distortions in a DEMC. The method described here can be used by the developer of a DEMC to check for
laminar flow. :

E.4.2 Test method

Figure E.3 shows the experimental setup. The setup includes an aerosol generator, clean air feeding device,
test DEMC and a filter sheet for flow test. Visualization of the flow distribution in the DEMC annulus is carried
out by observing the pattern of collected particles on a filter sheet placed a few millimetres downstream of the
aerosol exit slit. A suitable filter sheet is medium performance glass fibre filter with low pressure drop, cut to a
suitable size. Solid tracer particles of water soluble, contrasting-colour dyestuff, such as fluorescein, are
aerosolized by a nebulizer and introduced into the aerosol inlet of the test DEMC. During normal operation,
both the aerosol flow (g,) with tracer particles and the filtered sheath air (¢4) are passed through the filter
sheet.

Operate the DEMC with normal aerosol and sheath air flow rates and with no voltage across the DEMC for a
sufficient time to see the deposit from the particles collected on the filter sheet. Then disassemble the DEMC
and observe the pattern of particles collected on the filter sheet to determine whether there was any mixing
between the aerosol flow and the sheath air flow.
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Figure E.3 — Experimental setup for checking laminar flow

The concentricity of the particle deposition pattern and the width of the deposited particle ring help to evaluate
if the DEMC is operated with undisturbed laminar flow conditions.
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Annex F
(informative)

Size calibration of a DMAS with step-wise voltage
change using particle size standards

F.1 General

This annex provides a calibration method that uses size standard particles. The correction considers only
errors that arise in the “static” operation of the DMAS, i.e. the operation mode in which the DEMC voltage is
changed stepwise during measurements. Correction of errors due to ‘dynamic’ operation of the DMAS, i.e. the
operation mode in which the voltage is swept continuously during measurements (so-called “scanning” mode),
is not considered here.

It is assumed that flow rates and voltages were calibrated as described in 7.4 and 7.5. This calibration reveals
deviations due to either errors in the DEMC dimensions or residual errors in the flow rates (or both). These
errors can be corrected by including an appropriate correction factor in the equation that calculates electrical
mobility from DEMC parameters. For example, where a cylindrical DEMC is involved, the equation:

(2g1+4q2 —q3)In(ra/r)

F.1
4nLU (F.1)

Z=¢-

can be used (see Annex E), where the correction factor is denoted by ¢.

In the calibration method described here, the value of the correction factor is to be determined through
measurement of size standard particles by the DMAS under calibration, so that the measured electrical
mobility of the standard particles matches the electrical mobility calculated by Equation (1) for the certified size
of the standard particles.

The uncertainty associated to the result of the calibration shall be calculated following the procedure

described in Clause F.4 and reported. This calculation method is in accordance with the guidelines given in
the Guide to the expression of uncertainty in measurement [2].

F.2 Procedure
Follow the following steps.
1) Record the temperature and pressure in the DEMC.

2) Aerosolize the particle size standards of which the certified size is traceable to internationally
recognized standards.

3) Obtain a spectrum of the particle concentration, C,, while the voltage, U, is changed step-wise.

4) Calculate the number-weighted mean electrical mobility, Z, from the U-Cy, spectrum obtained in Step
3 by following the procedure in Clause F.3.

5) Repeat Steps 3 and 4 n times and obtain the average of the mean electrical mobility, 7.

6) Calculate the electrical mobility, Z, that corresponds to the certified size, d, of the standard particles
by using Equations (1) to (4). Use pressure and temperature obtained in Step 1 in the calculations of
the slip correction, viscosity and mean free path.

A 1A~ AAAA AT
Copyright International Organization for Standardization ghtS reserved 49
Provided by IHS under license with ISO
No reproduction or networking permitted without license from IHS Not for Resale



ISO 15900:2009(E)

7) Calculate the correction factor, ¢, as:

;=2 (F2)
Z

The standard particles should have a small uncertainty in the particle size and a narrow size distribution. The
relative standard uncertainty of the size should be equal to or less than 5 % in diameter, and the relative
standard deviation of the distribution should be equal to or less than 20 % in diameter when available.

NOTE It is not required to determine ¢ at more than one particle size, since the ¢ value is independent of particle
size if the assumption on the sources of sizing errors is correct.

F.3 Calculation of the number-weighted mean electrical mobility, z

Based on the work by Knutson and Whitby (1975) [36], the number-weighted mean electrical mobility, Z, can
be calculated from a C - U spectrum as:

i
2nL
Nin"]Z[ ][1
q4In(ry /ry)

The terms g5, q4, L, ¥4 and r, are defined in 3.2, and the terms 11*, Ny,
following equations:

7=

(F.3)

and /4 can be calculated using the

I :ij(U_)sz (F.4)
0 U
1*
N;, B (F.5)
9219
where
* © N(U)dU
In = A Skl
0 .[o U
and
Iy :[(1—(12')|n(1—f12')—(1+f13' —(12')|n(1+93’ —42’)+(1+93')|n(1+f13’)]/f12'
11:4 In—1+q;3 —42 ,
92  (1+g3)1-q2)
92 =q2/94+ a3 =43/494
(93, etc. are defined in 4.1.)
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F.4 Uncertainty of the result of the calibration

The standard uncertainty of the calibration result using standard-size particles of the certified size, d,;,, denoted
by u.(d.), can be evaluated by taking two uncertainties into consideration:

1) the uncertainty of the certified particle size, u(d;), and

2) the uncertainty due to random dispersion that occurs in the repeated measurement of Z in
determination of the correction factor, ¢

The random dispersion in determination of ¢'is expressed as the experimental standard deviation of Z; that is:

(F.6)
Convert this experimental standard deviation in electrical mobility, s(Z), to that in particle size, s(dz) , as:
=, |d(d
s(dz)= s<z>~‘% (F.7)
Z l4=ay
where
-1
d(d) _ dz
dz d=dz d( )d:dz
-1
= —#{ZSC(dZ)—1+BCexp[—C/Kn(dZ)J}
Scldz)-dz

-1
Z
= (_W{zSc(dc )—1+ BCexp[ -C/ Kn(d,, )]}}

(Refer to 4.2 for S, B, C and Kn.)
It is assumed in the above calculation that d; = d. so that the calculation of d from Z can be omitted.

Using the experimental standard deviation, s(d>), the combined standard uncertainty, u.(d), is expressed
as:

s(d5)?

“c(dc)2 :”cert(dc)z"' (F.8)

NOTE In the above calculation, the uncertainty of the calibration result is expressed in terms of particle size, rather
than in electrical mobility, although a more direct expression of the uncertainty would be that of £ which is a value defined
in the mobility domain. The uncertainty expressed in particle size has the advantage that the uncertainty which arises in
conversion between particle size and mobility can be omitted in the calculation of the combined uncertainty, based on the
argument by Mulholland et al. (2006) [42]. In addition, it is easier for typical users to interpret the value of the uncertainty if
it is expressed in terms of particle size.
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Annex G
(informative)

Uncertainty

G.1 General considerations

The primary source of uncertainty in a measurement of particle size distribution is often caused by variations
of the aerosol concentration and size distribution during the measurement. All such variations will cause errors
in the measured size distribution. The discussion below assumes that the aerosol size distribution, including
the aerosol concentration, remains constant during the entire scan of the size distribution.

The measurement of the mode of the particle mobility distribution of an aerosol by a DMAS (units m2.V-1.s~1)
is, in principle, traceable to S| via measurements of voltage, dimensions and flow. As long as each
instrumental or operational parameter that can affect the transfer function is accurately known, no calibration
in terms of particle mobility is needed.

The determination of the curve of a particle mobility distribution requires knowledge of the transfer function
(see 4.4). The assumptions for the transfer function shall be verified for the particle mobility of interest.

The calculation of the mobility diameter from the electrical mobility, Z, can only be performed with restrictions.
The first restriction is that the calculation is only correct for spherical particles. Therefore, the diameter
calculated shall be designated as equivalent mobility diameter for spherical particles. The second restriction
concerns the uncertainty of the slip correction function S (d, 4, ) with 4 (mean free path length) and 7
(viscosity of air) as described in Annex C.

The equivalent mobility diameter, d, can be calculated from the measured electrical mobility Z. For this
purpose, the equation Z(d, 1, ) must be solved for d-

p-e-Sc(d,An)

Z(d,A,mn) = 3nn-d

(G.1)

where p is the number of elementary charges, ¢, per particle.

The inverse function of Z(d, A, 7)) shall be named d_.(Z, 4, 7).

The scanning mode of the DMAS is a dynamic measurement. Additional influence parameters shall be
considered, including:

a) delay time in the DEMC, between the DEMC and particle counter, and in the particle counter;
b) scanning rate (range of mobility and time); and
c) contamination of the system by residual particles (during scanning and from one scan to the other).

Quantitative particle number concentration measurements can only be measured by a DMAS with
restrictions. The efficiency of particle charging (see Annex A), losses of particles in the DEMC, the effective
transfer function (see Annex E for a cylindrical DEMC) and knowledge of the slip correction (Annex C) are
functions of particle size and instrument construction. Knowledge of these limiting parameters is essential for
number concentration measurements.
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G.2 Influence parameters for Z

G.2.1 General

The following paragraphs show the major influence parameters for the measurement of the median particle
mobility, Z. For all parameters, the equation of their influences shall be determined by an equation such as:

Z= f(U, 9is Lis fioss: feff.charge7 Jeft.det etc) (G.2)
where
Sloss is the fractional loss of particles;

feftcharge IS the fractional charging efficiency of the particles;

Seffdet is the fractional detection efficiency of the particles.

The principle and the construction of the DEMC determine this equation. The overall uncertainty, u,, is the
result of the uncertainties of each parameter according to the rules of error propagation:

5 2 2 2 2
5 5 5 of 5
”% :(%'”UJ +Z(afi'”q-z} +Z[87fi'”L,iJ J{m'”.ﬁloss] +§(fiﬁ'”_ﬁeﬁ.i} (G.3)

i i

Estimations of uncertainties of the following parameters need detailed studies of the DEMC design and
experimental examination (see Annex E for a cylindrical DEMC).

G.2.2 Electrical voltage, U, with uncertainty u,

The electrical voltage, U, scales directly with the selected particle mobility, Z. Uncertainties result from the
absolute value and the fluctuation of the voltage. Uncertainty of the average voltage propagates directly to
uncertainty of the mobility, Z. Additionally, fluctuation of the voltage causes broadening of the transfer function.

G.2.3 Flows g; with uncertainties u,,

The sheath flow scales directly with the selected particle mobility, Z. The sheath flow shall be given as a
volume flow. Therefore, ambient pressure and gas temperature are important influence parameters to be
considered. The uncertainty of the sheath flow propagates directly to the uncertainty of the particle mobility.
Fluctuations of the sheath flow degrade the transfer function and reduce the size resolution.

The sample flow is indirectly linked both to particle mobility selection and to particle concentration
measurements. The ratio of aerosol flow to sheath flow influences the transfer function width. Higher ratio
reduces the size resolution. Fluctuating sample flow degrades the transfer function and reduces the size
resolution of the measurement.

Like the sample flow, the monodisperse aerosol flow is not directly linked to particle mobility selection, but
usually scales directly with particle concentration measurements. Elevated or fluctuating sample flow
degrades the transfer function and reduces the size resolution of the measurement. However, the influence is
less significant than for elevated or fluctuating sheath flow.

The aerosol particle detector flow scales directly with particle concentration measurement. If this flow differs
from the monodisperse aerosol flow, the additional supply of air, whether positive or negative, shall be
quantified and controlled. Internal bypass or dilution flows within a particle detector shall also be calibrated.
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G.2.4 DEMC geometry, L, with uncertainties v, ;

The geometry of a DEMC defines the air flow field, electrical field and particle propagation. This is described
with the transfer function (see 4.4). Therefore, the mechanical geometry and its tolerances shall be considered
in the uncertainty calculation.

Furthermore, the theoretical transfer function of a DEMC is flattened and broadened due to Brownian diffusion.
This effect increases with decreasing particle size. Thus the size resolution of a DEMC is reduced and shall
be corrected or considered as an uncertainty.

G.2.5 Particle losses .o with uncertainty v,

There are several different mechanisms of particle losses to consider: Brownian diffusion of particles to the
container walls, particle impaction in sharp bends of the flow, thermophoretic effects, space-charge loss,
image-force loss and loss to electrostatically-charged tubes. Particle loss is more important for smaller
particles than for larger particles.

Particle losses can either be determined by modelling or by measurement. The size-dependent particle loss
correction can be estimated by comparison of the direct measurement of the particle number concentration
with a CPC and the integrated total number concentration resulting from the DMAS, using particles of different
sizes. The uncertainty, w4, results basically from the empirical standard deviation of the measurements.

G.2.6 Efficiency factors /. ; with uncertainty u, .« ;

If the charge distribution achieved by the particle charge conditioner differs from the charge distribution used
in the data analysis, this results in erroneous particle distribution and concentration measurement.

The aerosol particle detector efficiency as a function of particle size must be known and included in the data
inversion.

It is not possible to cover all possible factors and their determinations in this International Standard, as this
requires a detailed knowledge of the equipment being used.
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