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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.

The preecedures—tsed—to—developth ment-and-these—ntendedfor-its—further-maintenance are
described in the ISO/IEC Directives, Part 1. In particular, the different approval criteria‘needed for the
different types of ISO documents should be noted. This document was drafted in acéordapce with the
editdrial rules of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).

Attention is drawn to the possibility that some of the elements of this documént may be the subject of
patent rights. ISO shall not be held responsible for identifying any or all sueh-patent rights. Details of
any patent rights identified during the development of the document willbe in the Introdu¢tion and/or
on tHe ISO list of patent declarations received (see www.iso.org/patents);

Any trade name used in this document is information given for the'éonvenience of users gnd does not
consfitute an endorsement.

For an explanation of the voluntary nature of standards; the meaning of ISO specifi¢ terms and
exprgssions related to conformity assessment, as well ‘as’information about ISO's adhefence to the
World Trade Organization (WTO) principles in the Techtiical Barriers to Trade (TBT), see wiww.iso.org/
iso/fpreword.html.

This|document was prepared by Technical Comimittee ISO/TC 24, Particle characterization including
sievilg, Subcommittee SC 4, Particle characterization.

This|second edition cancels and replacesthe first edition (ISO 15900:2009), which has been technically
reviged.

The main changes compared to the.previous edition are as follows:

— gubclauses on particle ldsses due to Brownian diffusion, effects due to non-spherical pprticles, and
measurement of particles below 10 nm have been added in Clause 5;

— {raceability diagfams for DEMC and DMAS have been added in Clause 5;
— ¢alibration forsize measurement in Clause 8 has been refined;

— (lause 9for “Using a DEMC at a fixed voltage to generate particles of a chosen size” hasbeen added;

— Annex'D for “Data inversion” has been rewritten completely;

— Annex F for “Example certificate for a DMAS particle size calibration” has been added;

— former Annex G for “Uncertainty” in the previous edition has been deleted;

— new Annex G for “Good practice for measurements at particle sizes below 10 nm” has been added;
— Annex H for “Examples for overall system tests” has been added;

— Annex|I for “Comparison of different approaches to calculate diffusion loss in laminar tube flow” has
been added;

— Annex] for “Corrections for effects due to non-spherical particles” has been added.

Any feedback or questions on this document should be directed to the user’s national standards body. A
complete listing of these bodies can be found at www.iso.org/members.html.
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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
classificatiofi and analysiS corTectly, Several 1SSUes, such as the siip Correction factor, the jon-aeposol
attachment|coefficients, the size-dependent charge distribution on aerosol particles and theymgthod
used for inversion of the measured mobility distribution to the aerosol particle size distribution, need
due caution

There is, the¢refore, 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.

vi © IS0 2020 - All rights reserved


https://standardsiso.com/api/?name=da0e4b7e2ace5a3bcb2f70ec43fe1ca7

INTERNATIONAL STANDARD

ISO 15900:2020(E)

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

1

Scope

This document provides guidelines and requirements for the determination of aerosol particle number

size

is uspally called “differential electrical mobility analysis for aerosol particles”. This analyt
is applicable to particle size measurements ranging from approximately 1 nm to 1 pm)»Th
does|not address the specific instrument design or the specific requirements of particle size
meagurements for different applications but includes the calculation method.‘of uncertalinty. In this
document, the complete system for carrying out differential electrical mobilit§-analysis is r

DMAS (differential mobility analysing system), while the element within this'system that d

tstribution by Tearns of the amatysis of etectricat mobitity of aerosor partictes- Tis T

easurement
ical method
s document
distribution

bferred to as
lassifies the

particles according to their electrical mobility is referred to as DEMC{differential electrical mobility

clasgjifier).

NOTH This document does notinclude technical requirements and§pecifications for the application of DMAS,

which are defined in application specific standards or guidelines, e.g. for road vehicle applications
environmental measurements (ISO/TC 146) or nanotechnologies, (ISO/TC 229).

2

Therk are no normative references in this document.

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

ISO gnd IEC maintain terminological databases for use in standardization at the following ¢

3.1

aerosol
systdm of solid@nd/or liquid particles suspended in gas

3.2

attachment coefficient

tt L. + Laolalis £ | 1 VR |
altacamrentprooantity or oS antactrosorparticres

3.3

Normative references

L

[erms and definitions

ISO Online browsing platform: available at https://www.iso.org/obp

IEC Electropedia: available at http://www.electropedia.org/

(ISO/TC 22),

ddresses:

bipolar charging
process which attains a conditioned charge distribution of both positive and negative charges on
aerosol particles

3.4

bipolar charge conditioner
device which attains a conditioned charge distribution of both positive and negative charges on aerosol
particles

© IS0 2020 - All rights reserved
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3.5
charging

2020(E)

processes that leave aerosol particles with size dependent specific distributions of unipolar or bipolar
electrical charges

3.6

charge conditioner
device (or component of a DMAS) which establishes a known conditioned size dependent charge

distribution

3.7

on aerosol particles which are passed through it

charge dist
mathematic

3.8
condensati
CPC
instrument

Note 1 to ent
than a few n3

Note 2 to ent
Note 3 to enti

39

ilaaadi £ 43
I IUULIVII TUIILLIUII

al and/or empirical description of a conditioned particle size dependent charge distrib

pn particle counter

that measures the particle number concentration of an aerosol

Iy: The sizes of particles detected are usually smaller than several hundred nanometres and I
nometres.

'y: A CPC is one possible detector for use with a DEMC.

y: In some cases, a condensation particle counter may be called a condensation nucleus counter (|

conditioned charge distribution

distribution|
distribution
instrument

3.10

critical mol
instrument
the DEMC iy
electrical fig

Note 1 to en
excess flow a

3.11
differentia
DEMC
classifier ab

Note 1 to enf

of unipolar or bipolar electrical charges.on” aerosol particles defined by a c}
function, which is in a steady state for a(sufficiently long period of time in an ae
Hdownstream of a unipolar or bipolar charge conditioner

hility

parameter of a DEMC (3.11) that'defines the electrical mobility of aerosol particles tha
1 aerosol form, which may bé defined by the geometry, sample and sheath flow rates
1d intensity

ry: Particles larger og’Smaller than the critical mobility migrate to an electrode or exit wit

Ind do not exit from theyDEMC in aerosol form.

electrical mobility classifier

le to select aerosol particles according to their electrical mobility and pass them to its

1ition

arger

CNC).

arge
rosol

[ exit
and

h the

exit

- A DEMC classifies aerosol partlcles by balancmg the electrlcal force on each partlcle w

aerodynamidd

ith its

determined by the operatmg condltlons and physwal dlmensmns ofthe DEMC whlle they can have dlfferent sizes
due to difference in the number of charges that they have.

Note 2 to entry: Another common acronym for the DEMC is DMA.

3.12

differential mobility analysing system

DMAS

system to measure the size distribution of submicrometre aerosol particles consisting of a charge
conditioner, a DEMC, flow meters, a particle detector, interconnecting plumbing, a computer and
suitable software

Note 1 to entry: Another common acronym for the DMAS is MPSS (mobility particle size spectrometer).
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3.13
electrical mobility
ratio of migration velocity (3.18) to electrical field for particles and ions in a gas

3.14

equivalent diameter

d

diameter of a sphere with defined characteristics which behaves under defined conditions in exactly
the same way as the particle being described

Note 1 to entry: Particle diameter (or simply diameter) used throughout this document always refers to the
cical ooty aqniualant diasaotar ohich daofinac tha cion of chavragnd apticlac vaith +tha oo i
electrieal-mobili H-eqt 2 £ 2 dparticles—with—the-same electrical

Vo et et vy e tre e et A ot = ¢

mobility or the same terminal migration velocity in still air under the influence of a constant ele¢tgical field.

3.15
Faralday cup aerosol electrometer
FCAE
electrometer designed for the measurement of electrical charge concentratien-carried by aph aerosol

Note [l to entry: A Faraday cup aerosol electrometer consists of an electrically conducting and electrically grounded
cup gds a guard to cover the sensing element that includes aerosol filtering\media to capture chgrged aerosol
partigles, an electrical connection between the sensing element and an eleCtrometer circuit, and a flow meter. An
FCAH measures electrical current ranging from about one femtoampere‘(fA) to about ten picoamperefs (pA).

3.16
Knuglsen number
Kn
ratio|of gas molecular mean free path to the radius ofithe particle, which is an indicator of fr¢e molecular
flow [versus continuum gas flow

3.17
laminar flow
gas flow with no temporally or spatially irregular activity or turbulent eddy flow

3.18
migration velocity
steadly-state velocity of a charged-airborne particle within an externally applied electric figld

3.19
partjcle diameter
electirical mobility equivalent diameter

Note [l to entry: Als¢,just called diameter.

3.20
plateau detection efficiency
mealll detection efficiency of a CPC in the size range which is not biased by particle size

[SOURCE: ISO 27891:2015, 3.27, modified — term “plateau efficiency” has been changed to "plateau
detection efficiency.]

3.21

Reynolds number

Re

dimensionless number expressed as the ratio of the inertial force to the viscous force

Note 1 to entry: For example, applied to an aerosol particle or a tube carrying aerosol particles

© IS0 2020 - All rights reserved 3


https://standardsiso.com/api/?name=da0e4b7e2ace5a3bcb2f70ec43fe1ca7

ISO 15900:2020(E)

3.22

slip correction

Sg

dimensionless factor 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

3.23

Stokes's drag

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

3.24
transfer function
ratio of partjcle concentration at the outlet of a DEMC to the particle concentration at the inlet ofthe DEMC

Note 1 to ently: It is normally expressed as a function of electrical mobility.

3.25
unipolar charge conditioner
device which attains a conditioned charge distribution of either positive or fiegative charges on aefosol
particles

3.26
unipolar charging
process which attains a conditioned charge distribution of positive or negative charges on aefosol
particles

4 Symbols
For the purposes of this document, the following symbols apply.
Symbol Quantity SI Unit
A B C elements of the slip correction factor defined in Formula (2) dimensionl¢ss
c thermal velocity of an iofl ormolecule ms1
D diffusion coefficient m?s-1
d aerosol particle diaineéter m
E electric field strength in a DEMC Vm1
e elementary)charge = 1,602 176 634 x 10719 C
Kn Knudsen'humber (dimensionl¢ss)
k Boltzmann constant = 1,380 649 x 10-23 ] K1
effective active length of a DEMC, approximated by the axial distance be-
L tween the midpoint of the aerosol entrance and the midpoint of the exit slit m
of a cylindrical DEMC
Lrube length of a tube m
M molecular mass of air amu
m mass of an ion amu
N number concentration of aerosol particles, note that Cy is widely used as well. m-3
N, Avogadro constant = 6,022 140 76 x 1023 mol-!
N, number concentration of ions m-3
P atmospheric pressure Pa
p number of elementary charges on a particle (dimensionless)
41,92 93 q4 |flow rates of air (or gas) and of aerosol entering and exiting a DEMC m3 s-1
Q, aerosol air flow rate m3 sl

4 © IS0 2020 - All rights reserved
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Symbol Quantity SI Unit
ry outer radius of inner cylinder of a cylindrical DEMC m
ry 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)
Sc slip correction (dimensionless)
T absolute temperature K
t residence time of an ion s
I DC voltage used ta estahlish an electrical field in a DEMC \Y
|4 volume m3
Z electrical mobility 2 Vv-1s-1
Z1,¥o, 23, Z, |critical electrical mobilities that describe the transfer function of a DEMC m? V-1s-1
B attachment coefficient of ions onto aerosol particles m3 s-1
y recombination coefficient of ions (dimlensionless)
) radius of a limiting sphere m
£ relative error
Hoas coefficient of dynamic viscosity of a gas kgm1s-1
A mean free path m
P mass density kg m-3

5 General principle

5.1
The

two

Particle size classification with the-DEMC

measurement of particle size distributions with a DMAS is based on particle clasj
electirical mobility in a DEMC. The DEME-may be designed in many different ways; for exan
cylinldrical DEMC, radial DEMC, parallel plate DEMC, etc. The coaxial cylindrical DEM
Figufe 1 is an example of a widely, used design. It consists of two coaxial, cylindrical eleq
nlets. One inlet (marked ¢7)in Figure 1) is for filtered clean sheath air. The other inlet

is for the sample aerosol.

The §ample aerosol, some)of whose particles are electrically charged, enters the DEMC as a
cylinlder around a cdre’of filtered, particle-free sheath air. By applying a voltage, an ele
created between the)inner and outer electrodes. A charged particle in the presence of an
migrate within the field and reach a terminal migration velocity when the fluid dyn

will

ification by
hple, coaxial
C shown in
trodes with
(marked g,)

thin annular
ctric field is
blectric field

mic drag on

the particle Balances the driving force of the electric field. Charged particles of the coriect polarity
withjn the Sample aerosol begin to drift across the sheath air flow towards the inner elecfrode. At the

sameg

time,the clean sheath air flow carries the charged airborne particles downward. A srpall fraction

of the ehiarged 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 q3). By varying the voltage, particles
of different electrical mobility are selected. The remaining (not extracted) air flow leaves the DEMC as
excess flow (g,).

When used within a DMAS, measurements of relevant parameters such as voltage, 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 5.
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q; sheath flow a  Trajectoryrof particles trapped in the DEMC due to high eleqtrical
mobility.
q, sample derosol flow b  Trajectory of particles leaving the DEMC with g.
q; mobility[selected aerosol flow ¢ Trajectory of particles trapped in the DEMC due to low eledtrical
mobility.
q, excess flpw
Figure-1'- Schematic diagram of coaxial cylindrical DEMC
5.2 Relationship between electrical mobility and particle size
The electricplmability of a particle depends on its size and its electric charge. The relationship betwveen
electrical mobility and particle size for spherical particles can be described by Formula (1):

z(d, p)=3nz—edsc (1)
gas

The slip correction, S¢, extends the Stokes's 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

Formula (2):

Sc :1+Kn[A+Bexp(—%ﬂ (2)

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

© IS0 2020 - All rights reserved
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The dynamic viscosity and the mean free path of gas molecules used within Formulae (1) and (2),
respectively, depend on both the temperature and the pressure of the carrier gas. Formulae (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, T, and P, specified in Table 1, respectively.

3
Hgas =Hgas 0 (% JZ (7;9_:-; J (3)
ama [T (B )55 @

(To TP TS
whete S, the Sutherland constant, has the value given in Table 1.

Unless explicitly specified differently in the measurement report, Formulae (Hto (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 for the calculation of the-electrical mobility
from the particle size in dry air at T, = 296,15 K and P, = 101,3 kPa [33]

Parameter Value
Hgas,0 1,832 45 x:1055 kg m1 51
Ao 6,730 x 10-8 m
S 1104 K
A 1,165
B 0,483
¢ 0,997

5.3 | Measurement and data inversion

For d given supply voltage, U, the \response, R(U), of the particle detector to aerosol partigles entering
the DEMC is given by Formula((5), which is called the basic equation for the response of the electrical
mobility measurement:

RW)=a, Y, [57n(d)-P(d)-£, (d)-Q(Z(d,p),A® (U)W (d,p)dd (5)

For qondensation-particle counters (CPCs), the response is particle number concentratiop, while it is
charge concentration for Faraday cup aerosol electrometers (FCAEs).

W(d,|p)-. describes the detector response;

For CPCs, W(d, p) = ncpc(d) qcpe-1, Where nepc(d) is the size-dependent detection efficiency of
the CPC and q(p( is the detection flow of the CPC.

For FCAEs, W(d, p) = p e Ngcag(d) qrcag-1, Where p is the number of elementary charges on a
particle, e is the elementary charge, npcap(d) is the size-dependent detection efficiency of the
FCAE, and g is the detection flow of the FCAE.

n(d)dd isthe number concentration of aerosol particles in the diameter interval dd around d;
P(d) is the penetration which accounts for diffusion losses (see 5.6 and Annex I).

f,(d) is the charge distribution function (see 5.5 and Annex A);

© IS0 2020 - All rights reserved 7
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Q[z(d,p), A2 U)]

Z(d, p)
AD(U)

:2020(E)

tions Z(d, p) and A@(U) below as arguments;

cylindrical DEMC, A®@(U) is given in Formula (E.2).

If the transfer function, £, the charge distribution function, f,
6.2.1) are known, the particle size distributions can be calcu

DEMC. An example calculation is given in Annex D.

is the transfer function of the DEMC (see 5.4 and Annex E), which uses the func-

is the electrical mobility of a particle with diameter d carrying p elementary charges (see 5.2);

is a function of the supply voltage and the geometry of the DEMC (see 5.4 and Annex E). For a

(d), and the maximum particle size (see
fated based on the measurements with a

NOTE1 Fd
of the summ4
p=-1to-oo.

NOTE2 A
capacitance,

5.4 Trang

The transfe
the DEMC {
described in
on the parti
and on the ¢
the transfer
voltage, U, o

If particle i
neglected, 4

rmula (5) applies to the case when the DEMC classifies positively-charged particles, sincethe
tion is from p = +1 to +co. For the mode of classifying negatively-charged particles, the range’is|

L, where AQ(U) = U-Cy/(2-1€y), €y = 8,854 x 10-12 F m~1.

sfer function of the DEMC

" function, , of a DEMC is defined as the probability that an aerosol particle which e
t the aerosol inlet will leave via the detector outlet. I can, mathematically, easi
the mobility regime. Therefore, this approach is taken Here. The transfer function dep
cle’s electrical mobility, Z, on the four volumetric flow.rates, on the geometry of the [
lectrical field strength. The influence of the geometry and the electrical field streng

f the DEMC. For a given supply voltage, A® is constant.

ertia, gravimetric sedimentation, Brownian motion, space charge and its image force
nd if the sheath flow in the DEMC is xecirculated (q; = g4, also resulting in q, = g3]

DEMC can be (electrically) described as a capacitor. A®@(U) can then be linked“to the DE

fange
from

MC'’s

hters
y be
ends
EMC
'h on

function is expressed by A®, which is a functigu of the geometry and the variable supply

s are
, the

transfer function of a DEMC can be described as/an isosceles triangle with the half-width, AZ, centred

around the {

When partig
is reduced, ¥

A detailed (
found in An]

blectrical mobility, Z*, as in Figure 2.

le diffusion due to Browniamumetion is significant, the resolution of the DEMC classific
vhich corresponds to a breader and shorter transfer function.

liscussion of the tramsfer function for the example of a coaxial cylindrical DEMC c4
hex E.

htion

n be
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0
Z*=q,/(2m-AD)
1
0 A
2AZ=2q,/ (2m-AP) .
Key
Z  glectrical mobility Z* centre electrical mobility of the transfef function
Q) transfer function AZ half-width(ef the transfer function
Figure 2 — Transfer function of a DEMC with sheath flow re-circulation (q, = q, anfl q, = q3)
5.5 | Charge distribution function

5.5.1 General

As s

known to calculate the size distributien.ef airborne particles classified in a DEIVYC. A charge
is used at the entrance of a DEMC to achieve a conditioned charge distribution which is ing

thei
in a

apprpximating the size-dependent charge distribution by theoretical models and/or empir

Therg are several types-of bipolar or unipolar charge conditioners which are described in

fated in 5.3, the particle size-dependent charge distribution function, f,

hitial charge state of the aerosol particles and which is - at least for typical aerosol res
PEMC - in a steady-state @ristable. f,(d) may then be given by a set of formulae or tah

(d), shall be explicitly

conditioner
ependent of
dence times
ulated data,
cal data.

more detail

in 5.5.2. Bipolar chargéconditioners produce positively and negatively charged particles while unipolar

charge conditionens\produce particles of one polarity (positive or negative) only.

5.5.1 Charge'distribution function for radioactive bipolar charge conditioners

For
und

¢ommercially available radioactive bipolar charge conditioners the charge distribut
r standard conditions (spherical particles in air (293,15 K, 101,3 kPa) is given by

on function
ormula (6)

in combination with the coefficients given in Table 2 and Formula (7) which are derived from an
approximation (Wiedensohler (1988) [50] to theoretical models in combination with a result from Gunn
(1956) [24]).

NOT

log[ £, (d)]=Y." a; (p)-(logd)

E1 InFormula (6),d is given in nanometres.

Formula (6) is valid for the size range:
Inm<d<1000nmforp=4{2,-1,0,+1, +2}
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Table 2 — Coefficients a;(p) for Formula (6) for radioactive ion sources

i a,(p)
p=-2 p=-1 p=0 p=+1 p=+2
0 -26,3328 -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 6165t 68,6297 6;646-5 68,6326 68,5649
The charge distribution function, f,(d), with three or more elementary charge units can be calcujated
using the following Formula (7), ngich is based on Gunn's model:
2
2neydkT NIJr ZIJr
—| p— dnl . 2L
d)= € -exp ¢ N A (7)
fp( ,47'528061](71 221‘C£OdkT
o2
where N, * ip the concentration of positive or negative small ions.
For this calgulation, the concentration of positive and negative ions is assumed to be equal, and the
ratio of ion mobilities Z;" /Z was taken from Wiedensohler-(1988) to be 0,875. Results of] this
calculation gre given in Table 3 and in Figure A.1.
NOTE 2  Two coefficients in Wiedensohler (1988) were later,corrected. The coefficients in Table 2 contaip this
correction.
Table 3 + Bipolar charge distribution function f,(d) for spherical particles in air (293,15K,
101,38 kPa), produced by radioactive charge conditioners; see Formulae (6) and (7)
d Charge distribution function
(nm) -b -5 -4 -3 -2 -1 0 +1 +2 +3 +4 +5 +6
1 ( 0 0 0 0 10,0048({09993|0,0045| O 0 0 0 0
2 ( 0 0 0 0 00083|09742|0,0075| O 0 0 0 0
5 ( 0 0 0 0 0,0225(0,9693|0,0189 0 0 0 0 0
10 ( 0 0 0 0 0,0514{0,9124|0,0411 0 0 0 0 0
20 ( 0 0 0 {0,0002|0,1096(0,7931{0,0846|0,0001 0 0 0 0
50 ( 0 0 0 10,0114(0,2229(0,5814|0,1696(0,0066| 0 0 0 0
100 ( 0 0,0001{0,0037{0,0561|0,2793|0,4259|0,2138|0,0317{0,0017 0 0 0
200 0,0005 0,005 370,034 070, 121 10,264 10,299 10,204 30,071 910,015 30,001 80,0001 0
500 (0,0067|0,0207{0,0504|0,0980(0,1490(0,1816|0,1818{0,1403|0,0891|0,0440(0,017 3|0,0054|0,001 4
1000 |0,0357{0,0584|0,0854(0,1113(0,1261|0,1385|0,1235|0,1039|0,0754{0,05000,0293|0,0154{0,007 2
5.5.3 Charge distribution functions for other bipolar and unipolar charge conditioners

Calculations of the respective charge distribution functions for non-radioactive bipolar and unipolar
charge conditioners are complicated and require careful experimental verification before usage in data
inversion routines for the analysis of measured data. The theoretical concepts described in Annex A
may be helpful for the experienced user to calculate a charge distribution function for a given charge
conditioner. Annex A also shows an example for the charge distribution function for a charge conditioner

based on an

10

X-ray ionization source.
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Particle losses in the DMAS

When aerosol particles collide with a surface, they adhere due to van der Waals force, electrostatic
force and surface tension. Particles transported to any inner surface (e.g. tubing) of the DMAS - besides
those transported to the electrodes of the DEMC forced by the electrical field - do not reach the particle
detector; they are lost. Such losses can be caused by diffusional and electrostatic effects. Inertial
transport and deposition are not significant in a DMAS because of the particle size range. Since the
air flow in nearly all parts of the DMAS is laminar and the particles are small, the dominant transport
mechanism for the particles is Brownian diffusion. The smaller the particle the more rapid their
diffusion (Einstein, 1905) and the higher their losses. Hence, the measured size distribution will under-
represent small particles. Diffusion losses in the DMAS should be estimated and corrected.

Thre
(199
they
conc

The {
betw

ulae (1) and (2) in 5.2 are sufficient to relate a partigle’s electrical mobility to its d

Allp

aboult the particle shape; they can therefore be“used only in special cases. An example for

is sh

5.8

Meas
meay
meay

e sets of equations for diffusion losses in straight tubes [Gormley and Kennedy (1949

all quantify the penetration Pr,. through a straight tube (i.e. the ratio between
entration leaving the tube and entering the tube) with laminar flow.

ormulae to calculate the diffusion loss can be found in Annex I, which also contains a
een the three approaches.

Effects due to non-spherical particles

DEMC, particles are classified according to their eleetrical mobility. For spheric

spherical particles, introducing the mobility equivalent diameter overcomes the comp
herwise necessary corrections for Formulae (1) and (2). In addition, the charge dist
Epherical particles can differ from the charge distribution for spherical particles (see 3

iblished approaches for the correction of theseffects of non-spherical particles requirg
bwn in Annex J.

Measurement of particle sizes below 10 nm

urement uncertainties increase as particle sizes decrease from 10 nm towards
urement practice given ;in Annex G should be followed to achieve acceptable q
uring in the below 10-ni'size range.

Traceability. 6f/measurement results

ts of medsurements by a DMAS.

) 591, Hinds

D) [60] and Willeke and Baron (1993) [68]], which give very similar results, can be féurd in literature;

the particle

comparison

nl particles,
jameter. For
lex problem
ribution for
.5).

e knowledge
A correction

I nm. Good
hality when

'es 3 and 4.illustrate the metrological traceability chains for quantities that are ipfluential to
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Certified calibration laboratory or national standard at NMI (CMC)

Figure 3 -
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— Traceability diagram for DEMC and CPC with references to subclauses in Clause 8
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Certified calibration laboratory or national standard at NMI (CMC)
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: g6t $ss |
| | Annex H :
' |
: DMAS |

I
' |

The range ISO 15900 covers

Figure 4 — Traceability diagram for DMAS with references to subclauses in Clause 8

6 System and apparatus

6.1 | General configuration

A complete DMAS for the measurement of particle size distributions based on differential electrical
mobllity analysis typically has the following fundamental components (see Figure 5):

a) Irre-conditioner;

b) 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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6.2 Comyp

6.2.1 Pre

Aerosol particle
detector

“a

Exhaust
flow

— Fundamental components of the differential mobility analysing system (DMA

electrical mobility analysis is typically used for‘airborne particles ranging from 4
to approximately one micrometre. Aerosol samples can be measured from a varie
most common sample sources are particles-aerosolized from a liquid suspension, par
ectly from the atmosphere and particles.sampled from a combustion source. The pa
ner and the charge conditioner are necéssary to achieve defined sample conditions.

5 separate a mono-mobile fraction.of the aerosol flow, which is transferred to the ae
ector for particle number condentration measurement. In addition to the basic sy
n shown in Figure 5, other«configurations exist, for example, systems with two pa
Hetectors for extended particle size range, systems with multiple detectors or systems
allel DEMCs and detectors:

heasurement is contrelled by the system controller, which also acquires data and perf
pn. The system c¢ontrol can, for example, reside as software and/or hardware in a per
can also be integrated into a self-contained particle sizing instrument.

jonents

conditioner

S)

few
ty of
ficles
rticle

rosol
stem
rallel
with

Orms
tonal

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

this device is a helpful sample aerosol flow measurement which does not interfere with the incoming particles.

6.2.2 Cha

rge conditioner

In order to calculate the particle number distribution from the measured electrical mobility number
distribution, a known particle size-dependent distribution of electrical charges shall be generated on
the aerosol particles. Charge conditioners upstream of a DEMC are used for this purpose. The charge
distribution is the result of the random thermal diffusion (Brownian motion) of the ions which leads to
frequent collisions with the particles and the attachment of ions on particles. The particle concentration
to be charged shall be limited in such a way that the depletion of ions due to ion attachment to the
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particles does not lead to significantly reduced charges on the particles. The particle charging depends
mainly on the so-called Nyt product, which is the concentration of either positive or negative ions, Nj,
multiplied by the typical interaction time, t, of aerosol particles with the ions. In some charge conditioner
designs the ion transport is purposely influenced by AC- or DC-electric fields and sheath air flows.

Unipolar charging can yield a higher Nt product than bipolar charging, thus increasing the
transmission efficiency of a DMAS by increasing the number of charged particles. The increased Nyt
product, 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 or when the size range
being measured is limited such that multiple charges remain insignificant.

A.3 gives an overview on charge conditioners.

6.2.3 DEMC

The

discr
detel
shea

DEM
by it

DEMC is the core component of a DMAS. The basic operating principle’ is electri
imination by particle migration perpendicular to a laminar sheath flow. The y
'mined by an external electrical force and the counteracting particle drag forces in
th flow.

C can be designed in a variety of geometries. The classifying’characteristic of a DEMC
5 transfer function. Whatever the geometrical design of the DEMC, the transfer functig

by thle critical mobilities, which are determined by the geomettical dimensions of the devicq

rateg
can |
well

Meas
meaq
oper

6.2.4

The
instr
size
can |
elect

In a
the p

Aero
parti
be m

and by the voltage potential between the electrodes. Details on the transfer function

hs the transfer function can be found in Annex E;

uring a particle size distribution is usually’ achieved by changing the voltage. F
urements, DMASs with multiple particle~detectors have been designed. These syste
hte with fixed voltages.

Aerosol particle detector

herosol outlet from the DEMC shall be connected to a well-characterized particle dg
ument shall be able to detect particles exiting the DEMC with known efficiency acroj

pe used. In general; either a continuous flow condensation particle counter (CPC) o
rometer is used.

CPC, aerosol/particles are exposed to condensable supersaturated vapour. Vapour co
articles grows them into droplets that can be counted by optical means.

50l electrometers are typically designed as Faraday cup aerosol electrometers (FCAEs)
cles\deposit on a filter inside the Faraday cup. The electrical charge on the deposited j

ral mobility
nigration is
the laminar

is described
n is defined
, by the flow
of the DEMC

e found in 5.4. For the example of a coaxial cylindsical DEMC, details on the critical mobilities as

br transient
ms typically

tector. This
s the entire

range to be reported. The lower end of the size range limits the aerosol particle detector that

 an aerosol

hdensing on

The aerosol
articles can

asured as a current by the electrometer amplifier.

These two, most common aerosol particle detectors are discussed further in Annex B.

6.2.5 System controller, data acquisition and analysis

The system controller with data acquisition and data inversion should 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 should 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.
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The system control should also create an event log which contains all detected irregularities during a
measurement.

7 Measurement procedures

7.1 Setup and preparation of the instrument

7.1.1 General

Proper inst

nument setup is critical in nhmining the correct particle size distribution. There are

many differ;

ent ways to configure and operate a DMAS instrument and the reader shall refert

b the

manufacturgr's instrument manuals for specific details. This clause addresses only these igsues
common to all types of DMAS systems.

7.1.2 Aerpsol pre-conditioning: Adapting the aerosol to be measured to the requirements of
the DMAS

7.1.2.1 Pgrticle concentration

The particlg concentration in the aerosol entering the DMAS may_not exceed the upper linjit of
the operating range of the system. If not, dilution is required to reduce the particle concentrgtion.

[SO 27891:2

7.1.2.2 Tq

Temperaturj
the system.
possible, su
particle pro

7.1.2.3 Hy

A DMAS red
the system ¢

For atmospheric sampling, humidity may or may not play a role in obtaining an accurate particlg

distribution
sulfate part
(e.g. elemen|
time, the si
sufficiently
be avoided

dilution air

015, Annex F contains a description of diluters.

mperature and pressure

e and pressure of the aerosol entering the BPMAS shall be within the operating ra

ch conditioning should be made with meglectable (or at least minimized) effect o
perties.

imidity

uires non-condensing conditions for reliable operation. If the risk of condensation w
bxists, drying is required.

. However, it shall\be considered when making a measurement. Hygroscopic particles
cles) can charige size depending on the amount of water in the air. Other types of par
tal carbon).will not be appreciably affected by humidity. Since humidity can change
e distribution of the sample aerosol can also change over time. If sampling time
long, the aerosol size distribution can change during a single measurement. This
by pre-drying the incoming aerosol with a membrane or diffusion dryer or by using
fotower the relative humidity to less than 40 %. Other humidity control devices can 4

n
If not, temperature conditioning as well as’pressure adaption are necessary. Whefever

e of

the

ithin

size
(e.g.
ficles
over
are
can
p dry
[ low

b

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 obtained through atomization shall be thoroughly dried in order to obtain an accurate particle
size distribution. Dilution air is preferable if the aerosol concentration is very high and can tolerate
dilution. If that is not the case, a membrane or diffusion dryer is the best choice.

7.1.3 Aerosol pre-conditioning: Separation of large particles

Measuring particle size distributions with a DMAS requires data inversion, as described in 5.3 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,
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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 sample aerosol flow to fulfil this need.
Commonly used pre-separators are impactors or cyclones. The cut-off size and steepness of the cut-off
curve should be selected such that

a)

b) the cut-off size is within the size range for data inversion.

the pre-separator does not remove particles from the desired size range of the measurement, and

NOTE Impactors are mostly used for sample aerosol flow rates of less than 1,5 I/min; cyclones are applicable
for sgmple aerosol flow rates of 1 1/min and more.

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

7.1.4 Charge conditioning

All agrosol samples shall be charge conditioned in a defined and reprodugible way just befpre entering

the JEMC. See Annex A for an overview on charge conditioners and foruore details.

It is
parti
distr

mportant to ensure proper performance of the charge conditioner, especially at a hi
cle concentration. An improperly working charge cenditioner will skew the p
ibution, giving incorrect results.

bh incoming
article size

7.1.3 DEMC: Flows

The
repe
accu

Depd
shea
the
A loy

flow control system is an important compehent with respect to the precision, reg
htability of a DEMC. Both the particle sizing-and the particle concentration measurer]
rately known flows.

nding on the type of DEMC used, the sheath flow to sample aerosol flow ratio will
'h/sample aerosol flow ratio will,result in a narrow transfer function with better 1

v sheath/sample aerosol flew ratio will increase the aerosol concentration, desirab

olution and
nent rely on

vary. A high
esolution of

ize distribution. A higher sheath flow rate also reduces diffusion broadening within the DEMC.

le for lower

concentration aerosols.

Ever
exiti
be c(
with
shea
critig
flow

y DEMC has two flows) entering the device (sample aerosol flow and sheath flow) and two flows
hg the device (mobility selected aerosol flow and excess flow). Three out of these four flows shall
ntrolled for stable operation. The sheath air shall be particle free. In order to avoid |nterference
the aerosol to-be measured, the recommended flows to be controlled are the recirculating excess/
'h flow and\the mobility selected aerosol flow. Absolute accuracy on the flow rate meagurements is
al sincethe sample aerosol flow is, in general, determined by the difference between ghe outgoing
5 and the incoming sheath flow.

Thei 3 o any one of
the flows may cause other flows to change To minimize the sen51t1V1ty to such perturbatlons 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 sample aerosol flow exactly equals
the outgoing mobility selected 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.
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7.1.6 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. On the low voltage range, any uncorrected offset of
the power supply influences the sizing accuracy for high mobility particles.

For large, low-mobility particles, the required voltage can be high, reaching up to 10 kV to 12 kV. The
maximum voltage should 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

easons, the outer DEMC surfaces are normally grounded while the variable, positi

negative voltage supply is connected to an inner electrode.

7.1.7 DEMC: Temperature and pressure

The temper
Temperaturj

into account.

7.1.8 Par

Typically, a
the low end
steep sensit

If the meas
decreasing 4

A CPC shall
is higher th
significant g

7.1.9 Par

If an FCAE
an electrica
measure el
particles pe

7.1.10 Dat

Most comm

e and pressure fluctuations will adversely affect the data inversior unless they are {

ticle detection: CPC

CPC has effectively 100 % detection efficiency over a.wide range of particle sizes. To
of the detectable size range, the detection efficiencyydecreases to zero with a relat
jvity curve.

fficiency curve of the CPC, the measurements shall be corrected accordingly.

be operated within its specified particle’concentration range. If the particle concentr
hn the upper limit of the specified concentration range, particle coincidence will be
nd therefore will cause erroneous-nieasurements.

licle detection: FCAE

ectrical currents.'"doewn to approximately 1 fA (or approximately 6 250 singly-chg
 second).

h acquisition

brcially~available instruments have data acquisition software. It is important to make

ye or

ature and pressure inside the DEMC should be monitored during“the measurement.

aken

vard
ively

Liring range of the differential mobility analysing system extends into the range of the

htion
fome

is used as a particle detéctor, the particle concentration exiting the DEMC shall provide
[ current well abovelthe noise level of the electrometer. Currently, aerosol electrom

pters
rged

sure
b the

that the software collects all of the necessary data during the measurement. This will includ
particle co i i > )EMC

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.

7.2 Pre-measurement checks

7.2.1 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.
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7.2.2 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.

7.2.3 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.
7.3 | Measurement
Oncq the instrument has been set up and checked, measurement can begin(Cj['He parameters of the
meagurement will depend on the type of DMAS system used and the type of)aérosol being measured. In
all cdses, determination of the particle size distribution requires measuging the number cqncentration
of all| particles exiting the DEMC at a given voltage. These have the same’electrical mobility but can have
diffefent sizes due to possible multiple charges. Repeated measuremernts of the particle cqncentration
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 est method

basefl on the measurements to be made, the equipmént’used and the instrument mapufacturer's

recommendations.

For the measurement, a few considerations shouldbe noted.

a) A stepping DMAS system changes the voltage between concentration measurements. Fqr a stepping
gystem, it is important to allow enough~time for the particle detector to achieve a pteady-state
¢oncentration. The amount of time needed for each step can be approximated by determining the
iravel time of the aerosol from tlie,DEMC inlet to the particle detector based on the opprating flow
fate and tube length. Some commercial software packages can reduce the time needed between
yoltage steps by the use of preprietary algorithms. However, manual scans and manual adjustments
yill usually need longer times at each voltage.

b) A scanning DMAS systéem smoothly changes the voltage (often as an exponential ramp) during a
¢ontinuous measurement of the particle concentration. The scanning direction “upscan” designates
3 scan from a lowvoltage to a high voltage. The inverse is called “downscan”. For a scanfping system,
the time constants (residence time of the particle in the DEMC, residence time in the tubjng between
DEMC and.particle detector, the response time of the particle detector and the time fonstant 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]),

) isimportant to know the stability of the source. Rapid chan fthe 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 8.

7.4

Maintenance

The maintenance schedule for a DMAS 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 DMAS should be regularly cleaned:

Pre-separator: Pre-separator (e.g. impactors or cyclones) surfaces which get in contact with sampled
aerosol should be cleaned with compressed air or an ultrasonic bath. Particles collected on pre-
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separator surfaces should be removed. Impactor plates 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.

Charge conditioner: Charge conditioners should be checked to ensure operation as expected; e.g. the
radiation source of radioactive charge conditioners has not exceeded its useful lifetime. Cleaning charge
conditioners 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. Local radiation protection laws,
regulations, guidelines etc. can apply when using these devices, (see A.2.2.5).

Electrodes: DEMC electrodes should be cleaned after every few months of contlnuous samplmg Use a
very soft tisstre-te - : ' ect on

any damage| Even small scratches could lead to flow disturbances or change the electrical field, ca
turbulence and resulting in an inaccurate transfer function for the DEMC.

Other internal components: During operation, many components are exposed to solid or ljquid
particle deposition. All components that are exposed to such deposition shall be cleaned regularly.
Excessive sdiling may change the geometry and particle cut-size of the pre-conditioner, may redude the
efficiency of the 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 entérinig a DEMC will not be clasgified
and will exit with the excess flow and deposit on a clean-air filter: The filter shall be replaced ywhen
necessary tp avoid creating a large pressure drop within the sheath flow, which is normally obtained
from recircylation of the excess flow.

8 Periodic tests and calibrations

8.1 Overyview

Following the procedures in 8.2 to 8.8 ensures that a DMAS attains a known, small uncertaintly for
measuremeht of particle size and concentration. These procedures shall be performed only by qualified
personnel. The procedures shall covér)the fundamental components as summarized in the matgix in
Table 4. Test and calibration procedures are also described, e.g. in Wiedensohler et al. (2018) 73],

Table-4.= Matrix for sensitive components of a DMAS

Charge con- Aerosol System con-
L DEMC particle Entire DMAS
ditioner troller
detector
Zpro tests'(8.2) X X
Floy tate tests (8.3) X X X X
Voltage calibration
(8.4) X X
Charge conditioner
test (8.5) X X X
Calibration for size X X
measurement (8.6)
Size resolution test
(8.7) X X
Number concentra-
tion calibration (8.8) X X X
NOTE The pre-conditioner is not listed in this table since it requires only the maintenance in 7.4 and
does not require periodic tests and calibrations.
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8.2 Zero tests

8.2.1 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.

A CPC should be used as particle detector for the zero tests.

If one of these three tests fails, additional leakage test of the components and eventually service to
repair a leak in the DMAS may become necessary.

8.2. Particle detector zero test

Disconnect the particle detector from the DEMC and keep the tubing exposed~to“nornpal 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 eoncentration|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.

8.2.3 Overall DMAS zero test with inlet filter

Reconnect the particle detector to the rest of the DMAS, apply clean air (through a HEPA ffilter with at
least| 99,99 % efficiency) to the DMAS inlet and run a partitle number size distribution measurement.
Therg should be no (or at most only a few counts in diséontinuous, randomly distributed bihs) particles
acrogs the whole particle number size distribution, Ifthe particle detector detects particlgs, there are
leakg in the DMAS, either in the components or in:the interconnecting tubes.

8.2.4 Overall DMAS zero test with DEM€'voltage set to 0 V

Make sure the aerosol inlet tube to the'DEMC is open to normal room air (not clean-room air). Set up the
apprppriate sheath flow and sample‘aerosol flow rates within the DEMC and to the partifle detector.
Set the voltage applied to the DEMC to 0 V. The particle detector should count no (or at mosf only a few)
particles in 1 min. If the particlé\detector detects particles:

a) the sheath/sample aerosol flow ratio could be too low and particles are diffusing into the
ﬂonodisperse outlét)of the DEMC. This can be corrected by decreasing the aerosol flow rate or
increasing the shieath flow rate.

b) the flow rates within the DEMC are too high and turbulent conditions exist. If this|is the case,
reduce theflow rates to return to laminar flow.

8.3 | Flow rate tests

The flow meters indicating the volumetric flow rates of sheath flow, excess flow, sample aerosol flow
and mobility selected aerosol flow shall be tested. Regular calibration of these flow meters shall be
made 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.

The procedure described in 8.6.5.5 b) is to monitor correct sheath flow, see Wiedensohler et al. (2018) [Z2],
NOTE When the excess air is circulated and used as the sheath air, one can assume that the sample aerosol
flow and the mobility selected aerosol flow 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, the sample and the
mobility selected aerosol flows.
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8.4 Voltage calibration

The voltage applied to the DEMC shall be calibrated against a voltmeter that is traceable to
internationally accepted standards.

8.5 Charge conditioner test

Aging of ion sources (e.g. radioactive materials) in the charge conditioner may change the charge
distribution for particles. If the tests for the entire DMAS (see 8.6, 8.7 and 8.8) fail, the charge

conditioner

can be one of the reasons.

Testing of t}
and numbe
conditioner

le charge conditioners themselves should be done using particle number size distribukions

" concentrations similar to those to be measured with the DMAS in which the el
is applied. Such tests require extensive laboratory equipment like sophisticated test ae

arge
rosol

generators and tandem DEMCs and test protocols that depend on the type of the charge conditioner.
These tests pre not subject of this document.

Charge conditioner integrity should be checked regularly at least by visual inspection of the devicq and,
if applicable] by tests described in the device’s user manual.

8.6 Calibration for size measurement

8.6.1 General

This subclayise comprises two procedures for the size calibration of the DMAS. The first procqgdure
describes sige calibration for the standard operating mode;i:¢/the so-called dynamic scanning mode.
The second|procedure is on calibration in the static stepymode. Particle size standards describgd in
8.6.3 are us¢d in both procedures.

8.6.2 Pur

The tests al
individual d
the accurac
procedure fi
for accuracy
algorithms §
method for {

A size calib
particle sizg
CPCs. Here,
static size c:

pose of calibration

nd calibrations described in 8.2-t9-8.5 are necessary to check accuracy and integrity of

omponents of the DMAS. Howeveér, they are not necessarily sufficient for verificati
y of sizing by a DMAS as an entire system. Therefore, a dynamic particle size calibr
br the standard DMAS sizing method is described in 8.6.4 and shall be carried out tq
y and to calculate the dynamic sizing error. It includes the data inversion and corre
riven by the manufacturer. Therefore, it is relatively easy to perform and is suitable as

ypical users.

ation is alsoAfeasible when the DMAS is statically set at fixed voltage(s), respectively
(s). This istesg. required in ISO 27891 for the particle number concentration calibrati
the static sizing error of the DMAS has a considerable influence on the uncertaintyj
libration procedure is described in 8.6.5.

8.6.3 Par

bn of
htion

test
ction
h test

fixed
on of
The

icle size standards

Only particle size certified reference materials with reputable certificates should be used. A reputable
certificate shall mean either one that has been produced by a laboratory accredited to ISO 17034 or
an equivalent standard. The standard particles should be monodisperse and should have a certified

diameter, d,, with relative standard uncertainty, u, ..., equal to or less than 5 %.

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

— the method of dispersing these particles in air,

— the concentration of the particle dispersion in the liquid that has to be dispersed, which shall be
sufficiently low to substantially avoid aerosol particles other than singlet particles,
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— 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 coefficient of variation of the test aerosol particle size distribution used for calibration should be
equal to or less than 20 %, whenever possible.

8.6.4 Dynamic DMAS particle size calibration procedure

8.6.4.1 Procedure

In this procedure the DMAS is operated with the voltage of the DMAS being swept continuously. The
procedure includes the data inversion and correction algorithms given by the manufacturer and uses

test qerosol particles with a certified size, d.. The procedure contains the following steps:

NOTE 1
by following the procedure in this subclause would be accurate even though the data.processing
polydisperse aerosols [5€],

a)

b)

Is measured
is assuming

If the instrument is working properly, the median diameter of monodispefse-aeros

Aerosol generation
perosolize particles of a certified size, d...
[heck or determine the correct delay time

The delay time t; is the time which elapses between @a.particle leaving the classifyirlg section of
the DEMC with g3 and its detection by the particle detéctor. An incorrect delay time cpuses a shift
of the measured size distribution on the size axisZThe use of the correct delay timel|is therefore
¢rucial for the calibration procedure described here. There are two ways to check and 1 if required
1 adjust the delay time:

1) Sweep the DEMC voltage of the DMAS under test first upwards from the low to the high value
of the desired voltage range; next repeat the measurement with a reversed voltage|sweep from
the high value to the low valu€_Adjust the DMAS’ delay time such that the number median
diameters found for d.. in bdth*'measurements do not differ by more than 2 %. The lower the
voltage scan rate (e.g. 120 $ measurement time for each measurement), the better this method
will work.

If the DMAS allows ‘voltage scans with high scan rates, run a first measurement
scan rate (e.g. @'size distribution measurement with 120 s measurement time)
measurement with a high scan rate (e.g. 15 s measurement time). Adjust the DMAS

with a low
Repeat the
" delay time

such that the-humber median diameters found for d_ in both measurements do not differ by

more than2 %. The higher the difference between the low and the high scan rat

b, the better

© IS0 2020 - All rights reserved

this method will work. However, the scan rate limits given by the manufacturer ¢f the DMAS

shall\not be exceeded.

If theswidth of the peak which represents d. in the number size distribution data are dnly one size

hannel the gnnmph‘ir‘ (nlcn known as ]ngnrifhmir) miﬂpninf diameter of this size channel shall be

used as the number median diameter.

If the peak extends over more than one size channel, determine the number median diameter by
using either the software given by the manufacturer or statistics tools to fit the peak around d,. in
the size distribution data (presented as dN /d log d versus d) to a lognormal distribution function.

The median diameter of this lognormal fit represents the measured d.

NOTE 2  Other statistic number size distribution values like the geometric mean diameter or the mode
diameter can be used instead of the number median diameter.

Size distribution measurement

Measure the number size distribution of the test aerosol particles with the DMAS under test and
determine the number median diameter representing d..
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Determine the arithmetic average diameter d

Repeat the measurement ¢) n times and calculate the arithmetic average, d, of the n number

median

diameters.

Calculate the relative error

Use Formula (8) to calculate the relative error, &:

d

C

e

):d—

94 194

(8)

8.6.4.2 R¢
The followiy
a)
b)
c)
d)
e)
f)
g)

date of
certifie
DMAS t
pressur
average
standarf
relative

Information
value(s) for
the DMAS i
of the stand
results is giy

8.6.5 Stat

8.6.5.1 Pi

In this prog
arise in the

C

tport for dynamic DMAS particle size calibration

1g information shall be included in the report:

ralibration;

| size, d, and relative standard uncertainty, u. ...(d.);

ype and settings, such as flow rates, voltage range, voltage scanTtate, etc,;
e and temperature in the DEMC during test;

of the median diameters, d ;

d deviation of d; (i = 1 to n);

error, € and number of repetitions n.

on points b) to g) shall be given for each-eertified particle size standard used. The toler
e shall be prescribed based on the purpose or requirements of the measurement in W
used, the sizing capability of a spé€cific DMAS and the magnitude of the size uncert
ard particles used in the test. A suggested certificate template for reporting calibr
en in Annex F.

ic DMAS particle size calibration procedure

ocedure

edure the DEME voltage is changed stepwise during measurements and only errorg
Static operdtion of the DMAS are considered.

Itis assume
This calibr

)

1 that flow rates and voltages have been calibrated as described in 8.3 and 8.4, respect
iori.reveals deviations due to either errors in the DEMC dimensions or residual errg

the flow ratgsq{or both). These errors can be corrected by including an appropriate correction fact

ance
rhich
hinty
htion

that

vely.
rs in
or in

the formula that calculates electrical mobility from DEMC parameters. For example, where a cylindrical
DEMC is involved, Formula (9)

(2

4 +3—q3)In(r, /1)

7=

can be used

4rL

[see Annex E, Formulae (E.2) and (E.8)], where the correction factor is denoted by ¢.

(9)

In the calibration method described here, the value of the correction factor is to be determined through
measurement of particle size standards by the DMAS under calibration, so that the measured electrical
mobility of the standard particles matches the electrical mobility calculated by Formula (9) for the
certified size of the standard particles.
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The uncertainty associated to the result of the calibration shall be calculated following the
procedure below and reported. This calculation method is in accordance with the guidelines given in
ISO/IEC Guide 98-3.

The procedure comprises the following steps.

a) Selecta particle size standard with certified size, d..

b) Record the temperature and pressure in the DEMC after the DMAS reached thermal equilibrium
with its environment.

c) Aerosolize the particles from the standard.

d) Obtain a spectrum of the particle number concentration, N, while the voltage, U, is changed step-wise.

e) Calculate the number-weighted mean electrical mobility, Z, from the U-N spec¢trum|obtained in
$tep d) by following the procedure in 8.6.5.2.

f) Repeat Steps d) and e) n times and obtain the average of the mean electrical mobility, 7.

g) (alculate the electrical mobility, Z, that corresponds to the certified size, d,, of the standard
particles by using Formulae (1) to (4). Use pressure and temperature obtained in Sfep b) in the
¢alculations of the slip correction, viscosity and mean free path.

h) (alculate the correction factor, ¢, as:

ZC
Z
NOTH It is not required to determine ¢ at more'than one particle size, since the { value is independent of

partifle size if the assumption on the sources of sizing errors is correct.

8.6.53.2 Calculations of the number-weighted mean electrical mobility,

Base(d on the work by Knutson and Whitby (1975) [3¢], the number-weighted mean electric

can

The

be calculated from a U-N speetrum as:

*
L I

y. —
27L
N, q,| —
" 2[‘741“(”2/5)]

al mobility, ,

(11

terms q,, q4<L, r; and r, are defined in 5.1 and Annex E, and the terms 11*, N;, and I; can be

calcylated using the following formulae, which replace integrals by sums (trapezoidal ru
unifgrm grid) of k voltage intervals:

e with non-

« Ak (N(Ui+1) N(Ui)\/n I

N7 L=t 2 g2 YY) (12)
2 : Ui+1 Ui
I*
__0
e )
where
k
L 1E(NU,,) M)
I —— i+1 + 1 (U _U)
0 +1
2 gl( Ui+1 Ui 1 I
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¢y )In(1-q, )=(1+q5 -, ) In(1+q5-q; )+(1+a3)In(1+43) ] /a;

1+q'3 —q'2
(1+a3)(1-a,)

4=, /4,

43 =43/

(91, 92 4

8.6.5.3 Uncertainty of the result of the calibration

The standary

denoted by
a) the star
b) the und

determi

In this docu
Instead, the
in electrical
is a value d
standard d¢
electrical m

The uncert
in conversiq
uncertaintyj
users to intg

The uncertajinty in the size of the cettified spheres is expected to be a significant component of this |

uncertainty;
contributio
Z. is effectiy
follows.

4

3, 44 are defined in 5.1.)

d uncertainty of the calibration result using standard-size particles(©fjthe certified siz
i.(d.), can be evaluated by taking two uncertainties into consideration:

dard uncertainty of the certified particle size, u...(d_), and

ertainty due to random dispersion that occurs in thé€ répeated measurement of
nation of the correction factor, ¢.

ment, the uncertainty associated with the correctién factor, u(¢), is not explicitly calcul
uncertainty of the calibration result is expressed in terms of particle size, rather
mobility, although a more direct expression-of the uncertainty would be that of ¢, y
bfined in the mobility domain. The uncertainty u({) is a combination of the experim

pbility calculated for the certified standard particles, Z_..

n between particle size and mobility can be omitted in the calculation of the coml}
based on the argument by"Mulholland et al. (2006)[42]. In addition, it is easier for ty
rpret the value of the uncertainty if it is expressed in terms of particle size.

Because the uneertainty in the size of the certified spheres is easily handled as a d
| to the uncertdinty of the size calibration, in this document the uncertainty associated
rely assumed/to be represented by the uncertainty in the size of the certified spherg

e d

c’

in

ated.
than
rhich
ental

bviation of the measured Z, described-below, and the uncertainty associated with the

hinty expressed in particle siZe jhas the advantage that the uncertainty which arises

ined
pical

atter
irect
with
S, as
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The random dispersion in determination of { is expressed as the experimental standard deviation of Z;
that is:

Z\_ ZZ=1(Z_"_§)2

s(Z) -

(14)

Convert this experimental standard deviation in electrical mobility, S(Z) , to that in particle size, s(df)

7
, dS:
lddl
4 (d2)=s(2)-‘d—z‘d_ ] (15)
A
where
-1
fid _ dz
02 l4=d, [dd d=d, ]
v
Z
= | ———12S8-(d5 )-1+BCexp| —C /Kn(d>
ety s el

n

(_ﬁ{zsc (d, )-1+BCexp[-C /Kn(d. ) | )_

(Refgr to 5.2 for S, B, C and Kn.)
It is 4ssumed in the above calculation that dZ Edc so that the calculation of dZ from Z car|be omitted.

Using the experimental standard deviation, S(dZ), the combined standard uncertainty, u.(d.), is

exprgssed as:

%)
—
%
S—
N

e (d, ) =ueere (d, )+ (16)

cert

=

8.6.3.4 Report for static DMAS particle size calibration
The following infermmation shall be included in the report:
a) dlate of cdlibration;

b) ¢ertified size, d, and standard uncertainty, u...(d.), and - if applicable - the cofresponding
¢léetrical mobility, Z;

c) DMAS type and settings, such as flow rates, voltage range, voltage scan rate, etc,;
d) pressure and temperature in the DEMC during test;

e) correction factor {;

f) combined standard uncertainty u.(d.).

NOTE There is no need to include any extra item in the report covering u({).

A suggested certificate template for reporting calibration results is given in Annex F.
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8.6.5.5 Use of calibration data

There are four main options for making use of the size calibration data.

Where the calibration data show small errors, or high accuracy data are not a priority, the

calibration data can be used to estimate the uncertainties associated with the size values of the
size spectra. The uncertainties will be a combination of the correction factor, ¢, and the combined
standard uncertainty u.(d,).

will be estimated by the combined standard uncertainty u (d.).

uncertajinty u.(d.).

a)

b)

c) The coj
calculat

d) The cor

that are
combin

8.7 Size nesolution test

Any disturb
the transfer

When a DM
the approxi
distribution
transfer fun|

The relativdg
particle dial
particles of

transfer fun|
resolution :—).E

The correction factor, ¢, can be used to adjust the sheath flow of the instrument. The uncertainties

ions leading to size spectra. The uncertainties will be estimated by the combined-stan
rection factor, ¢, can be used to adjust the DEMC voltage to obtain the electrical mobiﬂ,ities
the

used in the calculation leading to size spectra. The uncertainties will be gstimated b
pd standard uncertainty u.(d).

ance or inhomogeneity of the flow field and/or the electrical‘field can distort and brg
function.

Imation method described in D.1, the obtained.-distribution is broader than the a
. This can be exploited to extract the information about the width (resolution) o
ction.

standard deviation of the measured distribution of certified particles, o, at meas
meter d, shall be compared with the yelative actual standard deviation, o, of the stan
certified diameter d_. This compariSon shall consider the theoretical resolution defing
tion (see 5.4). Let AZ/Z* designate the relative width of the transfer function or the inj
the DEMC. For example, when the DEMC is operated with the sheath and excess flow
nce the transfer functiop-~is*triangular, Formula (17) should be satisfied to a presc

equal and
tolerance:
% _
d
where
Z
K=——-
d

2 2
G_C N K-AZ
d. | \Ve6-z-
Ad Sc

HZ- 28 ~1+BCexp[~C /Kn(d)]

rection factor, {, can be used to adjust the electrical mobilities that are used in the

dard

aden

AS measures the size distribution of monodisperse‘0¥’quasi-monodisperse particles yising

ctual
f the

ured
dard
ed by
rerse
s set
ibed

(17)

(18)

Sc, B, Cand Kn are as defined in 5.2. Note that this formula is only valid when broadening of the transfer
function due to Brownian motion of the particles is expected to be negligible.

8.8 Number concentration calibration

Techniques for calibrating the number concentration measurement of the particle detector are given in
Annex B. Approaches to test the overall number concentration measurement of the DMAS are described

in Annex H.
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9 Using a DEMC at a fixed voltage to generate particles of a chosen size

9.1 General

A DEMC set to a fixed voltage may be used to select particles of a chosen size, for example when
calibrating a condensation particle counter (CPC) according to ISO 27891. In this case, it is important to
refer to the proper definition of the particle size, e.g. the electrical mobility diameter when a DEMC is
used, and to estimate the uncertainty of the size of particles generated. For example, for CPC calibration
at sizes below the plateau region of the CPC, an accurate size is needed so that valid comparisons

between independent CPC calibrations can be made.

Ther]
used
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diam
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the I}
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e are several methods that can be used to determine particle size, such as electron mi

eter (which can be applied to particles of any shape). The sizes obtained with electron|
end to diverge proportionately more at smaller sizes.

he purposes of this document, the appropriate metric for particle size shall’be the electr

rated according to 8.6.5 shall be used. This describes a size calibration procedure W
fied by electron microscopy for sizes at or above 80 nm.

ecommendation of 80 nm as the minimum size of certified feference spheres used to

C is taken from Reference [86]. The recommendation was/made because of deviatig
ts for different sizing methods for smaller particles; specifically mobility method
ansmission Scanning Electron Microscope and Atomic Force Microscopy. There is a
em with using smaller reference spheres, becaus@residue of the liquid in which the
lly suspended will have a larger relative effecton their size, if it forms thin layers
Fes.

below 80 nm can be selected using therelationship between electrical mobility and
ed in 5.2 (extrapolation), or by using‘spheres certified specifically for their electri
eter. A mobility correction factor  according to 8.6.5 shall be used to calculate the tar
he target particle diameter of particles with the diameter d* transmitted through the
EMC set diameter dpg)c or set'voltage Upgpyc-

r*zg‘Z(UDEMC)

d

"=d(2",p=1)= nemc (Upemc) Se(d")

¢ .Sc (dpemc (Upgmc))

Sc(d*) ismot known, iterations are necessary to solve above formula.

relative standard uncertainty, u(d*) associated with this mobility diameter is a cor
ab.components:

Croscopy (as

to determine the size of certified spheres), and aerodynamic methods that lead te‘an aerodynamic

microscopy

cal mobility

eter. To generate particles of a chosen mobility diameter and with narrow size distribution a DEMC

ith spheres

ralibrate the
ns between
s compared
n additional
spheres are
around the

particle size
cal mobility
get mobility
DEMC from

(19)

(20)

hbination of

— The effects of larger, multiply-charged particles that have the same electrical mobility as singly-
charged particles;

— The uncertainty in the size calibration, referring to 8.6;

— Variations in sheath flow (closed loop system) or in all flows (open system) which affect the
transmitted particle size of a DEMC;

Below 80 nm, when using extrapolation, the following components contribute:

— The uncertainty in the supply voltage, U, used to calculate the electrical mobility (relative to the
electrical mobility selected at the 80 nm size calibration).

— The uncertainty in the slip correction
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These uncertainties (see also Table 5) can be quantified and combined. Following ISO/IEC Guide 98-3,
the components are estimated as standard deviations and combined, before a coverage factor is applied.
For simplicity, all components are considered to be independent, and standard deviations are expressed

as percentage effects on the result.

Table 5 — Uncertainty components for DEMC selected size and how to estimate them
Uncertainty component Symbol Subclause Estimation
Multiply-charged particles u.(MQ) 9.2 Negligible
Size calibration with certified u.(d) 9.3 According to 8.6.5.3
cnharac
pher
Sheath flow u.(q) 9.4 Uncertainty associated with the flow|con-
trol, taken to be 2 %, see Aanex E|
Slip corrction (if applicable) u.(Sec) 9.5 Negligible
Voltgqge (if applicable) u.(U) 9.6 Taken to be 0,5 %, (see’Annex E)
9.2 Multiply-charged particles
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[C is used to select monodisperse particles of a chosen size, cargishall be taken to avoi
umber of larger, multiply-charged particles with the same eléctrical mobility being selé¢
time. This is especially important when small particles.are being used to determin

les.

e problem can be avoided by using a primary aerqsol source with a narrow size distriby
ting particles from the size region above the mode of the primary aerosol size distribt
h second charge conditioner and DEMC in series with the first one.

y doubt about the fraction of multiply charged particles in the selected particle distriby
re given in Annex D of ISO 27891:2015.can be used to determine this fraction, which sh
%. The contribution to the uncertainty of the particle size can then be treated as negli

alibration with certified spheres

iinty in the size of pakticles selected using a DEMC at a fixed voltage will be din
n the uncertainty of the calibration of the DEMC using size-certified spheres. The proce
ning this uncertainty is described in 8.6, specifically 8.6.5.3. The uncertainty of the [}
expressed as apercentage of the particle size used for this calibration, shall be used hg

h flow

'y, singly-charged particles are assumed in the following relations; sample aerosol flow
ected aerosol flow are assumed to be equal, as are sheath flow and excess flow.

1 any
pcted
e the

Loff detection efficiency of a CPC, as the CPC will have.ahigher detection efficiency for the

tion,
tion,

tion,
hll be
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ectly
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For uncertainty considerations, the simplification that the targeted particle size d* is inversely
proportional to the sheath flow g, is appropriate:

[from Formulae (1) and (E.8)],

d* ~%*

~y
a4

(21)

and hence, the related uncertainty component u.(q) is proportional to (Aq;/q;), where Aq, is the
expected absolute deviation from a set sheath air flow rate ;. If Aq; is not known, it can - for the purpose
of this document - be calculated as the standard error of the mean after repeated measurement of g,
with a reputable flowmeter.
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Unless more accurate measurements of the values of q; at the time of the DEMC calibration and at
the time of its use to generate particles of a chosen size are available, an uncertainty of 2 % shall be

assumed, following Annex E.

NOTE

of the actual uncertainty.

9.5

Slip correction (if applicable)

Omitting the slip correction (S.) in the conversion from d to Z, Formula (21), leads to an overestimation

When a DEMC calibration using spheres of 80 nm diameter or larger is extrapolated to lower sizes,
the accuracy of the lower size relies on the correctness of the slip correction. However, following 5.2,

for t
unce

9.6

Whe
accu

For
DEM

whet

purp
of Uy

e purposes of this document, the slip correction 1s defined by convention. There 1s
rtainty associated with the application of the slip correction, by convention.

Voltage (if applicable)

h a DEMC calibration using spheres of 80 nm diameter or larger is extrapolated to low
acy of the lower size relies on the accuracy of the voltage across the PEMC.

Incertainty considerations, it is assumed that the targeted particle’size d* is proport
C voltaged” ~%* ~U, hence the related uncertainty componeént u (U) is proportions
e AU is the expected absolute deviation from a set voltage/U. If AU is not known it

ose of this document - be calculated as the standard error‘of the mean after repeated m
vith a reputable voltmeter.

The yincertainty of the voltage is generally found to bésSmall compared to other uncertaintie

herefore no

er sizes, the

ional to the
1l to (AU/U),

ran - for the
easurement

s. Following

Anngx E, a value of 0,5 % can be used.

9.7 | Calculation of overall uncertainty,

All of these uncertainty components contribute linearly to the reported result. For the purposes of this

document, they are assumed to be independent, so that the combined standard uncertainty is given by
Lr(d*):\/urz (d.)+u.? (q)+u:2(U) (22)

The ¢overage factor k shall be taken to be 2, so that the expanded uncertainty U,, in percent, is given by

U, = Ru.(d*). For example, when u.(d.) is 3 %, Formula (22) with u.(q) = 2 % and u,.(U) =|0,5 % gives

u, (d)=3,64%, and then U, = 7,3 %.

In priactice this will be slightly larger than the uncertainty associated with the calibration pf the DEMC

with|size-certified spheres.

10 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;

c) operator’s name;

d) unique identification of the sample;
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f)
g)
h)

j)

k)
D

32

identification of the type of instrument used, including manufacturer, model number (if any), serial

number or other unique identification, and type of charge conditioner.

sample aerosol flow rate of the gas containing the aerosol particles;

sheath flow rate;

excess f

low rate;

mobility selected aerosol flow rate;

pressur

e inside the DEMC during the experiment;

temper3
method

observy

hture inside the DEMC during the experiment;

tions of unusual events during the experiment.

of calculation employed, including the formulas (or a reference to the formulas) wsed;
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Annex A
(informative)

Charge conditioners and charge distributions
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function of the charge conditioner in a DMAS is to establish a known size-dependent
be distribution on the sampled aerosol prior to the size classification process~in the
be distribution on the particles can either be bipolar or unipolar.

harge conditioners can be regarded as ionization sources because they generate ions
ity or both polarities in the carrier gas. These ions interact with the particles to gener

hed in the following subclause.

charge conditioners are used to achieve steady-state charge distribution in the sar
of a DMAS, the instrument manufacturer and the user shall,)by design or by measuren
Lhe charge conditioner performs correctly and does not ptoduce artefact particles.

Ionization sources

| General

e are three common types of ionization'sources for charge conditioning: radioisotope;
Corona-discharges. Other, less common ionization sources are included in Table A.1
ibed in detail here.

A

Sources with radioisetopes

bisotope charge conditioners generally contain a sealed radioactive source. This dev
ar diffusion charge cdonditioner. It produces both negative and positive ions in the car
tion generates so'catled primary ions like N3 and OJ and free electrons in the carrie
hre short-lived. Some of them attach themselves to neutral molecules, which then co
jvely stable ion clusters. Diffusion (Brownian movement) leads to collisions betwee

the aerosolparticles and thus to charge transfer to the particles. The Nyt product i
activeseharge conditioner depends on the type and energy of the radiation of the is

conc

steady-state
DEMC. The

f either one
ate a charge

ibution. The characteristics of ionization sources frequently used. for charge condjitioning are

hple aerosol
nent, ensure

, soft X-rays
but are not

ce acts as a
ier gas. The
r gas. These
agulate into
h these ions
eached in a
ope, on the

ityand geometry of the sealed source, on the geometry of the housing, on the flpw rate and

brityation of the aerosol through the housing and also on the composition of the carrie

gas.

Krypton 85 (85Kr), Americium 241 (241Am), Polonium 210 (210Po) and Nickel 63 (¢3Ni) are the most
commonly used radioactive isotopes. Their properties are explained in the following subclauses.

NOTE

syste

Sealed radioactive sources are classified based on ISO 2919, which provides tests and a
m, e.g. for ranges of temperature, pressure, puncture, impact and vibration.

A.2.2.1 Krypton 85 (85Kr)

classification

85Kr is a beta emitter (with 0,43 % gamma radiation probability of 514 keV) with a half-life of 10,78
years. After approximately 10 years, the replacement of 85Kr sources should be considered. The
maximum beta energy is 687 keV. Krypton is a noble gas, substantially reducing the health risk in case
of leakage or damage to the source. In nearly all sources, the 85Kr gas is contained in a small-diameter
sealed stainless steel tube. This tube is contained inside a larger-diameter stainless steel or aluminium
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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.

A.2.2.2 Americium 241 (241Am)

Z41Am is an alpha emitter (with negligible additional beta and gamma radiation) with a half-life of 433
years. Sealed sources of this metal are available as strips covered with a very thin gold or palladium or

gold and palladium alloy film. The alpha energy is 5,5 MeV.

A223 P

lonium 210 (ZlOPn)

210Pg is an :
be replaced
typically em

A.2.2.4 Ni

63Ni is a bet
is stable 63C
(inactive Ni

A.2.2.5 Lig

ilpha emitter with a half-life of 138 days. Due to their short half-life, 210Po sourgés s}
annually or more often. The metalloid 210Po is available in the form of gold-céated s
bedded in a protective housing. Its alpha energy is in the range between 4 MeV'and 5,3

ckel 63 (63Ni)

h emitter (100 %) with a half-life of 100,1 years. Its beta energy is.67KeV; the decay prq
u. 63Ni foils are also used - for example - as ionization source in GC-MS. Unsealed and s
overplating) foils with up to 550 MBq are commercially avaitabte.

ensing and precautions for radioisotope sources

The use, transportation and disposal of radioisotopes are regulated by government authorities.

internations
[AEOQ, ICRP,
vary from n
using these

A.2.3 Soff

Soft X-ray s
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| standards and guidelines are, for example, set:by commissions of the United Nation

jould
Tips,
MeV.
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Basic
5 like

ADR, etc. The licensing, shipping and disposaliregulations that govern radioactive solirces

htion to nation. Local radiation protection laws, regulations, guidelines etc. can apply ¥
devices. The manufacturers’ instructions shall be understood and followed as well.

X-ray sources

urces emit X-rays in the energy range below 10 keV. Soft X-rays are a very efficient sd
onditioning because they have energies much higher than the ionization threshold

hus creating an abundarice of active ions. This device acts as a bipolar diffusion c}
comparable to sources-with radioisotopes. A stainless steel or aluminium housi
X-rays from a source. The aerosol flows through the housing from an inlet to an exit
wwindow (e.g. Berylium) protects the X-ray source from particle impact and also attent
lux and radiation-energy to adjust the ion concentration. X-ray blockers may prevent X
b through thie~aerosol ports. Similar to radioisotope sources, the Nyt product reach
charge cenditioner depends on the X-ray energy and the radiant flux, the radiation

geometry, the flow.rate and concentration of the aerosol flow through the housing and last but not

on the comj
sources can

position of the carrier gas. While radioisotope sources emit radiation continuously,
be turned on and off.
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A.2.3.1 Licensing and precautions for soft X-ray sources

The use of soft X-ray sources may be regulated by national and/or local government authorities. The
regulations may vary from nation to nation. Local radiation protection laws, regulations, guidelines etc.
can apply when using these devices. The manufacturers’ instructions shall be understood and followed
as well.

A.2.4 Corona discharge

Corona discharge may function as a source for both negative and positive ions in the carrier gas. Either a
single corona electrode operated with DC-high voltage (for ions of one polarity) or with AC-high voltage
(for two ion polarities), or two separate corona electrodes (one for each ion polarity) can be used.
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If an aerosol electrometer is used as a particle detector immediately downstream of the charge
conditioner (without the DEMC), an ion trap may be necessary as an additional element to eliminate
any remaining free ions from the charge-conditioned aerosol; otherwise an aerosol electrometer would
measure these free ions as an additional current.

A.3 Charge conditioning

A.3.1 General

In order to calculate the particle size distribution from the measured electrical mobility distribution,

D D g the aerosol
particles, described by the charge distribution function, f,(d). Charge conditioners upstream of a DEMC
are ysed for this purpose.

In a gaseous medium containing aerosol particles and a sufficient concentration 0f unipolar ions or ions
of botth polarities, a charge distribution will develop on the particles. As the deminant driving forces are
IES the terms

ioning. The

main advantage of diffusion charging over other methods is that it depehds only weakly ypon aerosol
particle material (Davison and Gentry 1985)I77Z]. The following paragraphs describe the characteristics
of bipolar and unipolar diffusion charging.

The particle concentration to be charged shall be limited in'such a way that the depletion of ions due
to ioh attachment to the particles does not lead to significaritly reduced charges on the particles. The
particle charging efficiency depends mainly on the so-called N;-t product, which is the condentration of
eithdr positive or negative ions, N, multiplied by their(reésidence time, t, which is the intera¢tion time of
aerosgol particles with the ions.

Inside a charge conditioner, spatial ion concentration and flow velocity profiles will develop. Therefore,
the geometric design has a strong influence’on the charging efficiency. In some charge|conditioner
designs the ion transport is deliberately influenced by AC- or DC- electric fields and sheath pir flows.

Tablg¢ A.1 gives an overview on charge-¢conditioners.

Table A.1 — Overyview on charge conditioners and selected references

Category Type
Bipolar charge conditioners Radioactive charge conditioner 2 [20]

Soft-X-ray charge conditioner [80]

Bipolar corona ionizer [8L 82]

Surface-discharge microplasma aerosol charger (SMAC) @ [83, 84]

Unipelar charge conditioners Positive unipolar corona discharge charge conditioner

Negative unipolar corona discharge charge condjtioner

a2  Canalso be applied for unipolar charge conditioning.

A.3.2 Bipolar charge conditioners

Bipolar charge conditioners (also traditionally called aerosol neutralizers) produce ions of both
polarities (i.e. positive and negative ions); they are most common in DMAS systems. Neutral particles
can acquire charge while highly charged particles may discharge themselves by capturing ions of the
opposite polarity. Bipolar charge conditioners differ by the way the ions are generated.

— Radioactive bipolar diffusion charge conditioners generate ions in the carrier gas by a- or -radiation
from a radioactive isotope.

— X-ray bipolar diffusion charge conditioners use soft-X-rays (<10 keV) for ion generation in the
carrier gas.
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In the above charge conditioner types, the ions are produced directly in the carrier gas and diffuse to
the aerosol particles by Brownian motion.

— Bipolar corona ionizers (BCI) use an arrangement of two DC-Corona ionizer stages (one for each
polarity). lons of opposite charge are produced in separate sections and are subsequently mixed
with the aerosol. In another variant bipolar ions are produced by AC-Corona discharging.

A.3.3 Unipolar charge conditioners

Corona charge conditioners applying field charging - in contrast to diffusion charging - are not
considered for measurement purposes here because of thelr lncreased partlcle materlal dependence
Unipolar diffst ' :
by corona diischarge. Corona dlscharge is produced by a strong nonumform electrostatic f1eld surh as
that betweeh a needle and plate or a concentric thin wire and a tube. The electric field and space charge
effects result in repulsion of ions of polarity opposite to that of the wire which may lead to.positivgly or
negatively charged particles. There are two designs for corona discharge charge condjtioners:

— Negative corona discharge charge conditioner

The disgharge electrode is held at high negative potential. The free electréns are repelled from the
electrode and may attach to air molecules to form negative ions. Ozone js.génerated as a by-product
which makes this design not favourable for aerosol charging.

— Positivg corona discharge charge conditioner

In positiive corona discharge charge conditioners, the discharge electrode (wire or tip) is hgld at
high popitive potential. In this case the free electrons from the corona discharge are attracted to
the eledtrode and do not need to be absorbed. Most commercially available charge conditigners
use posjtive ions due to the fact that the process is stable by controlling the corona current and the
emissiop of ozone can be avoided.

Among the group of positive corona charge conditioners are indirect corona charge conditioners and
turbulent jef charge conditioners. Indirect corofia’charge conditioners shield the particle charging|zone
from the corjona discharging zone in order td reduce particle losses. A grounded electrode in the aefosol
flow can be japplied as a trap for excess igns. Turbulent jet charge conditioners completely separate the
ion generation from the particle charging zone. This leaves the charging zone free of electrical fields
and reduceq particle losses to a mipimtum. Ions are transported into the particle charging zone by an
additional flow, which dilutes the-aerosol flow at the exit.

conditioning precesses such as static electrification, photoionization, thermionic emigsion,
g of radioactive particles and agglomeration are not considered here because of their{very

depend on ien€g - as s :
of particles. Sltuatlonal factors such as carrier gas comp051t10n purlty, humldlty and temperature may
also influence the performance. A charge conditioner manufacturer should provide the respective
charge distribution function and describe the conditions under which the device performs in a
predictable way and does not produce artefacts.

NOTE Unipolar charge conditioning is affected by the pre-charge (a/k/a primary charge) on the particles.

Some unipolar chargers minimize this effect by a two-stage design, where the first charge conditioner stage
operates at the opposite polarity.
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A.4 Implementation of bipolar steady-state charging

A.4.1 General

If the aerosol interacts long enough with a sufficient concentration of bipolar ions in a gaseous medium
a steady-state bipolar charge distribution will develop on the particles. By bipolar diffusion charging,
particles less than 30 nm acquire at most one charge, which is a major requirement for application to
the production of monodisperse nanoparticles; nonetheless, single charging efficiencies are rather low.

A.4.2 Charge distribution function of particles

Undgqr the steady-state conditions in the case of bipolar charging, the charge distribution-fynction f,(d)
can lje expressed as:

(A.1)
(A.2)

N,
Ji (d)=70=%, ifp=0 (A.3)

where

MR LA ey v (7

Jp(d)  isthe charge distribution as a function of particle size d;

N is the number cangentration of aerosol particles of size d;

Np is the number,concentration of charged particles of size d;

N, is the number concentration of uncharged particles of size d;
i isthe ion-aerosol attachment coefficient of particles of size d;
Jid is the number of elementary units of charge.

From the above Formulae (A.1), (A.2), (A.3), if the ion-aerosol attachment coefficients § (€combination
charging constants) are known, the charge distribution function f,(d) can be calculated and may be

used in Formula (5).
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A.4.2.1 Ilon-aerosol attachment coefficient - Fuchs’ theory

Under the steady-state charging processes, there is a well-known theory describing the ion-aerosol
attachment coefficients, §, which is the so-called Fuchs’ attachment theory. § can be expressed as:

.t -8t -exp{—(6%)/kT
. m-c exp{ o(8%)/kT} a4

1+exp{—(p(6i)/kT}c -0 j/¢3 exp{p(a/x)/kT}dx

4D* .q
where
—a
x=9/
bo e -1 2 3
o()=J[ O(ryar=LE S e«

2 2
ame,r £ +1 8w, r (r2-a?)

3 + VP +2 + £ V%
st=— 1104, A1 1+/l 1+/1— +2 1+)’—
A£1 |5 a 3 a? a 15 a

()

a isthe aerosol particle radius (d = 2a);

r  isthe distance between the particle and the ion;
c* isthe thermal velocity of positive or negative'small ions;

& is cplled Fuchs' a parameter, corresponding to the square of the ratio of the particle radius to
the[limiting sphere;

8T istheradius of a sphere that divides the free molecular regime near the particle and the contin-
uum regime far from the particle; this imaginary sphere is often called Fuchs' limiting sphiere;

k isthe Boltzmann constant;

T isthe absolute température;

p* is the thermal diffusion coefficient of positive or negative small ions;
g, Isthe dielegtric constant;

€, s thesspecific dielectric constant;

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

If the values of dynamic properties c*, D*,A* of the small ion, and aerosol particle diameter d = 2a are
known, the ion-aerosol attachment coefficients, 8, can be calculated.

NOTE Formula (A.4) for a is only valid when the charge is zero (p = 0). When the particle is charged (p # 0),
the formula for a becomes rather complex, see Reference [19].

A.4.2.2 Properties of the ion

The values of dynamic properties c*, D*,A* of small ions can be defined from fundamental gas kinetic
theories.

38 © IS0 2020 - All rights reserved


https://standardsiso.com/api/?name=da0e4b7e2ace5a3bcb2f70ec43fe1ca7

ISO 15900:2020(E)

The relationship between the diffusion coefficient and mobility was given by Einstein (1905)[1Z]; it can
be expressed as:

+ _KTZ*
D =KTZ*/ (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:

._ [ 8k

A i
NTT-m=

c (A.6)

where m* is the mass of a small ion.

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

._16V2 D* (M J% (A7)

3n ¢t anLmJ—r

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

N 1
£ 3207 M Y2 (A.8)
3n ¢t  M+m*
a firdt-order Chapman-Enskog approximation, explaified by Bricard (1965) [&],
4 1
o1 162D ( M Y2 (A9)
1+o 3n ¢t \ M+m*

described by Pui (1976) [44], Pui et al. (1988) [42], and Hoppel et al. (1986) [28],
whertte
M is the average molecular mass of air;

¢ isacorrection factor: o = 0,132.

If the ion propertie§s Z= and m* are known, the charge distribution function, f,(d), can b¢ calculated.
The yalues of several ion properties are shown in Table A.2.

Table A.2 — Values of ion properties used by various authors

Mobility of ion Mass of ion Author and reference

Z*(x1074m¢V-1s ) [ Z7(x 104 m% V-1s1) | m* (amu) m~ (amu)

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

1,40 1,90 109 50 Adachi etal. (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)
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A.4.2.3 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, f,(d). However, those calculation methods are long and complicated. Therefore, an
empirical expression to approximate the charge distribution function, f,(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.

Situational factors such as carrier gas composition, purity, humidity and temperature may limit the
validity of the approximation.

For an aero

solpnarticle carrving un to two elementarv charges in steadvu-state charge conditions
o Pl B o 4 57 Y 5

charge dist
derived froif

log] f, (

Formula (A.

Inmsd<]
NOTE1 In
To develop t
a)
b)
c)

The coeffici
air as carrig
Table A.3.

ion moH
ion mas|

the Fucl

Corrections
other gas co|

The charge
using the fo

ibution function, f,(d) can be expressed using the approximation given in Formuld

, the

1.10),

h the Fuchs model.

1))=Y 4 (p)(logd)

10) is valid for the size range:

000 nm for p = {-2,-1,0,+1,+2}.

Formula (A.10), d is given in nanometres.

his approximation, specific values of ion properties are taken, and their sources are
ilities from Wiedensohler et al. (1986, 1988) [52. 50], (see Table A.2).

ses from Hussin et al. (1983) [30], (see Table A.2).

1s' a parameters from Hoppel and Frick (1986) [28].

ents a;(p) were derived for a charge conditioner with a radioactive ion source (21°Po
r gas (at ambient conditions) using a least-square regression analysis; they are list

for other carrier gas conditions are described e.g. in Wiedensohler et al. (1986) [52], dat
mpositions can be found.in Wiedensohler and Fissan (1991) [31],

distribution function, f,(d), with three or more elementary charge units can be calcu
lowing Formula (A1), which is based on Gunn's model:
Nz

_[p_ ‘ ln[Nf Z‘ﬂz

2me,dkT

e 2

f, (d)=

-exp

\J4r2e,dkT

 2negdkT

e2

where N, *is the concentration of positive or negative small ions.

\.10)

and

ed in

a for

lated

\.11)

For this calculation, the concentration of positive and negative ions is assumed to be equal, and the
ratio of ion mobilities Z* /Z~ was taken from Wiedensohler et al. (1986) to be 0,875. The results of this
calculation are given in Figure A.1 and in Table 3.

Table A.3 — Coefficients a;(p) for Formula (A.10) for radioactive ion sources

; a;(p)

p=-2 =-1 p=0 p=+1 p=+2
0 -26,3328 -2,3197 -0,000 3 -2,348 4 -44,475 6
1 35904 4 0,617 5 -0,101 4 0,604 4 79,377 2
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a;(p)

p=-2

p=-1

p=0

p=+1

p=+2

-21,460 8

0,6201

0,307 3

0,4800

-62,8900

7,086 7

-0,110 5

-0,337 2

0,0013

26,449 2

-1,308 8

-0,126 0

0,102 3

-0,1553

-5,748 0

G W (N

0,1051

0,0297

-0,010 5

0,032 0

0,504 9

NOTE 2

Two coefficients in Wiedensohler (1988) were later corrected. The coefficients in Table A.3 contain

this qoTTeCtiom.

fp(d) 4
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Key

fp(d)

While theteoefficients in Table A.3 apply for bipolar charge conditioners with radioactive
cahnot be adapted for other types of bipolar charge conditioners. The empirical coe
other designs of bipolar charge conditioners have to be determined individually for

they
such

10

particle diameter, expressedih-hanometres
charge distribution function [-]

100

radioactive ion source

1000

Figure A;1»— Charge distribution function for particles in the size range
between 1 nim)and 1 000 nm calculated from Formulae (A.10) and (A.11) forab

polar

ion sources,
fficients for
each device

design. For example, Tigges et al. (2015) [63] describe a different set of empirical coefficients a;(p) which
apply for two types of charge conditioner with a soft X-ray source with an X-ray tube voltage of 9,5 kV,

see Table A.4.

Table A.4 — Coefficients a;(p) for Formula (A.10) for a bipolar charge conditioner with a 9,5 kV
X-ray ion source, Tigges et al. (2015) [65]

i a,(p)
p=-2 p=-1 p=0 p=+1 p=+2
-30,615 58 -2,33509 0,001 63 -2,358 89 -27,253 20
46,338 85 0,436 35 -0,113 84 0,451 69 38,479 63
-31,181 91 1,086 54 0,33393 0,997 98 -24,271 28
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Table A.4 (continued)
; a,(p)
p=-2 p=-1 p=0 p=+1 p=+2
3 11,390 70 -0,556 79 -0,357 14 -0,48173 8,441 62
4 -2,22028 0,049 81 0,107 70 0,026 31 -1,605 89
5 0,179 35 0,005 51 -0,010 82 0,008 04 0,129 17

Analogue to Table 3, Table A.5 shows example data for the approximated charge distribution function. In

accordance with the recommendation in Reference [©2], ion mobllltles used for the calculation of charge

levels beyon
respectively]

Table A.5|

whlle the ion concentrations of posmve and negatlve ions were again assumed to be eq

— Bipolar charge distribution function f,(d) for spherical particles in air (ambi¢nt
conditipns), produced by an X-ray charge conditioner with a tube voltage of 9,5 KV (from
Formulae (A.10) and (A.11) with approximation coefficients from Table’A.4)

d Charge distribution function
(mm) | -5 -4 -3 -2 -1 0 +1 +2 +3 +4 +5 +6
1 ( 0 0 0 0 0,0046(1,0038(0,0044 0 0 0 0 0
2 ( 0 0 0 0 00076(09744|0,0072| _@ 0 0 0 0
5 ( 0 0 0 0 ]0,0211|0,9708|0,0194. "0 0 0 0 0
10 ( 0 0 0 0 0,0486(0,9151|0,0440 0 0 0 0 0
20 ( 0 0 0 0,0002{0,1021|0,7952 {0,091 70,0002 0 0 0 0
50 ( 0 0 0 0,0102{0,2018|0,5819{0,1819|0,0081 0 0 0 0
100 ( 0 ]0,0001(0,0029|0,0473|0,2528|0,426'1|0,2295|0,0392(0,0022| O 0 0
200 ( 0,0003(0,0037/0,0264|0,103 3|0,2456(0,3005|0,2247{0,0869{0,0203|0,0026|0,0002| |0
500 (0,0041|0,0137(0,0365/0,0775/|0,1338(0,1749|0,1865{0,1609|0,1126|0,0596|0,0257|0,0088|0,002 4
1000 |0,0223|0,0400{0,0639|0,0912{0,11270,4239(0,1310{0,1138|0,0953{0,0701|0,0450{0,0258|0,013 2

The approximation for the charge conditioner with a 9,5 kV X-ray ion source shows that - compargd to

the bipolar
is produced

Charge conditioner with a radioactive ion source - a more symmetrical charge distrib
see Figure A.2.

1ition
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fp(d) | charge distribution function [-]

Figure A.2 — Charge distribution function for particles in the size range
between 1 nm and 1 000 nm calculated from Eormulae (A.10) and (A.11) for a bipolar 9,5 kV
X-raydon source

A.5 | Implementation of unipolar charge conditioning

Besidles the widely used bipolar steady-state charge distribution, unipolar charging can also be used
to adhieve a defined charge distribution in a DMAS. In a unipolar charge conditioner, igns of either
positive or negative polarity-are produced by a corona discharge process. Like in bipolar charging,
diffulsion charging is advantageous because variations caused by the composition of the particles can
be n¢glected for diffusign,echarging.

Unipplar charging ean-achieve higher charging probabilities than bipolar charging. This is ajh advantage
if smpll particles{d-< 20 nm) are to be measured. Due to the higher charging probability, m¢re particles
are dlassified bycthe DEMC and reach the particle detector. This leads to better counting sftatistics. On
the qther hand; larger particles (d > 100 nm) carry significantly more multiple charges dompared to

bipolar charging. This makes the data inversion more complex and reduces the size resolution of large
particles."A variety of unipolar c sol particles have been describ¢d and built;
see, forexample Hewd G573 er-eta errandPei3999) and Pui

et al. (1988).

If corona discharge methods are used to achieve a defined unipolar charge distribution in the sample
aerosol 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 shall 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 charging of particles in unipolar corona charge conditioners is very much dependent on individual
designs and operating parameters. Therefore, no general approximation for the charge distribution
function can be given for the variety of unipolar charge conditioners.
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Annex B
(informative)

Particle detectors

B.1 General

Itis necessa
of the DEM
electromete

B.2 Cond

B.2.1 Gen

Aerosol part
vapour. Nex
growing the

Typically, a
defined min
particle size

efficiency for particles in the size range in which a CPCHas less than 100 % counting efficiency.

A CPC usua
centimetre.
and the sign
detect low ¢
by the optig
centimetre.
of the CPC, {

To measure
intensity of
time. A CPC
accurate md

Before using

a) the floy

'y to select an appropriate particle detector to measure particle concentration downst
C. For this purpose, a condensation particle counter (CPC) or a Faraday etp ae
r (FCAE) is generally used. These detectors are described in this annex.

ensation particle counter

eral

icles entering the CPC are first exposed to an atmosphere cofitaining condensable satui
t, a supersaturated condition is generated, causing vapeur to condense on the part
particles into droplets that can be detected by means.of light scattered from a light bg

Feam
rosol

rated
icles,
am.

CPC has almost 100 % counting efficiency over a wide range of particle sizes larger than a

imum particle size. The counting efficiency decreases to zero at the minimum detec
. To measure the particle size distribution using,a CPC, itis necessary to correct the cou

lly needs to cover a particle concenttation range up to 10% or 105 particles per

Because the droplet diameter in the-detection zone of a CPC is usually several microm
al-to-noise ratio for single-droplet<ecounting is relatively high, a CPC is a reliable meth
oncentration aerosols. The maxirmum concentration for single-droplet-counting is lin
al design of the instrument'and is usually in the range of 103 to 10° particles per

If the particle concentration exceeds the upper limit of the specified concentration 1
article coincidence becemes significant and the reported concentration will be incorr

higher concentratiefis, some CPCs include a photometric detection method that detect
the light scattered from all the particles in the sensing zone of the instrument at any §
with photomeétric concentration measurement shall be calibrated periodically to ef
asurements:

y the CRC; the user shall confirm that:

table
hting

tubic
etres
pd to
hited
tubic
ange
pCt.

s the
riven
sure

f tate into the CPC is correct. (The flow rate directly influences the particle concentr

htion

indicat

b)

by a€Pt)

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

or if the working liquid contains too many impurities, 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

For calibration of a CPC, refer to ISO 27891. ISO 27891 describes methods to determine the detection
efficiency of a CPC, together with the associated measurement uncertainty, by comparison with a
reference instrument which has a reputable calibration certificate, either an FCAE or a reference CPC,
under a condition specified by particle number concentration, particle size, and particle composition.
Figure B.1 shows the schematic calibration setup.
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Figure B.1 — Schematic calibration setup’(see ISO 27891)

ration should be performed for a range of particle sizés and number concentrations, §
hting range of the DMAS is covered.

Faraday cup aerosol electrometer

|l General

CAE is a detector of the electricalcuirrent resulting from the collection of ions and charg
e sample flow. An FCAE is interrded to operate in the pressure range between a few 4
nigh vacuum. An FCAE captiires both positive and negative electrical charges and ref
be. An FCAE measures theyvery low electrical current after the charge is released from

ey come in contact with conducting parts of the FCAE. When an FCAE is used as an aerd
a DEMC, it shall he<designed to allow the gas to permeate through the filter and to fi
harged particles-“Therefore, it is necessary for an FCAE to have a filter portion inside a
ing to efficiently capture the electrical charges. It is not necessary for the filter to bg

L

CAEis'usually suited for the measurement of a charged particle number concentration
194 to 108 particles per cubic centimetre. If the electrical charging is based on equilibriu

cting stirfaces of the Faraday cup that surrounds the filter.

uch that the

red particles
tmospheres
orts the net
he particles
sol detector
ully capture
cup-shaped
made from

cting material, since space charge on the collected particles will force the electrical ciirrent to the

in the range
m charging,

the number concentration of the total (namely, positive, negative and neutral) fine particles

n 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 should 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.
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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 andrthesampte flow Tateof the tirarged aerosotentering the FCAE:

|1

R R R IR IR IR IR I XXX XXX
M0000000.0’0.0’:2020202:2:2&:23I

PRRRIRLRRKKRKLS

Key
charged particles
flow metler
preampllfier
electrometer
filtered dir
faraday qup to collect charge\from deposited particles and to reduce externally-induced electro-magnetic|noise
very high resistance electrical insulator to isolate the filter (8) from electrical ground

O N O U1 W N

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

Figure B.2 <= Schematic diagram of Faraday cup aerosol electrometer (FCAE); SOURCE:
ISO 27891

B.3.3 Calibration

Both the current measuring device within the FCAE and its flow rate should be calibrated, although this
does not provide a check of any losses within the FCAE. The current measurement should be calibrated
either with a traceable femtoamp source, or by the relevant traceable calibration of the FCAE feedback
resistor and the amplifier gain. The flowmeter used to measure the sample flow rate through the FCAE
should be traceably calibrated.

In principle, the FCAE should be calibrated for measurements of electric charge per unit volume (typical
units fC/cm3) over the range of particle size and number concentration that will be used. The method
will be very similar to the one for calibrating a CPC against a reference FCAE set out in ISO 27891.
The reference FCAE should be one with an up-to-date reputable calibration certificate produced
by a laboratory accredited to ISO/IEC 17025 or an equivalent standard, where the type and range of
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calibration is within the laboratory’s accredited scope, or a metrology institute that offers the relevant
calibration service and whose measurements fulfil the requirements of ISO/IEC 17025. In this way the
FCAE will be calibrated traceably to international standards.

The FCAE calibration should be carried out at least annually.
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Annex C
(informative)

Slip correction factor

C.1 General

The electric
A unique re
expression f
is customar
given in For|

bl mobility of a particle depends on the particle size and the number of elementary¢ha
ationship between electrical mobility and particle size is described in 5.2. The-theorg
or the drag force on a spherical particle moving with low Reynolds number dn a’gas |
ly written by multiplying the Stokes’ law expression by a slip correction factor of the
mula (2), repeated here as Formula (C.1), as introduced by Knudsen and Weber (1911).

rges.
ptical
hase
form

Sc =1+Kn[A+Bexp(—%ﬂ (C.y
where

K _24| isthe particle Knudsen number;

A is the mean free path of gas molecule;

d is the spherical particle diameter;

A, Band C are empirical constants;

Sc is the slip correction.
The goal of this annex is to provide further'detail on the source of the recommended parameters fgr the

slip correction factor given in Table C.1.

C.2 Histg

First experi
His last exp
form of Fortl
or “Millikan
valueC=1,2

Irical investigation of the slip correction factor

ments were performed by Millikan between 1909 and 1923 (Millikan 1910 [40], 1923
eriment exténded the measurements up to Kn ~134 and visually fitted his data usin

[411),

nula (C.1)-Millikan used the well-known apparatus called “Millikan’s oil droplet appar
's cell apparatus”. He obtained values of A = 0,864 and A + B = 1,154. He found tha
5 fitted his data from Kn = 0,25 to 134 The earliest values forA B and Cwere deter

by Knudsen
suspended in

Several authors have used Mllhkan S Values forA B and C and have modlfled them using dlfferent values
of the molecular mean free path, A. Fuchs recalculated a value of A = 65,3 nm and modified Millikan’s
values to A = 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) [2] 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: A = 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
A=1,142,B= 0,558 and C = 0,999 (Allen and Raabe, 1985 [6]). They took the value of the mean free path,
A, of air molecules at T = 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 Formula (4).
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They made a choice for the value p,,
Ty =296,15 K. The values of p,, for ot er temperatures were calculated using Formula (3).

= 1,8324 x 10~> kg m1 s71 for the viscosity of dry air at

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 cu

rrents in the

test cell, and detailed knowledge of the electric field in the test cell. For this reason, Hutchins, Harper
and Felder (1995)[21] 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

0,06 to 500. Analysis of these data gave the values A =1,2310+0,002)2, B=0,469 5 +
178 3 £ 0,009 1 using the same formulae of Allen and Raabe’s analysis, where the me

ratio| of solid and liquid particles, they indicated that the results from kinetic theory anc
and Raabe’s re-evaluation of Millikan’s data agree closely, and-the results for solid particle

worl agree closely with Allen and Raabe’s results for solid\particles, but the kinetic theory
forcq ratio values of oil droplets fall below those for solid particles over the range Kn = 0,0
differences as great as 8 %.

The
of air molecules chosen by Allen and Raabe, they measured slip corrections using certified

latex] (PSL) particles of precisely known sjze-and a DEMC. The measurements covered a w
sizeq (19,9 nm to 269 nm), pressures (98,5,kPa to 8,27 kPa) and Knudsen numbers (0,5 to 83

unceftainty analysis showed approximation uncertainties (95 % confidence interval) smal
for the whole data set.

ost recent work was published by Kim et al(2005)[33]. Based on the viscosity and me

0,003 7 and
an free path
1075 kg m~1
e drag force
| from Allen
s from their
ind the drag
) to 18, with

an free path
polystyrene
ide range of
). A detailed
ler than 3 %

Tabl¢ C.1 summarizes three sets)of coefficients derived from a choice (see References [6], [31] and [33])
of mg¢asurements of slip correction parameters.
Table C.1 — Excerpt from published values of slip correction factors for Stokeg' law
Mean
Author free path A B C A+B Comrhents
A (um)
Allen and Raabe (1985) 0,067 3 1,142 0,558 0,999 1,700 for solid particles
Hutdhins, et al. (1995) 0,067 3 1,2310 |0,4695 |1,1783 |[1,7005 |for solid particles
Kim, Mulholland, Kukuck Measured with NIST
and Pui (2005) 0,0673 1,165 0,483 0,997 1,648 certified PSL particles

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)lel 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 document recommends the use of the

coefficients

determined by Kim et al. (2005)[33] for particle size distribution measurements (as given in 5.2).
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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 pm.

Y

4

~..

-4
0,001 0,01 0,1 1 10 X

v

Key
X  particle liameter (um)
Y relative Iifference (%)
1 Hutchind etal. (1995)

2 Allen andl Raabe (1985)
3 Kimetal (2005)

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

General
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Z* of

much from d; which is the diameter of particles of charge p with electrical mability equal
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takel
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expld
of eld

NOTH
the a
distr

Ther]

R )=N5=0, 3, n(d,)-P(d,)

h a cylindrical DEMC is operated at high resolution, the following simplifications can-
Formula (5) for the size distribution function n(d): The basis of the isosceles triangle ¥
vero values of the DEMC transfer function 2 is small. Hence, for a given central €lectr
the DEMC, which is set by the voltage U*, the diameters of transmitted pavnticles do

inctions n(d), f,(d) and W(d, p) can then be replaced by their respective constant valu
1 out of the integral as constants:

d*

S)w(d, ,p)j;)g(Z(d,p),Aqb(U* ))dd

wing the nomenclature in Annex E, N; is the number.concentration displayed by the (
ination on Z*is given in 5.4 and Annex E. The detector response W does not depend on
mentary charges, p, when a CPC is used as detector.

1  When a DMAS measures the size distribution of monodisperse or quasi-monodisperse
bove approximation method is used in data.inversion, the obtained distribution is broader th
bution [2€].

e are several data inversion methods to solve Formula (D.1) while deconvoluting

e applied to
vhich covers
cal mobility
not deviate

fo Z*. Hence,
bs at dp and
(D.1)

'PC. Further
the number

particles and
an the actual

vith respect

to charge number p. Representative methods were e.g. described by Hoppel (1978) [2Z] gnd Knutson
(1976) [351,
The integral in Formula (D.1]¢an be further converted to a function of Z:

= * 0 *

|22 (d.p) s@(v )]dd:(dd/dZ)d; jzm.o(z,z )dz (D.2)
For 3 DMAS with recirculation of the excess flow q, into the sheath flow q4, the differential term in
Formula (D2),"(dd /dZ) , can be derived from Figure D.1 which shows the transfer funcfion @2 in the

P
mobjlityNinterval around Z* and the function d,(Z) describing the corresponding diameters of
tranamitted particles in this mohility interval ie
d (Z"+AZ")-d (Z"-AZ") ) Ad;
(dd o )-d, ( )\ 3 (D.3)

NOTE 2

dz 7 +AZ" (2" -AZ") 207

)dp

In Figure D.1, AZ* is the half-width of the transfer function 0, while Ad; describes

interval that corresponds to the mobility interval of 2AZ*.
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Figure D.1 -

The integral
which has th

0
Q
VS

With Formullae (D.3) and (D.4), Formula (D.2) beeomes

Q
1
0
Z* - AZ* z* Z*¥+ NZ* Z
2AZ*

— Particle diameter, dp,

Q (Z, Z" ) dZ , correspondsto the area under the transfer fun

0
term in Formula (D.2), ,

—=oo

e shape of an isosceles triangle as shown in Figure ®:1 when g, = q, is fulfilled. Hence,

Z,2")dz=AZ"

1

Jo?
d=0
The detecto

w(d,,n
assuming th
DEMC, g5 (i.

. 0 . Ad; . Ad;
7 (d,p),A® (U )]dd:(dd/dz)d; IZmQ(z,z )dz:ZAZ*. ="

' response, W(d; ,p) -cah be converted to

)

*

)zncpc (d; ) _Terc (dp
qs q,

d

):nCPC (
dcpc

at the detéction flow of the CPC, q¢p(, is equal to the mobility selected aerosol flow ¢
. thet€PC dilution factor is 1) and that g5 = q, since g, = q, for a recirculating DMAS.

and transfer function, £, in a small mobility interval around Z*

rtion,

(D.4)

(D.5)

(D.6)

f the
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With Formulae (D.5) and (D.6), Formula (D.1) can be converted to

1 ey o
N3 =5 2195 ) P, )£, (4 ) e (4, ) Ad, (D.7)

The product of n(d;) and Ad; gives the number concentration of the particles entering the DEMC in

the diameter interval Ad;, ie.

AN, (d; )=n(d; )-Ad; (D.8)

With AN, (d; ) , Formula (D.7) can be converted to
* 1 ©o * * * *
N :Ezpzlp(dp )-£, (5 ) nepe () )-AN, (d)) (D.9)

The ferm %P(d; )~fp (d; )'ncpc (d; )-AN2 (d;) for p > 1 expresses the contribution of multiply charged
particles to N; .

For measurement of polydisperse aerosols in the size range of the/DEMC, N; is often domipated by the
contribution of singly charged particles. When the contribution of multiply charged partigles to N; is
negligible, Formula (D.9) is simplified to
* 1 * * * k

N3 =5 P(dpe ) Fpmsn (et Jcpc (Aper )N (dq ) (0-10)

Fron} Formula (D.10), the particle concentration in the diameter interval Ad; in the sampfle inlet flow

q, assuming only singly charged particles;"AN, - (d* ), can be derived as

p=1

*,

2N,
\N. (D.11)

d_i)=—— * i
2,05C ( p=1 ) p(dp:1 ) fp:1 (dp=1 )‘"cpc (dp=1 )

This|approximation with the-assumption of only singly charged particles allows simple calculation of
particle size distributiorzfunction n. An example calculation with the assumption of only singly charged

particles using Formula\(D.11) is given in D.2.4.

Wheh there are multiply charged particles in, N; however, the number concentration cal¢ulated with

I

the alssumption/of only singly charged particles, AN; osc (a';:1 ) overestimates the actual cojncentration,

% . 1/«
AN, dp:l) since the terms EP(dp

in Formula (D.11). An example calculation to rectify this overestimation is given in D.2.5.

)-fp (d; )'ncpc (d; )-AN2 (d;) for p > 1 in Formula (D.9) afe neglected

D.2 Step-by-step DMAS calculation example

D.2.1 General

This subclause demonstrates the data acquisition and inversion for a DMAS with a cylindrical DEMC
with closed, recirculating excess and sheath flow system (g, = q; and q; = q,) and with a CPC as particle
detector. For such a DMAS, it is assumed that the isosceles triangular transfer function with AZ/Z = q,/
q1 = Bpemc (constant) may be applied [see Formula (E.9)].

The example given in this annex is for a measurement in stepping mode.
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For the calculations in the example, the following generalizations are applied to the formulae in D.1.
U, =U"
z.=7
AZ =AZ"
AZ; | AZ" =qy /4 =Bpguc

d, =d

N3 ; =Ny
AN, (di p )ZANZ (dp )
where the index i runs from the first to the last stepping data acquisition interval.

D.2.2 Megdsurement system

The system|flows, DEMC geometry, sheath flow temperature and pressure,’etc. are given in Tabl¢ D.1.
The DEMC-dalibration factor { as well as the CPC detection efficiency n¢p¢(d2 30 nm) are assumed to be
1 in this exdmple. There is also no external or internal dilution with respect to the CPC measureient,
i.e. qcpc = q3f An impactor is used as a pre-conditioner of the DMAS,

Table D.1 — Measurement system data

Cylindrical DEMCData
g, [1/min] 1 45 [1/min] 1
q4 [1/min] 10 q4 [1/min] 10
L [em] 44,369 DEN;;E(?E?E“"“ 1
ry [cm] 1,961 Centre polarity negative
rqi [cm] 0987 T-sheath [°C] 21,3
Boemc [ 0,1 P-sheath [kPa] 98,2
CPC Data
CPC- detection effi 1 CPC-dilution factor
ciency nepe [4 i 1
Inlet flow [{/min] 1
NOTE The polarity’of the centre electrode of most commercial DEMCs is limited to only positive o1 only

negative. A r¢cent study described advantages of measuring in both polarities for reducing uncertainties due to
charge condifigning in particle size distribution measurement [83],

D.2.3 Data acquisition

For data acquisition in stepping mode in this example, intervals i are chosen such that a gapless
measurement in the mobility regime is made. Figure D.2 illustrates the gapless sequence of isosceles
triangular transfer functions. First, a starting particle diameter d_;, is chosen; in this example it is
dpin = 30 nm.

The largest electrical mobility Z(d,;,, p = 1) for singly charged particles is calculated from d;, using

1l-e-S-(d_.
— C( mln) (D.lZ)
3-1t-ugas-d

min

Z(dmin' = )

and Formulae (1) to (4); the result is shown in Table D.2
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Table D.2 — Calculation of the starting value for the electrical mobility

dmin T P M A Sc(dmin) Z(dmin' p= 1)
[nm] [X] [kPa] [kg/(m )] [nm] [-] [cm?/(Vs)]
30,00 294,45 98,2 1,824 3 x 105 68,92 8,139 0,002 528

Next, the centre electrical mobility Z; for the first data acquisition interval i = 1 is calculated. Here,
like in all data acquisition intervals, isosceles triangular shape of the transfer function according to
Formula (D.13) - which holds for the case of recirculated sheath flow - is assumed. For the first data
acquisition interval, Formula (D.14) is used to calculate the centre mobility Z;.

4, =AZ; - Bppuc (D.13)

Z(d_. ,p=1
4, =7(dyy, p=1)-AZ, :—(1:1[1; _) (D.14)
DEMC

Consfidering the DEMC-calibration factor ¢ for the electrical mobility, the DEMC voltage for this centre
electirical mobility can be derived from Formula (D.15):

In[ "2
U, =U(z,)=¢ il V' (D.15)
oV onLz, '

The result of the calculation of Z; and U, is shown in TablelD.3. The voltage is shown as a negative value
to acrount for the negative polarity at the centre electr@de of the DEMC used for the measufements.

Table D.3 — Calculation of the centre electrical'mobility and the DEMC voltage for the first data
acquisition interval

Zdlinp=1) | q/q, Zy a9 ry r L 3 Uy
[cthZ/(V s)] [-] [cm2/(V s)] ) [cm3/s] [cm] [cm] [cm] [-] [V]
0J002528 0,1 0,002298 166,7 0,937 1,961 44,369 1 -83,44

Sincg gapless data acquisition\is chosen and since the electrical mobility decreases from finterval i to
interjval i + 1, all following data acquisition intervals are defined by

1 -AZ, =7, +AZ;Horiz 1 (D.16)
1-fdemc
=243 5 (D.17)
DEMC
I
q -ln( 2 . )
U . =C—————7 D.18

The number of intervals available for data acquisition is limited by the maximum allowed DEMC voltage,
which - in this example - is 10 kV. The data acquisition intervals calculated from above formulae and
the DEMC voltage to be set for each interval are also shown in Table D.4.

Table D.4 also contains the results of the example measurement discussed here. An aqueous NaCl
solution was aerosolized with a Collison aerosol generator and dried by means of a silica gel diffusion
drier. The resulting polydisperse NaCl aerosol (typically used e.g. for filter testing) was then measured
with the DMAS in stepping mode. Table D.4 shows the raw concentration N3 ; measured by the CPC for
each data acquisition interval i.
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®—————+t71-100
® -84
AZ, |AZ AZq |AZ
0 7/ : 2| . ~1 20

2,27E-5

electricdl mobility [cm3/(V s)]

transfer

voltage ||

Figure D.2

Table D.4

56

function [-]
V]

2,78E-5

1,9E-3

2,3E-3 Z(dGup=1) Z

— Sequence of gapless isosceles triangular transfer functions 2 and correspond
DEMC voltages U applied for the data acquisition in this example

Data acquisition

i Z;[em2/(V )] U; [V] Ny [em™3]
1 2,30E-03 -83,44 2,42E+02
2 1,88E-03 -101,98 3,58E+02
3 1,54E-03 -124,64 5,04E+02
4 1,26E-03 -152,34 6,54E+02
5 1,03E-03 -186,19 8,36E+02
6 8,43E-04 -227,56 1,01E+03
7 6;89E=-04 =278;13 13563
8 5,64E-04 -339,94 1,23E+03
9 4,62E-04 -415,48 1,23E+03
10 3,78E-04 -507,81 1,12E+03
11 3,09E-04 -620,66 1,00E+03
12 2,53E-04 -758,58 8,53E+02
13 2,07E-04 -927,16 6,37E+02
14 1,69E-04 -1133,19 4,74E+02
15 1,38E-04 -1385,01 3,13E+02
16 1,13E-04 -1692,79 1,89E+02
17 9,27E-05 -2068,96 1,06E+02

ing

L — Data acquisition interval if ceéntre electrical mobility Z;,, DEMC-voltage U, set for
each interval, and raw concentration Nj ; measured by the CPC
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Table D.4 (continued)
Data acquisition
i Z; [cm2/(V s)] U; [v] N, [em™3]
18 7,58E-05 -2528,73 5,58E+01
19 6,20E-05 -3090,68 2,52E+01
20 5,08E-05 -3777,49 1,04E+01
21 4,15E-05 -4616,94 3,99E+00
22 3,40E-05 -5642,92 1,26E+00
23 273E-05 6896,90 3.52E-04
24 2,27E-05 -8429,55 8,55E-02

i Data inversion assuming only singly charged particles

first step in data inversion is to calculate ANZ,OSC (di‘p:1

writt

I

The mobility diameter d; ,_; =d,_, (Z;) in Formula(D.19) is determined by:

dl.'p=1 =

P(d; oy ) fipmt (s ot ) e (7 e )
i,p=1

le-Sc (di'p:1 )
3'n"ugas 'Zi

D.5 shows the results of the itetation for all data acquisition intervals i.

correction factor of each data acquisition interval i

), i.e. the particle concentrfation in the

le inlet flow g, into the DEMC for each data acquisition interval i Gnider the assumption that all
particles leaving the DEMC (or reaching the CPC) are singly and positively charged. In

analogy to

(D.19)

ula (D.11), the number concentration AN, oc- (di p=1) for the~data acquisition interval i can be
en as:
2N, .
3,i
\V; osc (di,pzl ):

(D.20)

able D.5 — Centre and boundary electrical mobilities, centre mobility diameter and slip

© ISO

. Electfieal mobility, Z [cm2/(V s)] Mobility diameter, | Slip correction,
l Z+AZ; Z; Zi-AZ; d;, -4 [nm] Scldip-4) [1]
1 253E-03 2,30E-03 2,07E-03 31,52 7,78
2 2,07E-03 1,88E-03 1,69E-03 35,01 7,06
3 1,69E-03 1,54E-03 1,38E-03 38,89 6,42
4 1,38E-03 1,26E-03 1,13E-03 43,24 5,84
6 9,27E-04 8,43E-04 7,58E-04 53,55 4,84
7 7,58E-04 6,89E-04 6,20E-04 59,68 4,42
8 6,20E-04 5,64E-04 5,08E-04 66,57 4,03
9 5,08E-04 4,62E-04 4,15E-04 74,35 3,68
10 4,15E-04 3,78E-04 3,40E-04 83,16 3,37
11 3,40E-04 3,09E-04 2,78E-04 93,15 3,09
12 2,78E-04 2,53E-04 2,27E-04 104,52 2,84
13 2,27E-04 2,07E-04 1,86E-04 117,53 2,61
14 1,86E-04 1,69E-04 1,52E-04 132,45 2,41
15 1,52E-04 1,38E-04 1,25E-04 149,66 2,22
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Table D.5 (continued)

. Electrical mobility, Z [cm?2/(V s)] Mobility diameter, | Slip correction,
i
Z;+AZ; Z; Zi-AZ; d;, -4 [nm] Sc(d;,-1) [-]

16 1,25E-04 1,13E-04 1,02E-04 169,61 2,06

17 1,02E-04 9,27E-05 8,34E-05 192,86 1,92

18 8,34E-05 7,58E-05 6,82E-05 220,10 1,79

19 6,82E-05 6,20E-05 5,58E-05 252,21 1,68

20 5,58E-05 5,08E-05 4,57E-05 290,28 1,58

2 45705 415565 3;74E=05 335;63 156

2p 3,74E-05 3,40E-05 3,06E-05 389,94 1,42

2B 3,06E-05 2,78E-05 2,50E-05 455,21 1,36

24 2,50E-05 2,27E-05 2,05E-05 533,92 1,30
NOTE Commercial data inversion programs often use a fixed interval scheme in ithe’ diameter rggime
(e.g. logarithmically equal size intervals Alog(d;, - 1) = constant). This requires an additional calculationfstep:
mapping thefraw CPC concentration data into this set of size intervals. Since this st€p,i$ not necessary fqr the
step-by-step data inversion demonstrated here, it is omitted.
Since a bipdlar charge conditioner with a radioactive 85Kr ion source \#ds used in the measurements,
and since the centre electrode polarity of the DEMC was negative, theycharging probability f, _ 1(d} , - 1)
was calculated using Formulae (A.10) and (A.11) with the coefficients for p = +1 in Table A.3 and ajn ion

mobility rat

Size depend

jo of 0,875 (see Annex A).

ent particle penetration through the system £(d; , _ ;) will be calculated based on the

final particle size distribution including multiple chargescorrection in D.2.5. For the calculation|step
demonstratgd here, P(d; , - 1) is set to a value of 1 for all\measurement intervals 1.

Table D.6 shows the results of the calculation of';"_ 4(d;, - 1) and finally the particle concentration
AN, osc (di’ 7:1) by Formula (D.19) for each data‘acquisition interval i in the sample inlet flow g into
the DEMC.

Table D.6|— Result of the calculation of the particle number concentration in the inlet flow of
the DMAS dssuming that all particles in the outlet flow are singly charged. This calculation does
not include diffusion losses (i.e. P(d; , - 1) = 1 for all intervals i)

{ |dip-q nmi Sy 1([‘_1i',p =1 nCPC([‘_j:i',p =1 N ; [em™3] ANz,fcsr(r:l(figi, =1

1 31,52 0,125 1 2,42E+02 3,85E+03
Y, 35,01 0,136 1 3,58E+02 5,29E+03
3 38,89 0,146 1 5,04E+02 6,91E+03
4 43,24 0,156 1 6,54E+02 8,38E+03
5 48,10 0,166 1 8,36E+02 1,01E+04
6 53,55 0,176 1 1,01E+03 1,15E+04
7 59,68 0,185 1 1,13E+03 1,23E+04
8 66,57 0,193 1 1,23E+03 1,27E+04
9 74,35 0,200 1 1,23E+03 1,23E+04
10 83,16 0,207 1 1,12E+03 1,08E+04
11 93,15 0,212 1 1,00E+03 9,48E+03
12 104,52 0,215 1 8,53E+02 7,94E+03
13 117,53 0,217 1 6,37E+02 5,88E+03
14 132,45 0,217 1 4,74E+02 4,37E+03
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Table D.6 (continued)

i di,p -1 [nm] fp = 1([‘_1]i,p = 1) T]CPC([‘_i]i,p = 1) N3,i [cm‘3] ANZ E)cslgl(d 1)
15 149,66 0,215 1 3,13E+02 2,91E+03
16 169,61 0,211 1 1,89E+02 1,79E+03
17 192,86 0,206 1 1,06E+02 1,03E+03
18 220,10 0,199 1 5,58E+01 5,60E+02
19 252,21 0,190 1 2,52E+01 2,65E+02
20 290,28 0,181 1 1,04E+01 1,16E+02
21 335,63 0,170 1 3,99E+00 4,70E+01
22 389,94 0,159 1 1,26E+00 1,59E%01
23 455,21 0,147 1 3,52E-01 4,78E+00
24 533,92 0,136 1 8,55E-02 1,26E+00

.p Multiple charge correction

is data acquisition and calculation example, the largest data acquisition interva

particles is i = 24. Due to the nature of the aerosol measured in this-example (log-normal

distn
inter
N3 o4
by af

AN.

and

recti

The

of m
thos¢

2,

Undse
COrry
Thes|

val i = 24 does not contain larger, multiply charged partieles. All particles in the intery
are therefore considered singly charged; AN,(dy, , - 1 }for the interval i = 24 is correct]

suming only single charges, i.e. AN, /¢ (d24 p=1 )=AN2 0sC (d24 p=1 ), where the subs

Mcc Stands for “with multiple charge correction®

r steady-state charge conditions there are;However, multiply charged particles with
bsponding to dy, , - 1 which - due to their number of charges - have higher electrica
e particles are attributed to those data acquisition intervals i with respectively matchir
accordingly, smaller diameters d;, (4 < dyy , - 1- The purpose of multiple charge cor
fy this by subtracting these contributions from the intervals i with matching mobility.

index kis used in this exampleto identify the data acquisition interval from which the ¢
hitiply charged particles ‘to' be corrected in any interval i originate, while the indey
b data acquisition intervals from which these contributions will be subtracted. Hence

applies.

Fron
rang

Start

| the point of view-of accuracy, considering up to p = 6 charges per particle will suffice i
e of most DMASS.

d

6
ing with™k'= 24, there are %AN2 ( 24,p=1 )'szz fp (d24’p ) particles per unit volume w

containing
humber size

ibution) and due to the cut-off characteristic of the pre-conditioner it can be assumed that the

ali=24,1i.e.
y calculated
cript MCC in

a diameter
| mobilities.
1g mobilities
rection is to

bntributions
i describes
i < k always

h the typical

hich - due to

their| higher electrical mobility - are contained in N3 ; in data acquisition intervals i < 24. Figure D.3
shows-the relation between the mnhﬂlhr intervals ”.r rﬂ and-the data QqullC]fI{\h intervals i for the case

of k = 24. The boundary mobilities of any mobility 1nterval for singly charged particles [k, p = 1] define
the boundaries of the mobility intervals [k, p > 1] containing particles with p charges, which are
calculated by multiplying the boundary mobilities of interval [k, p = 1] with the number of charges p as:

Zk,p iAZk,p zp'(Zk,pzl iAZk,pzl )zp'Zk,pzl (1iﬁDEMC ) (D.21)

For k = 24, doubly charged particles (p = 2) fall into data acquisition intervals i = 20 and 21, and triply
charged particles (p = 3) fall into data acquisition intervals i = 18 and 19. The multiply charged particles

AN, <d24‘p:1 )~fp (d24‘p) with p > 1 that are contained in the intervals of [k, p > 1] need to be subtracted

from AN, 4o (dp:1 ; ) , i.e. the particles calculated assuming the only singly charged particles, in the
matching data acquisition intervals i. For particles in the interval k = 24, the charge correction for
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multiply charged particles with p = 2 to p = 6 elementary charges affects data acquisition intervals
i=21to15.

The mobility boundaries for [k, p = 1] match the boundaries of the data acquisition interval i = k, i.e.

TAZ

Zy pt ¥y =2 FAZ (D.22)

i=k —=~i

The boundaries for [k, p > 1] do not match the boundaries of any data acquisition intervals i. However,
with the gapless mobility scheme used for data acquisition in this example, each mobility interval [k,
p > 1] is always completely covered with a pair of two neighbouring data acquisition intervalsiandi- 1.
The insert in Figure D.3 shows the example case of k=24, p = 2,and i = 21 and 20.

p
7
k=28}
6 'P 1
k=24
p=5i |
5 1 ——t—t————t——
k=24 i
p=4: &
4 1 —f—
k=24 A
p=3 1 v
3 1 — e
2 . ; E E | E: | :: | : | | | | | | | | |
| o :: 1 |: 1 : N 1 1 1 1 1 1 1 1
1 - SELTE 72 A5 S - —
19 18 17-16 15 14 13 12 11 10 9 8 7 6
1,0E-05 1,0E-04 1,0E-03 ¥
Key
Z  electrical mobility [cmZ2/(V s)]
p  elementary charge per particle
Figure [D.3 — Example for the multiple charge correction scheme applied to the particle
concentration measured in intervals i = 20 and 21, resulting from multiply charged partidles
originating from interval k = 24
A simple mability weight w; ,, , is used to determine the fractions B/A and C/A of the multiply chgrged

particles which are to be subtracted from the neighbouring data acquisition intervals i andi-1,
respectively (Figure D.3). For example, w;_ 1 - 24,, - » describes the fraction of the particle concentration

. 1 o .
of doubly charged particles EANZ(dZAL,p:l )~fp:2 (d24,p=1)/fp=1 (d21,p:1) originating from interval

k = 24, which is to be subtracted from the particle concentration AN, - (d21 p:l) derived for the data

acquisition interval i = 21 assuming singly charged particles (see Table D.6).

A:(Zk=24,p=2 +AZk:24,p=2 )_(Zk=24,p=2 _AZk:24,p=2 )ZZAZk=24,p=2 :z(z'zk:24,p=1 Bpemc )

B=(Z_5 +AZ;_», )_(Zk=24,p=2 ~AZy 24 p=2 )=Zi=21 (1+Bpemc )_Z'Zk=24,p=1 (1-Bpemc)
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Similarly, for a data acquisition interval i, the weight w; ,

ISO 15900:2020(E)

C:(Zk=24,p:2 +AZ) 94 p=2 )_(Zi:21 +AZ; o4 ):Z'Zk=24,p=1 (1+Bpgmc )~ Zizz1 (1+ Bpemc )

Zi51 (1+ Bogmc ) =2 Ziz4,p1 (1= Ppgmc)
2(Z'Zk=24,p=1 Boemc)
C_. B_ 2:-Zy94,p1 (1+ Bpgmc )= Zia1 (1+ Bppmc)
2(2 Zk=24,p=1rBDEMc)

_B
A

Wi=21 k=24 p=2=

—20 k 24,p—2 A A

For the case: Z; -(1+ Bpgyc )2P-Zy py (1= Pogmc )22 (1= Bpgmc )

Z; (1+Bpguc )_p'Zk,p=1 (1-Bpemc)

2‘P'Zk,p=1ﬁDEMc
For the case: Z;-(1+Bpgc )2P 2y ey (14 Bpgmic )2Z; (1= Bpemc )

PZy p1 (1+Bppmc )—Z; (1+Bpgmc)

2:p- Zk,p:lﬁDEMC

ikp~

V; k,p

NOTH The case in Formula (D.23) corresponds to w = B/A\in Figure D.3. The case in Fo
corrgsponds to w = C/A in Figure D.3.

Similarly, for each data acquisition interval i, the ratio“f the charge distribution function
diameter dj , _ ; to the charge distribution function-for p = 1 at diameter d;, _ ;, multi
respective welght Wi k.p needs to be calculatedin ‘order to finally correct the number c(

bsc (di p=1 ) . The correction factor, Gi’k, issindependent of the measured concentrations

) zp_zf (e ot 4071

)

& k=

f—( i,p=1

Tablg¢ D.7 shows the calculation of 9 k for k = 24.

D

is calculated with the following formulae:

(D.23)

(D.24)

rmula (D.24)

forp>1at
lied by the

ncentration

(D.25)

Tabple D.7 — Example g¢alculation of the parameter 6, , for multiply charged particles for the

interval k=24 withp<6

So\doap)
+24 Foa(d pg) 7
i=23 i=22 i=21 i=20 i=19 i=18 i=17 i=16 i=1p i=14
PIF2 0 0 0,2697 | 0,2333 0 0 0 0 0 0
p=3 0 0 0 0 0,1190 | 0,1138 0 0 0 0
p=4 0 0 0 0 0 0,0079 | 0,0835 0 0 0
p=>5 0 0 0 0 0 0 0 0,0291 | 0,000 7 0
p=6 0 0 0 0 0 0 0 0,0005 | 0,007 4 0
ei'k:24 0 0 0,2697 | 0,2333 | 0,1190 | 0,1217 | 0,0835 | 0,0296 | 0,008 1 0
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Since 6, does not depend on the particle number concentration and since the multiple charge correction
itselfis, concentration wise, only depending on the singly charged (p = 1) particles in the intervals k and
i <k, the multiple charge correction becomes

AN, di,pzl ):ANz,osc (di,pzl >_AN2,MCC (dk,pzl )'ei,k (D.26)

2,MCC (

Table D.8 shows the results of the multiple charge correction calculation following Formula (D.26) for
the initial calculation step at k = 24.

Table D.8 — Example for the initial calculation step of the multiple charge correction
for myItiply charged particles originating from interval k = 24 with p < b, according to
Formula (D.26)

k=24 i=23 | i=22 | i=21 | i=20 | i=19 |i=18 | i=17 |i=16 | i=15 | i 14
AN mce dk,P:l) 1,26 1,26 1,26 1,26 1,26 1,26 1,26 1,26 1,26 126

[cm-3]

0i,k:24 0 0 0,2697(0,2333/0,1190{0,121 7 {0,083 510,029 60,008 1 0

AN, osc (d; [y ) [em=3]| 478 | 159 | 470 | 116 | 265 | 560 | 1Q30 | 1790 | 2910 | 4B70

AN mcc (Zi'le) 4,78 159 46,7 116 265 56@) 171030 | 1790 | 2910 | 4B70
[em~]

In the sam¢ way, the multiple charge correction calculationrbased on measurement intervalg k is
continued dpwnward from k = 24 to k = 1. While k is stepwise reduced, the correction propagatesfwith

) . For every new step, the former value of AN, /- (d

every new cdalculation of ANZ,MCC (d i p=1

i,p=1
k becomes |the next AN, jqc (di,pzl) for k - 1, i.e. [ANz,osc(di,pzl )]k—l =[AN2‘MCC(dI.'p:1 )]k The

calculation follows Formula (D.27).

[ANZ,MCC (di,pzl )]k—l :[ANZ,MCC (di,pzl )]k —AN; vec (dk—l,pzl )'ei,k—1 (b.27)

Figure D.4. illustrates the propagatien-ef the correction with decreasing k.

%U ‘ k=24
%\ AN, 2,MCC (di,p=1) = AN, Z,OSC(di,p=1)_AN Z,MCC(d24,p=1) ! 91‘,24

<D k=23
& i

ANZ,MCC (di,p=1 )= ANZ,OSC(di,p=1)_ANZ,MCC(d23,p=1) ' 9:’,23

% AN, 2,MCC (di,p=1 ) = AN, 2,0SC(di,p=1) -AN, Z,MCC(dZZ,p=1) ’ 91’,22

ANz,Mcc (di,p=1) = ANz,osc(di,p=1)'ANz,Mcc[dl,p=1) ’ 01‘,1 k=1

Figure D.4 — Illustration of the step by step calculation of AN, /. (d ) fork=24tok=1

i,p=1
and the correction propagation with decreasing k
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The multiple charge corrected particle number concentration ANZ,MCC (d ) in this example is

i,p=1
calculated for up to 6 particle charges and k = 24 as the largest measurement interval. Table D.9 shows
the result of this calculation.

Table D.9 — Result of the calculation of the particle number concentration in the inlet flow of
the DMAS including multiple charge correction (MCC)

i d; - [nm] AN osc (di,pzl) AN3 Mcc (di,pzl)
[cm~3] [cm~3]

T 31,52 3,835E+F03 3,80E+F03

2 35,01 5,29E+03 4,73E+03

3 38,89 6,91E+03 6,13E+03

4 43,24 8,38E+03 7,36E+03

5 48,10 1,01E+04 8,82E+03

6 53,55 1,15E+04 LO1E+04

7 59,68 1,23E+04 1,08E+04

8 66,57 1,27E+04 1,12E+04

9 74,35 1,23E+04 1,09E+04

10 83,16 1,08E+04 9,63E+03

11 93,15 9,48E+03 8,51E+03

12 104,52 794E+03 7,24E+03

13 117,53 5,88E+03 5,41E+03

14 132,45 4,37E+03 4,08E+03

15 149,66 2,91E+03 2,74E+03

16 169,61 1,79E+03 1,71E+03

17 192,86 1,03E+03 9,92E+02

18 220,10 5,60E+02 5,45E+02

19 252,21 2,65E+02 2,59E+02

20 290,28 1,16E+02 1,14E+02

21 335,63 4,70E+01 4,67E+01

22 389,94 1,59E+01 1,59E+01

23 455,21 4,78E+00 4,78E+00

24 533,92 1,26E+00 1,26E+00
NOTH The"particle number concentration AN, vice (di,p=1) with multiple charge correction| can become
negafive in Some intervals. While negative concentrations are physically impossible, this effect can|be caused by
(a) the_simplification iscretization or he inherent m rement uncertainty in Ns; in all ineasurement

intervals.

D.2.6 Diffusion loss correction

This correction follows 5.6 and Annex I. The DMAS is separated into four sections, which are
characterized - with respect to the diffusion losses - by their equivalent length and flow rate. Table D.10
shows these sections, their equivalent length and the flow rate.

Table D.10 — Sections of the DMAS for diffusion loss correction

Section Description Equivalent Ly, [m] q [1/min]
1 Pre-separator (Impactor) 2,1 1
2 Tubing to DEMC incl. charge conditioner 1,84 1
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Table D.10 (continued)
Section Description Equivalent Ly, [m] q [1/min]
3 DEMC 71 1
4 Tubing from DEMC to CPC inlet 0,25 1
Equivalent length for the complete DMAS 11,29 1

To calculate the penetration through the system, the equivalent lengths of the four section are added
to give the total equivalent system length. This is in line with the way that each of equivalent length of
the individual sections, were obtained (Wiedensohler et al. 2018 [Z3]). Formulae (I.1) to (1.4) are used:

u(@i% 0p.28)
D(d):_I'M (p.29)
e T :

for u(d) [k 0,02:

Prope (A)=1-2,5638-u(d)*> +1,2-u(d)+0,1767-u (d)** (b.30)

for u(d)p 0,02:

—
QL
~

Prupe (d)=0,81905.673:65684(d) +0,09753.¢722:3051(d) 1.9,0325.-6756-9614(d) +0,01544- 107,624
(D.31)

From the penetration P(d) = Pp,,.(d), the diffusion loss corrected particle number concentrption
AN, vee pLd (di,pzl) at the inlet of the DMAS js-cdlculated following Formula (D.32):

AN. d
ANZ,MCC,DLC (di,pzl): ZPI\ZZC( I;) 1)
i,p£l

Table D.11 shows diffusion loss.parameters u(d

(P.32)

ip=1) and D(d;, _ 1), as well as P (d; , - 1), the resylting

diffusion lpss corrected cpemietration through the DMAS. In addition, AN, e (dl. p=1 and

AN, vice pLd (di,pzl) are{given.

Table D.11 —Calculation of the particle penetration P(d; , _ ;) through the DMAS and the
resulting diffusion loss corrected particle number concentration at the inlet of the DMAS

; P B(dig’ —3 pld, ) P(d, ) ANy yreeld o) AN yeenreld ) - 1)
[nm] [m?/s] [] [] [cm-3] [cm-3]
1 31,52 5,83E-09 1,24E-02 0,878 3,80E+03 4,33E+03
2 35,01 4,77E-09 1,02E-02 0,892 4,73E+03 5,30E+03
3 38,89 3,90E-09 8,31E-03 0,905 6,13E+03 6,78E+03
4 43,24 3,19E-09 6,80E-03 0,916 7,36E+03 8,03E+03
5 48,10 2,61E-09 5,56E-03 0,926 8,82E+03 9,52E+03
6 53,55 2,14E-09 4,55E-03 0,935 1,01E+04 1,08E+04
7 59,68 1,75E-09 3,72E-03 0,943 1,08E+04 1,14E+04
8 66,57 1,43E-09 3,05E-03 0,950 1,12E+04 1,18E+04
9 74,35 1,17E-09 2,49E-03 0,956 1,09E+04 1,14E+04
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; dip-1 D(df ) pld;,-1) P(d;,-1) AN, mcc(dip=1) | ANz mcepLc(@ip=1)
[nm] [m*/s] [] [ [em™3] [cm™3]
10 83,16 9,58E-10 2,04E-03 0,961 9,63E+03 1,00E+04
11 93,15 7,84E-10 1,67E-03 0,966 8,51E+03 8,81E+03
12 104,52 6,41E-10 1,36E-03 0,970 7,24E+03 7,46E+03
13 117,53 5,25E-10 1,12E-03 0,974 5,41E+03 5,56E+03
14 132,45 4,29E-10 9,14E-04 0977 4,08E+03 4,18E+03
15 149,66 3551E-16 TA4B8E=0% 5,986 2574E+03 2-80E+03
14 169,61 2,87E-10 6,12E-04 0,982 1,71E+03 1+T4E+03
17 192,86 2,35E-10 5,00E-04 0,984 9,92E+02 1,01E+03
14 220,10 1,92E-10 4,09E-04 0,986 5,45E+02 5%3E+02
19 252,21 1,57E-10 3,35E-04 0,988 2,59E+02 2,63E+02
2( 290,28 1,29E-10 2,74E-04 0,990 1,14E+02 1,15E+02
2] 335,63 1,05E-10 2,24E-04 0,991 4,67E+01 4,71E+01
27 389,94 8,62E-11 1,83E-04 0,992 1,59E+01 1,60E+01
2] 455,21 7,05E-11 1,50E-04 0,993 4,78E+00 4,82E+00
24 533,92 5,77E-11 1,23E-04 0,994 1,26E+00 1,27E+00
D.2.Y Final result

Finally, Table D.12 shows the result of the data™“inversion including multiple chargg

and

distribution function; by convention, normalized to Alog(d;
for example, Formula (D.8) is normalized to Ad. This normalization is most commojn in aerosol

n in,

diffusion loss correction. The last column An Table D.12 shows the number concer
ip = 1)» while the size distribut

scier|ce because size distribution graphs afe generally plotted over a logarithmic size scale.

correction
tration size
on function

Alog(dz,p = 1)

is calculated following Formula (D.33):
di,pzl,max
Mlog(d; ,q ))=108(d; g e ) 108 oy pin ) =108 22— (D.33)
i,p=1,min
Table D.12 — Final'’sesult of the data inversion including multiple charge correctjon and
diffusion loss correction
i ip=1 AN,, MCC(dt p=1) Pip=1) | AN,y DLC(dlp 1) | Alog(d;,-1) | ANz mcqpLc(d;p=1)/
[nfn] [em=3] -] fem=3] [l Alog(d]), - ;) [cm™3]
1 31,52 3,80E+03 0,878 4,33E+03 4,54E-02 9,h5E+04
2 35,01 4,73E+03 0,892 5,30E+03 4,56E-02 1,l6E+05
3 34,84 CER T SRCHIS 6,78E+03 4,59E-02 1h8E+05
4 43,24 7,36E+03 0,916 8,03E+03 4,61E-02 1,74E+05
5 48,10 8,82E+03 0,926 9,52E+03 4,65E-02 2,05E+05
6 53,55 1,01E+04 0,935 1,08E+04 4,68E-02 2,31E+05
7 59,68 1,08E+04 0,943 1,14E+04 4,73E-02 2,42E+05
8 66,57 1,12E+04 0,950 1,18E+04 4,78E-02 2,47E+05
9 74,35 1,09E+04 0,956 1,14E+04 4,83E-02 2,36E+05
10 83,16 9,63E+03 0,961 1,00E+04 4,89E-02 2,05E+05
11 93,15 8,51E+03 0,966 8,81E+03 4,97E-02 1,77E+05
12 104,52 7,24E+03 0,970 7,46E+03 5,05E-02 1,48E+05
13 117,53 5,41E+03 0,974 5,56E+03 5,14E-02 1,08E+05
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Table D.12 (continued)

i ip=1 AN mccld;p=1) P-4 ANz mceoLgip=1) | Alog(d;,-1) | ANz mccpLc(dip=1)/
[nm] [cm™3] [-1 [cm™3] [ Alog(d; , - 1) [cm™3]
14 132,45 4,08E+03 0,977 4,18E+03 5,25E-02 795E+04
15 149,66 2,74E+03 0,980 2,80E+03 5,37E-02 5,22E+04
16 169,61 1,71E+03 0,982 1,74E+03 5,51E-02 3,16E+04
17 192,86 9,92E+02 0,984 1,01E+03 5,66E-02 1,78E+04
18 220,10 5,45E+02 0,986 5,53E+02 5,83E-02 9,48E+03
19 252,21 2,59E+02 0,988 2,63E+02 6,01E-02 4,37E+03
20 2p0,28 1,14E+02 0,990 1,15E+02 6,21E-02 1,86E+03
21 3B5,63 4,67E+01 0,991 4,71E+01 6,41E-02 7,34E%02
22 3B9,94 1,59E+01 0,992 1,60E+01 6,62E-02 2,42E+02
23 455,21 4,78E+00 0,993 4,82E+00 6,83E-02 7,05E+01
24 5B3,92 1,26E+00 0,994 1,27E+00 7,03E-02 1,80E+01
The resultirg particle number size distributions normalized to Alog(d; , - ;) @r¢-Shown in Figure D.5.
The three gi a_phs in B%DS show AN,(d; , - 1)/Alog(d,-,p -1) with01_1t corrections_ (assuming only singly
charged particles), with multiple charge correction (MCC), and with both.multiple charge correftion
and diffusion loss correction (MCC and DLC), respectively.
Y
3.0E+0p
"‘
B e -] —m— —
2.5E+0b 4 ,’AA \\ i 1 2 A 3
IIIA A\‘b
’/ \
2.0E+0f / \
/! e
7 :
1.5E+05p H v
\“
1.0E+0p / 3
5.0E+0ft -
00E+0 T T T T T | S T —>
10 100 1000 X

Key
X mobility diameter d [nm]
particle number size distribution AN, /Alog(d) [1/cm?3]

Y

no MCC or DLC
2  with MCC
with MCC and DLC

Figure D.5 — Calculated particle number size distribution AN,/Alog(d) in the sample aerosol
flow q, of the DMAS, with and without multiple charge correction (MCC) and diffusion loss
correction (DLC)
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Annex E
(informative)

Cylindrical DEMC

Geometry of cylindrical DEMC

e DEMC as excess flow (q,), a fraction (gq3) is withdrawn as mobility selected aerosol f

rtor. The flow in the DEMC from the point where aerosol enters to the point where g5

is laminar. The inner or outer electrode is maintained at a voltage ({)-while the count

is gr|

throygh field free regions. Over the effective length (L) between the inlet of g, and the
the garticles are exposed to the electric field produced by the yoltage (U). The thin lines i

indig

with

© ISO

the instrument, described in E.2.

jematic diagram of a cylindrical DEMC is shown in Figure E.1. A clean sheath flow)(g)) surrounds
nnular region around the centre rod. The sample aerosol flow (g,) enters as aythin gnnular flow
ent to the outer cylinder. While the majority of the flow exits through holes in the bofftom closure

ow through

fumferential slot located near the bottom of the centre electrode. This flow{q3) goes tg the aerosol

is extracted
er-electrode

punded. The sample aerosol flow (q,) enters, and the mobility, selected aerosol flow (q3) leaves

outlet of g3,
n Figure E.1

ate trajectories of charged particles which define the critical mobilities Z;, Z,, Z; and Z, associated
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q; sample aerosol flow r, radius of the outer electrode
q3 mobility selected aerosol flow U voltage
qs exceqs flow
Figure E.1 — Schematic diagram of a cylindrical DEMC
E.2 Transfer function
The quantitjes’Z;, Z,, Z; and Z, are the critical mobilities of a charged particle which will folloy the
critical trajpctories shown in Figure E.1. These critical mobilities, determined by the instrument
geometry and operating conditions of the DEMC, are given by:
+q,— + -
1:‘71 1 q3’ 2:‘11 ‘12’ 3:‘71 93 Z,= gl (E.1)
2n-AD 2n-AD 2n-AD 2n-AD
where A® is a function of the geometry and the supply voltage of the DEMC.
For a coaxial cylindrical DEMC, A® is defined as:
L-U
AD= (E.2)
)
In| =
where
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ryandr, 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(Z) 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 q,, or, in other words, the probability that an aerosol particle which enters the DEMC at the aerosol
inlet will leave via the detector outlet:

llV’ '113
Y. (E3)
N, (Z)'CIZ

whete N, and N; are the particle number concentrations entering the DEMC with ¢, and leaving the
DEM[ with g5, respectively. If the DEMC is set to the voltage U*, the transferfunction {2(Z) can be
writfen as:

Q(2)=0  fZ<ZyorZ,<Z (E.4)
1|, 2nLU
R(Z)y=—|Z————(q, - if Z, <Z <min(Z,, Z, E.5
(Z) qz{ ln(rz/rl) (ql %)} 3 (21, Z,) (E.5)
0 (Z):min[l,q—3] if min(Z;, Z,) < Z < max(Z,Z3) (E.6)
£V
.Q(Z):i{q1 +q, - M} ifmax(Zy,7Z,)<Z<Z, (E.7)
a2 In(r, /ry)

The transfer function, 2(Z) of the DEM(C-isshown in Figure E.2. The left-hand-side diagrai shows the
case|where g3 > q,; the centre diagramyshows the special case where g3 = q,; and the right-hand-side
diagram shows 2(Z) for q; < q,.

Q(2) 0(2) Q(2) Z, 7,
I I I I I
Z4>Zl Z4=Z1 ‘74<Zl
43> q2 43 =q> q3<q>
1 1 1
93/9
D | | 0 | 0
Key
Z electrical mobility

Q(Z) transfer function

Figure E.2 — Transfer function for a coaxial cylindrical DEMC
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The transfer function has the form of a truncated isosceles triangle centred around:

_ Zy+Zs _ Zi+Z, _ 2q;+q,-q3 q;+q, In

Z=2V7)= 2 smnd iy m2/n) (E8)
where
Z* isthe electrical mobility of the target particles;
U* is the voltage potential on the DEMC that corresponds to the mobility Z*.
From Figurd E-2and Formula (E.1J, the mobility resolution Z/AZ of the DEMCT1s delfined as:
Z _ZtZ3 _2q,+q;~q3 _q;+4, (E.9)
AZ  Zy-Z3 a3 943

In the case d
resolution s

If the DMAS
have a singlg
function f(Z]

where dN,(J
of the centrn

fre-circulating the excess flow to the sheath flow (g, = q4, which forces ¢35743), the mo
mplifies to Z*/AZ = q,/q, withZ" =q, -In(r, /1 )/(21t-L~U* ) :

is used to measure a particle size distribution, the particles entering the DEMC wi
e mobility Z. Instead, a mobility distribution will enter the DEMC)If the mobility distrib
) of the aerosol particles entering the DEMC is defined as:
N, (Z)

dz

/) is the number concentration of all charged aerosol particles with the opposite pol
e electrode of the DEMC in the mobility range from Z to Z + dZ, then the total nu

concentratign of particles N;(U*) leaving the DEMC with the mobility selected aerosol flow g5 is:

*

N.

3(U

)

With Q from

(v')

(E.12)

N

where Z, = 11

Once the flo
as an indep4

L92 1 0(2,0%) f(2)dz
43

Formulae (E.4) to (E.7), Forimula (E.11) becomes:
{z

nin(Z,, Z,) and Z, = max(Z,, Z,).

il

2n-LU” _ Z z
. B )_(ql ~qy )}f(Z)dZ+m1n(q2,q3)jzab f(Z)dZ+J.Zb2 {ql +q,—Z

2n-L-U"
ln(rz /n )}f

In(r, /ry

ws aresset, any one of the critical mobilities Z;, Z,, Z; and Z, in Formula (E.12) can be {
ndentvariable and is physically varied by changing the voltage, U*.

drl o £077) 3 Py

hility

] not
1ition
£.10)
arity

mber

E.11)

(Z)dZ}

aken

Ifitis assu

wlsz PENPSY GO S RN 5 NNETOWN N B E-EOY SR | £(7
CUtraty(ZJ s 1edarty COTS tarrt i cot oDty THTCT vV aTS OT(Z73)

reduces to the approximation:

Ny

(

U*)Emin(l,Z—z}UZZ: f(z)dZ+jZZabf(z)dZ+jZZbc f(Z)dZ}Emin[l,q

a3

where Z; =%-|:Zg+min(Z1 Z, )} and Z_ :%-[Zz+max(Z1 Z, )}
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If g, = q, (which forces g, = q3), the mobility Z; equals Z,. The transfer function becomes symmetrically
triangular and Formula (E.13) further reduces to:

N, (U*);J’ZZ:f(Z)dZ%_[Zf(Z)dZ (E.14)

The above analysis is based on the assumptions that
a) particle inertia and Brownian motion may be neglected,

b) the flow is laminar, axi-symmetric and incompressible, and

c) the space charge and its image forces are negligible.

An apalysis including the influence of Brownian motion can, for example, be found 'in Kqusaka et al.
(198p) (011, Stolzenburg (1988) [42], or Hagwood et al. (1999) [23], Stolzenburg and McMurry (2008) [64]
intrdduced a simple approximation with a lognormal function for the DEMC transfer fun¢tion for the
case [(when particle diffusion is significant.

E.3 | Uncertainty calculation for Z*

The iInfluence parameters for the centre particle mobility follow ffrom Formula (E.8)]:
. 2q,+q,— r

4 :Mln 2 (E.15)
4nLU n

This|formula describes the static situation of the *electrical mobility for the monodispg¢rse aerosol
and not the uncertainty in the scanning mode. Thé&following assumptions allow the calcu]ation of the
unceftainty of Z* All uncertainties, u,, in (x * uy)-are given as standard uncertainties (coverage factor
k = 1); the percentage contributions to the total uncertainty are given below.

— $heath flow q; = (3,00 £ 0,06) I/min[volumetric flow, including fluctuation, and devigtions due to
dtmospheric pressure and air temperature) contributes with 88 %.

— Yoltage U (standard uncertainty of 0,5 %, negligible fluctuations) contributes with 6 %j.
— Length L (standard uncértainty of 0,5 %) contributes with less than 1 %.

— [Electrode diametefsy”; and r, (standard uncertainty of 0,1 % and 0,06 %) contribute with less
than 1 %.

— $ample aerqselflow g, =(0,300+0,006) l/min (volumetric flow, including fluctuation, an{d deviations
dlue to atmgspheric pressure and air temperature) contributes with less than 1 %.

fluctuation
btion for the

— 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, r; 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) [18] and
Mulholland et al. (2006) [42],
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Annex F
(informative)

Example certificate for a DMAS particle size calibration

Name and Address of the Institution Issuing the Certificate

DMAS

DMAS

DMAS

Ordel

b Model:

 identification / serial number:

b configuration details:

' number:

Descrjiption:

O Dyna

of a DMAS Model xxxx

(acco

O Statid

rding to ISO 15900:2020, 8.6.4)

particle size calibration

of a DMAS Model xxxx

(acco

ding to ISO 15900:2020, 8.6.5)

ic or static particle size calibration

Date of calibration:
(Certificate}Referenee: Page1-of3
Date of Issue: Signed: (Authorized signatory)
Checked by: Signed: for Managing Director
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Date of instrument receipt in calibration room:

(Calibration institute’s) instrument identification number:

DMAS model and serial number:

DEMC model and serial number:

DEMC voltage polarity:

Charge conditioner model and serial number:

Particle detector

type and serial number:

(optional) calibration certificate and date:

Result of initial instrument inspection:

Result of instrument functionality test:

S software (system control):
S software (data analysis):
C sheath flow:

C sample aerosol flow:

S inlet impactor D, value:
C voltage range:

C size range:

ber of size bins:

1 delay time:

C Voltage scan ratel:

1 time between scans:

ace timel:

th of tube between DEMC outlet and counting device inlet:

eter of tube between DEMC outlet and counting device inlet:

Sample gas properties during test
pressure:
temperature:
humidity:
1 required for dynamic DMAS particle size calibration only

Reference:

Checked by:

Page 2 of 3
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Manufacturer(s), lot number(s) and/or certificate number(s) of particle size standard(s) used:

1

2
3
4

Table of

results for dynamic particle size calibration:

numb

ering of particle size standards 1 2

certif
ard(s)

ed diameter(s) of particle stand-
d, (nm)

relatiy
stand

e standard uncertainty of particle
ard, U, ... (d.) (%)

avera

be of the median diameters, d (nm)

relatiy

e error € (d.) (%)

Table of]

results for static particle size calibration:

certif

ed diameter of particle standard, d. (nm)

(optional) corresponding electrical mobility, Z, (m?2/Vxs)

stand

hrd uncertainty of particle standard, u,..(dJ;{im)

corre

‘tion factor ¢ (dimensionless)

combi

ned standard uncertainty u.(d_) (nm)

Observ

ations/comments:

Reference:

Checke

d by:

Instrument return‘date:

Page 3 of 3
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