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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 CHIERE—S ptended—for-tts—further-maintenance are
described in the ISO/IEC Directives, Part 1. In particular the different approval criteria Yiepded for the
diffefrent 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 documéntmay be the subject of
patent rights. ISO shall not be held responsible for identifying any or all suchpatent rights. Details of any
patent rights identified during the development of the document will be(in the Introductign and/or on
the IFO 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 on the meaning of ISO specific termis and expressions related to| conformity
assegsment, as well as information about ISO’s adherence t0-the WTO principles in the Technjcal Barriers
to Trpde (TBT), see the following URL: Foreword — Supplementary information.

The gommittee responsible for this document is 1ISO/TC 24, Particle characterization including sieving,
Subcpmmittee SC 4, Particle characterization.
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Introduction

A condensation particle counter (CPC) is a measuring device for the number concentration of small
aerosol particles. The common principle of all different CPC types is that condensation of supersaturated
vapours is used to grow ultra-fine and nanoparticles to droplets of sizes that can be detected optically.
[44] The counting of the droplets is performed via optical light scattering. The droplet passes through
a detection area where it is illuminated by a focused light beam and a portion of the scattered light is
detected with a photodetector. The frequency of this event leads, with the known volume of sampled
air, to the particle number concentration. At low concentrations, the CPC counts individual particles and
allows an absolute determination of particle number concentration.

Commerciallly available CPCs employ different working fluids to generate the vapour, e.g. 1:butlanol,
2-propanol, or water. Moreover, different principles are in use to achieve the needed supersaturation
in the sample air. The most common CPC uses laminar flow and diffusional heat transfer, The diffjision
constant of the working fluid determines the needed heating or cooling steps to initiate,condensption
and hence, the principle design of a laminar flow CPC. Less common are turbulent mixing CPCs: in these
CPCs, the supersaturation is achieved by turbulently mixing the sample air with a particle free gas|flow
saturated wjith the working fluid. Figure 1 shows a schematic of the probably most common CPCjtype
with a laminar flow through a heated saturator and a cooled condenser.
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Figure 1 — Principle of a laminar flow CPC
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The accuracy of CPC measurements, however, depends on various influences. For example, if the flow
rate had an error, the concentration would have an error. Coincidence error at very high concentration,
inefficient activation of particle growth at very small sizes, and losses of particles during transport from
the inlet to the detection section are other possible sources of errors. For accurate measurement, the
CPC shall be calibrated.

“Calibration” of the CPC is usually done using a Faraday-cup aerosol electrometer (FCAE) as reference
instrument.[33][36] In many cases, the purpose of the “calibration” is to determine the limit of particle
detection at very small size. The FCAE has been used as the reference since the detection efficiency of
the FCAE was considered to be unity at any size. The detection efficiency of a CPC is determined as the
ratio of the concentration indicated by the CPC under calibration to that by the FCAE, while aerosols of
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INTERNATIONAL STANDARD ISO 27891:2015(E)

Aerosol particle number concentration — Calibration of
condensation particle counters

1 Scope

This International Standard describes methods to determine the detection efficiency of condensation
parti ' ' ' -3, together
with|the associated measurement uncertainty. In general, the detection efficiency will depend on the
particle number concentration, the particle size, and the particle composition. The particle sjzes covered
by the methods described in this International Standard range from approximately.5 nfm to {L 000 nm.

The methods can therefore be used both to determine a CPC calibration facterto be applied across the
rangg of larger particle sizes where the detection efficiency is relatively constant (the plateau efficiency),
and Yo characterize the drop in CPC detection efficiency at small particle §izes, near the lowler detection
limitf These parameters are described in more detail in Annex A.

The methods are suitable for CPCs whose inlet flows are betweenapproximately 0,1 1/min and 5 1/min.

This|International Standard describes a method for estimating the uncertainty of a CP(} calibration
perfgrmed according to this International Standard.

2 Normative references

The following documents, in whole or in part,dre normatively referenced in this docunient and are
indigpensable for its application. For dated-references, only the edition cited applies. For undated
referjences, the latest edition of the referenced document (including any amendments) applies.

ISO 15900, Determination of particle size distribution — Differential electrical mobility |analysis for
aerosol particles

3 Terms and definitions

For the purpose of thissdocument, the following terms and definitions apply.

31
aerojsol
system of solid or liquid particles suspended in gas

3.2

bipo!ar charger
particie charge conditioner to attain the equilibrium, kKnown size-dependent charge distribution by

exposing aerosol particles to both positive and negative ions within the device

Note 1 to entry: Exposing aerosol particles to an electrically neutral cloud of positive and negative gas charges
with sufficiently high charge concentration and for a sufficiently long period of time leads to an equilibrium with
the net charge of the aerosol nearly zero (also known as charge neutralization).

© IS0 2015 - All rights reserved 1
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calibration
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operation that, under specified conditions, in a first step, establishes a relation between the quantity
values with measurement uncertainties provided by measurement standards and corresponding
indications with associated measurement uncertainties and, in a second step, uses this information to
establish a relation for obtaining a measurement result from an indication

Note 1 to entry: A calibration may be expressed by a statement, calibration function, calibration diagram,
calibration curve, or calibration table. In some cases, it may consist of an additive or multiplicative correction of
the indication with associated measurement uncertainty.

Note 2 to en

ry: Calibration should not be confused with nr‘jncfmpnf of a mp:\cnring system, often mista

enly

called “self-c
Note 3 to ent
[SOURCE: IS
3.4

hlibration”, nor with verification of calibration.
Fy: Often, the first step alone in the above definition is perceived as being calibration.

0/1EC Guide 99]

calibration
charge con
the calibrat

3.5
calibration
material of {

3.6
charge con
concentrati

Note 1 to ent

Note 2 to ent
concentratio
volumetric F

Cy=Cq

EXAMPLE

aerosol
itioned and size classified primary aerosol with particle number, concentration adjuste
on measurement, as delivered by the flow splitter

particle material
he particles of the calibration aerosol

Centration
n of the net electrical charges per unit volumge

ry: Charge concentration is the measurand ¢fithe FCAE.

1, C;,, (e.g. in cm-3) or electrical current, Ircag, (e.g. in fA). Using the elementary charge, e, an
CAE inlet flow rate, qrcaEg, these\displayed values are related as follows:

e=Igcae /(arcag <€)

A charge concentration of 1 fC/cm3 corresponds to a charge number concentration of 6241

When the volumetric FCAE ixletflow rate is 1 1/min, the resulting electrical current is 16,67 fA.

3.7
charge con
process that

litioning
establishes a steady state charge distribution on the sampled aerosol

3.8

coefficient of variation

Cv

ratio of the standard deviation to the arithmetic mean value

39

coincidence error
probability of the presence of more than one particles inside the sensing zone simultaneously

d for

'y: FCAE measurement can be displayed as charge concentration, Cy, (e.g. in fC/cm3), charge nymber

d the

Note 1 to entry: Coincidence error is related to particle number concentration, flow velocity through the sensing
zone and size of sensing zone.

© ISO 2015 - All rights reserved


https://standardsiso.com/api/?name=de9dd2ecc359bc7bf81d10f3a5ab6ce3

ISO 27891:2015(E)

3.10

condensation particle counter

CPC

instrument that measures the particle number concentration of an aerosol

Note 1 to entry: The sizes of particles detected are usually smaller than several hundred nanometres and larger
than a few nanometres.

Note 2 to entry: In some cases, a CPC may be called a condensation nucleus counter (CNC).

Note 3 to entry: The CPC used as the reference instrument is called the “reference CPC” throughout this
International Standard.

Note @ to entry: The CPC under calibration is called the “test CPC” throughout this International StJndard.
[SOURCE: ISO 15900:2009, modified]

3.11
detection efficiency

n
ratiojofthe concentration reported by an instrumentto the actual concentxration at the inlet of the instrument

3.12
differential electrical mobility classifier
DEMC
classffier that is able to select aerosol particles according to their electrical mobility and pass them to its exit

Note |1 to entry: A DEMC classifies aerosol particles by balancing the electrical force on each paifticle with its
aerodynamic drag force in an electrical field. Classified "particles are in a narrow range of electfical mobility
determined by the operating conditions and physicalidimensions of the DEMC. Classified parti¢les can have
differfent sizes due to difference in the number of charges that they have.

[SOURCE: ISO 15900:2009, modified]

3.13
differential mobility analyzing systém
DMAS

system to measure the size (distribution of submicrometre aerosol particles consistirlg of a pre-
condiitioner, particle charge_tonditioner, DEMC, flow meters, a particle detector, interconnecting
plumbing, a computer, and software suitable for size-distribution calculation

[SOURCE: ISO 15900:2009, modified]

3.14
diffysion loss
reduftion _of particle number concentration due to thermal (or Brownian) and turbulent diffusion
trangpoft (e.g. to the walls of a transport tube)

3.15
electrometer
device that measures electrical current of about 1 femtoampere (fA) and higher

[SOURCE: ISO 15900:2009, modified]

3.16

equivalent particle diameter

d

equivalent diameter of the 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 International Standard always refers

to the electrical mobility equivalent diameter, which defines the size of charged particles with the same electrical
mobility or the same terminal migration velocity in still air under the influence of a constant electrical field.

© IS0 2015 - All rights reserved 3
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Faraday-cup aerosol electrometer

FCAE

electrometer designed for the measurement of electrical charge concentration carried by an aerosol

Note 1 to entry: An FCAE consists of an electrically conducting and electrically grounded cup as a guard to cover
the sensing element that includes aerosol filtering media to capture charged aerosol particles, an electrical
connection between the sensing element and an electrometer circuit, and a flow meter.

[SOURCE: IS
3.18

0 15900:2009, modified]

flow rate
quantity (vo

Note 1 to ent]
and pressure|

3.19
GSD
acronym us

3.20

laminar flow

gas flow wit

3.21
lower limit

dmin,ref
lower size li

Note 1 to ent
on the partic

3.22
monodispe
aerosol with

Note 1 to ejf
distribution.

Note 2 to entn

3.23
particle
piece of mat

Note 1 to enf

ume or mass to be specified) of a fluid crossing the transverse plane of a flow path perunit

ry: For the exact flow rate indication of gases, information on the gaseous condition (temper]
or the reference to a standard volume indication is necessary.

bd in this International Standard for geometric standard deviation

h no temporally or spatially irregular activity or turbulert eddy flow

of the plateau efficiency

mit for which a reference CPC can be appliedfor the calibration of a test CPC
Fy: This size limit depends on the CPC itself(but also to some extent on experimental condition|
e type.
rse aerosol

a narrow particle size distkibution

try: Monodispersity can“be quantified by the geometric standard deviation (GSD) of thg

y: In this Internatiohal Standard, the term “monodisperse” is used for the GSD less than or equal tqg

ter with defined physical boundary

r§z<The phase of a particle can be solid, liquid, or between solid and liquid and a mixture d

time

ature

s and

size

1,15.

f any

of the phases:

3.24

particle charge conditioner

device used

3.25

for charge conditioning

particle number concentration

C
number of p

articles related to the unit volume of the carrier gas

Note 1 to entry: For the exact particle number concentration indication, information on the gaseous condition
(temperature and pressure) or the reference to a standard volume indication is necessary.

© ISO 2015 - All rights reserved
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3.26
particle type
several particle properties like chemical composition of the particle material (especially chemical
surface composition), physical particle shape and morphology (e.g. an agglomerate or aggregate)

Note 1 to entry: The CPC detection efficiency at low particle sizes will depend on the chemical affinity between
the particle and the working fluid (see Annex B).

Note 2 to entry: Much of the underlying theory assumes that the particles are solid spheres. Non-sphericity can
affect the size selection by the DEMC, the fraction of multiply charged particles, and the condensation of working

fluid on the particle surface.

3.27

plat¢au efficiency

mean detection efficiency of a CPC in the size range which is not biased by particle size
3.28

primary aerosol

aeros$ol generated and conditioned in the primary aerosol source section of the calibration
3.29

single particle counting mode

meagurement mode of a particle number or number concentration measurement device (e
which every detected particle is counted to obtain the measurement result

3.30

size distribution

distrjibution of particle concentration as a function of particle size

Note

repre

Note

3.31
turb|
gas f

3.32
unipolar charger

1 to entry: In this International Standard, this¢térm is used in the sense “particle number ¢
sented as function of the particle diameter”.

D to entry: ISO 9276-1 can be applied for the representation of results of particle size distribut

ulent flow
ow with temporally or spatially irregular activity or turbulent eddy flow

setup

.g.a CPC) in

oncentration

ion analysis.

particle charge conditioner that expose aerosol particles to either positive or negative ions withiin the device
4 S$ymbols
For the purpose of this International Standard, the following symbols and abbreviated terms apply.
Unit§ are.in accordance with Reference [15].
Symbol Quantity Unit Used in

Cn total number concentration of particles out of the DEMC cm-3 %g
Cn(dy) number concentration of particles out of the DEMC of equiv- cm-3 6.3.3¢)

NEp alent particle diameter d and with p charges 7.3.3¢)
C;V charge number concentration cm3 3.6 NOTE 2
C indicated particle number concentration measured by the cm-3 51

N.Cpe test CPC
C ] i-th indicated number concentration measured by the test em-3 6.3.5b)

N.CPC,i CPC when measuring particles 7.3.5 a)
© IS0 2015 - All rights reserved 5
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Symbol Quantity Unit Used in
C _ i-th indicated number concentration measured by the refer- em-3 7.3.5 a)
N.CPC,ref,i ence CPC when measuring particles
i-th calculated number concentration of the calibration 3 6.3.5d)
CN,FCAE,i aerosol cm
C indicated particle number concentration measured by the cm-3 5.1
Nref reference instrument
C indicated charge concentration measured by FCAE when C cm-3 3.6 NOTE 2
Q measuring particles
Ch: I-th indicated charge concentration measured by FCAE when Com3 6.3.5aJ, CJ
Qi measuring particles
Con: i-th indicated charge concentration measured by FCAE when C cm-3 6.3(5'a), c)
QO the DEMC voltage set at zero
d equivalent particle diameter nm 3.16
R . . 21
. lower size limit for which a reference CPC can be applied for
min ref the calibration of a test CPC > %)b)
e elementary charge = 1,602 177 x 10-19 C C 3.6 NOTE 2
IFCAE electrical current fA 3.6 NOTE 2
. . 6.4.3
k coverage factor (dimensionless) 74.3
Nambient number of particle counts over 1 min without a HEPA{filter (dimensionless) |6.2.5 a) 2)
NFCAE number of particle counts over 1 min through the FCAE filter| (dimensionless) [6.2.5a)5)
NHEPA number of particle counts over 1 min with a HEPA filter (dimensionless) |6.2.5a) 1)
Nieak = NpcAE — NHEPA (dimensionless) |6.2.5 a) 6)
p number of net charges on a particle (dimensionless) |5.1
inlet flow rate indicated by the telst CPC or the nominal inlet | min-1 6.2.6 )
4CPC,amb flow rate of the test CPC 7.2.6 €)
inlet flow rate of the test GPCimeasured with a calibrated Cq 6.2.6 c)
qcpC.ealamb | | f]oy meter [ min 7.2.6 €)
inlet flow rate indicated by the reference CPC or the nominal 1 min- 7.2.7 b)
qCPC ref inlet flow rate of théreference CPC
inlet flow rate’of the reference CPC measured with a cali- . 7.2.7 b)
qcpCrefeal | 1prated flowdmeter I'min
qCPC,ref.- inlet flaWwyrate of the reference CPC measured with a cali- I min-1 7.2.5¢)
cal,amb brated-flow meter
inlet'flow rate indicated by the reference CPC or the nominal I min-1 7.2.5¢)
qcpCrefamb | Grjat flow rate of the reference CPC
inlet flow rate of the reference CPC in the calibration certif- . 7.2.5b)
qCPC,ref,cert icate I min
inlet flow rate indicated by the FCAE or the nominal inlet I min-1 3.6 NOTE 2
qFCAE flow rate of the FCAE 6.2.7 b)
inlet flow rate indicated by the FCAE or the nominal inlet I min-1 6.2.5¢)
qFCAE,amb flow rate of the FCAE
inlet flow rate of the FCAE measured with a calibrated flow . 6.2.7 b)
gFCAE,cal meter I min
inlet flow rate of the FCAE measured with a calibrated flow " 6.2.5¢)
qFCAE,calamb |, opo . I min
qFCAE,cert inlet flow rate of the FCAE in the calibration certificate I min-1 6.2.5¢)
6 © IS0 2015 - All rights reserved
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Symbol Quantity Unit Used in
RECAE = Nleak/Nambient (dimensionless) |6.2.5a) 7)
- accuracy of the inlet flow rate of the reference CPC specified | min-t 7.2.5¢)

q,CPCref by the manufacturer
accuracy of the inlet flow rate of the FCAE specified by the o 6.2.5¢)
I'q,FCAE I min
manufacturer
. : . 6.4.3
Umn) expanded uncertainty for n (dimensionless) 74.3
Ur(rf relative pyp;mdpd uncertainty for i (dimpn Qinn]pcc) %33
) ) . . 6.205 c)
ur(qdalcert) |relative standard uncertainty of the flow meter (dimensionless) 7.2l5 €)
"t ) relative standard uncertainty for the inlet flow of the refer- (dimensiéless) 7.217 b)
r (I( PC,ref ence CPC Mi
ur(qqp- relative standard uncertainty for the inlet flow of the refer- . . 2|5 ¢)
C,ref.dert) ence CPC in the calibration certificate (¢hyensionless)
ur(qhcaE) relative standard uncertainty for the inlet flow of the FCAE (dimensionless) %% b)
"t ) relative standard uncertainty for the inlet flow of the FCAE (dimensionless) 6.2l5¢)
r{qHCAE cert) |ip the calibration certificate
u(1) standard uncertainty for ¢ (dimensionless) |6.413
u(2) standard uncertainty for ¢; (dimensionless) |6.43
u(3) standard uncertainty for ¢3 (dimensionless) |6.43
uc,r(1) relative combined standard uncertainty for n (dimensionless) %53
ur(FCAE) rglatlve standard uncertainty-for the FCAE detection effi- (dimensionless) 6.43
ciency
ur(MCC) relative standard uncertainty for multiple-charge correction| (dimensionless) |6.4]3
u(REPC) rglatwe_ s-tandard unecertainty for the reference CPC detec- (dimensionless) 7413
tion efficiency
. . . . 6.43
ur(f relative standard uncertainty for 8 (dimensionless) e
Ur(Nyep) relative'standard uncertainty for repeatability (dimensionless) 74[3
5.1
B eoncentration bias correction factor for flow splitter (dimensionless) |6.3.4
734
n detection efficiency (dimensionless) |3.1[L
ncec detection efficiency of the test CPC (dimensionless) [5.1
, . . . . 6.3.5¢€)
n°cpc estimated plateau efficiency of the test CPC (dimensionless) 73.5 ¢)
, . . . . 6.3.5¢€)
1NCPC,i i-th detection efficiency of the test CPC (dimensionless) 73.5 ¢)
NCPC, ref detection efficiency of the reference CPC (dimensionless) |7.3.5 c)
ncpe arithmetic mean detection efficiency of the test CPC (dimensionless) 6—2 g 55(?)
NFCAE detection efficiency of the FCAE (dimensionless) |6.3.5¢€)
Nref detection efficiency of the reference instrument (dimensionless) |5.1
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Symbol Quantity Unit Used in
(rew) standard deviation for the repeated measurements of the (dimensionless) 6.3.5f)
Trep detection efficiency of the test CPC 7.3.5d)
5.5b)
@ fraction of multiply charged particles (dimensionless) |6.3.3 c)
7.3.3¢)
51
¢p fraction of particles with p charges (dimensionless) |6.3.3 )
7.3.3¢)
5 Calibration using reference instruments — General principles
5.1 Genepal principles

This Clause
the subseqy

respectively.

The referenice instruments shall have an up-to-date reputable calibratiof) certificate specifyin

particle typ
calibration.
shall also b
by a laborat
calibration i
Metrology 1
requiremen

The resulto
specified op|

— particle

— particle

particle

In CPC sing
(with uncer
wider conce
number con

describes general aspects of CPC calibration using traceable reference-instruments,
ent Clauses 6 and 7 refer to specific aspects of FCAE and CPC as peference instrum

e, the particle sizes, and the particle number concentrationi¢range which was used f
Volumetric inlet flow rate, inlet pressure and inlet temperature at the time of calibr
specified. A reputable calibration certificate shall mean either one that has been prod

s within the laboratory’s accredited scope, or a Eurdopean Designated Institute or a Na]
nstitute that offers the relevant calibration se€xvice and whose measurements fulfi
Es of ISO/IEC 17025. Examples of calibration certificates are given in Annex C.

f a calibration will be the particle detection efficiency for an individual CPC instrument
erating parameters, and for specific.cases of

size,
type, and
number concentration.

le particle countingymode, the detection efficiency is often expressed as a single f
tainty) over a range of concentrations, i.e. a single factor applies. In other modes, or
ntration rangés,more complicated relationships between detection efficiency and pa

while
ents,

b the
DT its
htion
uced

ory accredited to ISO/IEC 17025 or an equivalent stahdard, where the type and ranjge of

ional
| the

with

gure
over
“ticle

Centration may be appropriate (Annex A). The calculations of the detection efficiency and its

M

uncertainty|are desgfibed in Clauses 6 and 7 and follow the general formula
O cec
Ncpc = Mref B+ Y $pD
C N ¥ef
4 1%
where
Cncpc  is the indicated concentration of the test CPC (i.e. the CPC being calibrated);
Cnref  isthe concentration of the reference instrument;
Nref is the efficiency of the reference instrument; and
B is the concentration bias from the flow splitter.

The summing term in Formula (1) is only used if the reference instrument is an FCAE. ¢, is the fraction
of particles having p charges [see also Formula (6)].
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Objectives for the calibration aerosol

The role of many of the components described in subsequent clauses is to modify the output of a primary
aerosol into a form suitable for the calibration. The calibration aerosol should have the following:

A CH

a narrow size distribution, so that the size of the particles is well defined (typically GSD <1,1 for the

primary peak in the size distribution), to minimize uncertainty in size and efficiency;

stable mode diameter,and stable number concentrationinrelationtotherequired time for calibration
(typically 10 min), so that the calibration can take place in essentially constant conditions;

DEeCdu
h cases th

” nee d A A1l 0
¢omponent of the uncertainty f ns, and in bot
f particles at unwanted larger sizes (see Annex D);

N1€S€ DECOME
ey form extfa

f particles within the system;

3 stable and reproducible gas phase and particle type.

calibration certificate, especially at low particle size.

5.3

A pri
size,

Setup overview

electrostatic charge and composition. A traceableeference instrument and the test

this gerosol in parallel downstream of the DEMC. Either an FCAE or a reference CPC is used

refern

contfolled box and heat exchangers for all important air flows may be used in this setup as
stabilize all temperatures.

temperature-controlled
box (optional)

primary.aerosol source

4 low vapour content (from water, other dispersion media and/or solvents), to minimizg

mary aerosol source and a DEMC are used to deliver:monodisperse calibration aerosc

ence instrument. Figure 2 shows the schematic'setup of the components necessary. A t

a significant
populations

the growth

C calibration certificate is only applicable for the calibration agrosol that is desctibed in the

Is of known
CPC sample
as traceable
emperature
an option to

i |
N cotiper [ W0 | |
| |
| FCAE or |
' reference CPC :
! flow ‘ mixing - ‘
splitter - device h

| N |
i test CPC. - | i
] Y \
: make-up air

| supply or bleed |

Figure 2 — Schematic calibration setup

In order that results of CPC calibration that is performed according to this International Standard are
regarded traceable to national standards, instruments used in the calibration, including the FCAE and
reference CPC, shall be calibrated with metrological traceability to international or national standards.
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The figures in Annex E illustrate the metrological traceability chains for quantities that are influential
to results of calibration of a CPC.

5.4 Components and their requirements

5.4.1 Primary aerosol source

5.4.1.1 General

The primary aerosol source consists of an aerosol generator and an aerosol conditioner to provide

calibration

The stability of flow rate, number concentration and size distribution shall be such that the requirements

for the calibjration aerosol (see 5.2) are fulfilled.

A narrow primary aerosol source particle size distribution is recommended for particles larger|than

20 nmsince thisminimizeslarger, multiply charged particlesin the calibration aerosol; itislessimpofrtant

for smaller particles due to their lower probability of multiple charging. This recommendation is jvalid

for both ref¢rence instruments, FCAE and CPC.

5.4.1.2 Ac¢rosol generator

The suitabiliity of a generator type depends on the required calibratiéon particle material. Examplegs for

combination}s of aerosol generators and calibration particle materials are:

a) Arc-plagma generator for metal, metal oxide or carbon particles;[6][Z]

b) Electrogpray aerosol generator for oil droplets, poly-alpha-olefin (PAO) droplets, or sugrose
particlefs;[16]

c) Evaporgtion condensation aerosol generator[2/H0][51][53] for metallic particles like Ag, Au andl salt
particles like NaCl, KCl, ammonium nitrate, etc.;

d) Quenchgd flame aerosol generator for flame soot particles;[32][56]

e) Spray atomizer generators for solutions and dispersions;[19][43]

f) Glowing wire generator for Uniformly sized metal or metal oxide particles.[49]

In addition, fthe single chargédyaerosol reference (SCAR) is used for generating singly charged particles

over a wide fsize range.[64]

5.4.1.3 Ag¢rosol conditioner

The aerosol|cofiditioner is used to control the state of the calibration particle material. Which df the

following c¢nditioning steps are necessary depends on the chosen aerosol generation method and

calibration particle type.

a)

b)

10

Adapting the primary aerosol number concentration and aerosol flow rate to an appropriate level
for reliable charge conditioning (Annex K). For aerosol dilution setups see Annex F.

Pre-classifying the primary aerosol particles using an additional charge conditioner and DEMC for
example if the particle size distribution of the primary aerosol source has too large a fraction of
multiply charged particles.[57]

The vapour contents (from water, other dispersion media and/or solvents) in the primary aerosol
shall be less than 40 % of the saturated value. High vapour contents in the primary aerosol can lead to
condensational growth of the calibration particles, change the equilibrium charge distribution after
the bipolar charger, and build-up vapour in the sheath flow loop of the DEMC. This can be achieved
by dilution with dry air or vapour adsorption (e.g. with silica gel, zeolites or calcium chloride).
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5.4.2 Charge conditioner

In order to achieve a stable, repeatable and reproducible calibration aerosol after the elect

rostatic size

classification in the DEMC, the conditioned primary aerosol entering the DEMC shall have a stable,

repeatable and reproducible charge distribution. Unipolar and bipolar chargers prod

uce the ion

concentration required to stabilize the charge distribution of the primary aerosol (see e.g. ISO 15900).

Sources with alpha or beta radiation can be used as bipolar chargers. If under appropriate operating

conditions the equilibrium charge level is established, the charge distribution according t

0 ISO 15900

shall be applied. Other bipolar chargers may be used if the equivalence to radioactive sources has been

proven or the charge distribution has been fully characterized.

For ¢
bipol
unip

If thd
than
of ch
devi

rimary aerosol with a mode size larger than 20 nm or with a non-monodisperse size
ar chargers shall be used. In these cases the equilibrium charge distribution has, (co
blar charger) a significantly lower fraction of multiply charged particles.

primary aerosol is already monodisperse or if the primary aerosol does nofcontain pa
20 nm, all calibration aerosol particles leaving the DEMC are singly charged no matter

e) or bipolar chargers may be used.

NOTH The SCARI[] is an exception because it already generates singly ¢harged particles over aw

5.4.3 DEMC

The

It de
class
part

DEMC classifies the conditioned primary aerosol “particles based on their electric
ivers calibration aerosols in a narrow mobilityband, either positively or negatively
ified particles carry more than one electrical charge, each charge level corresponds t
cle size.

The DPEMC shall be set up, operated, and calibrated according to ISO 15900.

Ideally, the primary aerosol fed into thé¢ DEMC is conditioned in such a way that only sin
particles leave the DEMC to be used jas calibration aerosol. In this case, the calibratio
mongdisperse.

If, dd
mult
Detal

e to the nature of the conditioned primary aerosol, the calibration aerosol also con
ply charged particles, corrections shall be applied and the measurement uncertainty nj
Is about the necessary/corrections are given in Annex D.

5.4.4 Make-up or bleed air

ifional make“up air is necessary if the calibration aerosol flow from the DEMC is lower t
b flow rates required by the test CPC and the reference instrument.

practically part particle number concentration should
oy Aith a H 0 0 effici o

icle free; the

D A h 99 99

The relative humidity of the make-up air shall be less than 40 %.

To avoid excessive variations in the number concentration of the calibration aerosol the
flow shall be kept sufficiently stable.

If the calibration aerosol flow from the DEMC is higher than the sum of the flow rates req

distribution
mpared to a

ticles larger
which type

hrge conditioner is used upstream the DEMC. Therefore, in this case, unipolar (e.g. corona discharge

de size range.

al mobility.
r charged. If
b a different

gly charged

h aerosol is

kains larger,
ay increase.

han the sum

be less than

make-up air

uired by the

test CPC and the reference instrument, the excess air should be vented off as bleed flow. In this case, the

operator should be protected from particle exposure by an exhaust particle filter.
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5.4.5 Mixing device, flow splitter and connection tubing

The mixing device, flow splitter, and connecting tubing deliver the calibration aerosol to the test CPC and
the reference instrument. The aerosol should have identical size distribution and number concentration
when it reaches both instruments.

Concentration bias resulting from poor mixing is a major source of error in CPC calibration. Baffle plates,
mixing chambers, and mixing orifices are examples for proven devices to avoid this bias.

The flow splitter divides the calibration aerosol flow coming from the mixing device into two flows, one
to the test CPC and one to the reference 1nstrument Ideally, the flow sphtter and the connectlon tubing
are designedd oyt article size dependent transportlosses om-the inlet of the flow
splitter to bpth 1nstruments are equal

Iftheinlet flpw rate of both instrumentsis equal, exchanging the position of the test CPC and therefefence
instrument can be used to demonstrate the equivalence of both sampling positions (see, Annex G)} The
differences from each position shall be less than 5 %. The bias correction factor S represents the particle-
loss compensated calibration result.

If the inlet flow rate of both instruments cannot be operated at the same flow rate, the length qgf the
connection jlubing shall be used to compensate the difference in the transferlosses. The ratio of the diffgrent
inlet flow rafes shall not be larger than 5 or smaller than 0,2. A calibration sétup with such differentjinlet
flows does njot allow evaluating experimentally transport losses by exchahging the instrument positions.
Therefore the uncertainty of measurement is increased by the uncertainty of each flow rate.

The design df the mixing device, the flow splitter, and the connection tubing shall follow good enginepring
practices, sujch as avoiding bends, avoiding sudden change of tubing diameters. Use conductive tubing and
provide sufficientelectrical grounding for all connections, espeéially for flexible tubing if it cannot be avdided.

5.4.6 Reference instrument: FCAE or CPC
a) Design and operation of an FCAE

The FCAE cpnsists of an electrically conducting and electrically grounded cup as a guard to cover the
sensing elenent thatincludes aerosol filtering media to capture aerosol particles, an electrical conneftion
between thg sensing element and an eléctrometer circuit, and a flow meter, as shown in Figure 3.

NOTE The efficiencies for an FCAE are expected to be greater than 95 % for particles covered by this
International Standard (>5 nm) and\FCAE flow rates greater than 1 1/min.
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Key

1  gharged particles

2 ow meter

3 :[reamplifier

4 ¢lectrometer

5  particle-free air

6  Karaday cup to collect electrical charge from charged\collected particles and to reduce externally;induced

glectro-magnetic noise

~

very-high-resistance electrical insulator to isplate the filter from electrical ground
8  high-efficiency particulate air (HEPA) filter to trap airborne charged particles

Figure 3 — Schematic-diagram of an FCAE (Adapted from ISO 15900)

b) Design and operation of(@ reference CPC

The feference CPC shallhave a design such that particles in the entire aerosol flow enteringfthe inlet are
counted. That is, the aerosol flow sampled through the inlet shall not be diluted or filtered and the total
inlet|flow shall be l€dto the optics.

The ¢oncentratien range for single particle counting mode shall be established from the mahufacturer’s
speclfications: M he reference CPC shall not be used in photometric mode.

The Jower size limit dmin,ref for the application of the reference CPC for calibration of tesf CPCs is the
smallest'value of atleast three diameters, the two larger diameters are atleast 2 and 3 timesldmin ref. The
three respective efficiency values may not differ more than 5 % from the largest of the three efficiency
values. The detection efficiency of the reference CPC shall be documented for the relevant particle type
in such a way thatits dyin,refis determined or can be derived from the documented detection efficiencies.

c) Certificates for FCAE and reference CPC

The reference instrument shall have a current, reputable calibration certificate as defined in 5.1.
Examples of calibration certificates are given in Annex C.

The calibration certificate for the FCAE shall specify the aerosol flow rate measurement (volumetric flow
rate, inlet pressure and inlet temperature) and the electrical charge concentration measurement. The
product of charge concentration times aerosol flow rate is typically in the range from 1 fC/s to 10 fC/s.
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The calibration certificate for the reference CPC can be the result of either a calibration against a
traceable FCAE, or a calibration with another CPC used as a reference instrument. It shall specify the
particle type, the particle sizes, the particle number concentrations for which the calibration is valid,
and the maximum concentration of the reference CPC in single counting mode. Volumetric inlet flow
rate, inlet pressure and inlet temperature at the time of calibration shall also be specified.

The reference instrument detection efficiency can change when internal surfaces become loaded with
particles. In addition to the certificate being within its specified time period, the reference instrument
shall have had limited accumulated exposure to such particles since calibration. The use of the reference
instrument shall therefore be logged, and internal procedures shall be set up to ensure that the
accumulated exposure to particles since calibration does not significantly affect the performance of the
reference inftrument.

The referenge instrument shall be recertified
— after maintenance or repair,

— after dgtection of significant drift in the reference instrument, through QA/QC procedures set
up by the user,

— after acfumulated exposure to particles reaches a predefined level, to be established by the usgr, or

— ifaperipd of 3 years has passed since the last certification.

5.4.7 Other tools

The following additional sensors are used for CPC calibrationzand shall be calibrated using refeence
instrumentg that deliver results that are traceable to internationally accepted standards:

— low prepsure drop flow meter for checking and settifig instrument and calibration flows;
— pressurg sensor for measuring the pressure of‘the calibration aerosol;
— gas temperature sensors for measuring several temperatures;

— humidity sensor is necessary to measure the relative humidity of the primary aerosol.

5.5 Differences between FCAE and CPC as a reference instrument

As a referenfe instrument FCAEZand CPC have different capabilities and demand different requirenients.
This subclayse describes thedifferences in order to choose the appropriate method for the specific purpose.

a) Lower dize detectignlimits

Ingeneralan FCAEeandetectcharged particles smallerthanthe particlesdetected bya CPC. Furthermore,
the efficiengy curve of the CPC depends to some extent on the details of experimental condition$ and
particle typel Therefore a reference CPC shall only be used for the callbratlon w1th monodls perse
particles witt i Tar ' i
broader size dlstrlbutlons it shall be av01ded that 51gn1f1cant numbers of the test particles have a size
similar to or smaller than dyin ref of the reference CPC. Therefore, the median diameter of a polydisperse
test aerosol shall be larger than or equal to dmin ref times the geometric standard deviation of the size
distribution of the test aerosol.

b) Particle charging

For an FCAE comparison, the calibration aerosol needs to consist of singly charged particles, or at least
have a known charge distribution with a small fraction of multiply charged particles. This requirement
also applies for a reference CPC comparison at the lower size detection limit of a test CPC, since particles
with multiple charges have a larger diameter and are counted with a higher efficiency. For a reference
CPC comparison at larger particle diameters in the plateau region of the test CPC, this particular
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requirement does not apply. Therefore, the use of a reference CPC for calibration with larger particles
can result in smaller uncertainties, as their higher probability of multiple charging is less important.

c) Low calibration aerosol particle number concentration

For an FCAE comparison, there is a minimum requirement for the number concentration of charged
particles exiting the DEMC (typically about 103 cm-3) to provide sufficient charge concentration to the
electrometer. This is not needed for a reference CPC comparison if the linearity of the reference CPC
is proven.[44] A method demonstrating validation at lower concentrations than those on the reference
instrument certificate is described in Annex H.

d) High calibration aeraosol p;\rrir‘lp number concentration

An FCAE will cover its specified range of particle concentrations using one principle > fletermining
the electrical charge concentration. A CPC can have two or more fundamentally différent measurement
modes, startingwithasimple optical countingmode (single particle counting mode) atlow corfcentrations,
with|coincidence correction at higher concentrations, and a light intensity-based particle cqncentration
modg¢ at the highest concentrations (sometimes known as photometric mode). The photométric mode is
morg¢ liable to change in sensitivity due to contamination of the optics, fer\example. Refer¢nce CPCs in
this International Standard are therefore constrained to operate in theit-single particle coupting modes
(with or without coincidence correction), and the upper number coficéntration limit will generally be
lowef than for the FCAE method.

Calijration with a reference CPC therefore has disadvantage$ compared with an FCAE at [low particle
size ¢r high particle number concentration. It has the advantages with larger particles, fewer constraints
on the calibration aerosol source, and at lower particle*¢encentrations. The differences lpetween the
calibration aerosol that can be used with the FCAE and¥eference CPC are summarized in Table 1.

Table 1 — Calibration aerosol requirements for the FCAE and reference CPC

Particle Typical particle |Calibration aerosol particle charge requirements
Reference diameter concentration | Test CPC calibrated at | Test CPC callibrated in
Istrument range range lower detection limit plateau]‘ange of
[nm] [cm-3] particle diameters particle diameters
FCAE 5-1000 103 to > 105 ¢ <01 ¢ <|0,1
CPC dmin,ref -1 900 ~1to > 104 ¢$<0,1 no restyiction

6 Calibration using an FCAE as reference instrument

6.1 | Overviewof the setup and calibration procedure

A scllematicfor a typical calibration setup using an FCAE as reference instrument is given in|Figure 4. All
parts drawn with solid lines are necessary components (see discussion in Clause 5). Thesg include the
aerogolgenerator, the aerosol conditioner, the humidity sensor to measure the humidity ofthe aerosol that
enters the DEMC, the charge conditioner, the DEMC, the make-up flow, the mixing device, the flow splitter,
the FCAE, and the test CPC. Although not shown in the figure a relative humidity sensor shall be used to
measure the relative humidity of the make-up air at the beginning and end of the experiments. A pressure
sensor might also be necessary for the determination of the volumetric flow rate of the instruments.

In case that the calibration aerosol flow from the DEMC is higher than the sum of the flow rates required
by the instruments, the excess air shall be vented off as bleed flow. While it is not shown in the figure,
a temperature sensor shall be used to monitor the temperature in the temperature-controlled box or
room temperature.

The parts of Figure 4 with dashed lines are recommended butnotrequired. For example the temperature-
controlled box and heat exchangers for the DEMC sheath air flow and the make-up air flow can be used to
stabilize all temperatures. A monitor CPC can be used to check the stability of the calibration aerosol. The
make-up air flow can be controlled with a throttle valve or compressed air with a mass flow controller.
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compressed dry, temperature-controlled
filtered air box
|
]
aerosol make-up flow N _+_ N H
generator | r N |
| massflow |
| controller | :
| L |
\ \i :
aerosol | heat exchanger | vacuum
conditioner | FCAE ‘[’ (if required)
; charge - Imixing! _[mixing flow :
v | 7| conditioner R 'iggvi_ceJﬁr device splitter \ |
. | I I | test _L’ vacqum
filtgr ] * CPC T \@f reqgiired)
sheath air —————x :
| conditioner | . | |
| monitor | :
humidity | | P |
| I T .| :

serlsor I_ --------------------------- | J

bleed vacuum (if required)

NOTE Dashed lines show equipment that is not required, but highly reeemmended.
Figure 4 — Typical calibration setup with FCAE as'reference instrument

The calibratlion procedure can be seen in Table 2.

Table 2 — CPC calibration procedure using an FCAE as reference instrument

6.2 Prd¢paration
6.2.2  |Aerosol generator and conditioner (size-distribution)
6.2.3 OtHer equipment (e.g. mass flow.meters, etc.)
6.2.4 DEMC (according to ISO 15900),and sheath air conditioner
6.2.5 |FCAE
Abdolute zero correctedwalue for charge concentration times inlet flow rate < 1 fC/s,
stapdard deviatien'<2,5 fC/s (from 1-s averages of 15 min)
Ovgrall leak test
Flojv measturement and stability <2 % (from 5 measurements in 15 min)
6.2.6  |Test CPG
Zeroarithmreticmrear<6;tonm({fromr =saverage concentrations of atteast 5
High response check
Flow measurement and stability < 2 % (from 5 measurements in 5 min)
6.2.7 Connect the instruments and the aerosol generator/conditioner to the DEMC
DEMC (voltage off), sheath to sample >7:1
FCAE flow measurement
FCAE absolute zero corrected value for charge concentration times inlet flow rate <1 fC/s,
standard deviation <0,5 fC/s (from 30-s arithmetic means of 2 min)
Test CPC zero arithmetic mean <1 cm-3 (from 30-s arithmetic means of 2 min)
Determine minimum level of FCAE charge concentration times inlet flow rate with Formula (5)
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Table 2 (continued)

‘9‘
w

Detection efficiencies

(2
)
N

DEMC diameter adjustment

()
o
)

Primary aerosol adjustment
The concentration to be within the capability of the charge conditioner
Multiply charged particles fraction < 10 %

Concentration within the range of the FCAE

N
w
o~

Splitter bias f measurement

N
w
([@xl

Test CPC efficiency measurement

Set DEMC voltage 0 (or off) for initial zero measurement

— Record 1 min FCAE, test CPC, use the last 30 s for the calculations
— FCAE absolute zero corrected arithmetic mean <1 fC/s

— FCAE standard deviation <0,5 fC/s

— CPC arithmetic mean <1 cm-3

At the specific diameter and concentration:

— Record 1 min FCAE, test CPC, use the last 30 s for the caletilations
— FCAE (CPC) CV < 3 %, or standard deviation <0,5 fC/s¥(0,5 cm-3)
Set DEMC voltage 0 (or off)

— Record 1 min FCAE, test CPC, use the last 30«sfor the calculations
— FCAE absolute zero corrected arithmeticmean <1 fC/s

— FCAE standard deviation <0,5 fC/s

— CPC arithmetic mean <1 cm-3

Calculate detection efficiency nepci

Repeat another 4 times

Calculate the arithmeticfitean detection efficiency fpc . All ncpc,i shall be within 7j¢pc 4

0,02

N
o8]
N

Measurement of adifferent concentration (optionally)
Go to 6.3.3 and'then 6.3.5

N
W
~N1

Measuremeént of a different size (optionally)

Go to 63:2

N
(O8]
(]

Repetition of first measurement

1f'> 5 points have been tested (difference has to be within 0,025)

6.39 Fill in the calibration certificate

Figure 5 provides a graphical summary of the derivation of the detection efficiency.
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6.3.5b) 6.3.5a)c) 6.3.5b) 6.3.4
Cai Cap,i Cnepe.i B
6.3.3 ¢c) and
- Eq. (8) Annex D
TTFcaE
Curonc %
N,FCAE, i and Cy,
Ticec
Mcec,i
Tlcpe
NOTE Plpin rectangles represent calculated values while double-lined and round-cornered rectangles afre for
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Figure 5 — A map of parameters and formulae needed to derive the detection efficiency |n
calibration with an FCAE

Annex] gives an example ofa protocol for the calibration ofa CPCusingan FCAE as thereference instrumment.

6.2 Preparation

6.2.1 General preparation

Check that dll instruments operate properly according to the manufacturers’ specifications (see 6.2.2 to
6.2.6), then prepare (according to Figure 4) and check the complete setup (6.2.7). Do not proceed tp the
calibration procedure of detection efficiency (6.3) unless all tests have been passed.

6.2.2 Primary aerosol

Start the oppration of the primary aerosol source according to the manufacturer’s recommendations. It
is highly reqommended toaneasure the generated size distribution after the aerosol conditioner with a
DMAS (e.g. Jombine DEME-with FCAE) if it is not known. Ensure that the relative vapour contents (from
water and/dr solvents) inn the primary aerosol is less than 40 %.

6.2.3 Othper equipment

Switch on anrdaew-aHatrxitat y1recessary c:\,luipuu:ut to-stabilize-Turnonthechat ge condittorrerif it is
off. Prepare the calibrated pressure sensor(s), the calibrated temperature sensor(s), and the calibrated
flow meter for the measurement of the FCAE and test CPC flow rates and the humidity sensors.

Any other recommended instruments in the setup should be also turned on and prepared according to
the manufacturers’ manuals (e.g. a monitor CPC, mass flow meters, mass flow controllers, pressure and
temperature sensors, etc.). [f the whole setup (i.e. DEMC and instruments) is in a temperature-controlled
box, set the desired temperature and leave the system time to stabilize.

6.2.4 DEMC

Turn on the instrument, check the DEMC according to ISO 15900, and set the desired flows. Prepare the
conditioner of the sheath flow.
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6.2.5 FCAE

Turn on the FCAE. Leave it running for at least 30 min. If switched on after transport or a longer period
without use, it may require several hours of operation until it reaches the necessary stability.

NOTE Ideally the FCAE’s electrometer electronics should remain turned on all time.

Checkthezerolevel and flow rates of the FCAE atambient conditions. All indicators (e.g. for temperatures,
flows and pressures) shall show error-free operation of the instrument. The following checks ensure
that the instrument is working properly before connecting it to the calibration setup.

a) Zero check

Zero|the FCAE, following the advice in the FCAE’s user manual or following an appropripte external
zeroing method. Report the chosen method in the Calibration Certificate.

Atta¢ch a HEPA filter (>99,99 % efficiency) to the inlet of the FCAE. Record the BCAE’s zero-corrected
valug for charge concentration times inlet flow rate (Cg x grcag) for at least\I'5' min with| 1-s reading
interjval and 1-s averaging time. There should be no obvious decreasing or increasing tenflency of the
valug. If there is such a tendency, allow more time for the FCAE to stabilize, repeat FCAE feroing, and
repeat this test. Do not proceed unless the FCAE reaches stable operation.

Calcuilate the arithmetic mean and standard deviation for the recarded values. As a result of|a successful
zerojcorrection the FCAE’s zero-corrected absolute arithmetictnean value for Cg x grcag shall be < 1 {C/s.
The $tandard deviation shall be less than 2,5 fC/s.

The FCAE requires attention from the manufacturer if the'FCAE fails twice this zero test.
b) KFCAE overall leak test

For this test, the ambient concentration should be-at least 500 cm-3. This test is not applicablle for FCAEs
with|internal bypass flow, e.g. to allow operation conditions for a flow control valve.

1) Connect a HEPA filter to inlet of the test CPC. Let the test CPC zero for 1 min, then fneasure the
number of counts over 1 min as Nygpa.

2) Disconnect the HEPA filter from the test CPC, then sample the room air and measure the number of
¢ounts over 1 min as Naymbient-

3) Disconnect the vacuum) from the test CPC and connect the inlet of the test CPC to the putlet of the
FCAE. Connect the'HEPA filter to the inlet of the FCAE so that it will sample filtered room|air. Connect
3 vacuum to the-tést CPC to pull filtered room air through the FCAE.

4) ait 3 min te.zero the system.

5) Measure-and record the number of counts over 1 min as the test CPC pulls filtered |ambient air
throuigh the FCAE. Record the number counted by the CPC as NrcaEg.

6)

7) Calculate the ratio RpcAE = Nleak/Nambient- The value of Rrcag shall be less than 0,000 1 to perform the
calibration. If Rpcag > 0,000 1, check the FCAE plumbing for leaks, verify that the filter is adequate,
and perform steps 1 to 7 again.

c) Flow rate measurement

If the inlet flow rate of the FCAE is adjustable, set it to the nominal value specified in the calibration
certificate for which the FCAE calibration is valid before the flow rate measurement.

Measure the nominal (see calibration certificate) volumetric inlet flow rate of the FCAE at ambient
conditions with an appropriate low pressure drop, calibrated flow meter (Annex |). The flow shall be
stable over time, i.e. the CV of at least 5 measurements uniformly spaced over 15 min shall be <2 %.
There should be no obvious decreasing or increasing tendency of the flow. If not fulfilled, leave the
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FCAE more time to stabilize, check the pump (or vacuum connection) of the FCAE and repeat. The FCAE
requires attention from the manufacturer if the flow check fails twice.

Compare the (calculated) arithmetic mean of the measured inlet flow rates of the FCAE (qrcAE,cal,amb)
with the arithmetic mean value indicated by the FCAE for the same time intervals or with the nominal
value of the FCAE (qrcag,amb)- The latter case applies if no flow rate is reported or when the nominal
value is used by the FCAE for the charge concentration calculation. The difference should be within
the FCAE manufacturer’s specifications, indicated as an accuracy rg rcaEg in %. If not, the manufacturer
should be contacted.

The flow rate qrcAE,cal,amb should also be compared with the flow rate of the FCAE in its calibration
certificates

AY Jd 1 | ot Laolll atlas
Lll-‘LAh’CertJ dllU LIIT UTVIAlIUIL S11dll UT VVIUITILIL.

‘qFCAE,ca,,amb ~4FCAE,cert ‘

q

(2)

2 2 2
< 2\/ur (q FCAE,cert )+ U, (qcal,cert ) + % rq,FCAE
| FCAE, cert

where

is the relative standard uncertainty for the inlet flow of the. FCAE in its calibration

certificate;

ur(qrcAg,cert)

31‘t)

is the relative standard uncertainty of the flow metepr used to measure grcag,-

cal,amb-

Ur(CIcal,c

Higher deviations might indicate issues with the flow control of the'FCAE.

All flow ratd ed in

the FCAE, d

s shall refer to the same temperature and pressure: Depending on the flow control us
fferent corrections should apply (see Annex J),

6.2.6 TestCPC

When a CP(
In that case,

has been transported for calibratiofy;-it will generally have been drained of working fluid.
switch the test CPC on, fill with the'required working fluid to the specified level (obsefving

manufactur
and optics t

When a CP(Q
regarding nj

least 30 min,

Allindicator
a) Zeroco

Forzerocou
HEPA filter

the CPC for &

br’s precautions regarding moving the unit when full) and allow the saturator, condg
b reach their specified temperatures. Leave it running for at least 1 h.

is to be calibrated witHout being drained of the working fluid, manufacturer’s precau
oving the unit when(full shall be observed. Switch on the test CPC, leave it running {
and allow the satufator, condenser and optics to reach their specified temperatures.

Int check

htcheéek, attachatleastone HEPAfilter (>99,99 % efficiency) tothe test CPCinlet (anaddit
Iy serles with the f1rst one may be necessary to achleve extremely low concentratlons)

tnser

tions
or at

S (e.g. fortemperatures, flowsand pressures) shall show error-free operation of the instrument.

ional
Run

d 1-s

£LC d rd +1h ol itk 1 ad3 ]
Hrtmti ot Smihanarecoratheconcentration—varves-witn1-s lba\.uus Htervarat

averaging time. After any leaks are eliminated, the arithmetic mean concentration shall be <0,1 cm-3.
Contact the customer if this requirement is not met.

b) High response check

Perform a simple check to demonstrate that the test CPC can detect particles. This can, for example, be
done by sampling room air if the number concentration of the room air is expected to be higher than 500
cm-3. The number concentration measured by the test CPC should be higher than 500 cm-3. Aerosols
from other sources with sufficiently high number concentrations may also be used for this test. Or,
follow the manufacturer’s recommendations. Contact the customer if this requirement is not met.

c) Flow rate measurement
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Measure the volumetricinlet flow rate of the test CPC atambient conditions with an appropriate low pressure
drop, calibrated flow meter (Annex]). The flow shall be stable over time, i.e. the CV of atleast 5 measurements
uniformly spaced over 5 min shall be <2 %. There should be no obvious decreasing or increasing tendency of
the flow. If not fulfilled, leave the test CPC more time to stabilize, check the pump (or vacuum connection) of
the test CPC and repeat. The test CPC requires maintenance if the flow check fails twice.

Compare the (calculated) arithmetic mean of the measured inlet flow rates of the test CPC (qcpc,cal,amb)
with the arithmetic mean value indicated by the test CPC for the same time intervals or the nominal
value for the test CPC (qcpc,amb)- The latter case applies if no flow rate is reported or when the nominal
value is used by the test CPC for the particle number concentration calculation. The difference should
be within the test CPC manufacturer’s specifications. If not, the customer should be contacted. Higher
diffefences might indicate 1ssues with the flow control of the test CPC.

All fl
thet

ow rates shall refer to the same temperature and pressure. Depending on the flow; control used in
pst CPC, different corrections should apply (see Annex ).

6.2.7 Check of the complete setup

Initiglly the make-up flow path is connected downstream of the DEMC (typically a HEPA filter, or a mass

flow

and I

therd
over
shou

Conn
is ve

Chec
extrg
accol

a)

Set t
then
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]

controller with a HEPA filter). Then connect the mixing device ahd“pressure sensor. ]
CAE are connected to the flow splitter which is positioned afterjthe mixing device. M3
is at least one opening free (e.g. the inlet of the DEMC or thesmake-up flow path) in oy
pressure or underpressure at the inlet of the test CPC and/FCAE. If there is a monif]
Ild be connected before the mixing device with anotherimixing device.

ect the aerosol generator and conditioner to the inlet of the DEMC, making sure that the
hted, or that filtered air is added if the DEMC flow.rate is higher.

k if the pressure at the inlet of the FCAE awd test CPC has remained in the desired r
me underpressure or overpressure, outside the manufacturers’ specifications). If
dingly the make-up air flow rate or thethrottling valve.

DEMC flow rate

he desired DEMC sheath flow rate. If required, set the desired DEMC inlet flow rate
hake-up flow (or bleed air)~TFhe ratio of sheath to sample flow rates shall be 27:1 to en
pdisperse distribution after'the DEMC.

Aftel
If ad
b) a

b) |

Meas
and

usted the volumetiic flow rates of the FCAE and the test CPC have to be measured aga
d c) below).

CAE flow~qéasurement

'he test CPC
ke sure that
der to avoid
or CPC, this

excess flow
hnge (i.e. no

not, adjust

by adjusting
bure narrow

setting these flow rates, it is recommended to not adjust them during the calibration procedure.

n (see steps

ure the'volumetric flow rate of the FCAE by inserting the calibrated flow meter betweet
heinlet of the FCAE. Compare thls measured Value (qpc AE, cal) with the Value reported byt

the splitter
e FCAE orits

the FCAE for the charge concentratlon calculatlon The dlfference should be w1th1n the FCAE manufacturer S
specifications, indicated as an accuracy rq,rcag in %. If not the manufacturer should be contacted.
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The flow rate grcaEg,cal should also be compared with the flow rate of the FCAE in its calibration certificate
(9rcAE,cert) and the deviation shall be within:

‘q FCAE,cal ~4 FCAE,cert‘

AFCAE,cert

where

ur(QFCAE,cert)

2 2 2
< 2\/ur (q FCAE,cert ) +uy (qcal,cert ) + % rq,FCAE

(3)

is the relative standard uncertainty for the inlet flow of the FCAE in its calibration

certificate;
ur(qcal,cprt) 1s the relative standard uncertainty of the flow meter used to measure qrcag,dal-
Higher deviitions might indicate issues with the flow control of the FCAE.

The relative]
U (qrcar

All flow rate
the FCAE, d

standard uncertainty of qrcaE is calculated as Formula (4):
)=|arcag,cal — Ircar,cert | /N3 qkcag cert

s shall refer to the same temperature and pressure. Dependingn-the flow control us|
fferent corrections should apply (see Annex J).

NOTE1 T

NOTE2 T
inlet pressuf

c) TestCP
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CPCoritsn
used by the
the test CPQ
might indic3
calibration (

All flow rate

the test CPC
NOTE 1 T

NOTE2 T
inlet pressur]

d) Zero ley

'I

!

e flow rate is affected by the composition of the gas. For moredetails, see Annex].

e flow measurement is repeated here to account for low rate changes due to changed
e.

[ flow rate measurement

e volumetric flow rate of the test CPC by-inserting the calibrated flow meter betwee
the inlet of the test CPC. Compare this<measured value with the value reported by thg
minal value. The latter case appliesifno flow rate is reported or when the nominal va
test CPC for the particle number,concentration calculation. The difference should be w
manufacturer’s specifications, Ifnot the customer should be contacted. Higher differg
ite issues with the orifice orthé pump of the test CPC. This value shall be reported i
ertificate, along with theest CPC reported or nominal value.

s shall refer to the same temperature and pressure. Depending on the flow control us|
different corrections should apply (see Annex]).

e flow rate is affected by the composition of the gas. For more details, see Annex|.

e flow measurement is repeated here to account for flow rate changes due to changed tes
.

els

(4)

ed in

FCAE

h the
> test
ue is
ithin
nces
n the

ed in

t CPC

Set the DEM

C voltage to 0 V (or off). The FCAE and test CPC readings shall remain comparable to the

zero levels measured before [6.2.5 a) and 6.2.6 a)]: measure for a minimum of 2 min, the absolute,
zero corrected 30-s arithmetic mean value (with 1-s reading interval) of the FCAE shall be lower than
Co x grcaE = 1 fC/s and the standard deviation shall be lower than 0,5 fC/s. The arithmetic mean value
(with 1-s reading interval) of the CPC shall be lower than Cycpc = 1 cm-3. If not, check for leaks in the
calibration setup. Other reasons for increased zero levels can be — for example — an excessively high
concentration at the inlet of the DEMC, overloading or failure of the filters inside the DEMC.

e) Determine the FCAE minimum level
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Determine the arithmetic mean and standard deviation of C¢ « grcag reported by the FCAE in 30 s (at 1-s
reading interval). Multiply the standard deviation by 3 and add the value:

(CQXchAE )min :(CQXchAE )mean +366QXQFCAE ®)

Compare this value with the lowest value of Cp x grcaE in its calibration certificate. The greater one is
the minimum Cg x grcAE at the inlet of the FCAE that may be used in the calibration (defined here as the
“minimum Cg x grcAE level”).

Write down all parameters: Readings of the FCAE and test CPC, flow rates, pressures, temperatures,
mak np flaxaz (ifovai]ah]n)’ chnafk’ camp]n flaxz rafnc’ ]f\nmir“fy, otc Allthicinformation wrill be reported

in the calibration certificate (see Clause 8 and Annex C).

6.3 | Calibration procedure of detection efficiency

6.3.1 General

The following procedure describes the measurement of the detectionefficiency of a tesf CPC at one
given calibration particle size and particle number concentration.

6.3.1 DEMC diameter adjustment

Adjupt the DEMC such that the particle size of singly charged calibration particles leavirlg the DEMC
equals the desired calibration particle size.

NOTH It is highly recommended to begin with a big size (such that the detection efficiency of the test CPC is
at thg maximum, i.e. at least 3 times the size where the.detection efficiency is expected to be 50 %) and check the
linearity of the test CPC (i.e. different concentrations atthe same size). Then the detection efficiency at fhe steep part
of the detection efficiency curve may follow. This.is because the tests at the steep part of the detectjion efficiency
curvg usually need adjustment of the size distribution produced by the generator and are more time donsuming.

6.3.3 Primary aerosol adjustmerit

Adjupt the aerosol conditioner in‘Such a way that the concentration of the calibration aefosol equals
the desired concentration fer.the measurement of the detection efficiency. However the following
requjrements shall be fulfilled.

a) Minimum level

The ¢oncentratiomshall be higher than the value (Cg x grcAE)min of the FCAE, as defined in|[Formula (5)
in6.2.7 e).

b) Maximtm level

The ¢oneentration shall be lower than the maximum determined by the maximum charge cqncentration
the FCAE TTay easure, as Specified Imits catibration certficate:

The total number concentration of the conditioned primary aerosol shall be low enough to reach charge
equilibrium after passing through the charge conditioner and to avoid particle charge caused bias in the
DEMC. A method to check this is described in Annex K.

c) Fraction of multiply charged particles @

The value of multiply charged particles @ shall be <0,1. Determine the fractions of particles of p charges
[(¢p, Formula (6)] according to one of the methods described in Annex D, and calculate the fraction
of multiply charged particles (®) with Formula (7). The criterion @ < 0,1 is a pass/fail criterion; the
calibration procedure shall not be continued until it is fulfilled. The @ can be decreased by, e.g. adjusting
the mode diameter or the geometric standard deviation of the size distribution of the primary aerosol.
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The fraction of particles with p charges, ¢, within the aerosol leaving the DEMC is calculated as

bp =CN(dp)/ D .Cnldy) ©)

p=>1

where

Cn(dp) is the concentration of particles with p charges.

The fraction of multiply charged particles, @, is calculated as

D= ¢, (7)

p=>2

NOTE1 De¢pending on the polarity of the voltage in the DEMC, the charges of the particles can be either popitive
or negative. Ih this International Standard, we define p as the absolute number of charges.

NOTE 2 Itfis highly recommended that the geometric mean size of the primary distribution‘is)smaller thdn the
size at which|the detection efficiency of the test CPC will be measured.

NOTE3  Ifp tandem DEMC setup is employed (i.e. two DEMCs in series with a charge.eonditioner in between),
the fraction qf multiply charged particles, @, is reduced significantly.

NOTE 4  The fraction of multiply charged particles can be reduced by the method described in Reference([60].

6.3.4 Splitter bias f measurement

Perform thq splitter bias measurement according to Annex G¢If the obtained bias (f) is greater|than
1,05 or less than 0,95, check for any inhomogeneity of the calibration aerosol.

6.3.5 Test CPC efficiency measurement
Determine the detection efficiency of the test CRC according to the following steps.
a) Initial reading at DEMC voltage 0 (or off])

Set the DEMC voltage to 0 V (or off)«and record the FCAE charge concentration and the number
concentratign reported by the test CRO every second for 1 min. Calculate the arithmetic mean ((p,0,0)
and standard deviation of the chargeconcentrations reported by the FCAE and the arithmetic megan of
the numberconcentrations reperted by the test CPC for the last 30 s of the 1-min measurement intgrval.

The absolutg, zero corrected’arithmetic mean value and the standard deviation of the FCAE charge
concentratign times its inlet’flow rate shall be less than 1 fC/s and 0,5 fC/s, respectively. The arithinetic
mean of the[number cofyeentration of the test CPC shall be <1 cm-3. If not, the measurement is not yalid.
Check the géneratorier other sources of instability and repeat.

b) Recordings‘at specific size and concentration
Record the WW arge concentration and the NUMDbDEr COncentration reported by the tes every

second for 1 min. Calculate the arithmetic mean (Cgp,1) and standard deviation of the charge concentrations
reported by the FCAE and the arithmetic mean (Cycpc,1) and standard deviation of the number
concentrations reported by the test CPC for the last 30 s of the 1-min measurement interval (Annex L).

The CV of the FCAE charge concentration times its inlet flow rate shall be <3 % or the standard
deviation <0,5 fC/s. The CV of the number concentration of the test CPC shall be <3 % or the standard
deviation <0,5 cm-3. Either the CVs or the standard deviations shall respectively fulfil the criterion
easiest to comply with. If not, the measurement is not valid. Check the generator or other sources of
instability and repeat.

c) Recordings at DEMC voltage O (or off)
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Set the DEMC voltage to 0 V (or off) and record the FCAE charge concentration and the number
concentration reported by the test CPC every second for 1 min. Calculate the arithmetic mean (Cg,,1)
and standard deviation of the charge concentrations reported by the FCAE and the arithmetic mean of
the number concentrations reported by the test CPC for the last 30 s of the 1-min measurement interval.

The absolute, zero corrected arithmetic mean value and the standard deviation of the FCAE charge
concentration times its inlet flow rate shall be less than 1 fC/s and 0,5 fC/s, respectively. The arithmetic
mean of the number concentration of the test CPC shall be <1 cm-3. If not, the measurement is not valid.
Check the generator or other sources of instability and repeat.

d) Calculation of FCAE number concentration assuming singly charged particles

Calclllate the number concentration by FCAE (CnFcaE,1) according to Formula (8). From(the measured
charge concentration (corrected for zero) and assuming that particles each carry a~single electrical
charge, the number concentration for measurement i is given by:

_Coi—(Coo,ic1+Coo,)/2
N,FCAE,i = - (8)

DN

wherte

{¢nrcag, isthe calculated number concentration of the calibration aerosol;

Co,i is the indicated charge concentration measuréd by the FCAE when measurihg particles;

€00, is the indicated charge concentration measured by the FCAE with the DEM( voltage set
at zero;

d is the elementary charge.

e) (alculation of the detection efficiency ofthe test CPC

If the¢ primary aerosol cannot be conditioned in such a way that the calibration aerosol dontains one
elementary charge, corrections shallpe-applied (Annex D).

Anngx D also quantifies the effectiof multiple charges on the determination of particle size.

Infoymation from the FCAE (certificate regarding any correction factor required by the FCAE shall be
incofporated (Annex D).

Calcylate the detectianyefficiency ncpc,1 of the test CPC using formulae in Annex D.

— If the particle’size is in the range where the detection efficiency of the test CPC is known to be
¢onstant.against size, substitute Cyrcag,1 [6.3.5 d)], Cncpc,1 [6.3.5 b)], ¢p [6.3.3 ¢)], ff (6.3.4) and
hrcAE (from the calibration certificate of the FCAE) into Formula (D.18).

bwn to vary

c - D) [6.3.3 ¢)],
ﬁ (6 3. 4) m:CAE (from the Callbratlon certlflcate of the FCAE) and an estlmated plateau efficiency
n’cpc of the test CPC into Formulae (D.13), (D.15) and (D.17).

Record in the calibration certificate which method of calculation was used.
f) Measurement repetition

Repeat stepsb) to d) four more times (i.e. five in total). Calculate the arithmetic mean detection efficiency
Ncpc and its standard deviation o(nrep) for the specific concentration and size using the five detection

efficiencies ncpc,i (i = 1 - 5). The calibration is valid only if all five ncpc,i values are within 0,02 of the
arithmetic mean detection efficiency 77¢pc
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6.3.6 Measurement of different particle concentrations

If a different concentration (at the same size) has to be measured, adjust the concentration of the primary
aerosol (go to 6.3.3 and then 6.3.5). The measurement of the fraction of multiply charged particles [6.3.3
c)] is not necessary to repeat. Note that the splitter bias (6.3.4) and the FCAE flow rate [6.2.7 b)] do not
have to be tested. For concentrations lower than the maximum level, there is no need to re-check the
charge conditioner [6.3.3 b)]. If the CPC is to be calibrated at concentrations below the lowest charge
concentration at the nominal inlet flow rate for which the FCAE has been certified, the method described
in Annex H can be followed.

If the DEMC flow rates have to be adjusted or if any change in the setup is made that can lead to a

different prg
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6.3.7 Mes

If a different
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an five testsare conducted the risk of losing all measurements is higher (due to a higher than
tween thefirst and last points).

paration of the calibration certificate

d the

particle size has to be tested, then go to 6.3.2. In this case, all following steps (6.3.3 to 4.3.6
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on of the detection efficiency of the test CPC.

urement uncertainty

6.4.1 General

The result of the CPC calibration takes the form of a detection efficiency, n, at a certain particle size, a
certain particle number concentration, for a certain type of generated particles. The principal quantities
requiring well-defined measurement uncertainties are the particle size and the detection efficiency,
covered in 6.4.2 and 6.4.3. The particle number concentration is less critical, and its uncertainty is
largely covered by that of the detection efficiency. It is covered in 6.4.4.

26 © IS0 2015 - All rights reserved


https://standardsiso.com/api/?name=de9dd2ecc359bc7bf81d10f3a5ab6ce3

ISO 27891:2015(E)

6.4.2 Particle size

The particle size associated with the calibration is determined by the DEMC supplying the calibration
aerosol to both instruments. The particle size and its measurement uncertainty shall be determined
according to ISO 15900.

When there is a significant fraction of multiply charged particles in the calibration aerosol, significant
numbers of particles will have much larger sizes than the selected size. The fractions ¢p, which have
been determined according to Annex D, shall be noted on the calibration certificate. When the fraction
has not been determined a note shall be made on the certificate describing the scale of any relevant
effects expected from the system used.

6.4.3 Detection efficiency

The yincertainty in the result for detection efficiency is principally determined by components from:

1

he FCAE (as described on its certificate);

tthe multiple-charge correction;

differences in particle concentrations sampled by the FCAE and‘the test CPC (the pplitter bias

¢orrection factor);

the accuracy and variations of the FCAE input flow measurements;

the repeatability of the detection efficiency calibration;

the effect of uncertainty in the particle size deterniination (when the particle size is sjuch that the

LPC detection efficiency is significantly affected by the particle size).

As s

conc
an ujl

fated in 6.1, the FCAE shall have an unexpired calibration certificate specifying
entration or current and flow rate rangé-for which the calibration is valid. The certific
certainty for the charge concentration, or alternatively for the current and the flow 1

the charge
ate will give
ate that can

be cq
expr
must

mbined to form an uncertainty forthe particle charge concentration. Note that this yill often be
bssed as expanded uncertainties'(tk = 2; approximately 95 % confidence) values, while uncertainties
be combined as standard uncertainties (k = 1) values.

pction for multiply charged particles is made according to formulae in Annex D. As a first
pbximation, the uncertainty in the correction factor is best determined semi-empirically|by repeated
'mination of the mutiply charged fractions ¢, and expressing the variation as a standajrd deviation
riated with the ‘multiple-charge correction. If the uncertainties for the fractions ¢4, ¢, ¢3 are
ed u(1), u(2)rand u(3) respectively, the required relative uncertainty component u(MCC) is given
rmula (9):

Corr
appr
detel
asso
term
by Fd

100

2P

This uncertainty component applies in the detection efficiency plateau region (see D.1). The more
complicated case away from the plateau region is not covered by this International Standard.

Ju () + 4% (2)+9u2(3) 9)

s

-(MCCG)=

The procedure for calculating the bias correction factor  and its uncertainty are given in Annex G.

If the input flow to the FCAE is different at the time of the test CPC calibration to when the FCAE was
calibrated, there will be a proportionate effect on the detection efficiency determination. The flows
shall be measured with calibrated flow meters on each occasion, as described in 6.2.7 b), and shall agree
within the specified tolerance. The uncertainty associated with the FCAE flow is set by this tolerance.
A correction could be made to allow for different flows, with a consequent reduction in uncertainty, but
this is not covered by this International Standard.

The five repeated measurements specified in 6.3.5 e) give an estimate of short-term repeatability of the
detection efficiency measurement. The standard deviation of the repeated measurements is included in
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the uncertainty calculation. The uncertainty calculation therefore applies only to individual batches of
these five repeated measurements.

Guidance on cases where the uncertainty associated with the particle size is expected to have a
significant effect on the uncertainty of the detection efficiency is given in Annex M.

The calculation of uncertainty in the detection efficiency is summarized in Table 3.

Table 3 — Relative uncertainty components for calibration with an FCAE

Component

Symbol Reference Comment

FCAE detect

Expressed as % of FCAE

Taken from FCAE certificate .
reading

on efficiency ur(FCAE)

Multiple cha

Fge correction ur(MCC) |Formula (9) Expressed as %

Splitter bias

Annex G, Formulae (G.10)

(Refer to Annex G for the case of
unequal flows.)

Expressed as@%, i.e.

ur(B) = 100 u(B)/p

correction factor

ur(B)

FCAE flow r{

te deviation ur(qrcag) |6.2.7b) Expressed as %

Repeatabilit

Expressed as %, i.e.

6.3.5f _
) ur(nrep) = 100 o (Mrep) /nC

Ur(Urep)

U

C

Allcompone

The combin

e, (1)

The relative
uncertainty

A worked ex

6.4.4 Par

The particle
relevant wh
instrument
mean conce

htsaretobeinthe form ofrelative standard uncertainties;¢orresponding to standard deviat

bd relative standard uncertainty is given by Formula (10):

\/uf (FCAE)+u? (MCC)+uf (B)+u? (qrcar ) 2u; (Mrep)

expanded uncertainty Uy(n) is obtdined by multiplying the combined relative stan
by a coverage factor k: Ur(1) = k uer(n). Typically a value of k = 2 is used.

ample is given in Annex I.
ticle number concentration

number concentration to be reported on the CPC calibration certificate provides inform
en nonlinearity isexpected in the response of the CPC, for example when changing bet

ntration recorded by the FCAE, after corrections have been applied for multiple cHi

correction agnd FCAEflow. It is not necessary to estimate an uncertainty for this figure. The uncert

would be e
componentg

exCept the splitter bias correction factor would apply.

ions.

(10)

dard

htion
ween

measurement modes. The concentration to be reported on the certificate is the arithinetic

arge
hinty

kpected.to be slightly less than the uncertainty of the detection efficiency, as all df the

The uncerta

Ity that can be assigned to measurements made with the test CFL after calibratior

more complicated topic, which is addressed in Annex N.

7 Calibration using a CPC as reference instrument

7.1 Overview of the setup and calibration procedure

1is a

A schematic for a typical calibration setup with a reference CPC is given in Figure 6. All parts drawn with
solid lines are necessary components (see discussion in Clause 5). These include the aerosol generator,
the aerosol conditioner, the humidity sensor to measure the humidity of the aerosol that enters the DEMC,
the charge conditioner, the DEMC, the make-up flow, the mixing device, the flow splitter, the reference
and test CPCs. Although not shown in the figure, a relative humidity sensor shall be used to measure
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the relative humidity of the make-up air at the beginning and end of the experiments. A pressure sensor
might also be necessary for the determination of the volumetric flow rate of the instruments.

In case that the calibration aerosol flow from the DEMC is higher than the sum of the flow rates required
by the instruments, the excess air shall be vented off as bleed flow. While it is not shown in the figure,
a temperature sensor shall be used to monitor the temperature in the temperature-controlled box or
room temperature.

The parts of Figure 6 with dashed linesare recommended but notrequired. For example, the temperature-
controlled box and heat exchangers for the DEMC sheath air flow and the make-up air flow can be used to
stabilize all temperatures. A monitor CPC can be used to check the stability of the calibration aerosol. The

L | 1o £ 1ol itla £l s | 1 | 3 alo £1
make tpatrTrrow-Catnoe-Cotrtrorretrwita tnrotae varve or-comptresseaatr-witra nrass oy controller.

NOTH Apart from the reference CPC, the components and the respective requirements ane-the §ame as those
for the FCAE comparison (Clause 6).
compressed dry, temperature-controlled
filtered air box
|
perosol : make-up flow __i__ :
generator | r 1 |
| mass flow |
| controller, | :
| Wil 7% |
\ \ :
perosol | heat exchanger reference | vacuum
cdnditioner | /4 CcPC T’ (if required)
i) ixi :
i charge mixing mixing flow
v | conditioner | | DEMC Eigvi_cej—r device splitter |
) | I I | test _I_» vacuum
filter ] + CPC I™ (if required)
sheath air - _ :
| " l_ |
conditioner | . | |
| monitor | :
humidity | | P |
L — '

S l |

bleed vacuum (if required)

NOTH Dashed lines show-equipment that is not required, but highly recommended.

Figure6 — Typical calibration setup with CPC as reference instrument

—

he ¢alibration’ procedure can be seen in Table 4.

Table 4 — CPC calibration procedure using a CPC as reference instrument

7.2 Preparation

72.2 Aerosol generator and conditioner (size distribution)
7.2.3 Other equipment (e.g. mass flow meters, etc.)

724 DEMC (according to ISO 15900) and sheath air conditioner
7.2.5 |Reference CPC

Zero arithmetic mean <0,1 cm-3 (from 1-s average concentrations of at least 5 min)

High response check

Flow measurement and stability <2 % (from 5 measurements in 15 min)
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Table 4 (continued)
7.2.6 Test CPC
Zero arithmetic mean <0,1 cm-3 (from 1-s average concentrations of at least 5 min)
High response check
Flow measurement and stability <2 % (from 5 measurements in 5 min)
17.2.7 Connect the instruments and the aerosol generator/conditioner to the DEMC
DEMC (voltage off), sheath to sample >7:1
Reference CPC flow measurement
Ref| CPC zero arithmetic mean <1 cm-3 (from 30-s arithmetic means of 2 min); Ref. CPC zero arithjne-
tic mean < 0,1 cm-3 if calibration is extended to lower concentration (Annex H)
Tesk CPC zero arithmetic mean <1 cm-3 (from 30-s arithmetic means of 2 min) ; test CPCzer6 arithme-
tic mean <0,1 cm-3 if calibration is extended to lower concentration (Annex H)
Detlermine minimum level of Ref. CPC with Formula (14)
7.3 Detection efficiencies
7.3.2 DEMC diameter adjustment
7.3.3 Prijnary aerosol adjustment
Theg concentration to be within the capability of the charge conditioner
Multiply charged particles fraction <10 %
Corjcentration within the range of the Ref. CPC
734 Spljtter bias f measurement
7.3.5 Tesk CPC efficiency measurement
At tlhe specific diameter and concentration:
Set|DEMC voltage off (or 0)
— |Record 60 s CPC concentrations, use'the last 30 s for the calculations.
— [Check each CPC’s arithmetic mean <1 cm-3.
Set|[DEMC voltage for the specific:diameter
— |Record 180 s CPC concentrations, use the last 5 x 30 s for the calculations.
— |Check each CPC’s CV/for-each of the five 30 s intervals <3 %, or standard deviation <0,5 cm-3.
Calfulate detection.efficiency ncpc,; for each of the five 30 s intervals.
Caltulate the arithimetic mean detection efficiency ﬁCPC . All ncpc,i shall be within ﬁCPC +0,02.
7.3.6 Megsurement of a different concentration (optionally)
Go fo7.3:3 and then 7.3.5
7.3.7 Measurementof a differentsize (optionaity)
Goto 73.2
7.3.8 Repetition of first measurement
If >5 points have been tested (difference of 77pc has to be within 0,025)
7.39 Fill in the calibration certificate

Figure 7 provides a graphical summary of the derivation of the detection efficiency.
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7.2.1 General preparation

Chec
7.2.6
calib,

7.2.1 Primary aerosol

Star{ the operation of the-primary aerosol source according to the manufacturer’s recom
It is highly recommended.to measure the generated size distribution after the aerosol cond
a DMAS (e.g. combing.DEMC with reference CPC) if it is not known. Ensure that the relc
cont¢nts (from watenand/or solvents) in the primary aerosol shall be less than 40 %.

7.2.3 Othef equipment

Swit

off. Hrepare the calibrated pressure sensor(s), the calibrated temperature sensor(s) and th
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7.3.5b) 7.3.5a) 7.34
Cr.cpe ret,i Chcpe,i B
7.3.3¢c)and
Annex D
T ret )
p
and Cy
Formula (D.19), or Tlcpe
Formulae (D.14), (D.16), and (D.17)

Plain rectangles represent calculated values while double-lined andround-cornered rect
ured values and values taken from certificates, respectively.

gure 7 — A map of parameters and formulae needed to derive the detection effig
calibration with a reference CPC

Preparation

k that all instruments operate properlyaccording to the manufacturers’ specifications
), then prepare (according to Figure6) and check the complete setup (7.2.7). Do not pr
Iration procedure of detection efficiency (7.3) unless all tests have been passed.

Ch ofy gnd allow all auxiliary necessary equipment to stabilize. Turn on the charge cond

hngles are for

riency in

(see 7.2.2 to
pceed to the

mendations.
itioner with
tive vapour

tioner ifitis
e calibrated

flow meter for the measurement of the reference CPC and test CPC flow rates and the humlaity SEensors.

Any other recommended instruments in the setup should be also turned on and prepared according to
the manufacturers’ manuals (e.g. a monitor CPC, mass flow meters, mass flow controllers, pressure and
temperature sensors, etc.). If the whole setup (i.e. DEMC and instruments) is in a temperature-controlled
box, set the desired temperature and leave the system time to stabilize.

7.2.4 DEMC

Turn on the instrument, check the DEMC according to ISO 15900, and set the desired flows. Prepare the
conditioner of the sheath flow.
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7.2.5 Reference CPC

Turn on the reference CPC and allow the saturator, condenser and optics to reach their specified
temperatures. Leave it running for at least 30 min. If working fluid has been changed, leave it running
for atleast 1 h.

Check the zero level and flow rates of the reference CPC at ambient conditions. All indicators (e.g. for
temperatures, flows and pressures) shall show error-free operation of the instrument. The following
checks ensure that the instrument is working properly before connecting it to the calibration setup.

a) Zero count check

For zero coy
additional H
low concent]
1-s reading
concentrati

Contact the
b) Highre

Perform a si
be done by {
500 cm=3. T
Aerosols fro
Or, follow th

c¢) Flowra

Measure th
ambient corj
shall be sta
be <2 %. Th
the referend
and repeat.

Compare th

(gcpc refcal,amb) With the arithmetic mean value indicated by the reference CPC for the same

intervals on
rate is repol
calculation.
as an accurg

The flow rate gcp&ref.cal,amb should also be compared with the flow rate of the reference CPC

calibration (¢

nt check, attach at least one HEPA filter (>99,99 % efficiency) to the reference CPC inle
EPA filter in series with the first one may be necessary to achieve the required extre
rations). Run the CPC for a minimum of 5 min and record the concentration values

n shall be <0,1 cm-3.
manufacturer if these requirements are not met.
sponse check

mple check to demonstrate that the reference CPC can detectarticles. This can, for exa
ampling room air if the number concentration of the roonf\air is expected to be higher
he number concentration measured by the reference GPG should be higher than 500

m other sources with sufficiently high number concentrations may also be used for thig
e manufacturer’s recommendations. Contact the manufacturer if this requirement is not

[e measurement

e nominal (see calibration certificate) volumetric inlet flow rate of the reference C
ditions with an appropriate low pressure drop, calibrated flow meter (Annex ]). The
ble over time, i.e. the CV of at least*5-measurements uniformly spaced over 15 min
bre should be no obvious decreasingor increasing tendency of the flow. If not fulfilled,
e CPC more time to stabilize, cheek the pump (or vacuum connection) of the reference

e (calculated) arithmefig-mean of the measured inlet flow rates of the reference

the nominal valuée-of the reference CPC (qcpc,refamb). The latter case applies if no
'ted or when thé-nominal value is used by the reference CPC for the particle concentr
The differenee'should be within the reference CPC manufacturer’s specifications, indi
cy rq,cpc,répih %. If not, the manufacturer should be contacted.

ertificate (qcpc, ref.cert) and the deviation shall be within:

t (an
mely
with

interval and 1-s averaging time. After any leaks are eliminated, the arithmetic fnean

ple,
than
'm-3.
test.
met.

PC at
flow
shall
eave
CPC,

Che reference CPC requires.attention from the manufacturer if the flow check fails twice.

CPC
time
flow
htion
rated

n its

‘qCPC,ref,cal,amb ~4qcPC refcert

where

ur(QCPC,ref,cert)

Ur(CIcal,cert)

2 2 2
< 2\/ur (qCPC,ref,cert ) +Uy (qcal,cert ) + % rq,CPC,ref
qCPC,ref,cert

calibration certificate;

cal,amb-

Higher deviations might indicate issues with the flow control of the reference CPC.

32

(11)

is the relative standard uncertainty for the inlet flow of the reference CPC in its

is the relative standard uncertainty of the flow meter used to measure qcpc,ref.-
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All flow rates shall refer to the same temperature and pressure. Depending on the flow control used in
the reference CPC, different corrections should apply (see Annex ]).

7.2.6 Test CPC

When a CPC has been transported for calibration, it will generally have been drained of working fluid.
In that case, switch the test CPC on, fill with the required working fluid to the specified level (observing
manufacturer’s precautions regarding moving the unit when full) and allow the saturator, condenser
and optics to reach their specified temperatures. Leave it running for at least 1 h.

When a CPC is to be calibrated without being drained of the working fluid, manufacturer’s precautions

rega
least]

Allin
a)

Forz
HEPA
the (
aver

Y.

Cont

b) 1

Perfd
be d
than
Aero
Or, fq

c)

Meaq
drop
unifd
the fl
the t¢

]

Com
with
valug
valug
with

Fding moving the unit when rull shall be observed. Switch on the test CPC, leave 1t ry
30 min, and allow the saturator, condenser and optics to reach their specified tempery

dicators (e.g. for temperatures, flows and pressures) shall show error-free operationvofthe

Zero count check

ero countcheck, attach atleastone HEPA filter (>99,99 % efficiency) to the test CPCinlet (g
\ filter in series with the first one may be necessary to achieve extfemely low concentr
PC for a minimum of 5 min and record the concentration values with 1-s reading inte
ging time. After any leaks are eliminated, the arithmetic mean‘€oncentration shall be

hct the customer if these requirements are not met.
ligh response check

rm a simple check to demonstrate that the test\CPC can detect particles. This can,

bne by sampling room air if the number congentration of the room air is expected {
500 cm-3. The number concentration medsured by the test CPC should be higher tha
s50ls from other sources with sufficiently-high number concentrations may also be used
llow the manufacturer’s recommendations. Contact the customer if this requirement i

Flow rate measurement

ure the volumetricinlet flow,rate of the test CPC atambient conditions with an appropriate
calibrated flow meter (Annexy). The flow shall be stable over time, i.e. the CV of atleast 5 m¢
rmly spaced over 5 min shall be <2 %. There should be no obvious decreasing or increasing
ow. If not fulfilled, leaye the test CPC more time to stabilize, check the pump (or vacuum c
pst CPC and repeat:The test CPC requires maintenance if the flow check fails twice.

pare the (caleulated) arithmetic mean of the measured inlet flow rates of the test CPC

the arithmetic mean value indicated by the test CPC for the same time intervals or
p of the test'CPC (qcpc,amb)- The latter case applies if no flow rate is reported or when
 is used by the CPC for the particle number concentration calculation. The differeng
n_the test CPC manufacturer’s specifications. If not, the customer should be conta

diffe

nning for at
itures.

instrument.

nadditional
ations). Run
rval and 1-s
<0,1 cm-3.

for example,
o be higher
n 500 cm-3.
for this test.
s not met.

ow pressure
Pasurements
r tendency of
nnection) of

CICPC,Cal,amb)
the nominal

the nominal
e should be
rted. Higher

rences might indicate issues with the flow control of the test CPC.

All flow rates shall refer to the same temperature and pressure. Depending on the flow control used in
the test CPC, different corrections should apply (see Annex |).

7.2.7 Check of the complete setup

Initially, the make-up flow path is connected downstream of the DEMC (typically a HEPA filter, or a
mass flow controller with a HEPA filter). Then connect the mixing device and pressure sensor. The test
and reference CPCs are connected to the flow splitter which is positioned after the mixing device. Make
sure that there is at least one opening free (e.g. the inlet of the DEMC or the make-up flow path) in order
to avoid overpressure or underpressure at the inlet of the test and reference CPCs. If there is a monitor
CPC, this should be connected before the mixing device with another mixing device.
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Connect the aerosol generator and conditioner to the inlet of the DEMC, making sure that the excess flow
is vented, or that filtered air is added if the DEMC flow rate is higher.

Check if the pressure at the inlet of the test and reference CPCs has remained in the desired range (i.e.
no extreme underpressure or overpressure, outside the manufacturers’ specifications). If not, adjust
accordingly the make-up air flow or the throttling valve.

a) DEMC flow rate

Set the desired DEMC sheath flow rate. Set the desired DEMC inlet flow rate by adjusting the make-up
flow (or bleed air). The ratio of sheath to sample flow rates shall be 27:1 to ensure narrow monodisperse

distribution.after the DEMC
After setting these flow rates, it is recommended to not adjust them during the calibration precedyre. If
adjusted, the volumetric flow rates of the reference and test CPCs have to be measured again fsee steps
b) and c) below].
b) Referenice CPC flow rate measurement
Measure th¢ volumetric flow rate of the reference CPC by inserting the calibrated flow meter betyveen
the splitter and the inlet of the reference CPC. Compare this measured value (gepc ref cal) With the yalue
reported by| the reference CPC or its nominal value (gcpc ref). The latter case applies if no flow rate is
reported or{when the nominal value is used by the reference CPC for the‘particle number concentrption
calculation. [The difference should be within the reference CPC manufaeturer’s specifications, indi¢ated
as an accurgcy rq,cpc,ref in %. If not the manufacturer should be contacted.
The flow ratle gcpc ref,cal Should also be compared with the flow pate of the reference CPC in its calibrption
certificate (§cpc ref,cert) and the deviation shall be within:

‘qCPC,ref, Fal _qCPC,ref,cert‘ 2 2 1/ .2

<2 Uy (qCPC,ref,cert ) +Uy (qcal,cert ) + A r ,CPC,ref (1 2)
A{pC ref cert

where

ur(qcpcpef,cert)  is the relative standard uncertainty for the inlet flow of the reference CPC in|its

calibration certificate;
ur(qcal,chrt) is the relatijve'standard uncertainty of the flow meter used to measure qcpc fef-
cal-

Higher deviitions might indicate issues with the flow control of the reference CPC.
The relative|standard Un¢ertainty of gcpc ref is calculated as shown in Formula (13):

ur(qCPC, ef) :‘qCPC,ref,cal _qCPC,ref,cert‘/\/quPC,ref,cert (13)
All flow ratesstralt referto the sarmme temperature and pressure. Depending o the flfow comntrot used in

the reference CPC, different corrections should apply (see Annex |).

NOTE1 The flow rate is affected by the composition of the gas. For more details, see AnnexJ.
NOTE 2  The flow measurementis repeated here to account for flow rate changes due to changed reference CPC

inlet pressure.
c) Test CPC flow rate measurement

Measure the volumetric flow rate of the test CPC by inserting the calibrated flow meter between the
splitter and the inlet of the test CPC. Compare this measured value with the value reported by the test
CPC or its nominal value. The latter case applies if no flow rate is reported or when the nominal value is
used by the test CPC for the particle number concentration calculation. The difference should be within
the test CPC manufacturer’s specifications. If not the customer should be contacted. Higher differences
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might indicate issues with the orifice or the pump of the test CPC. This value shall be reported in the
calibration certificate, along with the test CPC reported or nominal value.

All flow rates shall refer to the same temperature and pressure. Depending on the flow control used in
the test CPC, different corrections should apply (see Annex |).

NOTE1 The flow rate is affected by the composition of the gas. For more details, see Annex]J.
NOTE 2  The flow measurement is repeated here to account for flow rate changes due to changed test CPC

inlet pressure.
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e calibration of a test CPC is extended to low concentrations according to Annex H, tH
entrations resulting from the zero count checks must be less than0)1 cm—3 for both t

in series with the first one may be necessary to achieve these low concentrations.
Determine the reference CPC minimum level

Fmine the arithmetic mean and standard deviation ofithe particle number concentratig
e reference CPC in 30 s (at 1-s reading interval).Multiply the standard deviation by 3
metic mean value:

CN,ref )min - (CN,ref )mean +30

CN,ref
bare this value with the lowest conCentration in its calibration certificate. The greatg
mum concentration at the inlet ©fjthe reference CPC that may be used in the calibrat

as the “minimum level”).
Alarge standard deviation [ocn ref> > (Cn,ref)mean] is typical for particle bursts, caused e
e down all parametefs: Readings of the reference and test CPCs, flow rates, pressures, te

-up flow (if availdble), sheath, sample flow rates, humidity, etc. All this information will
e certificate of calibration (see Clause 8 and Annex C).

Calibration procedure of detection efficiency

thall remain
of 2 min, the
eck for leaks
excessively
DEMC.

e measured
he reference

[which may serve as the dummy CPC according to Annex H) and'the test CPC. An additional HEPA

ns reported
and add the

(14)

br one is the
ion (defined

g. by particle
h this case.

mperatures,
bereported

7.3.1

General

The following procedure describes the measurement of the detection efficiency of a test CPC at one
given calibration particle size and particle number concentration.

7.3.2 DEMC diameter adjustment

Adjust the DEMC such that the particle size of singly charged calibration particles leaving the DEMC
equals the desired calibration particle size.

NOTE It is highly recommended to begin with a big size (such that the detection efficiency of the test CPC is
at the maximum, i.e. at least 3 times the size where the detection efficiency is expected to be 50 %) and check the
linearity of the test CPC (i.e. different concentrations at the same size). Then the detection efficiency at the steep part
of the detection efficiency curve may follow. This is because the tests at the steep part of the detection efficiency
curve usually need adjustment of the size distribution produced by the generator and are more time consuming.
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7.3.3 Primary aerosol adjustment

Adjust the aerosol conditioner in such a way that the concentration of the calibration aerosol equals
the desired concentration for the measurement of the detection efficiency. However the following
requirements shall be fulfilled.

a) Minimu

m level

The concentration shall be higher than the minimum level of the reference CPC, as defined in
Formula (14) in 7.2.7 e).

b) Maximu

m level

The concent
the single p3

ration shall be lower than the maximum concentration the reference CPC may méasu
irticle counting mode, as specified in its calibration certificate.

The total number concentration of the conditioned primary aerosol shall be low enoughtg reach ch

equilibrium
DEMC. A m¢|

after passing through the charge conditioner and to avoid particle chargé\caused bias i
thod to check this is described in Annex K.

c) Fractionp of multiply charged particles @

When the t
instrument,

When the td
used as the
the fraction
Annex D, an|
P<01isa

@ can be de
distribution

The fraction
in Formula

¢p=CN

where
Cn(dp)

The fraction

(D:Z‘ﬁp

p=2

est CPC has reached its detection efficiency plateau and a’CPC is used as the refej
there is no requirement to measure the fraction of multiply'charged particles.

st CPC is being calibrated at particle diameters near the lower detection limit and a C
reference instrument, the value of multiply charged.particles @ shall be < 0,1. Deter
5 of particles of p charges [¢pp, Formula (15)] aceording to one of the methods describ
d calculate the fraction of multiply charged particles (@) with Formula (16). The crit
pbass/fail criterion; the calibration procedure shall not be continued until it is fulfilled|
'reased by, e.g. adjusting the mode diameter'or the geometric standard deviation of thd
of the primary aerosol.

15):
dp)/

is the concentration of particles with p charges.

2.Cnld)y)

p>1

of multiplycharged particles, @, is calculated as

re in

arge

n the

ence

PC is
mine
ed in
brion
. The
P size

of particles with p charges, ¢p, within the aerosol leaving the DEMC is calculated as shown

(15)

(16)

NOTE 1

D 1. 41 1 e £l 1 ISR | NEMO 4] 1 £l PN | 1 sl
CPTIUTITE UINUTIT PUTAT Uy UT UTIT VUTLA ST TITUIT D LTI, UIT LT TS UTUTIT PAT LILITS TAdITUTTIUITT PU

or negative. In this International Standard, we define p as the absolute number of charges.

NOTE 2
size at which

NOTE 3

the detection efficiency of the test CPC will be measured.

the fraction of multiply charged particles, @, is reduced significantly.

7.3.4 Splitter bias f measurement

itive

Itis highly recommended that the geometric mean size of the primary distribution is smaller than the

If a tandem DEMC setup is employed (i.e. two DEMCs in series with a charge conditioner in between),

Perform the splitter bias measurement according to Annex G. If the observed splitter bias £ is greater
than 1,05 or less than 0,95, check for any inhomogeneity of the calibration aerosol.
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7.3.5 Test CPC efficiency measurement
Determine the detection efficiency of the test CPC according to the following steps.
a) Recordings at DEMC voltage 0 (or off)

Set the DEMC voltage to 0 V (or off) and record the number concentrations reported by the reference
and test CPCs with 1-s reading interval and 1-s averaging time for 1 min. Calculate the arithmetic means
of the number concentrations reported by the reference and test CPCs for the last 30 s of the 1-min
measurement interval.

The arithmetic means of the reference and test CPCs’ number concentrations shall be <1 cm-3. If not, the
meagurement is not valid. Check the generator or other sources of instability and repeat:

b)

ecordings at specific size and concentration

Record the number concentrations reported by the reference and test CPCs with 1-s reading interval
and 1-s averaging time for at least 180 s. Separate the recorded data into six’equal time inftervals i =1
to 6 [e.g. 6 x 30 s if total time is 180 s). Calculate the arithmetic means Cy cpc refi and Cy,¢pc,i and the
stanglard deviations of the number concentrations reported by the reference and test CPCs, respectively,
for each of the time intervals i = 2 to 6.

Ineaghtimeinterval, eitherthe CVorthestandard deviation ofthe ¥eference and test CPCs’ concentrations
shalllbe <3 % or <0,5 cm-3, respectively. If not, the measuremient is not valid. Check the generator or
othef sources of instability and repeat.

For low number concentrations (nominally less than 103 cm-3), it is recommended that|longer time
interjvals be used to reduce measurement uncertaifity. For example, record the indicated number
concentrations reported by the reference and test CRCS every second with 1-s averaging timg for 12 min.
Sepafrate the recorded data into six time intervals i of 2 min and calculate the arithmeti¢ means and
stanglard deviations of the number concentrations for the last five of the six 2-min intervalg.

c) (alculation of the detection efficiencytef the test CPC

If th¢ primary aerosol cannot be conditioned in such a way that the calibration aerosol dontains one
elementary charge, corrections shall'be applied (Annex D).

Annéx D also quantifies the effect of multiple charges on the determination of particle size.

Inforymation from the reference CPC certificate regarding any correction factor required by the reference
CPC with respect to its'diSplayed concentration shall be incorporated (Annex D).

Calcyilate the detection efficiency 7ncpc,i of the test CPC using the arithmetic mean comncentrations
obtalned in 7.3.5’b) and formulae in Annex D:

— If theparticle size is in the range where the detection efficiency of the test CPC is known to be
qonStant against size, substitute Cycpc ref,i [Z.3.5 a)], Cncpc,i [7.3.5 a)], B (7.3.4), and npc ref (from
the calibration certificate of the reference CPC) into Formula (D.19).

— If the particle size is in the range where the detection efficiency of the test CPC is known to vary
with size, substitute Cn,cpc ref,i [7.3.5 a)], Cncpc,i [7.3.5 a)], ¢p (and Cy obtained in Annex D) [7.3.3
c)], B (7.3.4), ncpc,ref (from the calibration certificate of the reference CPC) and an estimated plateau
efficiency n’cpc of the test CPC into Formulae (D.14), (D.16), and (D.17).

Record in the calibration certificate which method of calculation was used.

Calculate the arithmetic mean detection efficiency 7n¢pc and its standard deviation o(nrep) for the

specific concentration and size using the five detection efficiencies, ncpc,i (i = 2 - 6). The calibration is
valid only if all five ncpc,; values are within +0,02 of the arithmetic mean detection efficiency 7¢pc .
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7.3.6 Measurement of different particle concentrations

If a different concentration (at the same size) has to be measured, adjust the concentration of the primary
aerosol (go to 7.3.3 and then 7.3.5). The measurement of the fraction of multiply charged particles [7.3.3
c)] is not necessary to repeat. Note that the splitter bias (7.3.4) and the reference CPC flow rate [7.2.7 b)] do
not have to be tested. For concentrations lower than the maximum level, there is no need to re-check the
charge conditioner [7.3.3 b)]. If the CPC s to be calibrated at concentrations below the lowest concentration
for which the reference CPC has been certified, the method described in Annex H can be followed.

If the DEMC flow rates have to be adjusted, measure the inlet flow rates of the reference and test

CPCs (see 7.2.7).

7.3.7 Mea

If a different
have to be p

If the DEM(
CPCs (see 7|

NOTE1 If
linearity cheq

NOTE2 It
particle sizeq
nonlinear CP

NOTE3 W

the measureinent mode of the test CPC changes (as stated in the\manufacturer’s manual), so that discontin

can be anticij

7.3.8 Repetition of first measurement point

When sevel|
malfunction
to be repeat
charged parj
the flow rat
7.2.7. If not,

NOTE

morethan 5t
between the

7.3.9 Pre

Tlhe repetition of théfirst point can be done e.g. after 3 tests, but also after more tests. However

surement of different sizes

erformed.

flow rates have to be adjusted, measure the inlet flow rates of thé eference and
2.7).

the detection efficiency of a size at the steep part of the detection efficiency curve is tested (i
k), itisrecommended to set at a concentration that the coincidencecorrection of the test CPC is

is also highly recommended to conduct all detection efficiency tésts on the same test CPC at v4
at approximately the same particle number concentration.This would avoid any influence fi
C response.

hen planning the concentrations to be used, attention'shall be paid to the concentrations at ¥

pated.

al points are tested, or when @ hieasurement instrument was switched off, or wh
occurred, the detection efficiency measurement with the first set of aerosol parameter]
ed (i.e. concentration and size). This includes the determination of the fraction of mu
ticles. The difference of the/two detection efficiencies should be within * 0,025. In add
es of the reference and test CPCs have to be within 5 % of their original measuremer|
b1l tests conducted arenot valid.

ests are condutted the risk of losing all measurements is higher (due to a higher than 0,025 diffe
first and lastpoints).

paratien of the calibration certificate

particle size has to be tested, then go to 7.3.2. In this case all following steps (7343 to 1.3.6

.€. nNo
<1 %.

rious
om a

vhich
lities

en a
s has
tiply
ition
ts in

when
rence

Fill in the c{

libration certificate (see Clause 8 and Annex C). This completes the measurements fo

r the

determinati

7.4 Meas

on of the detection efficiency of the test CPC.

urement uncertainty

7.4.1 General

The result of the CPC calibration takes the form of a detection efficiency n at a certain particle size, a
certain particle number concentration, for a certain type of generated particles. The principal quantities
requiring well-defined measurement uncertainties are the particle size and the detection efficiency,
covered in 7.4.2 and 7.4.3. The particle number concentration is less critical, and its uncertainty is largely
covered by that of the detection efficiency. It is covered in 7.4.4.
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7.4.2 Particle size

The particle size associated with the calibration is determined by the DEMC supplying the calibration
aerosol to both instruments. The particle size and its measurement uncertainty shall be determined
according to ISO 15900.

When there is a significant fraction of multiply charged particles in the calibration aerosol, significant
numbers of particles will have much larger sizes than the selected size. The fractions ¢p, which have
been determined according to Annex D, shall be noted on the calibration certificate. When the fraction
has not been determined a note shall be made on the certificate describing the scale of any relevant

effects expected from the system used.

7.4.3

The

the f

As st
num
for it
unce
stan

Ther]
unce
notc

The

Ifthe

CPC

flow
agre

this

Detection efficiency

incertainty in the result for detection efficiency is principally determined by.comp
bllowing:

tthe reference CPC (as described on its certificate);

the multiple-charge correction;

differences in particle concentrations sampled by the reference and test CPCs (the
¢orrection factor);

the accuracy and variations of the reference CPC inputflow measurements;

the repeatability of the detection efficiency calibration;

the effect of uncertainty in the particle size determination (when the particle size is s

[PC detection efficiency is significantly affec¢ted by the particle size).

ated in 7.1, the reference CPC shall haveah unexpired calibration certificate specifying
ber concentration range for which the-calibration is valid. The certificate will give an
S particle number concentrationmeéasurements. Note that this will often be expressed
rtainties (k = 2; approximately. 95'% confidence) values, while uncertainties must be
lard uncertainties (k = 1) values.

e is no multiple chargé correction in the detection efficiency plateau region (see
rtainty component in'this case is zero. The more complicated case away from the platg
overed in this Intefmational Standard.

procedure for.calculating the splitter bias correction factor fand its uncertainty are givel

inputflowtothereference CPCisdifferentatthetimeofthetestCPCcalibrationtowhent

b shall’be measured with calibrated flow meters on each occasion, as described in 7.2.7
e @rithin the specified tolerance. The uncertainty associated with the reference CPC f

bnents from

splitter bias

uch that the

the particle
uncertainty
hs expanded
fombined as

D.1), so the
au region is

hin AnnexG.

hereference

lvas calibrated, there will be a proportionate effect on the detection efficiency determfination. The

b), and shall
ow is set by

1 A o 1311 A 1 £ 1. cc 0 iyl -
LOICTAIICC. A COITCCLIUIT LOUIU DE IIIaUt L0 dlIOW 101 UIIITT CIIL TTOWS, WILIT 4 COIISTYUCIIL

uncertainty, but this is not covered by this International Standard.

eduction in

The five repeated measurements specified in 7.3.5 d) give an estimate of short-term repeatability of the
detection efficiency measurement. The standard deviation of the repeated measurements is included in
the uncertainty calculation.

Guidance on cases where the uncertainty associated with the particle size is expected to have a
significant effect on the uncertainty of the detection efficiency is given in Annex M.

The calculation of uncertainty in the detection efficiency is summarized in Table 5.
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Table 5 — Relative uncertainty components for calibration with a reference CPC

Component

Symbol Reference Comment

Reference CPC

Taken from reference CPC

ur(RCPC) certificate

Expressed as %

Splitter bias

Annex G, Formula (G.8)

(Refer to Annex G for unequal
flows.)

Expressed as %, i.e.

ur(B) =100 u(B)/p

correction factor

ur(p)

deviation

Reference CPC flow rate

7.2.7b) Expressed as %

ur(qcpc,ref)

Repeatabilit

Expressed as %, i.e.
7.3.

o

ur(Mrep) d)

ur(nrep) = 100 o (nrep)/ 1cH

@)

Allcompone

The combin

e, (1)

The relativg
uncertainty

744 Par

The particle
relevant wh
instrument
mean conce
CPCflow. Iti
to be slightl
splitter bias

The uncert4
more compl
8 Repor
The reportiy

a)

descrip

Iy less than the uncertainty of the/detection efficiency, as all of the components excep

htsaretobeinthe form ofrelative standard uncertainties, corresponding to stapdard deviat

bd relative standard uncertainty is given by Formula (17):

\/u? (RCPC)+ur2 (B)+ur2 (QCPC,ref)"Hl?(nrep)

expanded uncertainty Uy(n) is obtained by multiplying the combined relative stan
by a coverage factor k: Ur(1) = k uc,r(n). Typically a value of k = 2 is used.

ficle number concentration

number concentration to be reported on the CPC calibration certificate providesinform
en non-linearity is expected in the response'of the CPC, for example when changing bet}

htration recorded by the reference CR(, dfter corrections have been applied for the refey
snotnecessary to estimate an uncertdinty for this figure. The uncertainty would be exp¢

correction factor would apply.
cated topic, which is,addressed in Annex N.

ting of results

1g of the calibration of a test CPC shall include the following information:

b) descrip

ions.

(17)

dard

htion
veen

measurement modes. The concentrationto be reported on the certificate is the arithinetic

ence
pcted
t the

inty that can be assigned-to measurements made with the test CPC after calibration is a

fion of.the test CPC: manufacturer, model, serial number and internal parameter settings;

fionofthe reference instrument (FCAE or CPC): manufacturer, model, serial number, int

brnal

parameter settings, calibration certificate reference and expiry date;

‘)
d)

certificate flow;

e)
f)
g)

h) pressur

40

test CPC flow rate during calibration, together with its measurement uncertainty;
description and date of last calibration of the flow meter(s) used;

temperature and pressure of the laboratory during calibration;

e of the calibration aerosol;

description ofthe aerosol generation: particle type, gas composition, method,and all relevant parameters;

corrections made to the reference instrument readings, e.g. if the measured flow differs from the
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i) result of the zero check of the test CPC;

j)  polarity of the calibration aerosol and measured fractions of doubly and triply charged particles in
the calibration aerosol;

k) description of the method used to calculate the detection efficiency (this may refer to sections of
this International Standard).

1) calibration results: detection efficiency (together with its measurement uncertainty) at a given
particle size (together with its measurement uncertainty) and particle concentration;

m) suggested expiry date of the calibration certificate;

n) o¢ther relevant information.

Suggested templates for reporting calibration results on certificates are given in Annex C.
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Annex A
(informative)

CPC performance characteristics

A.1 General

Clauses 6 a
efficiency o
provides ex
describes hg
to character
(A.3). This i
case and on

id 7 from this International Standard described the procedure to determine the dete
" a test CPC at one or more sizes at different particle number concentrations. This Al
planations for major characteristics that describe the performance of a GPC"(A.2)
w calibration information provided at several particle concentrations andsizes can be

hformation is only informative; the appropriate evaluation of the data are different in
y the user can decide what to do with the information that he has eollected.

A.2 Maj

Figure A.1

r performance characteristics of a CPC

escribes a typical relationship between the actual concentration and the concentr

reported by p CPC.Inthe concentrationrangeinthe middle ofthe graph, the relationshipisverylinear]

means the

starts to sc§
CPC may ref
due to reas
occur with 1}
higher conc
concentrati
The linear j
appropriate

etection efficiency is constant. As the concentration decreases, the reported concentr
tter, due to the particle counts becoming infreguent. At the lowest concentration liy
ort a concentration that is greater than the actual concentration (false count), which o
bns such as small leaks in the CPC or contathination of the optics. False counts may
much higher concentration if the reasons are large leaks or homogenous nucleation. I
entration range, on the other hand, the-reported concentration underestimates the a
n due to coincidence count loss, if €oincidence correction is not available or is turne
part can be extended to a highéryconcentration by implementing coincidence corre

y.

NOTE The relationship varies with particle size and particle type.

ction
nnex

and
used

ize the CPC with a few parameters (i.e. the slope from the plateau and lower-detection limit)

each

htion
This
htion
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CCurs
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h the
ctual
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ure A.1 — Relationship between the actual concentration and the concentration
0 CPC in single particle counting mode.illustrating false counts and coincidence 1
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'e A.2 shows a typical size dependence of the detection efficiency of a CPC. At larg
‘tion efficiency stays relatively constant (the plateau efficiency). As particle size de
‘tion efficiency drops and falls to zero, because the vapour can no longer condense on
blateau efficiency is normally close to 100 %. The size at which the detection efficig

of the plateau efficiency is called the lower detection limit or cut-off size. The lower
au efficiency, dminvep (3.21), which applies to a reference CPC, is also shown in the figy

The size-dependence varies with particle concentration and particle type.
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Figure A.2 — Particle size dependence of the detection efficiency of a reference CPC with
particles of a given concentration and particle type

A.3 Examples

The following sections will describe how to calculate the major characteristics of a CPC basdd on

experimental detection efficiencies, Table A.1 gives the measured detection efficiencies.

Table A.1 — Results-of the comparison of a test CPC with a reference CPC

d [nm] Cn,cpC ref [cm—3] Cncpc [cm-3] CN,cPC/CN,CPC ref
90 119447 11 184,9 0,94
90 10 422,6 98278 0,94
90 82679 7 809,3 0,94
90 4 448,8 4191,1 0,94
90 609,2 571,44 0,94
90 13,3 12,4 0,93
90 5,9 5,5 0,93
90 2 305,0 2176,2 0,94
90 10 104,6 9510,0 0,94
75 8 380,2 7 807,8 0,93
55 40739 3671,3 0,90
55 51577 4 634,6 0,90
41 54229 4533,6 0,84
23 2521,8 1074,6 0,43
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Table A.1 (continued)

d [nm] CN,cPC,ref [cm~3] Cn,cpc [cm-3] CN,cpc/CN,CPC ref
15 778,1 1,4 0,00
28 3565,4 22177 0,62
41 5408,5 4531,1 0,84
37 5036,2 4 029,7 0,80
23 2469,0 10514 0,43

X o L.
LIIICAl'Ily

mportant piece of information during the calibration is whether the response ©f th¢
r or not. This is examined by comparing the test CPC with the reference instrument
cle number concentrations using a size from the plateau. For example, for a calibj
een 0 and 104 cm-3 the concentrations examined could be 2 000, 4 000,.6 000, 8 000,
g an FCAE as a reference instrument) or 10, 100, 1 000, 5 000, 10 000 cm"3 (using a re
eference instrument).

.1 Residual plot

irst step is to plot the ratios of the number concentration efthe test CPC to the referencsd
unction of the reference instrument concentration.[22] The graph gives a correct visual

data behaviour and their relationship. From the plot it can be easily seen if and
ement (relationship) exists between the instruments, if there is any tendency for th
tion to change with the magnitude of the measurement, and if there are any outliers.
e test CPC is equal to the arithmetic mean of the ratio of the two instruments (test CH
ument) minus 1. If the differences are normally distributed then 95 % of the differe

s the normality. What is typically doneis that some limits are set for acceptable diffe

p test CPC is
at different
ation range
10 000 cm-3
ference CPC

instrument
assessment
vhat kind of
e amount of
[12] The bias
C/reference
nces will lie

een the arithmetic mean * 2 s of the ratios. However a normal probability chart is fecessary to

rences from

the drithmetic mean. Figure A.3 shows, this graph for the data for the example of Table A.1 with pre-
defined limits of + 2,5 % to assess thé lihearity. The limits can be different for each application.
Y
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Figure A.3 — Ratios of the test CPC to the reference instrument as a function o

f the

concentration by the reference instrument (data in Table A.1). The arithmetic mean is 0,938
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It should be noted that to use this method, it must first be verified that the reference CPC is linear.
Otherwise an apparent linearity of two CPCs may be an artefact of both being in error because of a
generic bias in the instrument design. It should also be noted that, if the two instruments have similar
uncertainties, it is mistaken to plot the difference against either method separately, as the difference
will be related to each, a well-known statistical phenomenon.[11] However, if only the arithmetic mean
will be calculated, there is no effect on the result. In addition, this effect is not important in this case
where there is such a wide range in concentration and small difference between the two measurements.

Figure A.4 shows four typical cases.[20][24]

When the two methods show excellent agreement the ratlo will be around 1 (small bias) and the

scatter

When t
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due to €.
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he ratio is different from 1 (and there is bias) but the precision is good, a correction f
will solve the problem (circles on Figure A.4). Typically this happens due to wreng i
ion, drift of the flow controller system of the CPC or the saturator.[24]

nere is an offset in one of the methods, the graph will look like the squarnes in Figure A
iy concentrations, a CPC may report a concentration that is higher thamthe real (false ¢
g. small leaks in the CPC and contamination of the optics.

when there is a difference at the high concentration range, the graph will look lik
ure A.4. This happens because two or more particles pass.through the optics of thg

I calibrated.

er of the data shows a rather limited precision (nofigure shown). Typically this happsd
rations, as the particle counts in the optic become less.

e correlation in the middle is usually lineatdn all cases, the effect of offset or coincid
For this reason it is highly recommended™to calibrate a CPC in this range, whenevet
ally it should be noted that the above correlations vary with particle size and particle
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Figure A.4 — Typical patterns of residual plots with good precision
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A.3.1.2 Sample size calculation

The main purpose of the sample size calculation is to have a high chance of detecting a statistically
significant effect, or in other words, to check if two arbitrary data sample arithmetic means p1 and up
differ significantly. The fundamental assumption is that the data sample arithmetic means have normal
distributions.

For any set of samples with continuous measurements, the required sample size can be determined by
specifying the following quantities:[13][17]

— the true standard deviation o of the true value y, which is approximated by the standard deviations

ofthe c:\mp]p arithmeticmeans S;

— arelevant positive difference § between two arithmetic means;
— the significance level a;
— the power1-p.

The pignificance level @ quantifies the probability for neglecting a true(difference, while | quantifies
the grobability for approving a non-significant difference; hence, the power 1 - f is the prpbability for
apprpving a significant difference.

A mipimum sample size n can be estimated as the lowest integer'which fulfils the inequality

2
Zi_, +2Z1_
> (MJ (A1)
£
where

41-and z1.g are respective percentiles of the normal distribution and

: is the effect size.

g= o (A.2)

s

Commonly used in statistical’hypothesis testing are a significance level a of 0,05 and a power of 0,8
(with 1,65 and 0,842 for-the 95 percentile and the 20 percentile respectively). In this examjple, an effect
size § = 0,5 (which is amedium effect in statistics) requires a sample size of 25. The sample size increases
when € decreases. Thus, detecting small but significant differences in sample arithmetic theans needs
largd sample sizes;

A.3.1.3 Linear regression

Ifthd neésidual plot shows thatthereisalinearrelation between the test CPC and the reference|instrument,
then tmrear Tegr essiomn (Ul dimar Y h:dot-aqucu cSTCgT esstomn dud}_ybib, umntess apct,ificd other vise) can be
applied (x-axis is the reference instrument concentration and y-axis is the test CPC concentration). Note
that, in order to have unbiased results from linear regression the following conditions must hold[14]: (i)
the x values (reference instrument) are measured with negligible error; (ii) the relationship between
each x (reference instrument) and y (test CPC) is linear; (iii) successive errors (differences between y
and x) are not correlated (independent); (iv) the variance of the error terms is constant for each value
of x; (v) the error terms are normally distributed. The assumption testing is conducted by plotting the
residuals (difference between the y value and the predicted y value) versus x. (similarly with Figure A.3).
When one of the assumptions is violated, then transformation of the data can help (see Reference [21]).

Usually in regression, the bias in the CPC results is indicated by the difference of the slope from one.
The precision of the individual measurements is given by the residual standard deviation of the fit.
The offset of the system under calibration is indicated by the value of the intercept. The inverse of the
slope is used as the correction factor for the CPC (so that the plateau reaches the value 1). Another key
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quantity, the uncertainty in the slope, is obtained from the formulae for regression analysis found in the
literature or statistical packages. Where possible, the regression line typically is forced through zero
because a properly operating CPCs should have no offset. Figure A.5 shows the regression graph for the
data of Table A.1. The regression was forced through zero because there was no offset.

Y
1,2E+04
1E+04

8E+03

6I[E+03
4FE+03

2[E+03

OIE_'_OO|||||||||||||||||||||||||||||||||||
OE+00 2E+03  4E+03 6E+03 8E+03 1E+04 1,2E€04~ 1,4E+04 X

Key
1 linear repression X Cncperef [cm3]
Y=09407X;R2=1 Y  Cncpc[cm3]

Figure A.5 — Simple linear regression plot between the test CPC and the reference instrument
(data from Table A.1). The slepe is 0,940 7

The cases of Figure A.4 are shown in Figure A.6 in a reference instrument — test CPC graph. Due tp the
big concentiation range measured by the CPCs, it isdifficult to identify any non-ideal behaviour.
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Figure A.6 — Typical patterns of non-ideal behaviour of CPCs (see Figure A.4 and discussion there)
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A.3.1.4 Evaluation of the CPC linearity

Two correction factors can be calculated depending on the method used: One is the arithmetic mean of
the ratios of the two instruments (Figure A.3, 0,938) and the other is the slope from the linear regression
between the two instruments (Figure A.5, 0,940 7). When the response of the test CPC is linear and
the other assumptions underlying the linear regression are met, the regression results are statistically
optimal, however, for data sets with fairly evenly spaced measurements the two results will often be
almostidentical. The difference in the two analyses arises because the estimated slope from the regression
analysis is a weighted arithmetic mean with heavier weight on the more extreme concentrations, which
correctly leverages the relative information about the value of the slope in each data point. In contrast,
the weights for all data points are the same if individual ratios are averaged. The degree of difference

betw]

Typi
exan
facto

een the two analyses 1s determined by the placement of the points along the x-axis.

fally the results of the two methods are very close. If big differences are foundf.then
lined if one of the assumptions is not valid. If this is not the case, then the user sheuld d
risappropriate for the specificapplication (e.g.linear regression is appropriatewhen me

are aft the high end of the calibration).

A.3.]

The
platd
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abov]
estin
Variq
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A

Lower detection limit

Hetection efficiency of a CPC is a sigmoid like curve that goes-from 0 to a maximur
au efficiency). It can reach 1 after correcting with the inverse of the slope, see above.

Kize for which the detection efficiency is half of the plateau efficiency (or 50 % if
ency has been normalized to 1) is often called lower détection limit or cut-off size of 4
e mentioned diameters can be determined experimentally (i.e. finding these sizes) or
nated by using formulae that fit the measured defection efficiencies at the steep part

us simple analytic formulas have been used. Ear a review, see References [28], [45], [4

kample is found in References [33], [46], and'[55]:

In 2)

al—d

a—ay

d)=b 1—e[

is the slope)and
1 and ap  arefrée parameters. The value of a; gives the lower detection limit.

e A.7 shows-the measured detection efficiencies for the example of Table A.1 and the {

to Farmula (A.3). Based on the fit: a; = 15,1 nm and az = 23,6 nm.

it has to be
ecide which
asurements

n value (the

the plateau
he CPC. The
they can be
bf the curve.
7], and [59].

(A.3)
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Figure A.7 — Fitted detection efficiency curve of the test CPC as a function of the size
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Annex B
(informative)

Effect of particle surface properties on the CPC detection efficiency

There are several data sets in the literature that show dependence of the detection efficiency of CPCs
on, for example, the chemical composition of sampled particles.[81[2][23][26][28][29][33][34][47][50][54][57]
[58] Published data in earlier work were on 1-butanol-based CPCs in which the material |[dependence
was studied mainly with sodium chloride and silver. Some difference in the detectiofn efficiency was
obsefved between the two materials in the size range near the lower detection limit;and silver seemed
to shjow slightly higher detection efficiencies than sodium chloride. More recent ivork with 1-butanol-
basefl CPCs investigated a wider variety of materials which showed that oils were;easiest to detect while
inorganic salts were hardest (Figure B.1).

Y A

Key
poly-alpha=glefin (PAO) X  particle size [nm]
} diffusign-flame soot Y detection efficiency [%]
Sucrose

q polystyrene latex (PSL)

ViN oxidized silver

O sodium chloride

Figure B.1 — An example data set that presents the chemical composition dependence of the
detection efficiency of a 1-butanol-based CPCV

For recently commercialized water-based CPCs, dependence of the detection efficiency on the particle
chemical composition has been also studied and reported in the literature. In contrast to the case of
1-butanol-based CPCs, inorganic salts are easier to detect than oils for water-based CPCs.

1) Reprinted from Reference [57] with permission from Elsevier.
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Background theory for the dependence of the CPC detection efficiency on particle chemical composition
was discussed in References [8], [9], [25], and [42] in terms of solubility and surface wettability, i.e. two
physicochemical parameters that indicate the strength of the interaction between the CPC working fluid
and the particle.

These observations in the literature provide evidence that detection efficiencies of the same CPC
obtained by calibrations with particles of different chemical compositions may not agree with each other,
especially at particle sizes near the lower detection limit. Therefore, the particle chemical composition
shall always be specified when detection efficiencies are certified, and it cannot be assumed that
comparable results would be obtained for particles of different chemical composition. In addition, for
the reference CPC, the certificate can only be assumed to be valid for the same particle material that is
specified on[the certificate (Se€ 5.4.0J.
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Annex C
(informative)

Example calibration certificates

C.1 General

This|Annex contains examples of the certificates referred to within the International Standard.

Specifically these are the following:

— Ixample completed certificate for a CPC calibrated against an FCAE (C.2);

— Ixample blank certificate for a CPC calibrated against a reference CP€~(C:3);

— IExample blank calibration certificate for an FCAE (C.4);

— Ixample blank calibration certificate for a reference CPC (C.5.
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C.2 Example completed certificate for a CPC calibrated against an FCAE

Calibration results in the example certificate of this subclause are used in Annex I.

Name and Address of the Institution Issuing the Certificate

CPC Model: ABC 2000
CPC identification / serial number: 35701
Customer: Quality Emtissions Inc

For afténtion of A N Other

Order number: 2012/A/4235

Description: Calibration of a Modél‘ABC 2000 Condensation Particle Counter
(CPC)

Date of calibration: 1June 2012

(Certificate) Reference:

Date of Issue:

Checked by:

Page 1 of 2
Signed: (Authorised Signatory)
Name: for Managing Director
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Date of instrument receipt in calibration room: 31 May 2012

(Calibration institute’s) instrument identification number: CPC/2012/5/3

Instrument model and serial number: ABC 2000 S/N 35701

Result of initial inspection: No damage observed

Result of instrument functionality test: No problems observed

Settings of internal parameters (if any): Nominal flow rate 1 I/min

Concentration ranges of instrument counting modes Single particle counting mode (with coincidence

(taken from operating manualj: correction] up to 10 00U cm™>

Type and identification of Faraday Cup Aerosol Electrometer: XYZ 1000

FCAE calibration certificate reference: NMI_FCAE_CAL_60

Corrections made to FCAE reading, e.g. if the measured flow within tolerance: certificate  flows_ 0,99 I/min;

differs from the certificate flow: measured flow 0,95 [/min

Data acquisition method: ABC software version 3

Date of calibration: 1 June 2012

Laboratory temperature and pressure: 21 °C, 996 mbar

Sample pressure relative to laboratory pressure: -1.4 mbar

Measured test CPC flow rate (volumetric flow under laboratory 0.994/min

conditions):

Uncertainty in measured flow rate?: 3%

Flow meter used (model, identification, calibration due date): IJK 179A Mass Flow Meter S/N 12341, calibration
due November 2012.

Particle material and gas used for calibration: soot in air

Method of particle generation: diffusion flame generator with conditioning

Instrument zero reading: 0 particles per cm® (mean value of 2 minutes)

Table of results:

Particle size (nm) 70

Uncertainty in size (nm)* 5

Nominal concentration (cm3) 7000

Measured fraction of doubly, charged particles

during calibration 0.0499

Measured fractionof triply charged particles

during calibration 00016

Detection effieiency 7 0,963 5

Uncertaintyiin detection efficiency 0,069 2

Reference of calibration procedure followed: Internal procedure QPAS -548

Certificate expiry date (the certificate will also be invalid if 31 May 2013

operational problems are observed or the CPC is exposed to

excessive quantities of particles):

Reference: Page 2 of 2

Checked by:

2 The reported expanded uncertainty is based on standard uncertainty multiplied by a coverage factor k =2, providing a

level of confidence of approximately 95%.
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C.3 Example blank certificate for a CPC calibrated against a reference CPC

Name and Address of the Institution Issuing the Certificate

CPC Model:

CPCidentification / serial number:

Customer:

Order number:

Description: Calibration of a Model XX Condensation Particle Counter (CPC)

Date of calibration:

D:\ge 10f2
(Certificate) Reference:
Date of Issue: Signed: (Authorised Signatory)
Checked by: Name: for Managing Director
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Date of instrument receipt in calibration room:
(Calibration institute’s) instrument identification number:
Instrument model and serial number:

Result of initial inspection:
Result of instrument functionality test:
Settings of internal parameters (if any):

Concentration ranges of instrument counting modes
(taken from operating manual):

vpe and identification of Reference CPC:

eference CPC calibration certificate reference:

H
(orrections made to Reference CPC reading, e.g. if the measured flow
differs from the certificate flow:

I

ata acquisition method:

Ibate of calibration:

laboratory temperature and pressure:
YJample pressure relative to laboratory pressure:

Measured test CPC flow rate (volumetric flow under laboratory
onditions) [cm?/s]:

o

ncertainty in measured flow rate®:

S ]

low meter used (model, identification, calibration due date):

Rarticle material and gas used for calibration:

Nethod of particle generation:

Ipstrument zero reading: x particles per cm? (mean value of y minutes

Table of results:

article size (nm)

ncertainty in size (nm)*

lominal concentration (cm™3)

leasured fraction of doubly chargedparticles
uring calibration

leasured fraction of triply charged particles
uring calibration

etection efficiency 7

ol la S la o l— |~ |0

ncertainty in deteetion-éfficiency ®

Reference of.calibration procedure followed:

ertificates€xpiry date (the certificate will also be invalid if
dperational problems are observed or the CPC is exposed to
gxCessive quantities of particles):

Reference: Page 2 of 2

Checked by:

a

The reported expanded uncertainty is based on standard uncertainty multiplied by a coverage factor k=2, providing a
level of confidence of approximately 95 %.

© IS0 2015 - All rights reserved 57


https://standardsiso.com/api/?name=de9dd2ecc359bc7bf81d10f3a5ab6ce3

ISO 27891:2015(E)

C.4 Example blank calibration certificate for an FCAE

58

Name and Address of the Institution Issuing the Certificate

ISO 17025 accreditation (or equivalent) reference
(if the Institution issuing the certificate

is not a National Measurement Institute)

Aerosol Electrometer Model:

Aerosol Electrometer identification / serial number:

Customer:

Order number:

Description: Calibration of a Model XX Aerosol Electrometer

Date of calibration:

(Certificate) Reference:

Date of Issue: Signed: (Authorised Signatory)

Checked by:

|

Name: for Managing Director
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Date of instrument receipt in calibration room:
(Calibration institute’s) instrument identification number:

Instrument model and serial number:
Result of initial inspection:
Result of instrument functionality test:

Data acquisition method:
Date of calibration:

Laboratory temperature and pressure:

Spmple pressure relative to [aboratory pressure:

ominal set flow rate [cm?/s]:

[easured flow rate

volumetric flow under laboratory conditions [cm?3/s]:
ncertainty in measured flow rate®:

article material and gas used for calibration:

ethod of particle generation:

e M allanil-lisd

—

nstrument zero reading”:

hble of results:

[C.cm™®]

hrticle size (nm)

bro-corrected reference charge
. .34b
ncentration (C.cm™)

andard uncertainty in zero-corrected reference

T
P|
Uncertainty in size (nm)®
7
C
S
charge concentration (C.cm3) ®

Instrument zero-corrected charge
ncentration (C.cm3)”

epeatability of instrument zero-corrected
. _34 bc
harge concentration  (C.cmr®)

c
R

c

Deetection efficiency 7

Uncertainty in detection efficiency *

(bservations/comments:

les]

quipment used (model)identification, calibration due date):

=

eference of calibratien procedure followed:

o

ertificate expity-date:

Referénce:

(@)

heeked by:

E.g. reference electrometer, flow mete

Page 2 of 2

a level of confidence of approximately 95 %.

> This may be derived from a combination of current and flow rate.

¢ The repeatability is the standard deviation of X repeated measurements.

#  The reported expanded uncertainty is based on standard uncertainty multiplied by a coverage factor k = 2, providing
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C.5 Example blank calibration certificate for a reference CPC

Name and Address of the Institution Issuing the Certificate

ISO 17025 accreditation (or equivalent) reference
(if the Institution issuing the certificate

is not a National Measurement Institute)

CPC Model:

CPC identification / serial number:

Customer:

Order number:

Description: Calibration of a Model XX Condensation Particle Counter (CPC)

Date of calibration:

|

(Certificate) Reference:
Date of Issue: Signed: (Authorised Signatory)
Checked by: Name: for Managing Director
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Date of instrument receipt in calibration room:
(Calibration institute’s) instrument identification number:
Instrument model and serial number:

Result of initial inspection:

Result of instrument functionality test:

Settings of internal parameters (if any):
Concentration ranges of instrument counting modes
(taken from operating manual):

Data acquisition method:
Date of calibration:

Laboratory temperature and pressure:

Sample pressure relative to laboratory pressure:
Nominal set flow rate [cm3/s]:

Measured flow rate

(volumetric flow under laboratory conditions) [cm3/s]:
Uncertainty in measured flow rate®:

Particle material and gas used for calibration:
Method of particle generation:

Instrument zero reading: x particles per cm? (mean value of y minutes).

Table of results:

Particle size (nm)

Uncertainty in size (nm)*

Nominal concentration  (cm3)

Measured fraction of doubly charged particles
during calibration

Measured fraction of triply charged particles
during calibration

Detection efficiency 7

Uncertainty in detection efficieney’®

Estimates of CPC dg, and’)ds values

(and how they were-obtained):

Equipment usedymodel, identification, calibration due date): E.g. electrometer, flow meter
Reference of calibration procedure followed:

Certificaté\expiry date (the certificate will also be invalid if

operational problems are observed or the CPC is exposed to

exeéssive quantities of particles):

Reference: Page 2 of 2
Checked by:

?  The reported expanded uncertainty is based on standard uncertainty multiplied by a coverage factor k=2, providing a

level of confidence of approximately 95 %.
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Annex D
(normative)

Calculation of the CPC detection efficiency

D.1 Sizes and concentrations of particles in the calibration aerosol from the DEMC

For calibrat
pass throug
electrical m
and supplie
s, the chard

z)=1
where

L

r1and n

The electric
electrical m

Z(d,p)=

where

d i

D i
e i
Ugas 1

Igas i

on measurements according to Clauses 6 and 7, particles from a primary aerosol sq
h a DEMC, which delivers particles with known electrical mobility. The characte
bbility of particles classified by a DEMC is a function of the geometry, volumetricflow
| voltage of the DEMC. For a cylindrical DEMC with the sheath air re-circulated at flow
cteristic electrical mobility, when the voltage U is supplied, is

sln(rz/’”ﬂocl
2nLU U

is the effective electrode length between the aerosolinlet and outlet;

are the radii of the inner and outer electrodes, zespectively.
For a detailed discussion, see ISO 15900:2009, Annex E.

P

al mobility of a particle depends on its sizevand electric charge. The relationship bet}
bbility and particle size for spherical particles can be described by

J]

e
3mu gas

0,997d

2 s
p ~ 11+ —5%11,165+0,483exp| -

gas

s the particle diametéry

s the number of hiet charges on a particle;
s the elementary charge;

s the dyhamic viscosity of the carrier gas;

s the'mean free path of the carrier gas molecules.

urce
ristic
rates
rate

(D.1)

iween

(D.2)

For dry air at 296,15 K and 101,3 kPa, the following values apply (ISO 15900):

‘Ugas = 1,832

45 x 10-5 kg m-1s-1

lgas = 6,730 x 10-8m

Figure D.1 shows the relationship between electrical mobility, DEMC-voltage and particle sizes. When
the DEMC voltage is set at U, the aerosol coming from the DEMC has the electrical mobility of Z(U) and
may contain singly charged particles of size d1(U), doubly charged particles of d(U), triply charged
particles of d3(U), and so on.
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The total number concentration Cy(U) of particles contained in the DEMC outlet flow can therefore
consist of particles of Cn(dy(U)) with p net charges and corresponding sizes dp(U). For simplicity, the
argument U is omitted in the following formulae when not explicitly needed.

Cy =) Cnldp) (D.3)
p=>1
The fraction of the particles with p net charges, ¢y, which is defined by Formulae (6) and (15), can be
expressed with the notation here as
_ Cy(d))

- (D.4)
UN

D

and depends on the size distribution and charge distribution of the primary aerosdl\Th¢ knowledge
of ¢{ and Cy is necessary for calculation of the detection efficiency of the test CPC-from mjeasurement
results (see D.3).

7
N
\s
Z0) d1<gliiz(‘_f>__d3\(U>
\\1\ : :P = 3\
I [272
N~
p=1_

Figure D.1 — Relationship.between electrical mobility, DEMC-voltage and particle sizes
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D.2 Formulae for calculation of the detection efficiency of the test CPC

D.2.1 General formulae

An FCAE will measure a current (or derived particle number concentration Cyfrcag assuming singly
charged particles) according to the number of elementary charges per particle, its detection efficiency
nrcag(dp) and splitter bias S:

Chrcae = 2 ,Cn(dy)-PNrcap(dy) B

p=1 (D.5)

Val Val v‘ L Ll Y
=CN P )V, P TTRCAE )
p=1
A test CPC will count these particles according to its size dependent detection efficiency ncpg(dp):

Cncpcd X, Cnldy) nepcldy)
p=1

Cy Y ¢y nepcldy)
p=1
For the reference CPC the splitter bias 5 has to be considered:

Chcperdr =D Cn(dy) Neperer(dy)- B
p=1
=Cy 'ﬂz¢p “Nepcref(dp)
p=>1
Itis assume(l below that the detection efficiencies of the FGAE and reference CPC are constant in th¢ size
range above d1. Based on this assumption, Formulae (D:5) and (D.7) give the following:

(D.6)

(D.7)

p=1
Cw cperdf =Mcpcref-B-Cy  (for thereference CPC case) (D.9)
where

nrcagE | is the efficiency ofthe FCAE; and
ncpc,ref| is the size-independent plateau efficiency of the reference CPC.

From Formylae (D.6)~(D:8), and (D.9), the detection efficiency at size d1 of the test CPC is described as

Cxrepc —Cn D 8p Mcpc(d)y)

Nepeld)= p=2 — ‘Necap B (for the FCAE case) (D.10)
UN,FcAE ~NMFcAE P UN 2 9p D
p=2
Ccpc—Cn Dby Ncpcld)y)
Nepeldi) = p22 “Nepe ref - B (for the reference CPC case) (D.11)
C cpe,ref ~McpCref - B-Cn Y $p
p=2

To calculate ncpc(d1) with Formula (D.10) or (D.11), the values of ncpc(dp) shall be known for p = 2,
which are usually not available. Therefore, further assumptions are needed to obtain ncpc(d1), which
are described in D.2.2 and D.2.3. The fraction of particles with net charge ¢, equals zero, when multiply
charged particles are absent (this case is dealt with in D.2.4). Subclause D.3 describes how to calculate
¢p and Cy when the calibration aerosol contains multiply charged particles.
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D.2.2 Calibration in the size range where the detection efficiency of the test CPC
varies with size

In the following procedure, the value of ncpc(di) is estimated as the arithmetic mean of ncpc(dy) values
under two extreme assumptions.

a) Calculate ncpc(d1) assuming that ncpc(dp) for p > 2 are constant and equal to ncpc(di). Since
we underestimate ncpc(dp) for p = 2 in this case, ncpc(di) will be overestimated, according to
Formulae (D.10) and (D.11).

Under this assumption, Formula (D.6) turns out to be

D

With

=

=

The 1
the u

b)

I
Undse

=

=

The 4
thel
knov

v,cpc =Mcpc(d1)-Cy

this and Formulae (D.8) and (D.9), the following formulae can be derived:

Chcre
cpcald)=—"""npcag-BY_ ¢, p  (fortheFCAEcase)
C N FcAE 1
C
cpeald)=—EFC ) pcres- B (for thereference CPCcase)
N,CPC,ref
ubscript “a” in n¢pc,a(d1) indicates that the value is obtaihed under the assumption abo
pper limit for ncpc(dy). For using Formula (D.13), the values of ¢, shall be known (see

Lalculate ncpc(d1) assuming that ncpc(dp) are copstant for p > 2 and equal to n’cpc w
he detection efficiency of the test CPC at a large size (e.g. 100 nm) where it is constant
ince we overestimate ncpc(dp) for p > 2 in this case, ncpc(d1) will be underestimated,
Formulae (D.10) and (D.11).

r this assumption, the following formulae can be derived from Formulae (D.10) and (D

Cy,cpc ~MepcCn D8y

P22

cpepldl)= ‘Npcag B (forthe FCAE case)

C v rear —MrcA B -Cn D 8p P

p=>2
Caepc —NcecCn D 4p

crep(d)= p22 ‘Ncpe,ref * B (for the reference CPC case)

Cpepcret ~Mepcyret B-Cn D 8p

p=>2

ubscript®h” in ncpc,b(d1) indicates that the value is obtained under the assumption abo
pwer limit for ncpc(di). For using Formulae (D.15) and (D.16), the values of Cy as well a
/n-(see D.3).

(D.12)

(D.13)

(D.14)

ve and gives
D.3).

here n'cpc is
hgainst size.
hccording to

A1):

(D.15)

(D.16)

ve and gives
5 ¢p shall be

c) Calculate ncpc(di) as the arithmetic mean of ncpc,a(d1) and ncpc,p(di), i-e.

Nepcldy)=

Neecal(d1)+ncpep(dr)
2

(D.17)

The difference between ncpc,a(d1) and ncpc,p(d1) tells the magnitude of the uncertainty in evaluating
ncrc(d1) by the above method and shall be taken into account in the uncertainty evaluation for ncpc(di)
in Clauses 6 and 7.
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D.2.3 Calibration in the size range where the detection efficiency of the test CPC is
known to be constant with size

When calibration is performed in the size range where the detection efficiency of the test CPC is known
to be constant against size, formulae in D.2.2 a) can be used, i.e.

Cn,cpc
nepc(dy)=—"""Ngcag-BY ¢, p  (fortheFCAEcase) (D.18)
CN FCAE o1
C
Ncpe [dﬂz#-ncpc,mf B (forthereference CPC case) (D.19)
&N CPC et

For using Fdrmula (D.18), the values of ¢, shall be known (see D.3).

D.2.4 Calibration when multiply charged particles are absent in the calibration aerosol

When the cglibration aerosol from the DEMC contains only singly charged particleswith the size d1, no
multiple chgrge corrections are necessary. In this case, ¢1 equals 1 and Formulag(D.8), (D.9), and [D.6)
give the follpwing:

CN,FCAE :CN 'ﬂ'rIFCAE(dl) (fortheFCAEcase) ()20)
CN'CPC'ref =Cyn-PB “TICPC,ref (dqy) (for the reference CPC case) (b.21)
CN,CPC = CN ncpc (dl) (fOI‘ the test CPC Case) ( )22)

The detectign efficiency of the test CPC at size d1, ncpe(di), can be obtained as

C
Nepc(dy :ﬂ-nFCAE(dl)-ﬁ (fortheFCAEcase) (D.23)
CN FCAE
_ Cnpe
Nepe(d1)=———""—""ncpcrer(d1) B (for the reference CPC case) (p.24)
CN,cPC ref

D.3 Procgdures for determination of ¢, and Cy

D.3.1 General

res for determination of ¢ and Cyare described below. The first procedure in D.3.2 assyumes
ary‘aerosol reaches a known equilibrium charge distribution when passing through the
the requirements of 5.4.2 are satisfied.

The second procedure in D.3.3 relies on a DMAS determining an accurate size distribution of the
particles. This DMAS needs to be an additional instrument. The result will depend upon the size of
the particles, assumptions about their charge distribution within the DMAS software, and other DMAS
software corrections. The knowledge of the charge distribution of the primary aerosol is not needed.

Published equilibrium charge distributions (see ISO 15900:2009, 4.5 and Annex A) are strictly valid only
for spherical particles. Therefore it should be noted that both methods will be less accurate the more
the particle shape differs from spherical particles. In extreme cases like fibres or loose agglomerates,
the use of a second DEMC to eliminate multiply charged particles in the calibration aerosol becomes the
method of choice.

Although the two procedures in principle should give the same results, users should determine which
procedure is appropriate for their purposes.
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D.3.2 Determination of the fraction of multiply charged particles using multiple
DEMC voltages

D.3.2.1 Principle

D.3.2.1.1 General

According to Formulae (D.1) and (D.2), the diameter of doubly charged particles classified by a DEMC
at voltage U, d»(U), is equal to the diameter of singly charged particles classified by the same DEMC at
voltage 2U under the same flow condition, d1(2U),i.e. d2(U) = d1(2U). Similarly, d3(U) = d1(3U). Figure D.2

h A 4] ) D o 1 4= 41 o 4= pa | 1 dezas 1 loalid
Snows—Ttner CIAdUUIISIHITP UTTWTTIT LTITS T UI4IIITTLTT S dITU TITU LN IU AT ITITUUTIIL Y.

Z
N
S
s LR
Z(2U) d1(I2IUF' NN
263U FE=E -4:(30) N R 537
! P NN 4=z N
! 1l NT NN
! 1| PE1_ _

d

Figiire D.2 — Relationship between partiele sizes classified by a DEMC at voltages U(2U and 3U

In thie following, it is assumed that there are only particles of up to three charges in the derosol from
the JEMC at voltage U, and that there are only singly charged particles in the aerosol from the DEMC at
voltage 2U and 3U, i.e.

3
dy(U)=Y_ Cy(d, (W) (D.25)
p=1
Cn(d, (U
d =% (p=1,2,3) (D.26)
N
gn(2Uy=Cy(d41(20)) (D.27)
CnBU)=Cy(d,(30)) (D.28)

When the charging probability of a particle with diameter d to carry p charges is expressed as f,(d) for
the charge conditioner before the DEMC, the following relationships apply:

f2(d;(20)) (D.29)

Cn(d,(U))=Cn(d4(2U))-
n(dy(U))=Cy(d1(20)) F(d,(20))
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f3(dy(30))
f1(d{(30))
Ifalpha or betaradiation is used forionization in the charge conditioner before the DEMC, the equilibrium

charge distribution (see ISO 15900:2009, 4.5 and Annex A) applies to fp(d). For other charge conditioners,
the appropriate charge distributions should be applied accordingly.

Cn(d3(U))=Cp(d1(3V))- (D.30)

NOTE The above calculations do not take into account contributions of larger, multiply charged particles
contained in the concentrations Cy(2U) and Cy(3U). For most primary aerosols, the error due to this simplification
is not significant. Second order corrections using Cy(4U) to correct Cy(2U) and eventually Cy(6U) to correct
Cn(3U) may become necessary if the primary aerosol has a wide size distribution (geometric standard deviation

Og larger than 2] and if the calibration aerosol diameter 51 for Sll’leg cliarged partlcles 1S Iarger Than 100 at. For

d1 =100 nm and og = 2,1, Cn(d1(U)) changes by approximately 3 % if the second order correction is applied:

D.3.2.1.2 For calibration with an FCAE

For the case fvith the FCAE, the following relationship between actual and measured concentrations applies:

3
necag Y Cn(d,(U))-p

CyWU)= (b.31)

p=1
Cn(2U)Fnpcag -Cn(d1(20)) (p.-32)
Cn(BU)F1pcag -Cn(d1(3U)) (p.33)
where Cy(U)), Cn(2U) and Cn(3U) are the measured concentrations using the FCAE when the DEMC is

set at voltag

es U, 2U and 3U, respectively. From Formulae¥(D.32) and (D.33), the actual concentrafions

Cn(d1(2U)) 4nd Cn(d1(3U)) can be derived from the measured concentrations Cy(2U) and Cy(3U), 1.e.
Cldy (=) (b34)
TIFCAE
C,\,(dl(BU))zM (D.35)
TTFCAE
Formulae ([}.29) and (D.30) can be)transformed with Formulae (D.34) and (D.35), respectively, as
Nrcag <JS1(d1(2U))
Cy(ds(tfy = B S5 C0) (h37)
tecag  f1(d1(3U))
The actual doneentration Cn(d1(U)) is then derived from Formulae (D.31), (D.36) and (D.37) as
Cy(U
et )= 2, (4, 0)) -3y (02(0)
MFCAE (D 38)
f2(d1(2U0) f3(d1(3U) '
=|Cy(U)-2Cy (2U0)- ( )_3CN(3U)' 7( ) MFCAE
f1(dy (20)) f1(d1 (30))

With Cy(d2(U)), Cn(d3(U)) and Cn(d1(U)) from Formulae (D.36), (D.37) and (D.38), respectively, Cn(U)
and ¢p can be obtained with Formulae (D.25) and (D.26).
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D.3.2.1.3 For calibration with a reference CPC

For the case with the reference CPC, the following relationship between actual and measured
concentrations applies:

3
Cy(U)=ncperet Y, Cn(d,(U))

p=1

Cn(2U)=ncpc ref -Cn(d1(2U))

(D.39)

(D.40)

whet|
the I
conc
and

D

D

Forn

N

(e

The 4

D

With
and

C LRLI yal LA (2L
NYT=TICPCref ¢ NIV )

e Cn(U), Cn(2U) and Cn(3U) are the measured concentrations using the referenc
EMC is set at voltages U, 2U and 3U, respectively. From Formulae (D.40).ahd (D.41
entrations Cy(d1(2U)) and Cn(d1(3U)) can be derived from the measured)cencentrat]
In(3U), i.e.

Cy(2U)
TIcPC,ref
Cn(3U)
TIcpC,ref
ulae (D.29) and (D.30) can be transformed with Formulae (D.42) and (D.43), respectiy
Cn(2U) fr(d(2U))
Nepcrer f1(d1(20))

Cn(BU) f3(d((3U))
Nepcres f1(d1(3U))

ictual concentration Cy(d1(U)).is'then derived from Formulae (D.39), (D.44) and (D.45

Cy)
}/TICPC,ref

TIcPC ref
Cn(d204Y; Cn(d3(U)), and Cy(d1(U)) from Formulae (D.44), (D.45) and (D.46), respec
bp caivbe obtained with Formulae (D.25) and (D.26).

n(dq(20))=

n(d1(8U))=

n(d2(U))=

n(d3(U))=

v(d1(U))=

—Cyldo(U))-Cy(d3(U))

f2(d1(20))
f1(d1(20))

f3(d1(30))

=| Cy(U)-Cy(20)- f1(d1(30))

Cy@U):

(D.41)

b CPC when
, the actual
ions Cy(2U)

(D.42)

(D.43)

ely, as

(D.44)

(D.45)

as

(D.46)

tively, Cy(U)

D.3.22

a)

Measurement proceaure

DEMC for singly charged calibration particles with diameter d;.

b)

(D.44) to (D.46) in case with the reference CPC.

‘)
d)

Calculate Cy(U) and ¢p using Formulae (D.25) and (D.26).

Measure Cy(U), Cy(2U) and Cyn(3U) using the FCAE or the reference CPC. U is the voltage set at the

Calculate Cn(dp(U)) (p =1, 2, 3) using Formulae (D.36) to (D.38) in case with the FCAE, or Formulae

Atleast 5 determinations shall be made at each particle size in order to evaluate the repeatability of

the multiple charge correction, as required for the uncertainty calculation in 6.4. The uncertainty
components u(1), u(2), and u(3), referred to in 6.4, shall be the standard deviations of the
determinations of ¢1, ¢2, and ¢3 respectively.
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NOTE It is recommended to monitor if the ratio Cy(dz (U))/Cn(U) remains constant. Variations in this ratio
indicate either non-equilibrium charge distribution or non-repeatable p. For further testing see Annex K.

D.3.3 Measurement of the fraction of multiply charged particles with DMAS

The measurement of the various charge and size fractions in the calibration aerosol can be made with
a DMAS as described in ISO 15900. To allow adjustment of the correct inlet flow for the DMAS, it is
connected to the outlet of the manifold with mixing device (see Figure D.3).

primary aerosol source

aerosol

>

aerosol

charge

DEMC

geTerator

conaitioner

Tonattionar

DMAS

mixing
device

A

Y

make-up\air
supply orbleed

Figure D.3 +— Setup for the measurement of the fraction of multiply charged particles with a DMAS

correction. Measurement of the fraction of multiply charged particles by this method assumes that
corrections|are correct and accurate. It is also assumed that aerosol reaches the known equili
charge distijibution when passing through the charge conditioner of the DMAS.

The data inviersion of the DMAS measurement shall include'multiple charge correction and diffusioiloss

hese
ium

If the electifical mobility distribution coming’ from the DEMC is narrow (i.e. the geometric standard
deviation of| singly charged particles less.than 1,1) and if the size resolution of the DMAS is suffi¢ient,
the result of the measurement will consist of clearly separated peaks for each charge and size fragtion.

Figure D.4 shows an example.
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Key
X d[nm] 1 oneelementary charge
Y1 (alibration aerosol - dCy/dlog(d) [cm-3] 2.~%Wwo elementary charges
Y2 primary aerosol - dCy/dlog(d) [cm-3] 3  three elementary charges

NOTE1 Primary aerosol: atomized NaCl, number\median diameter 60 nm, geometric standard dgviation 1,9.

NOTH
parti

2  Calibration aerosol: after DEMC witlr sheath flow to aerosol flow ratio 10:1, set for si
Cle size of 70 nm.

ngly charged

Figu
tripl

The

calib

re D.4 — Example for size resolved peaks of calibration particles that were singly,
y charged at the DEMC ofitlet and size distribution of the primary aerosol measur¢

eftmost peak corrésponds to the size of the calibration aerosol selected with the I
ration setup. The~hext peak represents particles that were doubly charged at the ]

doubly, and
rd by DMAS

EMC of the
DEMC outlet

and go on. Each peakjshall be integrated to obtain the corresponding particle number condentration as
shown in Formulal(D.47).
CN(dp) < CN,p,DMAS(dp) (D.47)
The fraetion ¢’p for punet rh;\rgpq is calculated using Formula (D 48)
c (dp)
4, = N,p,.DMAS“p (D.48)

NOTE

P> Cnipmas(d))

i1

The number median diameter of each peak (either directly measured or curve fitted) is the

representative size dp for each charge fraction. Inserting dp and p into Formula (D.2) may be used to verify that
the electrical mobility of the DEMC remains unchanged for all found charge fractions. This is a good indication for
avalid measurement.

Due to different flow rates for the calibration measurements and the measurement with the DMAS, the
number concentrations may change in the calibration experiment. (That is, for example, Cy in the

calibration measurement may be different from ZCN,,-‘DMAS(dl-)). The fractions ¢p, however, remain
i~1
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unchanged. The concentrations Cy can be calculated with Formula (D.49) using ¢, for the case when an
FCAE is used:

Cy= _ Cnpeae (D.49)
77FCAEZ¢p ‘P
p>1
Formula (D.49) assumes that the detection efficiency of the FCAE is constant for sizes dp, p > 1 and
equal to nrcAE.

Similarly, for the case when a reference CPC is used for calibration, the total number concentration of
particles is calculated with Formula (D 50):

Cc
Cy= ~ NiCPCyref (D.50)
N¢pC,ref

Formula (D.50) assumes that the detection efficiency of the reference CPC is constant'for sizes dp,|p 2 1
and equal td ncpc ref.
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Annex E
(informative)

Traceability diagram

In order that results of CPC calibration that is performed according to this International S

tandard are

regarded traceable to national standards, instruments used in the calibration, including the FCAE and

this

calibjration of a CPC.

Meagurement of volumetric flow rate includes measurement of temperature and)pressurg
Thergfore, calibration traceability of volumetric flow rate includes calibration traceability of't
and pressure.

See Higure E.1 below.

particle volumetric ;
charge flow voltage pali"gcle
concentration rate size

national standards (and definitions.of the Sl units)
A

A

calibratioh faboratories

I

volumetric : particle size
| | flow | voltmeter reference
| meter material

|: W} | A

CPC calibration
AN

| j|“reference
(LN Feae DEMC ||

S !_!___!L ________________________ ____i_

instruments that shall be
owned by the lab to perform

iy ———
hd

i cPC |

under

calibration :
|

Y
the range ISO 27891 covers

referfence CPC, shall be calibrated with metrological traceability to national standards./The figures in
nnex illustrate the metrological traceability chains for quantities that are influential to results of

of the flow.
emperature

the range SO 15900 covers

Figure E.1 — Traceability diagram for calibration with an FCAE

The four directly traceable quantities do not completely underpin the quantity measured by the
CPC, particle number concentration. The extra parameter, the mean charge per particle used for the
calibration, is determined by the experimental setup, and is controlled by the procedures and checks

described in Annex D.

See Figure E.2 below.
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Figure E.2 — Traceability diagram for calibration with a reference CPC
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Annex F
(informative)

Diluters

F.1 General

Dilutlers are tools that allow reduction of particle concentration in a controlled manner.
describes typical diluters. All of them have a mechanism to add clean, particle free.dilu
efficlent mixing after it is essential. For CPC calibration with the setup describedrin'this I
Stanglard, it is desirable that diluters have the same inlet and outlet flow rates.

If the primary aerosol source makes high dilution factors necessary, cascades or com
dilutjon systems can become necessary. In general, dilution systems used for calibration {
the fpllowing requirements:

— particle concentration in the dilution air less than 0,1 % of thé number concentration o
the diluted air flow;

— number median diameter of the calibration aerosol before-and after dilution unchanged v

— geometric standard deviation of the calibration‘derosol before and after dilution
within + 3 %;

— if dilution air is delivered by an external source, the relative humidity of the dilution 3
ss than 40 % to avoid condensation grewth of particles;

— fllow variations within a diluter should be kept small enough to keep the diluted part
¢oncentration stable.

F.2 | Dilution bridge

The dlilution bridge has two)flow paths with a flow restriction adjustment on each, while a p
isinderted in one of the.paths. The incoming flow splits into the two flow paths at flow rates
by r¢lative restrictiensettings. If most of the flow goes into the path without the filter,
concentration do€s-riot change much. As the flow rate through the filter is increased rel
throyigh the pathrwithout the filter, the dilution effect increases and the concentration of {
flow [is reduced! To avoid unnecessary pressure drop in a dilution bridge, one of the two flov
adjugtmentsshould always be kept completely open.

See Ijigure F.1 below.
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Figure F.1 — Schematic of the dilution bridge
ion loop

back as dilution air. A flow restrictor (e.g. a needle valve or a mass flow controller) is used to sg

dilution air
need a flow]|
operating c(

See Figure H

Key

in
2 valve
3 filter

Flow and hence the dilution ratio. Compared to adilution bridge, the dilution loop doe
restriction adjustment in the aerosol flow. This'keeps the pressure drop negligible
nditions and avoids sheer stress on the aerespl particles.

.2 below.
1 N 5 > 6
2
3 l :‘* 3
4 pump
5 mixer
out

loop, filtered dilution air from downstream of the mixing device is continuously pumped

t the
S not
n all

Figure F.2 — Schematic of the dilution loop

F.4 Dilution by addition of clean air and bleeding of excess air

In this type of diluter, the dilution air is delivered by an external source of compressed air. The combined
inlet flow and dilution air flow should be higher than the diluted outlet flow. If the diluted outlet flow is
controlled, e.g. by the flow control of the connected instrument(s), the excess flow may be simply vented
to ambient air through a filter. The backpressure of the filter should be kept low to avoid forcing a flow
through the connected instrument(s). Without such flow control, the excess flow path itself should have
a mechanism to pull the flow by a pump and with a flow rate controller.
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See Figure F.3 below.

“ |
X 2 i
i

Key

1 in 5 mixer

2 valve 6 out

3 filter 7  ambient air
4  dompressed air

o

igure F.3 — Schematic of the diluter with addition-of clean air and bleeding of excess air

The dlilution air and the inlet flow can be mixed in a;venturi ejector, creating an under prgssure at the
inlet|port. This so-called ejector diluter draws the.inlet flow in a controlled manner, whigh may be of
advantage if the primary aerosol source operateszat reduced pressure.

E.5 | Other dilution methods

Depgnding on the nature of the primary aerosol source, other dilution methods (e.g. rptating disc
diluters) may be required or may.have advantages over the methods discussed above. Ag long as the
requfrements outlined in Clauges\5, 6, and 7 are fulfilled, such dilution methods may be applied.
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Annex G
(normative)

Evaluation of the concentration bias correction factor between the

inlets of the reference instrument and test CPC

G.1 Gene€

The procedy
efficiency aj
size present
measured a
are perform
size. This chy

The evaluat

ral

ires in this Annex are intended to be performed prior to calibrating a CPC for,dete
1d the resulting measures of bias are only strictly valid for the flow rates and the pa
during the measurement. The correction factor £ is configuration dependent and sh:

ed over a range of particle sizes, the splitter biases should be measured for each pa
eck is not necessary when only the concentration is changed.

on of the bias correction factor f is feasible if

ction
"ticle
111 be
Ccording to the convention described in this Annex. If CPC detection effictency calibrafions
"ticle

a) two particle detectors are attached to a flow splitter that samplewith equal (i.e. within 10 %) and
constant inlet flow rates. (see G.2 for further details), or if

b) two parfticle detectors are attached to a flow splitter thatysample with unequal and constant|inlet
flow rates (see G.3 for further details).

To perform|a measurement of the bias correction facter, the tubing connecting the detectors tp the

splitter and[mixing device shall be electrically conductive.

G.2 Measurement of the bias correetion factor g for equal detector flow rates

The techniqie does not require knowledge of the detection efficiency of either the reference instrument

or the test (PC providing the detectigniefficiencies stay constant during the evaluation. Therefore¢, the

procedure s
possible. |1

The bias cor
the detector]

G.2.1 Mes

- B| will increase whén)conditions are not constant.

rection factor is-defined as a correction factor for the concentration measurement ma
s attached totubes A and B in two configurations, shown in Figures G.1 and G.2 respect

jsurement in the first configuration

With the cd

calibration particle generator system. Let the setup stabilize for 30 s. When using a CPC as the referIence

nfiguration in Figure G.1, set the flow rates at q and feed particles of size d fro

hall be performed keeping both the aerosol concentration and particle size as constant as

e by
vely.

the

instrument, record n pairs of concentration readings (at Ieast one pair of readings per second) of the
reference instrument, Cyref1a, and that of the test CPC, Cycpc,1a during the next 30 s. Calculate the
arithmetic mean concentrations with Formulae (G.1) and (G2):

— 18
CncPcla = ;ZCN.CPCJa.i

78

i=1

(G.1)
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— 1
CN,ref,la = ; ZCN’ref’lali (Gz)
i=1

When using an FCAE as the reference instrument, the background and signal charge concentrations
shall be measured. See Annex L for a recommended data recording method. Use Formulae (G.3) and
(G.2) to calculate the arithmetic mean concentrations for the FCAE.

C i —C i
_“Q1a; Q,0,1a,i
CN,ref,la,i - e (G.3)
Calcytate Tz witir Formuta (G4)
Z’N,CPC,la
Mg ==""— (G.4)
C N ref1a
Repdat the above process at least two more times for a total of at least thfee’ measurements of rq,.
Calcuylate the arithmetic mean value of r1; with Formula (G.5)
1 1
Ma == Ta; (G.5)
n“
i=1
8
6
3 4
1
— ] 2
5 7
9
Key
1  (alibration aerosol 6 tubeA
2 mixer 7 tubeB
3  flow splitter 8 reference instrument
4  portA 9 testCPC
5 portB

Figure G.1 — First connection configuration of the flow splitter and the tubes after it

G.2.2 Measurement in the second configuration

Change the experimental setup to the configuration in Figure G.2, in which the mixing device, the
flow splitter, and the tubes to the instruments were flipped over. Let the setup stabilize for 30 s. When
using a CPC as the reference instrument, record n pairs of concentration readings (at least one pair of
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readings per second) of the reference instrument, Cy ref,2, and that of the test CPC, Cycpc,2 during the
next 30 s. Measure and calculate the average fraction r, in the second configuration similar to the first
configuration.

Calculate r, with Formula (G.6)

ry = CN,cPC2 (G.6)

Cn ;ref,2

Repeat the above process at least two more times for a total of at least three measurements of r;.
Calculate the arithmetic mean value of r, with Formula (G.7)

— 1<
rz :;Z rz’i (G7)
i=]

NOTE This measurement can be substituted, without flipping over the mixing devicepthe flow splitter,
and the tube§, by moving the two instruments, with the test CPC replacing the reference instrument, while the
reference instrument is placed at the position of the test CPC in the first connection configuration.

After this measurement the mixing device and splitter assembly shall be returned to the configurption
in Figure G.] and one more repetition will be conducted.

9
Key
1 calibratipn derosol 6 tubeA
2 mixer 7 tubeB
3  flow splitter 8 reference instrument
4 portA 9 testCPC
5 portB

Figure G.2 — Schematic when the mixing device, the flow splitter, and the tubes after them
were flipped over

G.2.3 Measurement repeated in the first configuration

Calculate rip asin G.2.1. Calculate r1 as the arithmetic mean of r1; and r1p,.
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G.2.4 Calculation of $ and the associated uncertainty

If the measurement was performed at a constant particle size and concentration, the bias f and its

unce

{_

rtainty are given by Formulae (G.8) to (G.11):

(G.8)

(G.9)

G.3

If thg
beca
rang
by sy
unce
ratio|

To eq
flow
rateq
accoj

ﬁequz

Calcylate the uncertainty(0fBequal using Formulae (G.9) to (G.11) and denote this value of un

Measurement of the bias correction factor § for unequal detector flow rg

p test CPC and the reference instrument cannot be“operated at the same flow rate,

1se the flow rate of the reference instrument is fixed or the flow rate of the test CPCis o
e for which the reference instrument is specified, the bias correction factor f cannot be
vitching the positions of the detectors and.agalue of 5 = 1 shall be used instead. The m
rtainty will increase compared to the method with equal flow rates described in G.2. TH
between the two flow rates shall be 7:1}

timate the measurement uncertainty of § for unequal flow rates, two particle counter
rates must be used. The sum of the equal flow rates must be less than the sum of the y
.First, using the two particle'counters with equal flow rates, perform the splitter bias m
rding to G.2. Calculate S using Formulae (G.1) to (G.8) and denote this value of f as fequal-
1shall be 0,95 < fequal <@0,05. If Bequal is outside of this range then the measurement can

(G.10)

(G.11)

ites

for example
utside of the
determined
easurement
e maximum

5 with equal
nequal flow
easurement
The value of
hot proceed.
certainty as

[u(Bdqua1)/Bequal]?. Calctitate the additional uncertainty contribution associated with unequpl flow rates
using Formula (G.12):

u(ﬁunequal):‘l_ﬁequal‘ (G.12)
Calcuylate the total uncertainty of 5 for unequal flow rates using Formula (G.13):

—r 5 -2 - 3 -2
u u u
|: (ﬂ):l _ ( equal) N ( unequal) (G.13)
p B equal B unequal

In Fo

rmula (G.13) and throughout the calibration, use fynequal = 1.

When the two instruments with different flow rates are connected to the splitter, the length of the
connection tubing shall be used to compensate the difference in the transfer losses according to Formula
(G.15).Forlaminar tube flow, diffusion losses are independent of the tube diameter.[3] However, to decrease
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the uncertainty of the compensation, both sampling tubes should be equal in terms of their diameter and
material, and selected such that the tube flow Reynolds number in both tubes is smaller than 1 500:

Re=-29_ <1500 (G.14)
wdv

where
Re is the tube flow Reynolds number;

q isthe volumetric inlet flow rate of the test CPC or the reference instrument;

d is tie inner diameter of the tube;
v isthe kinematic viscosity of the carrier gas (air) in the tube.

With the length of the tubing to the reference instrument and the flow rate to the referfepce instrument
given, the rgquired length of the tubing to the test CPC can be calculated as shown in Formula (G.1p):

q L
Icpe = Inp —2¢ (6.15)
Qref

where
Icpc  igthe length of the tubing to the test CPC;
Iref  i9the length of the tubing to the reference instrument;
gcpc i9the volumetric inlet flow rate of the test CPC;

gref i9the volumetric inlet flow rate of reference-instrument.
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(informative)

Extension of calibration range to lower concentrations

General

Annex describes a calibration process to measure the proportionality of the GPG’[response to

an aprosol concentration. This is a relative calibration of the CPC response overa wide range of

conc

bntrations and is used to calibrate the CPC below the lower limit of the FGAE] as r¢ferenced in

6.3.6 and 7.3.6. Separate measurements made with an FCAE or reference CRC-at high cqncentration
are yequired to measure the constant of proportionality and provide an-absolute califration with
tracqability to SI units. A proportional response is a special case of a linear response with the ordinate
interjcept equal to zero, so a single correction factor applies over the range-of concentrations tested.

The
CPC.

calibration process requires a stable aerosol diluter and two~CPCs: the test CPC anjd a dummy
Neither CPC is required to have an absolute calibration. All‘¢concentration measureme¢nts shall be

corr¢cted for coincidence, with the correction made using eithera dead time subtraction ufing the CPC

software or an iterative correction based on the CPC pulse width.

H.2

H.2.

The
time

Diluter

I Diluter requirements

wo requirements for the diluter are that it must produce a stable dilution factor with respect to
and over the range of aerosol concentrations of interest. In order to ensure stability of the dilution

factgr with respect to time, the volunietric flow rates through the diluter must remain consftant and the
particle loss through the diluter must not change over time. A monodisperse aerosol can be fised to keep
the particle loss constant with time. The stability of the diluter over the range of aerosol compcentrations

of inferest must be measured-according to the process in this Annex.

Figure H.1 shows the recommended diluter configuration for the proportionality test, but any diluter
fulfilling the two requirements above can be used. This diluter is similar to the dilution bridge in Annex F.

The

Hiluter splits the incoming flow into two paths: one with a flow restriction and the ¢ther with a

valve and filter. The'flow restriction can be an orifice, a thin tube, or a valve, but it must not generate
additional partieles. The two paths recombine at the downstream end of the diluter. To monitor the
stabiflity of the-diluter volumetric flow rates, pressure taps are located across the flow redtriction and
are ysed. to-monitor the stability of the unfiltered volumetric flow. If the CPC uses a critical orifice for

flow
the

control, it is ensured that the total volumetric flow through the diluter is held constantfover time. If

PCd t itical orifi itherthe CPCygl tricfl t th it i
PCdoesnotuseacritical orifice-eitherthe CPC volumetric flow rate must be monitored with a flow

meter or the pressure drop across the filtered flow path must be monitored for stability.
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differential
pressure
monitor

inlet

" | restriction

filter

flow

valve

k-

filter

_ | CPC under

test

— vacuum

H.2.2 Dily

For the dilu
must be insq

aerosolont
have a low g

The process
aerosol for

vacuum —=—

igure H.1 — Schematic of the recommended diluter and CPC configuration
Iter validation: the effect of particle concentration on flow rate
er to provide a stable dilution factor during the proportionality test, the diluter flow frates
bnsitive to a changing aerosol concentration. There are three flow rates through the diluter:
the total diliiter flow, the unfiltered flow through the flow restriction, and the.filtered flow. The eff¢ct of
vo of these flow rates must be measured. The flow meter used fox this measurement should
ressure drop; it should also not be affected by changing particle’concentration.
below is used to validate the diluter flow rate stability with respect to the presenjce of
he recommended setup shown in Figures H.1 and H.2.In this process the total diluter{flow
and the unfiltered flow through the flow restriction are checked:
primary aerosol source
aerosol _ gerosol bipolar -
generator "|  <conditioner charger > DEMC
vacuum -e— dummy
CPC
v
differential flow manifol
> pressure - ; with mixing
monitor splitter orifice
)
low pressure
CPC under\[C_ drop flow | |
test - volumetric | & restriction | -
flow meter make-up gir
supply or
valve bleed
filtar 1 filtar

ok

Figure H.2 — Schematic of the setup to validate the recommended diluter and CPC
configuration

Set up the experiment according to Figure H.2, but remove the low pressure drop volumetric flow

meter from the inlet of the test CPC. Allow the instruments to warm up for 1 h, and let the flows and
aerosol generator stabilize.

b)

aerosol conditioner so that the dummy CPC reads about 1 000 cm-3.

84

With the DEMC voltage and sheath flow rate set to select the particle size of interest, adjust the
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¢) Adjustthe valve and/or flow restriction in the aerosol diluter so that the test CPC reads about 100 cm-3.

d) Record the differential pressure across the flow restriction. It is helpful to use a flow restriction
that provides at least 500 Pa differential pressure.

e) Setthe DEMC voltage to 0 V and wait for the CPCs to zero. Install the low pressure drop volumetric
flow meter at the inlet of the test CPC. Let the flows and aerosol generator stabilize.

f) Setthe DEMC voltage to select the particle size of interest, and adjust the aerosol conditioner so that
the dummy CPC reads the highest particle concentration desired for the proportionality test.

g) Adjust the valve and/or flow restriction in the aerosol diluter so that the differential pressure is

h)
i)

1

\
o
k) 1
1)

1
m)
For t

qual to that recorded in step d).

ecord the differential pressure across the flow restriction as dPgn. Then recordythe inllet flow rate

fthe CPC using the low pressure drop volumetric flow meter as Qon.

et the DEMC voltage to 0 V and let the CPCs zero. Record the differential\pressure acrjoss the flow

estriction as dPorr. Then record the inlet flow rate of the test CPC _using the low prj
rolumetric flow meter as Qofr.

et the DEMC voltage to the value in step f).

Repeat steps h) through j) at least two more times.

essure drop

[alculate the arithmetic mean values of the two differential pressures and the two CRC inlet flow

ates as dPon, dPorr, Qon, and QoFr.

Lalculate the ratios rqp = dPon/dPorr and rq = Qon/QoFF-

he diluter to be acceptable, the ratio rg shal’equal unity within the expanded uncertainty of the

volumetric flow meter at 95 % confidence. Also the ratio rqp shall be within 0,98 < rgp < 1,0

H.3

The
dum}

H.3.

The
nom
rang

exan|
100

Proportionality calibration

broportionality calibration requires two steps: a direct comparison between the test

my CPC, and the measurement of dilution factor over a range of aerosol concentrations,

I Experimental setup

iser shall definethe concentration test points that the calibration will be performe

2.

CPC and the

1 at, using a

nal dilutiondactor of 10:1. A minimum of 7 test points shall be used in the desired cqncentration
e, and these~points shall be spaced at approximately equal intervals on a logarithmjic scale. For

Iple, when,calibrating over the range of 10 cm-3 to 104 cm-3, use the data points of (10,
D, 3 000;and 10 000) cm-3.

The {

80, 100, 300,

estpoints shall be arranged in a random sequence using a pseudo-random number geherator.

The dilution ratio of the diluter shall be between 9:1 and 11:1 and nominally 10:1.

The experimental setup for the proportionality test is shown in Figure H.3.
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temperature-controlled
box (optional)

o

H.3.2 CP(

A HEPA filte
number of c
calculate a g

concentratipn chosen in H.3.1.

H.3.3 CP(

A direct co
differences

R tem e 7
i primary aerosol source ‘
: aerosol _ aerosol _ charge _

I generator “|  conditioner "|  conditioner o DEMC ‘
| dummy > ‘

CPC — |

! flow - mixing |
| splitter - device ‘
: _ diluter for pro- I A

| test CPC | portionality test 1
i Y |

make-up ain
| supply or bleed |

igure H.3 — Schematic of the calibration setup for the proportionality test

Zero

I shall be connected to the inlet of the CPC while sampling room air and allowed to zerd. The
bunts shall be measured over 5 min and usedtogether with the sample time and flow rgte to
oncentration. The calculated concentration'shall be atleast 100 times lower than the Iqwest

correlation

mparison between the dummy CPC and the test CPC is performed to account for any
between the two detectdrs! Set up the experiment according to Figure H.3, but with the

diluter for proportionality test removed so that a parallel measurement of the same aerosol c4n be

performed.
values corrd

Turn on the instruments and let them warm up for 1 h. Set the DEMC flows and voltagge to
sponding to the particle diameter of interest. For each concentration test point specified in

H.3.1, measure the arithmetie‘mean aerosol concentration with both CPCs using an appropriate sample

time. Sample times should”be longer at lower concentrations to reduce measurement uncertginty.
Calculate the correction’factor k as shown in Formula (H.1):

k(Cdummy ) "4 Ctest/Cdummy H.1)
The factor k correlates the dummy CPC to the test CPC.

H.3.4 Proportionality measurements

Follow the procedure for the proportionality measurement listed below.

a) Setup the system according to Figure H.3.

b) Setthe DEMC voltage and sheath flow rate to provide the desired particle size.

c¢) Adjustt

he aerosol concentration measured by the dummy CPC to a test point where the coincidence

correction is about 1 %.

86
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than the dummy CPC.

e)

an appropriate sample time.

NOTE

Sample times should be longer at lower concentrations to increase the number of particl

the time interval to reduce measurement uncertainty.

Record any differential pressure or flow rate measurements of the diluter flows.

Adjust the diluter so that the test CPC reads a concentration that is approximately 10 times lower

Record simultaneous measurements of the CPC concentrations for a total of 10 measurements using

es counted in

f) Adjustthe aerosol concentration to the first (or next) value of the random sequence of test points, as

easured by the dummy CPC.

g) Record simultaneous measurements of the CPC concentrations, taking at least410 mgasurements
sing an appropriate sample time. Record any differential pressure or flow nate'measjurements of
he diluter flows.

h) Repeat steps f) and g) until half of the test points of the random sequence.are measureg.

i) djust the aerosol concentration to the concentration used to setup the diluter in stgp c). Record
imultaneous measurements of the CPC concentrations, taking.at least 10 measurements using
n appropriate sample time. Record any differential pressute or flow rate measurethents of the
iluter flows.

i) epeat steps f) and g) for the remaining test points of the random sequence.

k) Repeatstep i).

For gach test point, calculate the arithmetic meant‘concentration measured by each CPC ps shown in

Formula (H.2):

1 n
i=1
Calculate the dilution factor at each test point as shown in Formula (H.3):
C
Hp= test (H.3)
k (Cdummy ) X Cdummy

H.4 | Data analysjJs and test acceptance

Thissection describes two statistical tests that are performed on the calibration data. The first tests the

CPC response-for proportionality, and the second tests the diluter for drift over time. Both tests shall

passiforthe calibration to be considered valid.

H.4. Dependence of dilution ratio with concentration

Todetermineifthe dilutionratio changes with concentration, the dilutionratio can be plotted asafunction
of concentration measured by the dummy CPC. If the dilution ratio is independent of concentration, then
the slope of a line fit to the data set will be zero.

To perform a quantifiable test, the slope of the data set shall be calculated using linear least square
regression and a t-test shall be performed to determine if the slope is significantly different from zero.
Each test point in H.3.4 has values of Ctest, Cdummy, k, Rp, and measurement number m. Calculate the
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slope of the line b, the intercept a, and the standard error of the slope SE;, where n is the number of

measurements, as:

n
nz ‘R

n n
D~ Z Cdummy,i Z RD,i
i=1 i=1

h== . (H.4)
n
”Z Cdummyz - Z Cdummy,i
i=1
1| N0 -
a= ; 4. RD,I N bz Cdummy,i [H.5)
i¥l i=1
n A 2 |2
Z |:RD,1 (CI + deummy,i ):|
SEj == (H.6)
n —\2
n- 2) z (Cdummy,i - Cdummy)
i=1
Calculate thg test statistic Z, with the hypothesized slope by = 0, as
h—b
Z=—7>H0 (H.7)
SEj,
From the t-distribution table record the statistic for 95 %-onfidence using n - 2 degrees of freedgm as
Tos o If Z <|To5 o5, then the data suggests that the slope'is not significantly different from zero anfd the
analysis car] continue. Otherwise the slope is significantly different than zero and the CPC resporjse is
not proportjonal. Check the coincidence correction; check the diluter flows and differential pressures
for drift, andl/or perform the calibration using dlower maximum concentration.
H.4.2 Dependence of dilution ratio.with time
To determine if the dilution ratio isrifting over time, the dilution ratio can be plotted as a function of
measuremenht number, which is roughly proportional to time. If the dilution ratio is not drifting|with
time then the slope of a line fit foythe data set will be zero.
To perform|a quantifiable(test, the slope of the data set shall be calculated using linear least square
regression gnd a t-test shall be performed to determine if the slope is significantly different from zero.
Each test pgint in H3:4 has values of Ctest, Cdummy, k, Rp, and measurement number m. Calculatg the
slope of the(line b5the intercept a, and the standard error of the slope SE;, where n is the numher of
measurements; as:
n
nz m; R z m; z Ry,
l; _ i=1 i2=1 (H8)
n n
ny mi = 2 m,
i=1 i=1
1 n n
a=- R m; H9
| 2 R b2, (H9)

i=1
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1
n R 2 2
[RDJ. - (a + bm, )]
SE; =1L (H.10)
n —\2
(n—Z)Z(mI. —m)
i=1
Calculate the test statistic Z, with the hypothesized slope by = 0, as
b- b,
Z = (H.11)
bbB
From the t-distribution table record the statistic for 95 % confidence using n - 2 degrees of freedom as
Tos op. If Z < To5 o, then the data suggests that the slope is not significantly different from rero and the
analysis can continue. Otherwise the slope is significantly different than zero and the dilytion ratio is
driftjng with time; check for leaks, flow stability, or variations in system temperdture and gressure and

perfy

H.5

If thq
resp

a)

3

b)

This
using

rm the calibration again.

Uncertainty analysis

p calibration data passes the two statistical tests in H.4, the*uncertainty of the CPC [
bnse can be calculated as shown below.

[alculate the arithmetic mean dilution factor as

1 n
D :_ZRDJ
i

[alculate the relative standard uncertainty of the CPC proportional response as

uncertainty can be combined in quadrature with the uncertainties from an absolute
y a reference instrunient.

roportional

(H.12)

(H.13)

calibration
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Annex I
(informative)

Example of a detection efficiency measurement

I.1 General

This Annex
reference in
(approximaf

of calibration of the specific example can be found in C.2.

The detecti
7 000 cm-3 4
the FCAE at
control and
calculation.
be performsd

.2 Over]

A schematid
roomat23°
generator. T
and a dilute
The relative

provides an example of a test CPC detection efficiency measurement using an /EGA
strument. The analysis is for one particle size (70 nm) and one particle coneentr
ely 7 000 cm-3). The procedure described in Clause 6 will be followed. The final“certif

bn efficiency of the FCAE, nrcag, and its standard uncertainty, u(nrcag), at 70 nm a
re given in the FCAE calibration certificate as 0,997 and 0,006, respectively. The flow r{
ime of calibration was 0,99 1/min. The test CPC used in this study hasa critical orifice for]
a nominal inlet volumetric flow rate of 1,00 1/min used in the €PC’s internal concentr
The measurement of the fraction of multiply charged particlés in the calibration aeroso
d by doubling and tripling the voltage of the DEMC.

view of the calibration setup and procedure (see 6.1)

of the setup can be seen in Figure 1.1. The whole setup was in a temperature-contr
C. The ambient pressure was 98 kPa. The aer@sol generator was a diffusion flame based
he aerosol conditioner was a hot diluter at150 °C followed by an evaporation tube at 3

\E as
htion
icate

hd at
hte of
flow
htion
| will

olled
soot
50 °C

" at ambient temperature to reduce thétemperature of the sample at ambient temperdture.

humidity of the diluted sample was-approximately 5 % (<40 %).

elect
f the
1 the
tube

The charge| conditioner was a Kr-85 bipolar charger (neutralizer). A DEMC was used to §
monodisperse particles. The make-up air flow was adjusted by a throttle valve. The humidity g
make-up aif was approximately 20 % (<40 %). A mixing orifice was used as a mixing device an
FCAE and the test CPC were samplingfrom a 2-way splitter with silicone conductive hoses of equal
lengths with almost equal flow rates (~1 1/min).
alosol make-up flow
genferator |
Y Y
agrosol @ heat exchanger
conditioner 4 FCAE —— vacuum
charge Y _ |mixing flow
v conditioner | | DEMC " |device splitter\
filter : ' test CPC  |—# vacuum
sheath air
| conditioner
humidity
sensor
bleed
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Figure 1.1 — Experimental setup of the hypothetical example
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Preparation (see 6.2)

I.3.1 General preparation

Initially all instruments were checked separately (i.e. not connected as shown in Figure 1.1).

1.3.2

Primary aerosol

The aerosol generator and conditioner were turned on and left to stabilize for 1 h. The size distribution
of the aerosol that would be fed to the DEMC was measured with a DMAS. The median of the size

distr

ibution was 49 nm and the geometric standard deviation 1,46.

1.3.3

The |
They

1.3.4
The ]

1.3.5

The
and 4

a) 1

The |
inter]
abso
0,36
proc

Other equipment

bressure sensor, the temperature sensors, the flow meter and the humidity sensor wer
were checked according to manufacturers’ specifications.

DEMC

DEMC was checked according to ISO 15900.

FCAE

FCAE was turned on and left to stabilize for 1 h. A HEPA filter was placed at the inlet
| zero was conducted.

lero check

recorded current levels after the zero of the@®CAE can be seen in Figure [.2. In the sanj
nally zeroed arithmetic mean and the standard deviation are shown. The arithmetic }
ute values of 0,133 fC/s (less than théimaximum 1 fC/s required) and the standard
fC/s (less than the 0,5 fC/s required);-So this measurement is considered valid and th{
edure can proceed.

e turned on.

of the FCAE

le figure the
nean has an
deviation is
b calibration

Key
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Figure 1.2 — Zero levels of the FCAE
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b) FCAE overall leak test

The particle counts from the HEPA filtered air sampled by the CPC Nygpa, the ambient counts measured
by the CPC Nambient, and the particle counts resulting from room air passing through the FCAE Npcag,
are, 3, 1 056 780, and 5 respectively. The ratio RrcaEg is 1,9E-6, much lower than the threshold 1E-4, so
the calibration procedure can proceed.

c) Flow rate measurement

The FCAE inlet volumetric flow rate measured with a calibrated flow meter, grcaEg,cal,amb,i along with
the indicated reading from the FCAE flow meter, qrcaE,amb,i; are measured five times over 15 min. The

data are sh

wn in Table 11

Table 1.1 — FCAE volumetric flow rate measurements

Arithme]
mean

Test i=1 i=2 i=3 i=4 i=5

tic

gFCAE

amb,; [1/min] 0,99 1,00 1,01 1,00 1,00 1,00

qFCAE,c

| amb,i [1/min] 1,00 1,01 1,02 1,01 1501 1,01

The arithmd
to 0,70 % (I
values. The (
(3,5 %).So t

1.3.6 Tes

The test CP
at the inlet.

a) Zeroco

The zero che
reading and

b) Highre

Measureme
instrument

c¢) Flowra

The test CP(
11/min. The
The CPC inl
over 15 min

tic mean value of grcAE,cal,amb 1S 1,01 1/min. The CV of grcAE,cal 4mb is 0,007 1 correspor]
bss than the maximum 2 % required), and there is no decreaSing or increasing trend i
lifference of the flow ratesis 1 %, which is within the specifications of the FCAE manufac
his measurement is considered valid and the calibration procedure can proceed.

[ CPC

C was turned on, filled with the working fluid*'and left 1 h to stabilize with a HEPA

int check

ck of the CPC was easily passed. Thearithmetic mean concentration of 5 min measuremen
1-s averaging) with a HEPA filter at the inlet and their standard deviation was close to 0 g

sponse check

ht of ambient air showed approximately 3 500 cm-3, thus it can be assumed tha
works properly.

fe measurement

has a critical orifice and no internal flow measurement. The nominal value of the flow r
CPC uses'the nominal flow rate for the internal particle number concentration calculat
pt volumetric flow rate is measured with a calibrated flow meter, qrcAE,cal,amb,i five 4

1ding
n the
furer

filter

t (1-s
m-3.

t the

hte is
ions.
imes

The'data are shown in Table 1.2.

Table 1.2 — Test CPC volumetric flow rate measurements

Test

i=1 i=2 i=3 i=4 i=5

mean

Arithmetic

qCPC,amb

i [1/min] 1,00 1,00 1,00 1,00 1,00 1,00

qCPC,cal,amb,i [1/min)

1,00 1,01 1,02 1,01 1,01 1,01

The arithmetic mean measured inlet flow rate is 1,01 1/min, and the CV of gcpc,cal,amb is 0,007 0
corresponding to 0,70 %. Also, there is no decreasing or increasing trend in the values, Their arithmetic
mean was 1 % more than the nominal value of the CPC. The manufacturer specifies flow accuracy of
5 %, so this measurement is considered valid and the calibration procedure can proceed. It is written
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down that the measured CPC inlet flow rate is 1 % higher than the nominal value used by the CPC for the

inter

nal particle number concentration calculation.

I.3.7 Check of the complete setup

The i

nstruments were connected as shown in Figure I.1.

a) DEMC flows

The DEMC flows were adjusted: 10 1/min sheath flow and 11/min sample flow, thus ratio 10:1 (>7:1 required)
ensuring a narrow monodisperse distribution downstream of the DEMC. The voltage is set to 0 (off).

b)
The

I

'CAE flow rate measurement

falibrated flow meter was inserted in the setup between the splitter and the inlet-ef th

volumetric flow measured was qrcaE,cal = 0,95 I/min. This value was written down for thg

certi
with
certi

)

The

CPC.
certi
the n

d)

The
2 mi
arith
stan
Simi
e)
The
2 mi

calib,
mini

y:

)

1.4

1.4.1

ficate. This value was compared with the indicated (grcag) 0,98 1/min. The“differenc
n the manufacturer’s specifications (3,5 %). The difference compared to the value
ficate is =4 %. This is less than the deviation allowed by Formula (3)%7,6%).

Test CPC flow rate measurement

calibrated flow meter was inserted in the setup between<the splitter and the inle
The volumetric flow measured was 0,99 1/min. This value was written down for thgq
ficate. This value differs by 1 % from the nominal value (1 1/min) and is < 5 %, which i
nanufacturer.

Zero levels

DEMC voltage was set to 0 (or off) and the.zero levels of the FCAE and test CPC were |
h (see Figure 1.3, 40 - 160 s). The 30-s arithmetic means were calculated. The value

lard deviation of the arithmetic means 0,13 fC/s (thus below the maximum permitted
arly the test CPC arithmetic means:were 0; much below the maximum permitted level

Minimum FCAE level

bum of the arithmetic mean of the last 30 s (0,23 fC/s) and 3 times the standard dev
h measurement (0,13-£C/s), i.e. 0,62 fC/s, was compared with the lowest value of Cy «

iration certificate ofthe FCAE, which was 2,67 fC/s in this example. Since the latter wag

mum permitted Current that the FCAE can measure during the calibration procedure w

Calibration procedure of detection efficiency (see 6.3)

General

e FCAE. The
b calibration
e (-3,1 %) is
in the FCAE

t of the test
calibration
5 allowed by

recorded for
of the 30-s

metic means of the FCAE current werebetween -0,37 and +0,24 (thus within the + 1 fC/s) and the

of 0,5 fC/s).
of 1 cm-3.

ation of the
gFCAE in the
greater, the
as 2,67 fC/s.

The

F_ 11 . h] h] 1 +1 P R | 1. o £e: £ -
UHOWIITE proccaurc ucsLripes tIc [HICaSUrciliciit O LT UcilCULIUIL CITICITIILY O ULIC 1ES

particle size and number concentration.

1.4.2

DEMC diameter adjustment

CPC at one

The DEMC was adjusted to 70 nm. This size is big enough so that the test CPC has reached its maximum
detection efficiency. Note thatitis also bigger than the median of the generated size distribution entering
the DEMC in order to minimize the effect of multiply charged particles.
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1.4.3 Primary aerosol adjustment

The aerosol conditioner was adjusted to have a number concentration of approximately 7 000 cm-3 (as
measured by the test CPC). The following were fulfilled:

a) Minimum level

The FCAE measured approximately 19 fC/s, which is higher than the minimum permitted level of 2,67 fC/s

b) Maximum level

The FCAE measured approximately 19 fC/s, which is lower than the maximum permitted level specified

in the FCAE

The concent
checked acc

c) Fraction of multiply charged particles

The multiplj
i.e. by doubl

See Table 1.3

Table 1.3

[t is assume
charged par

certificate of 1 500 fC/s.

ration was low enough to reach charge equilibrium in the charge conditioner:Thig
prding to Annex K (see below).

y charged particles fraction was determined according to the method described in Ann
ing the voltage (see Figure 1.3).
| below.
— Measurements for determination of the fractionsof multiply charged particl
U 2U 3U
Voltage [V] -767 -1533 -2 300
Size [nm] 70 103 130
FCAE [fC/s] 19,0 5,8 1,3
Test CPC [cm-3] 6 871 2229 447

d that there are only particles offupto three charges in Cy(U) and that there are only §
Licles in Cy(2U) and Cy(3U). The concentrations measured at U, 2U, and 3U are calculated

was

ingly
to be

Cn (U)H(Coxarcar ) /(e arcar )={19,0E-15)/[ (1,602E-19)(0,95-1000/60) | =7 490,6 cm | (1.1)

Cn (20)E(Co xarca ) /(e:4rear) = (5,.8E-15) /[ (1,602E-19)(0,95-1 000/ 60) | =2 286,6 cm > | (1.2)

~—

Cy (3U) F(Coxapcip)/(e-arcar ) =(1,3E-15)/[ (1,602E-19)(0,95-1 000 /60) | =512,5cm > |(1.3)

~—"

The charging fractions for each particle diameter are used to calculate the concentrations of multiply
charged parfticles passing through the DEMC, according to Formula (D.36) to Formula (D.38)

Cy(2U) fo(d1(2U)) 2286,6cm™> 0,0333

Cy(dy(U))= = =355,9cm > 1.4
widz(0)) Necap f1(d1(20)) 0,997  0,2146 (14)
-3
CN(d3(U))=CN(BU)-f3(d1(3U))=512’5cm .0’0048:11,38Cm_3 (I.5)
NECAE fl(d1(3U)) 0,997 0,216 8
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