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Foreword

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

In order to quantify the amount of PM,, and PM, 5 particles in stationary source emissions or to identify the
contribution sources of PM4, and PM, 5 in ambient air, it is necessary to measure fine particulate matter in the
flue gas of industrial sources.
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ancentrations of
and PM, 5 emissions, which realizes the same separation curves as those specified in(ISO 7708:1995
M, and PM2 5 in ambient air. The method is based on the principle of impaction. During $ampling, the
le fraction is divided into three groups with aerodynamic diameters greater than 10/, befween 10 pm
,5 ym and smaller than 2,5 ym.

measurement method allows the simultaneous determination of concentsations of PM;j
bions. The method is designed for stack measurements at stationary emission’sources.

and PM; 5

contribution of stationary source emissions to PM;, and PM, 5 concentrations in ambient air can be
fied as primary and secondary. Those emissions that exist as particuilate matter within the stack gas and
re emitted directly to air can be considered “primary”. Secondary. particulate consists of thoge emissions
form in ambient air due to atmospheric chemical reactions. The measurement techmique in this
ational Standard does not measure the contribution of stack emissions to the formation pf secondary
ulate matter in ambient air.

International Standard includes normative references to ISO 12141:2002. The cprresponding
rements in 1ISO 12141:2002 are identical to -those in European Standards EN 13284t1:2001 and
6259:2007.
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The

Bcope

nternational Standard specifies a standard reference method for the determination of PM
concentrations at stationary emission sources by use of two-stage impactorsiIhe measure
becially suitable for measurements of mass concentrations below 40 mg/m3,as half-hourly
ard conditions (273 K, 1 013 hPa, dry gas). It is an acceptable method for the measureme
f different installations, such as cement and steel production plants, as well as combustion p

nternational Standard is not applicable to the sampling of flue gases that are saturated with

nternational Standard is not applicable where the majority, of the particles are likely to exce
ple, in the case of raw gases or plant operating failures,

1 Measurements of particulate concentrations highi€r~than 40 mg/m3, as a half-hourly averag
in shorter sampling times.

2 The collecting plates and backup filters.can be used for further chemical analysis.

3
PM,, and PM, 5 measurements,

International Standard-describes the design, use and theory of round-nozzle impactors

de other types of impactors, provided these systems meet the performance criteria spe
ational Standardin a“validation of the impactor performed by an independent testing laborat

Normative references

following referenced documents are indispensable for the application of this documen

refe re

o and PM; 5
ment method
averages in
nt in the flue
rocesses.

water vapour.

ed PM,,, for

e in standard

ions (273 K, 1 013 hPa, dry gas), can lead to overloading of the collecting plates and backup filters &nd also could

nternational Standard cannot be used\for the determination of the total mass concentration ¢f dust.

For data assessment purposes; it can be useful to perform measurements of total particulate matter in parallel

It does not
cified in this
ory.

t. For dated
b referenced

nees, only the edition cited applies. For undated references, the latest edition of th

document{inciuding any amendmentsy appiies.

ISO 7708:1995, Air quality — Particle size fraction definitions for health-related sampling

ISO 12141:2002, Stationary source emissions — Determination of mass concentration of particulate matter
(dust) at low concentrations — Manual gravimetric method

ISO 20988:2007, Air quality — Guidelines for estimating measurement uncertainty
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3 Terms and definitions

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

3.1 Flow-related terms

3141

aerodynamic diameter

diameter of a sphere of density 1 g/cm3 with the same terminal velocity due to gravitational force in calm air as
the particle, under prevailing conditions of temperature, pressure and relative humidity

NOTE Adapted-fromtSO7708-4995; 22

3.1.2
cut-off diameter
aerodynamid diameter where the separation efficiency of the impactor stage is 50 %

3.1.3
PM,,
particles which pass through a size-selective inlet with a 50 % efficiency cut-aff;at 10 um aerodynamic
diameter

NOTE PM,, corresponds to the “thoracic convention” as defined in ISO 7708:1998, Clause 6.

314
PM, 5
particles which pass through a size-selective inlet with a 50 %Cefficiency cut-off at 2,5 um aerodynamic
diameter

NOTE PM, 5 corresponds to the “high-risk respirable convention” as defined in ISO 7708:1995, 7.1.

3.1.5
Reynolds number
dimensionlegs parameter describing a flow

3.1.6
Stokes's number
dimensionleds instrument-specific quantity

NOTE S¢e B.2.

317
Cunningham factor
correction fagtor taking into account the change in the interaction between particles and the gas phase

NOTE Stpkes's\law is based on the assumption that the relative gas velocity at the particle edge equals zerd. This
assumption is|not.valid for particle sizes close to the mean free path length. Such particles cannot move continuously due
to collisions wiith parﬁr\lpe and gas atoms.In this case Stokes's law has to be amended h‘,’ a correction factor_ile. the

Cunningham factor. This factor only depends on the mean free path length and the particle diameter.

3.1.8

Sutherland constant

constant characteristic of a gas used for calculating the dependence of the viscosity of a gas on its
temperature

3.1.9

aerosol

suspension in a gaseous medium of solid particles, liquid particles or solid and liquid particles having a
negligible falling velocity

[ISO 4225:1994, 3.2]

2 © 1SO 2009 - All rights reserved
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3.2 Instrument-related terms

3.21
filter set
separator consisting of two collecting plates and a backup filter

3.2.2
collecting plate
plane filter used for particle collection by impaction

3.23
backppfitter
plang filter used for collection of the PM, 5 particle fraction

3.24
collecting plate holder
suppprt of the collecting plate

3.25
backup filter holder
punched plate as support of the backup filter

3.2.6
diffuger
conigal part in front of the nozzle plates to avoid stall

3.3 | Sampling-related terms

3.31
meagurement site
samgpling site

placg on the waste gas duct in the area_.of the measurement plane(s) consisting of structures and technical
equigment

NOTEH The measurement site consists, for example, of working platforms, measurement ports and energy supply.

3.3.2
meagurement section
regioh of the waste gas.duet which includes the measurement plane(s) and the inlet and outlet seftions

3.3.3
meagurement plane

sampgling plane

plang normahto the centreline of the duct at the sampling position

4 Symbols and abbreviated terms

A separation efficiency

BF backup filter

€1 ith concentration value of the first measuring system
o ith concentration value of the second measuring system
C Cunningham factor

© 1SO 2009 — All rights reserved 3
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CP2

d

nozzle

ds

E

Jn

Patm

Dst

Re

SD

St

coll

aer

ecting plate of the second impactor stage

odynamic diameter

equivalent volumetric diameter

impactor nozzle diameter

entry nozzle diameter

cut-off diameter

col
ma
acq
ser
ser
imp
sar
par
par
mo
nuf
nuf

abg

atmospheric pressure atthe measurement site (barometric pressure)

sta

diff
pre

ection efficiency

5s concentration of water vapour in standard conditions and with dry gas
eleration due to gravity

es element number,i=1,2,3, ... m

es element number,j=1,2,3,...n

actor nozzle length

npled mass

ticle mass on the backup filter

ticle mass on the collecting plate of the second(impactor stage

ar mass

hber of measurement pairs
hber of impactor nozzles

olute gas pressure

ndard pressure

brence between the static pressure in the measurement cross-section and the atmosy
ssure.at.the measurement site

vol

ime fraction

gas constant

Reynolds number

distance between the end of the nozzle and the impactor plate

standard deviation of paired measurements

Sutherland constant

Stokes's number

heric
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T gas temperature

T, standard temperature

Terit critical temperature

Vig flue gas velocity

Vin gas velocity in the impactor nozzle

Vnozzle  9as velocity in the entry nozzle

Vp partictedriftrate

14 sample volume

Va sample volume in standard conditions and for dry gas
14 volumetric flow rate

wv water vapour

A mean free path length

V4 dynamic shape factor for non-spherical particles

n dynamic viscosity of the gas

Pn density of the dry gas in standard conditions

Paw density of water vapour in standard conditions

Poth density of the gas in operating conditions

Pp particle mass density

Pop particle unit mass density

5 Principle of the method

5.1 | General

In pafticle measurements, the following three relevant physical characteristics can be distinguishgd:
— Inass congcentration (e.g. total dust, PM44, PM; 5) and distribution of mass fractions;

The PMy, and PM, 5 mass concentrations are determined by size-selective separation of gas-borne particles
by use of the different inertia of particles. In general, two methods of separation based on the inertia principle
can be distinguished:

— impactors (sub-types: e.g. slot-type nozzle impactor, round-nozzle impactor, virtual impactor);
— cyclones (sub-types: e.g. cascade cyclone, sharp-cut cyclone).
Impactors are used at low mass concentrations, whereas cyclones are applied at high mass concentrations.

This International Standard specifies a measurement method for the determination of PM,, and PM, 5 mass
concentrations based on impaction with a round-nozzle impactor.

© 1SO 2009 — All rights reserved 5
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5.2 Theory of impaction

An impactor separates particles according to their specific aerodynamic diameter. The aerosol is accelerated
through a nozzle and then deflected by 90°. Particles with greater aerodynamic diameters are not able to
follow the gas flow due to their mass inertia. They are impacted on the collecting plate (see Figure 1).

A 3 g
’ L
Y il
7

Key
1 impactor nozzle n impactor nozzle length
2  flowline s distance between nozzle outlet and collecting plate
3 particle remaining in the flow d,, impactor nozzle diameter
4 impacted particle
5 particle trgjectory
6 nozzle plgte
7 collecting plate

Figure 1 — Principle of impaction

An impactor| stage is defined."by’/the so-called cut-off diameter dgy. For particles with this aerodypamic
diameter, th¢ separation efficiency of the impactor is 50 %. Equation (1) is used to calculate the qut-off
diameter dgg|of a single-stage’round-nozzle impactor (see Reference [11] in the Bibliography):

D1t St qapNe >
d50 - | 50% “in (1)
4pop TV

where
Stsq is the Stokes's number in relation to the cut-off diameter dgp;
n is the dynamic viscosity of the gas;
N is the number of impactor nozzles;

d.

n is the impactor nozzle diameter;

pop s the particle unit mass density (1 glcm3);

C is the Cunningham factor;

6 © 1SO 2009 - All rights reserved


https://standardsiso.com/api/?name=933143e7ab27514eea12a6ef4f8ae5fb

vV

is the volumetric flow rate through the impactor in operating conditions.

The following conditions apply to the design and to the application of Equation (1):

a) Distance between nozzle and collecting plate

ISO 23210:2009(E)

The ratio of the distance s between the nozzle outlet and the collecting plate to the nozzle diameter d,
shall be between

0,5<s/dj, <5,0

b) Ratio of nozzle length to nozzle diameter

(@)

T?|\e ratio of the impactor nozzle length /;, to the nozzle diameter d;, shall be between

D, 25 < lin /din <20

(©)

This leads to a uniform flow profile at the nozzle outlet, i.e. the flow has a ugiform velocity gt the nozzle
tlet. If the ratio is too small (//d,<0,25), the flow is still non-uniform. If the ratio |is too large
n/din > 2,0), the velocity at the nozzle edge is smaller than the velocity at-the centre of the nozzle due to

ol
(4
fri

c) R

“
5.3

In re
exan

ction.

bynolds number

00 < Re < 3 000).

Cut-off diameter

The Reynolds number Re of the gas flow in the nozzle<shall be in the region of Jaminar flow

hlity, the particle separation is not ideal. In practice, impactors exhibit separation curves similar to the

ple shown in Figure 2.

A, %A
100 =
1
Sa
80
60
40
Z
20 /
0 ! | | -
1.0 15 20 25 30 35 40 dg pum
Key
1 ideal
2 real
Figure 2 — Separation efficiency 4 of an impactor as a function of the cut-off diameter d;,
© 1SO 2009 — All rights reserved
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5.4 Cascade impactor

This International Standard specifies a two-stage cascade impactor for the determination of PM;, and PMj 5

mass concen

NOTE

trations (see Reference [9] in the Bibliography).

A cascade impactor consists of several impactor stages. The first impactor stage separates the greatest

particles on a collecting plate; smaller particles reach the following stages.

The separation curves of PM;, and PM, 5 emission measurements shall correspond to the separation curves
specified for PM,, and PM, 5 ambient air quality measurements. During sampling, the particles are divided
into three fractions, with aerodynamlc diameters greater than 10 um, between 10 ym and 2 5 pm and smaller

than 2,5 uym
concentratio

6 Specif

6.1 Gene

The two-stag
International

a) particles
b) particles

c) particles

The PM, 5 mass corresponds to fraction c), and the PM,, m@ss corresponds to the sum of fractions b)
with aerodynamic diameters greater than 10 ym is not used for the PM,q and PM, 5

The fraction
evaluation.

6.2 Sepal

The impactof stages for PM,, and PMs5-shall be designed such that the separation curves of PM1
the requirements of the(separation efficiencies specified in Tables 1 and 2. The permi
becified in Tables 1 @and 2 are absolute percentages concerning the separation efficigncies
ISO 7708:1995 (see,Figure 3) for the corresponding particle diameters. Furthermorg,

PM, 5 meet
deviations s
specified in
requirementg

NOTE TH

influences (e.g.

s of PM10 and PM2 5-

cation of the two-stage impactor

al

ation curves

of 5.2 shall be fulfilled.

with aerodynamic diameters greater than 10 ym (first impactor'stage);
with aerodynamic diameters between 10 ym and 2,5 ym(second impactor stage);

with aerodynamic diameters smaller than 2,5 um (backup filter).

Table 1 — Separation efficiency for the PM, s impactor stage

e impactor for the determination of PM,, and PM, 5 concentrations. in-flue gas described in this
Standard divides the particles into the following three fractions:

apd c).
data

and
5sible

the

e shape of _thé separation curves can differ from the curves shown in Figure 3 due to experimental
detailed design of the impactor and gas flow conditions).

Particle Separation efficiency for mono-disperse latex Separation efficiency for mono-disperse latex
diameter aerosol and greased collecting plates aerosol and quartz-fibre filters
1,0 ym Separation efficiency of ISO 7708:1995 at the Separation efficiency of ISO 7708:1995 at the
to corresponding particle diameter with a permissible | corresponding particle diameter with a permissible
25um?a deviation of £10 % deviation of £10 %
>2,5 um Separation efficiency of ISO 7708:1995 at the Separation efficiency of ISO 7708:1995 at the
to corresponding particle diameter with a permissible | corresponding particle diameter with a permissible
10,0 um @ | deviation of +15 % deviation of £30 %
@  Approximate diameters.

© 1SO 2009 - All rights reserved
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Table 2 — Separation efficiency for the PM,, impactor stage

Particle Separation efficiency for mono-disperse latex Separation efficiency for mono-disperse latex
diameter aerosol and greased collecting plates aerosol and quartz-fibre filters
2,0 ym, Separation efficiency of ISO 7708:1955 at the Separation efficiency of ISO 7708:1995 at the
to corresponding particle diameter with a permissible | corresponding particle diameter with a permissible
10,0 um @ | deviation of 10 % deviation of 10 %
>10,0 ym Separation efficiency of ISO 7708:1995 at the Separation efficiency of ISO 7708:1995 at the
to corresponding particle diameter with a permissible | corresponding particle diameter with a permissible
20,0 ym @ | deviation of 15 % deviation of £30 %
a pproximate diameters.
A, % A
100
90
80 -
70
60 -
1 2
50
40
30
20
10 -
0 | | | | | -
0,0 25 5,0 7,5 10,0 12,5 150 17,5 20,0 dgy um
Key
1 hlgh-risk respirable.convention (PM, ;) A separation efficiency, in percent (%)
2 thoracic convention (PM,,) dgq cut-off diameter, in micrometres (um)
Figure 3 — Separation curves of PM,, and PM, 5 specified in ISO 7708:1995

6.3 Verification of the separation curves

The impactor shall be validated in order to prove that the performance criteria specified in 6.2 are met. The

validation shall

be carried out by a testing

quality-management system.

NOTE

laboratory operating an

internationally recognized

Requirements for testing laboratories are specified, for example, in ISO/IEC 17025.

The separation efficiency shall be determined in accordance with the following procedure for each stage and
the particle diameter ranges specified in Tables 1 and 2.

The separation efficiency of the impactor stages shall be determined by performing two experiments for each
stage with mono-disperse latex aerosols of different particle diameters.

© 1SO 2009 — All rights reserved
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First, greased collecting plates are used to increase the adhesion and to reduce possible rebound of particles
to evaluate the optimum separation efficiency under laboratory conditions. Second, quartz-fibre filters (with the
smooth surface towards the top) are used as collecting plates, as in the intended operation of the impactor.
For the PM, 5 stage, tests with at least six different particle diameters between 1 ym and 10 ym shall be
performed. For the PM,, stage, tests with at least six different particle diameters between 2 um and 20 ym
shall be performed. In both cases, the particle diameters shall be distributed over the full range about the
cut-off diameter. One of these particle diameters shall be as close as possible to the cut-off diameter.

The resulting experimental separation efficiencies shall be compared with the reference curves specified in
ISO 7708:1995 (see Figure 3). The deviations of the experimental separation efficiencies shall be within the
permissible deviations specified in Tables 1 and 2.

The values ¢f Stokes's number St for the 2,5 ym and 10 um stages of the impactor under examination in
relation to the cut-off diameter shall be calculated on the basis of the experimental data (see Annex.B).

The separatipn efficiencies and the values of Stokes's number determined shall be reported.

6.4 Opergting conditions

To meet the given cut-off limits of 10 ym and 2,5 pm particle diameters, the impacter'shall be operated With a
constant sample volumetric flow rate, to be previously determined. For a given impactor design, the volumetric
flow rate der:r)ends only on the flue gas conditions and is calculated in accordance with Annex A. Isolfinetic
sampling shpuld be established by selection of an appropriate sampling’ nozzle (see 8.3.4). If this is
impossible, qver-isokinetic sampling is preferred.

Over-isokinefic sampling is preferred since the error in the collection“efficiency is smaller than for sanppling
below isokinItic conditions (see 10.4).

The measur¢ment method specified in this International Standard is applicable for the operating conditions
given in Table 3. Typical gas compositions range from air to/fltie gases with up to 30 % carbon dioxide.

Table 3 — Typical operating conditions of the measurement method

Parameter Mean value | Minimum value | Maximum value
Dust concentration 10 1 50
in mg/m3
Temperature
in °C 135 20 250
Pressure 1000 850 1100
in hPa
Humidity
in g/m32 30 0 100
@ _ The'dew-point shall be below the flue gas temperature.

If these operating conditions are not met, especially at a higher water-vapour content or higher flue gas
temperatures, measures shall be taken so that the Reynolds number of each impactor stage is between
100 and 3 000. In this case, the similarity condition according to the theory of Marple (see Reference [11] in
the Bibliography) is still fulfiled. The Reynolds number of the flow in each stage can be determined according
to A.2.6.

6.5 Components
The two-stage impactor shall have the following components:
— inlet cone in accordance with the requirements of ISO 12141, if needed;

NOTE The corresponding requirements are identical to those in EN 13284-1.

10 © ISO 2009 — All rights reserved
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— PM, nozzle plate;

— collecting plate for the particle fraction greater than 10 um;

— first diffuser, if needed;

— PM; 5 nozzle plate;

— collecting plate for the particle fraction between 10 ym and 2,5 ym;

— second diffuser, if needed;

! £l £ 41 L D 4 Il 41 o
— bau\up IMIET 101 U1C pdarttvic Tabluult SITidiicr uiall <,9 MTIT.

7 $ampling train

7.1 | Measuring setup

Figure 4 shows an example of the general measurement setup.

//\/

==

N/ X
VA
I

1

o

Key

1 entry nozzle 7 flowmeter
2 two-stage impactor 8 gas-volume measuring device with thermometer
3  suction tube 9 temperature measuring device
4 drying column 10  Pitot tube with differential pressure meter
5 manometer 11 gas flow in the flue gas duct
6 suction device

Figure 4 — Example of the design of the sampling system

Measurements with an in-stack sampling system with a straight entry nozzle are recommended.

© 1SO 2009 — All rights reserved 11
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In-stack measurements with a goose-neck nozzle in front of the impactor can cause higher particle losses in
the probe. Furthermore, out-stack measurements require an exact external thermal control of the impactor to
meet the exact cut-off diameter. If in-stack measurements with a goose-neck nozzle in front of the impactor
are performed, extensive validation experiments shall be performed, including the quantification of losses
related to coarse and fine particles. These measurement setups shall only be used if losses of particles in the
sampling train are below 10 % of the total mass of fine particles collected on the collecting plate and backup
filter.

The requirements for components downstream of the impactor shall be in accordance with ISO 12141.

NOTE The corresponding requirements are identical to those in EN 13284-1.

7.2 Equidment and working materials

7.21 Sampling equipment
The impactof shall be of corrosion-proof material, e.g. titanium or stainless steel.

The entry ngzzle shall be of the same material as the impactor. A set of nozzles with-effective diameters
between at Igast 6 mm and 18 mm shall be available (see Annex F).

7.2.2 Equipment for extraction and adjustment of the sample volumetric flow rate

o

The following equipment for extraction and adjustment of the sample volumetric flow rate shall be providgd:
— bend donstream of the impactor of corrosion-proof material, if needed;

— suction fube downstream of the bend of corrosion-proof material with an appropriate internal diametgr; for
lengths pver 2 m, a sufficiently stable supporting tube can be'needed;

— gas-carrying flexible tubes of sufficient length for connecting the parts of the sampling train downs{ream
of the syction tube;

— special heater for heating up the complete impactor, if needed;
— drying tqwer with a desiccant for drying,the sample gas;

— suction dlevice (e.g. a corrosion-proof) gastight pump with a protective filter and minimum delivery qutput
of 4 m3/h at 400 hPa at the extraction side, preferably with automatic flow-control);

— gas volume meter of nomindl<capacity of 6 m3/h;
— gas flowmeter;
— temperafure measuring device for the sample gas flow;

— pressurg meastring device for static pressure in the duct or static differential pressure between thg duct
and the ptmosphere at the measurement site;

— time measuring device;
— barometer for measuring the atmospheric pressure at the measurement site;
— shut-off and control valves or other device for adjustment of the sample gas flow.

Depending on the gas properties, a condensate trap can be necessary to avoid back-flow of condensate to
the measuring filter. If necessary, heating or cooling of the condensate trap shall be provided.

NOTE Requirements concerning the equipment for extraction and adjustment of the sample volumetric flow rate are
specified, for example, in ISO 12141 and EN 13284-1.
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7.2.3 Equipment for measuring the gas velocity, gas composition and reference quantities
The following equipment for measuring the gas velocity and the gas composition shall be provided:
— gas-velocity measuring device, e.g. Pitot tube with a micromanometer;

— gas analysers for determining CO, and O, in the flue gas;

— temperature measuring device;

— humidity measuring device.

NOTH chu;lclllcllto UUIIbUIII;IIu the cqu;plllcllt fot |||caou|;||9 the gas vc=uu;ty ancd-the gas UUIIIPUD;t;UI are SpeCiﬁed,

for example, in ISO 12141 and EN 13284-1.

7.2.4] Equipment for pre-treatment and post-treatment in the laboratory

The following equipment for the pre-treatment and post-treatment of the filter samples in the laoratory shall
be prpvided:

— microbalance, e.g. measuring range: 60 g; resolution: 0,01 mg;
— drying chamber;
— fransport container for the sampling plates and filters;

— punch for punching the plane filters, if needed.

7.2.5| Working materials

The fpllowing working materials shall be provided:
— plane filter of quartz-fibre material;

— drying agent, e.g. silica gel with coletitindicator.

The ¢ollecting plates and the backup.filter shall consist of quartz-fibre plane filters, which shall comply with the
following minimum requirements

a) The filter efficiency shalkbe better than 99,5 % on a test aerosol with a mean particle diameter of 0,3 um
t the maximum flow. rate anticipated or 99,9 % on a test aerosol of 0,6 um mean dipmeter. This
fficiency shall beccertified by the filter supplier.

b) The filter material’shall not react with, or adsorb, gaseous compounds contained in the gas t¢ be sampled
and shall be/thermally stable, taking into account the maximum temperature anticipated (conditioning,
gampling;.etc.).

8.1 General

Measurement ports should be consistent with the requirements of International or National Standards with
respect to the location, number and design.

The dimensions of the measurement ports should allow straight insertion of the impactor into the flue gas duct
without any contact with the inner duct walls.

The measurement section shall be in accordance with the requirements of the applicable standard.

NOTE Requirements concerning the measurement section are specified, for example, in ISO 12141 or EN 15259.

© IS0 2009 — Al rights reserved 13


https://standardsiso.com/api/?name=933143e7ab27514eea12a6ef4f8ae5fb

ISO 23210:2009(E)

The flue gas conditions should be constant during sampling, to ensure that the isokinetic rate is kept between
90 % and 130 % of the calculated value (see 8.3.4).

The impactor shall be used in the flue gas duct with the entry nozzle in the upstream direction (see Figure 4).

Sampling shall be performed at a sampling point representative of the flue gas velocity. This representative
sampling point shall be determined in accordance with Annex G.

It shall be guaranteed that the cut-off diameter does not change during sampling. Under constant flue gas
conditions, this can be realized by a constant sample gas flow.

An overall blan

least once a|day without starting the suction device. This leads to an estimation of the dispersion of-résults
related to the whole procedure, with a dust concentration close to zero, i.e. taking into acCeount the
contaminatioh of filters during handling on site, and during transport, storage, handling in the laboratory and
weighing. Alljoverall blank values shall be reported individually.

8.2 Pre-trpatment

8.2.1 Impaftor

The impactof shall be cleaned in accordance with the manufacturer's instruetions and at a frequency spegified
in the measurement plan.

NOTE Requirements concerning the measurement plan are specified, for.example, in EN 15259.

All internal sprfaces of the impactor shall be cleaned between*measurements on site, e.g. with a micrpfibre
cloth.

8.2.2 Collecting plates and backup filters

Preparation ¢f filter sets shall be carried out in the.Jlaboratory.

If needed, collecting plates (first and second impactor stage) shall be punched with a concentric hole jof an
appropriate giameter suitable for the coenstruction of the given impactor stage. After punching, check the
punch edgeq visually and carefully remnove loose fibres with a pair of tweezers.

Collecting plates shall be used with'the smooth surface towards the top.

This Internatjonal Standard fecommends the use of non-greased quartz-fibre filters. However, the sepafation
efficiency caph be improved by the use of greased collecting plates. This requires additional validation in the
field to take into account,for example, the influence of high temperatures.

Collecting plates.and backup filters shall be placed in uniquely marked holders. Then the collecting plates and
the backup filter.with the holders shall be dried, equilibrated and weighed in accordance with ISO 12141.

NOTE

The corresponding requirements are identical to those in EN 13284-1.

The collecting plates and the backup filters shall be stored and transported in closed and clearly labelled
boxes.

8.3 Measurement procedure

8.3.1 Measurement planning
Measurement planning should generally include

a) operating conditions of the plant, including fuel or feedstock, flue gas components and reference
quantities (e.g. temperature, pressure, water-vapour content) to be measured,
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b) sampling date and time and location of measurements,

c) measurement methods to be applied,

d) measurement sections and measurement sites,

e) technical supervisor and necessary personnel for carrying out of the measurements, and
f)  reporting procedures.

NOTE Recommendations for testing laboratories are specified, for example, in ISO/IEC 17025.

The gampting duration depends on the dustconcentration andthe grain size distribution i the flue gas. If
thesq parameters are unknown, they should be determined by pre-measurements. The samyling duration
shall [be specified such that overloading of collecting plates and backup filters is avoided and‘a’wgighable dust
masyq is sampled.

8.3.2] Flue gas data

The fpllowing flue gas data shall be determined before a measurement is carried out:

a) ]ue gas velocity;
ue gas composition: O,, CO,, Ny, humidity;
c) ftemperature;

d) gtatic pressure.

8.3.3| Determination of the sample gas volumetric flow rate

The $ample gas volumetric flow rate in operating conditions shall be determined in accordance With Annex A.
This [volumetric flow rate shall be converted to the conditions at the volume measuring devide. The input
quantities for the calculation are the measured values determined in accordance with 8.3.2.

NOTEH The determination can be-made using a spreadsheet program. An example of a spreadshget program is
attached to this International Standard

The sample gas volumetric(flow rate shall be monitored and kept constant during sampling withipn +5 % of the
nominal value, to ensure that the cut-off characteristics of both impactor stages do not change.

8.3.4| Selection of the entry nozzle
The ¢ffective diameter of the entry nozzle shall be calculated in accordance with A.2.4.

NOTH The effective diameter of the entry nozzle can be calculated by means of a spreadsheet program. An example
of a spreéadsheet program is attached to this International Standard.

Sampling shall be carried out with an isokinetic rate between 90 % and 130 % of the calculated value. The
entry nozzle shall be selected accordingly.

8.3.5 Leak check

The sampling system shall be assembled and checked for possible leaks by sealing the entry nozzle and
starting the suction device. The leak flow shall be below 2 % of the normal flow rate. This can be measured,
for example, by pressure variations after evacuation of the sampling train at the maximum vacuum reached
during sampling. During sampling, a leak check can be monitored by continuously measuring the
concentration of a relevant gas component (CO,, O,, etc.) directly in the duct and downstream of the
sampling train. Any detectable difference between those concentrations indicates a leak in the sampling
equipment parts located outside the flue gas duct. This leak shall then be investigated and rectified.
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8.3.6 Measurement

The impactor shall be at the flue gas temperature before a measurement is started. If the flue gas temperature
is close to the water-vapour dew-point, the complete impactor shall be heated up to the flue gas temperature
outside the duct.

NOTE The large impactor mass can lead to long heating periods.

During installation, the sampling train shall be inserted into flue gas duct, such that any contact between the
entry nozzle and the flue gas duct is avoided. The measurement ports shall be sealed to minimize oxygen

entering the duct or flue gas escaping the duct.

The angle between the centreline of the entry nozzle and the flow direction shall be smaller than 105} The
shut-off valve shall be opened, the suction device shall be switched on and the volumetric flow shall:be et to
the value calfulated in Annex A.

The volumetfic flow rate shall be checked at least every 5 min during sampling and shall ©g adjusted in the
case of devigtions from the calculated value.

The dynamig¢ pressure shall be continuously checked with a Pitot tube or with afether suitable meaduring
device installed at a fixed location or at the sampling train or it shall be recorded at least every 5 min.

The sampling train shall be removed from the flue gas duct after sampling.

The sample yolume of the measurement shall be determined and recorded.

8.3.7 Filtenchange

The backup filter holder with the backup filter, and the collecting plate holders with the collecting plates,|shall
be removed [from the impactor and transferred into the transport containers. Any contamination of the filters
shall be avoifled.

8.4 Post-freatment

For data evaluation, the backup filter and the\collecting plate of the second impactor stage are used.

In the case of visible dust deposits on.the walls in the internal part of the impactor in front of the first nozzle
plate, examime the backup filter in @ $canning electron microscope. If coarse particles have bounced onf{o the
backup filtef, the measurement’method is not suitable for the process under investigation ang the
measuremerjt results shall be fejected. In the other case (no coarse particles on the backup filter), thg dust
deposits arg not taken intovaccount for the determination of the particle fractions PM, 5 and PMj, by
convention, gince these deposits consist mainly of coarse particles (see 10.5).

The collecting plate\of the second impactor stage and the backup filter with the holders shall be dried,
equilibrated Tnd weighed in accordance with ISO 12141.

NOTE

The corresponding requirements are identical to those in EN 13284-1.

Drying and reweighing of the measuring filter and control filter sets shall be carried out under the same
conditions as were present during pre-treatment.

8.5 Weighing

The backup filter and the collecting plate of the second impactor stage shall be weighed.

NOTE

16

As a plausibility check, the first impactor stage can be weighed too.

© 1SO 2009 - All rights reserved


https://standardsiso.com/api/?name=933143e7ab27514eea12a6ef4f8ae5fb

ISO 23210:2009(E)

9 Calculation of the results

The concentration ¢(PM, 5) of PM, 5 in the flue gas shall be calculated by Equation (4):

m(BF)

c(PMy5) = (4)
n
where
m(BF) is the particle mass on the backup filter;
N IS the sample volume in standard conditions and for dry gas.
The goncentration ¢(PM, ) of PM,, in the flue gas shall be calculated by Equation (5):
(Pyg) = "B IEES (5)
wherg

m(BF) is the particle mass on the backup filter;
m(CP2) is the particle mass on the collecting plate of the second impactor stage;

'n is the sample volume in standard conditions and fordry gas.

The $ample volume 7, in standard conditions and for dry-gas shall be calculated from the sample volume in
the cpnditions at the gas-volume measuring device.

The rollecting plate of the first impactor stage_may not be used for the determination of the total dust
concentration.

NOTEH Impactors always exhibit particle losses. These particle losses are attributed to coarse particles py convention.

If the]PM, 5 and PM, fraction in the total"dust is to be determined, an additional parallel total dust measurement is
needgd.

10 Performance characteristics

10.1| Impactor load

The |oad of the baeKup filter and of the collecting plates of the impactor stages should nof exceed the
maximum load.spéecified by the manufacturer.

The $ampling period depends on the dust concentration and the grain size distribution in the flue gas. Both
can pe’/determined in pre-measurements to select a sampling period, which avoids overlopding of the
colle¢ting plates and the backup filter.

10.2 Detection limit

The detection limit of the impactor shall be estimated on the basis of the absolute detectable mass on the filter
and the nominal sample volume.

The detection limit of PM, is influenced by two independent weighings (backup filter and collecting plate of
second stage). Therefore, the detection limit is greater than the value of PM, 5.

10.3 Measurement uncertainty

The measurement uncertainty of the impactor shall be determined in the field by paired measurements with
two identical measuring systems under repeatability or reproducibility conditions. The samples shall be taken
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at the same measurement point in the measurement cross-section. The measurement uncertainty shall be
estimated, in accordance with ISO 20988, by the standard deviation sp from paired measurements by means
of Equation (6):

is the ith concentration value of the first measuring system;

(6)

where
€1,i
0271- iS t|’
n isth

Determine th

and waste gas conditions, which are representative of the future application of the impactor.The tests sh

carried out b

NOTE R4

10.4 Addit

In addition

reproducibility conditions, further uncertainty contributions are caused_by sampling at only one measure

point in the ¢

It is assume
conditions in

The diamete
through the i
correspondin
sizes.

Table 4 give
flue gas con

e ith concentration value of the second measuring system;

e number of paired measured values.

e measurement uncertainty at least during the validation of the impactor undeér, plant ope
y a testing laboratory operating an internationally recognized quality management system.

bquirements for testing laboratories are specified, for example, in ISO/IEC 17025

onal uncertainty contributions
fo the measurement uncertainty determined by multiple *determinations in repeatabili
Foss-section or by deviations from isokinetic sampling

| that all measurements are carried out at a representative sampling point which represen
the measurement cross-section. Therefore, thi§’uncertainty contribution can be neglected.

r of the entry nozzle for isokinetic sampling can only be estimated, since the volumetrig
Mmpactor is calculated before the measurement and shall be kept constant during sampling
g contributions to measurement uncertainty can be estimated theoretically for different pa

itions.

Table 4 — Influence of the entry-nozzle selection on the isokinetic rate

ating
all be

ty or
ment

s the

flow
The
rticle

5 examples of the influenge~of the entry nozzle selection on the isokinetic rate for different

Samplq Flue gas Calculated Applied Gas velocity Isokineti¢
volumetric flow velocity entry nozzle entry nozzle in the rate @
diameter diameter entry nozzle
m3/h m/s mm mm m/s

3 17,2 17 3,1 1,0

5 133 13 5,2 150

10,5 10 8,8 1,1

10 9,4 9 10,9 1,1

2,5 12 8,6 8 13,8 1,2

14 7.9 7 18,0 1,3

16 7,4 7 18,0 1,1

20 6,6 6 24,6 1,2

24 6,1 6 24,6 1,0

@  Ratio of the gas velocity in the entry nozzle to the flue gas velocity.

18
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The collection efficiency of a sampling system for particles with different aerodynamic diameters can be
calculated from the isokinetic rate (see Reference [7]). Figure 5 shows examples of collection efficiencies of
different particle fractions as a function of the ratio of the gas velocity in the entry nozzle to the flue gas
velocity in the duct. The calculations were based on a flue gas velocity of 10 m/s and an entry nozzle diameter
of 10 mm.

NOTE The collection efficiency is the ratio of the sampled concentration sampled at a specific isokinetic rate to the
concentration at isokinetic sampling with an isokinetic rate of 1,0.

E A

-+ 2,5 um
AL ——  5pm

ol7 | | | | | | | | | | | | -
0,8 1,0 1,2 1,4 1,6 1,8 2,0 Vnozzle/Vyg

Figure 5 — Theoretical dependence of the collection efficiency E on the ratio
of the gas velocity in the entry nozzle v, to the flue gas velocity v,

For particles with an aergdynamic diameter d o = 10 um (not to be confused with PM,,) and an oyer-isokinetic
samgling with a factoft-of 1,5, the findings are reduced by approximately 15 %. This error decreases with
decrgasing particle,size and can be nearly neglected at d,, = 2,5 ym. If the ratio of samplirjg velocity to
flue gas velocity is‘between 0,9 and 1,3, the maximum error as reduced or increased findings of particle mass
is approximatelyy10 %.

The ¢rror caused by deviations from the isokinetic sampling is significantly smaller then the maXimum values
giver| above, which were calculated for a particle size of 10 um, since the particles usually|have a size
distribuoti ISSi ' i ifi

10.5 Particle losses

Particle losses generally occur during particulate sampling when impactors are used. A portion of particles is
not separated according to the theory (see Reference [12]) on the collecting plates and the backup filter, but
diffusively on the walls and the nozzle plates. These particles are not taken into account in the mass
determination of the fractions considered by convention. As a consequence, the sum of the mass on the
collecting plates and on the backup filter is usually not identical to the total mass concentration of dust in the
flue gas.

Comprehensive investigations (see References [8] and [10]) have shown that the loss of particles increases
with increased particle size.
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NOTE 1 If the individual fractions (PM,, and PM, ;) are related to the impacted mass, the calculated distribution is
shifted to smaller particle sizes, since equally distributed particle losses are assumed.

NOTE2  If the individual fractions (PM,, and PM, 5) are related to the total dust mass measured at the same time, the
calculated distribution is shifted to larger particle sizes, since it is assumed that particle losses are related to coarse
particles only. This assumption is close to reality, since it is well known that particle losses are related to the coarse-
particle fraction.

11 Reporting

The results gf-the emission measurements, inr\luding the measurement ||nr‘nrfninfy, shall be prnennfnd n the

measuremerjt report, which shall include detailed information on the plant and on all elements relevapt for
measuremerjt planning (8.3.1) and all measured and calculated values and results.
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Annex A
(normative)

Calculation of the sample volumetric flow rate of the impactor

A.1 Spreadsheet program to calculate the sample volumetric flow rate of the

impaector

For the convenience of users of this International Standard, a spreadsheet program (devé€loped in Microsoft
Exce|®) to calculate the sample volumetric flow rate of the impactor in accordance with.A.2 is prpvided as an
electfonic insert. This spreadsheet is given for information only as an aid to calculation; it Has not been
optinfized for printing. The presentation of the symbols and equations is not identical with that usg¢d in the text.

The gpreadsheet program requires the input of the following variables:
a) ¢gas composition;
b) gas conditions;

c) ¢gas velocity.

A.2 (Calculation parameters

A.2.1 Sample volumetric flow rate

The gample

 _ 97Tdi?1,i Stsg 7(T) N;

required volumetric flow rate 7in Operating conditions, is calculated by Equation (A.[l):

i 4 d520,1 Ci pop
wherg
i is the indexto identify the particle fraction (i = 2,5 ym, 10 ym);
i ; is thesimpactor nozzle diameter (constant);
St is Stokes's number (constant);
(7T is the temperature-dependent viscosity of the gas;
N; is the number of impactor nozzles (constant);
dso,; is the cut-off particle diameter (50 % value of separation at the nozzle plate; constant);
C; is the Cunningham factor of particle fraction i;
Pop is the particle unit-mass density (1 g/cm3).
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The volumetric flow rates of both nozzle plates are calculated separately. Then the arithmetic mean of both
values is calculated according to Equation (A.2):

- V + V

y —_25um " "10um (A.2)
2

The sample volumetric flow rate of the sample v, in standard conditions and for dry gas shall be calculated

using the averaged volumetric flow rate ¥ by Equation (A.3):

v, v Ta(Patm + Pst) (A3)
g
T 1+—"—
Pnwv
where
T s the gas temperature in operating conditions;
T, s the standard temperature; 7, = 273,15 K;
Patm I the atmospheric pressure at the measurement site (barometric pressure);
Pn s the standard pressure; p,, = 1 013,25 hPa;
Dst s the difference between the static pressure in the .measurement cross-section and the
atmospheric pressure at the measurement site (barometrie’pressure);
In s the mass concentration of water vapour in standard conditions and with dry gas;

Pawy s the density of water vapour in standard conditions; o, \yy = 0,803 8 kg/m3.

For the calcylation of the volumetric flow rates according to Equation (A.1), the following parameters shpll be
calculated:

— the dyngmic viscosity 7(T) of the gas mixture’in operating conditions;

— the Cunhingham factor C; of particle fraction i.

A.2.2 Temperature-dependent.dynamic viscosity of the gas

For the calculation of the dynamic viscosity in operating conditions, the volume fractions of the different gas
constituents [shall be determined. Then the dynamic viscosity of the constituents in operating conditigns is
calculated. The viscosijty\of the gas mixture is calculated from the viscosities of the constituents.

The dynamiq viscasity of the individual gas constituent of the sample gas in operating conditions is calcylated
by Equation {A.4):

S
",
77_j(T) =Mn,; T Sn. (A.4)
n 1+~
where
J is the index to identify the individual constituent of the sample gas (j = CO,, O,, N,, air, water
vapour);

77].(7) is the dynamic viscosity of constituent j in operating conditions;
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is the dynamic viscosity of constituent j at the standard temperature 7;, (constant);
is the gas temperature;
is the standard temperature; 7, = 273,15 K;

is the Sutherland constant of constituent ;.

10:2009(E)

The corresponding volume fractions y in wet flue gas shall be calculated by Equation (A.5) and Equation (A.6),
respectively:

— forj =CO,, O,, N, and air:

— forj = water vapour:

WV

wher

W

n

P, WV

The femperature-dependent dynamic viscesity of the gas 7 (7) in operating conditions shall be
Equation (A.7):

T i ——
J »J fn

1

1+
Pn, WV

/n 1

Pn,WV 1_;,_#

X

Pn, WV

is the volume fraction of constituent ;j in dry gas;
is the mass concentration of water vapour in standard conditions and with dry gas;

is the density of water vapour in standard conditions (constant);

Z’”j Uj(T)\/‘/Mj Tcrit,j

(A.5)

(A.6)

calculated by

(A7)

\,, air, water

__J
7(T) = er o,
J
wherg
j is the index to identify the individual constituent of the sample gas (j = CO,, O,, |
vapour);
y is the volume fraction of constituent j of the gas mixture;
nj(T) is the dynamic viscosity of constituent j in operating conditions;
Tgit;  Is the critical temperature of constituent j (constant);
M; is the molar mass of constituent j (constant).
© 1SO 2009 — All rights reserved
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A.2.3 Cunningham factor

The calculation of the Cunningham factor requires the determination of the mean free path length and the
mean molar mass of the gas. The mean free path length 1 is calculated by Equation (A.8):

4 o) |mR (A.8)

)4 8M

where

77(T) is the fnmpnrah e annnr{nnf \lier\neify of the gas;

p is {he absolute gas pressure;

is fhe gas temperature;

M is {he mean molar mass of the gas mixture;

R is {he gas constant.
The mean mplar mass M of the sample gas shall be calculated by Equation{A.9):

M = Z M, (A.9)
J

where

Jj is the index to identify the individual constituent of the sample gas (j = CO,, O,, N,, air, water
vappur);

M. is the molar mass of constituent j;

r; Is the volume fraction of constituent ;.

The Cunningham factor C; of particle fragtion i shall be calculated by Equation (A.10):
21

C -1 d50,i
;=1+1——|123+0,41Cexp| -0,88 (-10)

where

i is fhe index to identify the particle fraction (i = 2,5 ym, 10 ym);

A is the mean free path length;

dsp,; is the cut-off diameter of particle fraction i.

A.2.4 Entry nozzle diameter

The diameter d,,,,,e Of the entry nozzle is calculated from the required sample volumetric flow and the flue
gas velocity at the sampling point by Equation (A.11):

f 4y
dnozzle = v (A.11)
9
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where
v is the sample volumetric flow rate in operating conditions;

Vig is the flue gas velocity at the sampling point.

A.2.5 Gas velocity in the impactor nozzles

The gas velocity in the nozzles of the nozzle plates is calculated by Equation (A.12):

A1

%4
ini = —Nl-n diﬁ,,- (A12)
wherg
? is the sample volumetric flow rate in operating conditions;
i is the index to identify the particle fraction (i = 2,5 um, 10 ym);
Yin; IS the gas velocity in the impactor nozzles of nozzle plate i
I is the number of impactor nozzles in nozzle plate i (constant);
din; is the diameter of the impactor nozzles in nozzle plate i (constant).
A.2.6 Reynolds numbers
The Reynolds numbers Re are calculated by Equation (A.13):
e, - Vini dini Ppth (A13)
n(T)
wherg
I is the index to identify the particle fraction (i = 2,5 um, 10 um);
Yin; is the gas velocity in the nozzles of nozzle plate 7;
Re;  is theReynolds number of nozzle plate 7;
Ao.t.h is-the gas density in operating conditions;
difi~ " is the diameter of the impactor nozzles in nozzle plate i (constant);
n(T) is the dynamic viscosity of the gas in operating conditions.
A.2.7 Gas density
The density Pp.th of the wet gas in operating conditions is calculated by Equation (A.14):
Poth = (Patm + Pst) Tn (Pn + /n) (A14)
paT| 1+ S
Pn,Wv
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The density p, of the dry gas mixture is calculated by Equation (A.15):

Pn=D.7; Pnj (A.15)

J
where

j is the index to identify the individual constituent of the sample gas (j = CO,, O,, N,, air);

r; is the volume fraction of constituent j of the gas mixture;

T ig the temperature in operating conditions;

T, i the standard temperature; 7,, = 273,15 K;

Patm 19 the atmospheric pressure at the measurement site (barometric pressure);

pst i the difference between the static pressure in the measurement cross-section and the
afmospheric pressure at the measurement site (barometric pressure);

Pn i the standard pressure; p, = 1 013,25 hPa;

In ig the mass concentration of water vapour in standard conditions-afd with dry gas;

pAwy  igthe density of water vapour in standard conditions; py, \y=.0;803 8 kg/m3.

A.2.8 Cut-off diameter

The cut-off dlameter d5 ; is calculated by Equation (A.16):

3
OnSts ;M(TINdip ;

dso, =\ 4P0,PC1V (A.16)
where

i i the index to identify the particle fraction (i = 2,5 ym, 10 ym);

Stsp ;i the Stokes's numberrelated to the particle fraction i;

n(T) g the dynamic viscosity of the gas;

N; ig the number'of impactor nozzles in nozzle plate i;

din; i thetdiameter of the impactor nozzles in nozzle plate i;

Pop is the particle unit mass density (T g/cm®);
C, is the Cunningham factor of particle fraction i;

14 is the volumetric flow rate through the impactor in operating conditions.
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A.2.9 Constants

Table A.1 — Constants required for the calculations

ISO 23210:2009(E)

Constant Symbol Value Unit

Gas constant R 8,314 51 J/(mol K)
Standard temperature T, 273,15 K
Standard pressure Pn 1013,25 hPa
Density of CO, in standard conditions Pn.COo» 1,977 kg/r.n3
Dengity of O, in standard conditions POy 1,429 kg/l}’]3
Dengity of N, in standard conditions PnN2 1,251 kg/+13
Dengity of dry air in standard conditions Pr.air 1,293 kg/+13
Dengity of water vapour in standard conditions | g, \yy 0,804 kg/+13
Particle unit mass density Pnp 1,000 kg/+13
Dyngmic viscosity of CO, 7n.COo 4/370x1075 kg/v}ws
Dyngmic viscosity of O, .0 1,928x10-5 ka/ips
Dyngmic viscosity of N, TNy 1,652x10-5 ka/ips
Dynz*mic viscosity of air T air 1,717x107° kg/l}ws
Dynimic viscosity of water vapour MWy 8,660x10~° kg/rhs
Molgr mass of CO, Mco, 44,01 g/mpol
Molgr mass of O, Mo, 32,00 g/mol
Molgr mass of N, My 28,02 g/mol
Mean molar mass of dry air M i 28,97 g/mol
Molgr mass of water vapour My 18,02 g/mol
Sutherland constant of CO, Sco, 273 K
Sutherland constant of O, So, 125 K
Sutherland constant of N, SNy 104 K
Sutherland constant of air Sair 113 K
Sutherland constant.of water vapour Swy 650 K

_ JMTgi (COy) 115,7 \/;mol TK

— \/cht (Cy) 70,4 \/amol‘1 K

— IMTgi (Ny) 59,5 \/g mol 'K

_ Mgy (air) 61,9 Jamol'k

_ \/cht (water vapour) 107,9 \/m
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Annex B
(informative)

General equations concerning impaction theory

B.1 Aerodynamic diameter

The aerodyn
exhibits, und
gas as the p
and the aero
final particle
Equation (B.

Pp

pmic diameter equals the diameter of a sphere with a particle unit-mass density of 1 g/cp)which
er the influence of external mechanical forces in equilibrium conditions, the same drift rate |n the
articles investigated. As long as the external forces are limited to gravity, the gas_isimotignless
ynamic drag occurs in the Stokes's law range, the drift rate of a particle becomes-constant| This
velocity can be calculated approximately (with no buoyancy force being taken|into accounmt) by

):

2
dg g _Pop dae 8

vp =

where:

vp is the final particle velocity;
pp is fhe particle mass density;

pop is fhe particle unit mass density;

4 is {he dynamic shape factor;
g is fhe acceleration due to-gravity;

n is {he dynamic viscasity of the gas.

An example

187 v 187

is fhe equivalent volumetric diameter;

is {he aerodynamic diameter;

(B.1)

Df the values ‘ef the quantities interrelated by Equation (B.1) is shown in Figure B.1.
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de =5,0 ym dae = 8,6 ym
pp =4,0g/lcm? Pop =1,0g/cm?
x =1,36 '
VR
AN /
Y v =0,22cm/s Y % =0,22 cm/s
a) Irregular particle b) Aerodynamically equivalent sphere

Figure B.1 — Comparison of irregular particle and the aeroedynamically equivalent sphere

NOTE For more information on the behaviour of particles in fluids; see Reference [13].

B.2 |Stokes's number

The Btokes's number is a measure of the inértial impaction of a particle moving in the gas stream near an
obstgcle. It is a dimensionless quantity, which is constant for a given design of the impactor stage. The
Stokgs's number in relation to the cut-off-diameter dg is described by the quantity Sts.

For thhe design of round-nozzle impactors, the value of the Stokes's number St is assumed to beg 0,24.

The gxact value of the Stokes's-humber St is determined during calibration and calculated by Equation (B.2):

G/ — PO,PdgeC(dae)Vin (B.2)
Iy
wherg:
hY3 is the Stokes's number;
Pop is the particle unit mass density;
dae is the aerodynamic diameter,;

C(dse) is the Cunningham factor,
N is the gas velocity in the impactor nozzle;
n is the dynamic viscosity of the gas;

is the impactor nozzle diameter.
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Annex C
(informative)

Results of method validation

C.1 General
The method [of measurement specified in this International Standard was validated in validation experiments
with two different two-stage round-nozzle impactors. The results of these studies and the performance
characteristi¢s obtained are shown in Clauses C.2 and C.3.
C.2 Results of first validation study
C.2.1 Chanacteristic data of the impactor
The charactgristic data of the impactor used in the first validation study are given in Table C.1| (see
Reference [6]). An example of the influence of the gas conditions on the veloeity in the impactor nozzles and
the Reynoldg number is given in Table C.2.
Table C.1 — Characteristic data:of the impactor
Impactor PM,, stage PM, ; stage

Total length approx., 350 mm — —

Diameter approx. 70 mm — —

Number of nqzzles — 6 12

Nozzle diamégter — 7,80 mm 2,38 mm

Aerodynamid] cut-off diameter — 9,95 um 2,53 ym

Stokes's nuniber — 0,201 0,235

Cone angle df the diffuser — 30° 30°

Filter and collecting plate diameter 50 mm — —

Diameter of the flow continuance 16 mm — —

Tabje C.2.— Example of the velocity in the impactor nozzles and the Reynolds number
for a given set of gas parameters
Parameters PN, Stage PNI; 5 stage

Gas composition air — —

Volumetric flow rate in operating conditions 3,20 m3/h — —

Temperature 135°C — —

Pressure 1000 hPa — —

Humidity 30 g/m3 — —

Velocity in the nozzles — 3,10 m/s 16,65 m/s

Reynolds number — 899 1473
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C.2.2 Verification of separation curves

To check that the separation of the impactor stages corresponds to the calculated separation efficiencies, two
experiments with mono-disperse latex aerosols were performed. First, each separate stage was used with
greased collecting plates to increase the adhesion and reduce possible rebound of particles. Second, quartz-
fibre filters (type Munktell 360 1) with the smooth surface towards the top) were used as collecting plates, as in
the intended operation of the impactor.

Figure C.1 shows the experimentally determined separation efficiencies of the PM, 5 and PM,, stages for the
greased collecting plates and a comparison with the reference curves in accordance with 1SO 7708:1995.
Flgure C 2 shows the expenmentally determmed separatlon eff|C|ency of the PM2 5 and PM10 stages for the
qua ore v - v ; 68+4995. The limits
of the perm|33|ble deV|at|ons specmed in Tables 1 and 2 are mdlcated in both flgures

A, % A
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| | | -
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Key
bparation efficiegey/of the PM2,5 stage

pparation efficiency of the PM,, stage

30 7708:1995 reference curves

imits ofithe permissible deviations according to Tables 1 and 2

S
S

A W N -

for greased coIIectlng plates in comparlson wnth the ISO 7708 1995 reference curves
and limits of the permissible deviations according to Tables 1 and 2

1) Munktell 360 is an example of a suitable product available commercially. This information is given for the convenience
of users of this document and does not constitute an endorsement by ISO of this product.
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Figure C.2 — Separation efficiency 4 as a function of the particle diameter ¢

and limits of the permissible deviations according to Tables 1 and 2

ction limit

nvimafnly n,‘:. h) is ﬂ,A mg/m3

rtz-fibre filter collecting plates in"comparison with the ISO 7708:1995 reference curves

n limit of weighing the separate filters (backup filter and collecting plate of the second imgactor
mg. The detectionlimit of weighing PM, 5 is, correspondingly, 0,3 mg. The detection limit ¢f the
concentration for a sampléelume of 1 m3 (sampling duration approximately 0,5 h) is 0,3 mg/m3.

ection limit'of PM,, is influenced by two independent weighings (backup filter and collecting|plate
d stage), the detection limit of 0,4 mg is greater than the value of PM, 5. Due to uncerfainty
the ‘corresponding detection limit of the concentration for a sample volume of 1 m3

(sanllpling

C.2.4 Measurement uncertainty

Tables C.3 and C.4 give standard deviations obtained by paired measurements and calculated by
Equation (6) for different plant types. These standard deviations take into account influences such as
sampling and differential weighing of collecting plates and backup filters.
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Table C.3 — Standard deviation from paired measurements
(one operator of the method)

Plant type

Number of paired

Average

Standard

Average

Standard

measurements PM,, content deviation of PM, 5 content deviation of
PM1o content PM, 5 content
n mg/m3 mg/m3 mg/m3 mg/m3
Gas flow channel 5 5,6 0,3 2,5 0,2
Sinter plant 5 35,4 2,4 29,1 2,3
Steel factory 5 9,4 0,4 5,1 0,2
Table C.4 — Standard deviation from paired measurements
(two operators of the method)
Rlant type Number of Average Standard Average tandard
paired PM,, content | deviation of PM1o | PM;4 content dgviation of
measurements content PM, 5 content
n mg/m3 mg/m3 mg/m3 mg/m3
Gas| flow channel 6 10,9 0,7 4,2 0,6

C3

C.3.

The ¢haracteristic data of the impactor used in the second validation study are given in Table C.5
influence of the gas conditions on the*velocity in the impactor nozzles and the Reynolds number is
giver|in Table C.6.

of the

Results of second validation study

Characteristic data of the impactor

Table.C.5 — Characteristic data of the impactor

An example

Impactor PM,, stage PMIZ,5 stage
Total length 190 mm — —
Dianmeter 75 mm — —
Numper of nozzles — 1 14
Nozzle diameter — 8,3 mm 1,4 mm
Aerofdynamic cut-off diameter
(indiyiduallytpressure calibrated for each — ~10 pm ~R,5 um
impagtor)
Stokes's number — 0,23 0,21
Collecting substrate diameter 25 mm — —
Filter diameter 47 mm — —
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Table C.6 — Example of the velocity in the nozzles and the Reynolds number

for a given set of gas parameters

Parameters PM,, stage PM, ; stage
Gas composition air — —
Volumetric flow rate 1,8 m3/h — —
Temperature 135°C — —
Pressure 1 000 hPa — —
Humidity 30 g/m3 — —
Velocity in the nozzles — 3,6 m/s 9,1 m/s
Reynolds number — 1109 473
C.3.2 Verifjcation of separation curves
The impactof was tested by using both solid latex particles with sizes from 1 ym to 15 ymyand solid sphgrical
salbutamol particles, which are known to be very bouncy during impactor measurements. The img
separation efficiency was obtained from measurements with greased aluminium foils_and with quartz foils
Figure C.3 shows the experimentally determined separation efficiency of the PM, 5 and PM,, stages fq
greased aluminium foils used as collecting plates and a comparison with the reference curves in accorg
with ISO 7708:1995. Figure C.4 shows the experimentally determined separation efficiency of the PM, | and
PM,o stages for the quartz foils and a comparison with the reférerice curves in accordance
ISO 7708:19p5. The limits of the permissible deviations specified inxFables 1 and 2 are indicated in
figures.
A, % A
100 1
90 2
3
80 - A
70 -
60 [~
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40 -
309
20 [~
10F
0 ﬁ{ | | >
0,0 10,0 125 175 20,0 d,um
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1 separation efficiency of the PM2,5 stage
2 separation efficiency of the PM,, stage
3 ISO 7708:1995 reference curves
4

limits of the permissible deviations according to Tables 1 and 2

Figure C.3 — Separation efficiency 4 as a function of the particle diameter ¢
for greased collecting plates in comparison with the ISO 7708:1995 reference curves

and limits of the permissible deviations according to Tables 1 and 2
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