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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards bodies
(ISO member bodies). The work of preparing International Standards is normally carried out through ISO
technical committees. Each member body interested in a subject for which a technical committee has been
established has the right to be represented on that committee. International organizations, governmental and
non-governmental, in liaison with ISO, also take part in the work. ISO collaborates closely with the International
Electrotechnical Commission (IEC) on all matters of electrotechnical standardization.

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

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

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

ISO 13271 was prepared by Technical Committee ISO/TC 146, Air quality, Subcommittee SC 1, Statipnary
source emissions.
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oduction

In order to quantify the amount of PM1g and PM2 5 particles in stationary source emissions or to identify the

contr

ibution sources of PM1p and PMz 5 in ambient air, it is necessary to measure fine particulate matter in the

flue gas of industrial sources.

This
PM1o
PM1o

International Standard describes a measurement method for determination of mass concentrations of
and PM2 5 emissions, which realizes the same separation curves as those specified in 1ISO 7708[" for
and PM2 5 in ambient air. The method is based on the principle of gas stream separation using two-stage

virtual impactors. This is applicable to higher dust concentrations than the concentrations used for cascade

impa

ctors with impaction plates

The
emis
react

The
as pr
emitt]
form
Stan
mattd

measurement method allows the simultaneous determination of concentrations of-PMip and PM2 s
bions. The method is designed for in-stack measurements at stationary emission sources With possible
ve gases and/or high water vapour.

ontribution of stationary source emissions to PM1g and PM2, 5 concentrations'in“ambient aif is classified
mary and secondary. Those emissions that exist as particulate matter within the stack gas| and that are
ed directly to air can be considered “primary”. Secondary particulate-censists of those ernissions that
in ambient air due to atmospheric chemical reactions. The measurement technique in this|International
Jlard does not measure the contribution of stack emissions to thé)formation of secondany particulate
r in ambient air.
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INTERNATIONAL STANDARD

ISO 13271:2012(E)

Stationary source emissions — Determination of PM1o/PMz2 5
mass concentration in flue gas — Measurement at higher
concentrations by use of virtual impactors

1 Scope

This

nternational Standard specities a standard reference method for the determination of PM

masg concentrations at stationary emission sources by use of two-stage virtual impactors. The'

meth
meth
acid)

The |
nozz

bd is especially suitable for in-stack measurements of particle mass concentrations.in f
bd can also be used for flue gas which contains highly reactive compounds (e.gxsulfur, ¢
at high temperature or in the presence of high humidity.

hternational Standard is applicable to higher dust concentrations. Coarse particles are sepa
es with negligible rebound and entrainment phenomena of collected coarse particulates. §

reasgn, the artefacts due to high concentrations in gases or emissions are“quite limited.

This

2

nternational Standard is not applicable to the determination of the total mass concentration

ormative references

The following referenced documents are indispensable.for the application of this documen

refer:

nces, only the edition cited applies. For undated references, the latest edition of the referenc

(inclding any amendments) applies.

ISO 12141, Stationary source emissions — Determination of mass concentration of particulate m
low concentrations — Manual gravimetric mgthod

3 Terms and definitions

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

31

aero
diam
the p

Hynamic diameter
bter of a spherg-ef density 1 g/cm3 with the same terminal velocity due to gravitational force
prticle under prevailing conditions of temperature, pressure, and relative humidity

NOTH Addpted from ISO 7708:1995,[112.2.

3.2

o and PMz 5
neasurement
ue gas. The
nlorine, nitric

rated into the
for the same

of dust.

t. For dated
ed document

htter (dust) at

n calm air as

backup-filter
planeTilter used for collection of the PM3 5 particle fraction

[1ISO
3.3

23210:2009,[713.2.3]

collection filter
plane filter used for coarse particle collection

3.4

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

[1SO

23210:2009,[713.1.7]

NOTE See A.2.

© 18O
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3.5
cut-off diameter
aerodynamic diameter where the separation efficiency of the impactor stage is 50 %

[1SO 23210:2009,171 3.1.2]

NOTE Particle separation with real impactors is not ideal and exhibits separation curves similar to the example
shown in Figure 1.

Al% &
100 ————
1
Sa

80

60

40 1

2
20
0 | | | -
1 1,5 2 2,5 3 3,5 4 dae/ym
Key
A separatfjon efficiency 1 ideal
dae  aerodymamic diameter 2 real
Figure ] — Separation efficiency 4 of an impactor as a function of aerodynamic diameter d3{
(adapted-from 1SO 23210:2009,!7] Figure 2)

3.6
filter holder
substrate holder designed te"hold a filter and for which only the filter deposit is analysed (weighed)
[ISO 15767:4009,14] 2.4]
3.7
measuremepnt plane
sampling plpne

plane normal to the centreline of the duct at the sampling position
[1ISO 23210:2009,[71 3.3.3]

3.8
measurement section
region of the waste gas duct which includes the measurement plane(s) and the inlet and outlet sections

[1ISO 23210:2009,1713.3.2]

2 © 1S0 2012 — All rights reserved
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3.9

measurement site

sampling site

place on the flue gas ductin the area of the measurement plane(s) consisting of structures and technical equipment

NOTE The measurement site consists, for example, of working platforms, measurement ports and energy supply.
[1ISO 23210:2009,[71 3.3.1]

3.10
PM2 5
particles which pass through size-selective nozzles with 50 % efficiency cut-off at 2,5 um aerodynamic diameter

NOTH PMg 5 corresponds to the “high risk respirable convention” as defined in ISO 7708:1995, 17,1
[ISOR3210:2009,[71 3.1.4]

31
PMq
partigles which pass through size-selective nozzles with 50 % efficiency cut-off at 10 yum aerodyngmic diameter

NOTH PM1o corresponds to the “thoracic convention” as defined in ISO 7708:1995,['l Clause 6.

[1ISO P3210:2009,l71 3.1.3]

312
Reynolds number
Re
Re = p_vl
n
wherg

» is the mass density;

v is the gas velocity in the particle’ acceleration nozzle;
is the length;

) is the dynamic viscosity.

NOTH 1 Adapted from1SO 80000-11:2008,[8] 11-4.1.

NOTH 2 “Dimensionless” parameter (parameter of dimension 1) describing flow conditions.

313
Stokes’s number
St
g2
Sl — FUF*"ae~m?"
9Dy
where

© 1S0O 2012 — All rights reserved 3
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po.p is the particle density (1 g/cm3);

dae is the aerodynamic diameter (m);

Cm is the Cunningham factor;

v is the gas velocity in the particle acceleration nozzle (m/s);

n is the dynamic viscosity of the gas (Pa s);

Do is the particle acceleration nozzle diameter (m).

NOTE 1  AgaptedfromtSO23210:200071B2.

NOTE 2 Arm instrument-specific “dimensionless” parameter (parameter of dimension 1) describing a measure pf the

inertial move

3.14

particle accgleration nozzle

acceleration
collection no

315

particle collection nozzle

collection no

ent of a particle in gas stream near an obstacle.

nozzle used for accelerating particle-laden gas before separation takes place in the pdrticle
rzle

rzle used for coarse-particle separation

4 Symbqgls and abbreviated terms

41 Symbpls

A separation efficiency

Cm Cunningham factor

Do particle acceleration nozzle diameter

DA particle collection nozzle-diameter

dae aerodynamic diameter.

dentry internal diameter.of the entry nozzle

dso cut-off diameter

i seriesielement number, i = 1,2,3,...m, or a subscript to identify the particle fraction (i =
2,5Fm, 10 pym)

J series element number, j = 1,2,3,...n

lo impactor nozzle length

MBF particle mass on the backup filter

MCE2 particle mass on the collection filter of the second separation stage

N number of impactor nozzles

n number of measurement pairs

Pamb ambient pressure at the measurement site

Pn standard pressure

4 © 1S0 2012 — All rights reserved
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DPst

qv

qrn

qvo

qr

qv2
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difference between the static pressure in the measurement cross-section and the

atmospheric pressure at the measurement site

volume flow rate at operating conditions

volume flow rate under standard conditions and for dry gas
volume flow rates per nozzle at operating conditions for total flow
volume flow rates per nozzle at operating conditions for minor flow

volume flow rates per nozzle at operating conditions for major flow

Re

Sts0

Tn

u(y)

Vfg

Vn

7n,H2

1nPM
N,

V2,i

Pn,H2

}’(PMLa,s)

Reynolds number
Stokes’s number in relation to the cut-off diameter dsg

distance between the end of the particle acceleration nozzle and thé)top of the p
collection nozzle

gas temperature

standard temperature

standard uncertainty of paired measurements

gas velocity at particle acceleration nozzle

flue gas velocity

sample volume under standard conditions and for dry gas

mass concentration of water vapour under standard conditions and with dry gas

concentration of PM2 5

concentration of PM1g

ith concentration value of the first measuring system

ith concentfation value of the second measuring system
dynamieyviscosity of the gas

density of water vapour under standard conditions

particle density (1 g/cm3)

minor flow ratio at impactor stage

article

4.2 Abbreviated terms

BF
CF1
CF2

backup filter
collection filter of the first separation stage

collection filter of the second separation stage

© 1SO 2012 — All rights reserved
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5 Principle

5.1

General

In particle measurements, the following three relevant physical characteristics can be distinguished:

— mass co

morphol

ncentration (e.g. total dust, PM1g, PM2 5) and distribution of mass fractions;

particle number concentration and particle size distribution by number;

ogy of particles (e.g. shape, colour, optical properties).

The PM4g an
by use of the

This Internat
mass concer
impaction pld

5.2 Theorn

Size separat
gas flow. The
are shown in

The separati
nozzles who
the nozzles
the particle ¢
is approximd
the particle

entrained in fhe minor flow received by the particle callection nozzles and are collected on a filter. Fine par

smaller than

The perform
characteristi

off size and particles smaller than major;flow cut-off.

A separation

d PM2 5 mass concentrations are determined by size-selective separation of gas-borne par
different inertia of particles.

onal Standard specifies a measurement method for the determination of PM1g and,PM2 5 for
trations using two-stage virtual impactors based on the principle of gas streamseparation w

y of virtual impactor

on by a virtual impactor stage is based on the inertia of accelerated‘and decelerated particle
principle of operation of a separation stage and the major parameters governing the perfornj
Figure 2.

bn stage consists in its basic configuration, of coaxially oriented particle acceleration and collg
5e diameters are designated Dg and D1, respectively (See Figure 2). The particle-laden gas ¢
hnd accelerates depending on Do and the total flow rate, and part of the stream is direct
ollection nozzles. Flow rate through particle cellection nozzles, which is called minor flow|

collection nozzles. Consequently, particleS)above a certain aerodynamic size (cut-off sizg

this cut-off size stay in the major stream and are directed into the next separation stage.

Ance of a separation stage is gharacterized by a separation efficiency curve. Due to the sp)
s of this separation process;.there is always a residue of particles larger than the minor floy

stage is specified with-the cut-off diameter, dso. For particles with this aerodynamic diametg

ticles

igher
thout

tes, and with negligible rebound and entrainment phenomena of collected ¢oarse particulates.

S in a
ance

ction
nters
ed to
rate,

tely 10 % of the total flow rate. The major.fraction or major flow is redirected and bypasses

) are
ticles

ecific
vV cut-

r, the
dso:

(1)

separation efficiency of the impactor stage is 50 %. Formula (1) is used to calculate the cut-off diameter,
dso = \ﬂ 9nSt5Oan
4P0pCmdixo
where
Sts0 sthe-Stokes'snumberinretationto-thecut-offdiametersoaminstrument=specificquantity;
n is the dynamic viscosity of the gas;
qro is the total volume flow rate per nozzle under operating conditions;
Do is the particle acceleration nozzle diameter;
£0,P is the particle density (1 g/cm3) (the inertial cut-off diameter is given in terms of an aerodynamic
diameter);
Cm is the Cunningham factor.

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

a) forthed

6

esign of the separation stages, the value of the Stsg shall be chosen (Reference [10]) to be

© 1SO 2012 — All rights reserved
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b)

c)

Key

a b W N =

0,4 <St50<0,5

ISO 13271:2012(E)

the ratio of distance between the end of the particle acceleration nozzle and the top of the particle collection
nozzle, s, to the particle acceleration nozzle diameter, Do, shall be

0,8 <s/Dgp<?2

the ratio of particle acceleration nozzle length, /o, to particle acceleration nozzle diameter, Do, shall be

lo/Dg < 2,5

tLe ratio of particle collection nozzle diameter, D4, to particle acceleration nozzle diameter,'Ibg, shall be

I11/Dg = 1,33

—

[00 < Re <3 000

Reynolds number, Re, of the gas flow in the particle acceleration nozzle shall be in the region of laminar flow

qvo

q

particle acceleration nozzle Dqo particle acceleration nozzle diameter
particle collection nozzle D+ particle collection nozzle diameter
trajectory of fine particles to be measured o impactor nozzle length
trajectory of coarse particles s distance between the end of the particle acceleration nozzle
stream lines and the top of the particle collection nozzle

qro  total flow rate

qr minor flow rate

qv2  major flow rate

Figure 2 — Principle of the virtual impactor

© 1SO 2012 — All rights reserved
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6 Specifi

6.1

cation of the two-stage virtual impactor

General

This International Standard specifies a two-stage virtual impactor for the determination of PM1p and PM3 5
mass concentrations (Reference [10]).

A two-stage virtual impactor consists of two separation stages. The first stage separates the largest particles
using a particle collection nozzle. The coarse particles are collected on a plane filter. Smaller particles reach

the following

stage.

The two-stag

a) particled
b) particles
c) particled
The PM2 5 m

The fraction

6.2 Separ

The separati
for PM4g and
diameters (s
such a way

efficiencies s
relating to th

g ViTtuat fmpactor divides the particies nto the fotfowing three fractions:
with aerodynamic diameters greater than 10 ym (first separation stage);

with aerodynamic diameters between 10 ym and 2,5 ym (second separation stage);
with aerodynamic diameters smaller than 2,5 um (backup filter).

ass corresponds to fraction ¢) and the PM1g mass corresponds to the sum of fractions b) a
vith aerodynamic diameters greater than 10 ym is not used for the PM4g'and PM 5 data evalu

ation curves

bn curves of PM4g and PM2 5 emission measurements shall. correspond to the separation c
PM>, 5 ambient air quality measurements specified in SO 7708l for the corresponding p4
be Figure 3). The virtual impactor separation stagesdfor PM1g and PM2 5 shall be design
hat the separation curves of PM1g and PM2 5 stages meet the requirements of the sepa
bpecified in Table 1. The permissible deviations-specified in Table 1 are absolute percen
b separation efficiencies specified in 1ISO 77081
Al%
100
90
80
70
60
50
40
30
20
10

A

nd c).
ation.

irves
rticle
ed in
ation
ages

Key
A

dae

separation efficiency
aerodynamic diameter

O
V)

0 2,5 75 10 125 15 17,5 20 dae/pm

1
2

high-risk respirable convention (PMz 5)
thoracic convention (PM1o)

Figure 3 — Separation curves of PM4g and PM_ 5 specified in 1SO 7708l1]
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Table 1 — Separation efficiency for the virtual impactor stage with permissible deviation

Particle diameter | PM1g stage PMz 5 stage
>3 um Permissible deviation of £10 %
<3 um Permissible deviation of £15 %
>1,5 um Permissible deviation of +10 %
<1,5 ym Permissible deviation of £20 %

6.3 Verification of the separation curves

The deparation characteristics of a virtual impactor design shall be evaluated for each stage by the‘inanufacturer
in order to prove that the performance criteria specified in 6.2 are met. The validation shalhbe cafried out by a

testirlg laboratory operating an internationally recognized quality management system.
NOTH Requirements for testing laboratories are specified, for example, in ISO/IEC 17.02515]

The geparation efficiency of the virtual impactor shall be determined by performing experiments fq
with
[12]),|polystyrene latex (Reference [13]) or glass spheres (Reference [14])-ef different diameters in
1 um(to 20 um. Aerosol generation shall be performed using mechanical or electrical power-assig
(see

For the PM2 5 stage, tests with at least six different particle diameters between 1 ym and 10

b mostly monodisperse aerosol, e.g. oleic acid, poly(alpha-olefin) or diaétyl phthalate (Refq

Annex H).

r each stage
rences [10]-
the range of
ted methods

pm shall be

perfdrmed. For the PM1g stage, tests with at least six different particle diameters between 2 ym and 20 ym

shall
off diameter. One of these particle diameters shall be as tlose as possible to the cut-off diameten.

The
relatipn to the cut-off diameter shall be calculatéd on the basis of the experimental data and Forr

The geparation efficiencies and the values of the Stokes’s number determined shall be reported.
6.4

6.4.1| General considerations

To meet the given cut-off fimits of 10 ym and 2,5 pym particle diameters, the impactor shall be op
consfant sample volunjeflow rate, to be previously determined. For a given virtual impactor desig
flow fate depends©nly on the flue gas conditions and is calculated as specified in 6.4.2 and 6.4.

6.4.2| Variables to calculate the sample volume flow rate of the impactor

The follewing variables are required for the calculation of sample volume flow rate:

a)
b)

c)

be performed. In both cases, the particle diametersshall be distributed over the full range 2

alues of the Stokes’s number St5q for the 2,5'ym and 10 um stages of the impactor under e

Operating conditions

bout the cut-

amination in
nhula (1).

erated with a
n, the volume
B.

gas composition;
gas conditions;

gas velocity.

© 1SO 2012 — All rights reserved
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6.4.3 Samp

le and suction volume flow rate

The required total volume flow rate of each stage, ¢y;, under operating conditions, is calculated by Formula (2):

dyi
where

i iden

Do, is th

_ 9nDg;St5o,MN;
=P
4d50,Cm,iPop

tifies the particle fraction (i = 2,5 ym, 10 pm);

e impactor nozzle diameter (constant):

Stsois the Stokes’s number (constant);

n is the viscosity of the gas;

N; is th
dsp ;is th
Cm,iis th
po.p is th

The volume f

virtual impactor has the following relationship:

qv = qvad

The volume 1
simplified as

Qb2 sumNaisum = 9y, B l Suction flow

e number of impactor nozzles (constant);

e cut-off particle diameter (50 % value of separation at the nozzle; constant);
e Cunningham factor of particle fraction i;

e particle density (1 g/lcm3).

ow rates of both stages are calculated separately. The sample volume flow rate, gy, in a two-

Mm

low rates of the suction lines of a two-stage virtual impactor are illustrated in Figure 4 and ¢
in Formulae (4)—(6):
9y =4y 10um

l Inlet-flow

Suction flow
PM, s stage ——»

CIV1,10 pmNIOpm = qV, CF1

qV,Z,S am l Inlet flow

Suction flow N _
PM, stage I p  riosum!V2sum = Dy, cr2

2)

stage

)

BN be

Figure 4 — Schematic of volume flow rates In two-stage virtual impactor

qv,CF1 = £10 ymg¥,10 ym = g¥10 ym — 4¥,2,5 ym

qv,cF2 = £2,5 ymq¥,2,5 um

qv,BF = (1

where

qv

10

= £2,5 um)q¥,2,5 ym

is the sample volume flow rate;

(4)

(6)

© 1SO 2012 — All rights reserved
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qv,2,5 um is the inlet volume flow rate of PM2 5 stage;

qv,CF1 is the suction volume flow rate of PM1g stage;

qv,CF2 is the suction volume flow rate of PM2 5 stage;

qV,BF is the suction volume flow rate of the backup filter;
qv1,10 um is the minor flow through nozzle of PM1g stage;

N10 um is the number of impactor nozzles on PM1g stage;
/25 mm s the mimor ftow Tate throughmozzie of Pz 5 Stage;
N2,5 um is the number of impactor nozzles on PMz3 5 stage;
qv2,2,5 um is the major flow rate through nozzle of PMy 5 stage;
10 um is the minor flow ratio at PMg stage;

2,5 um is the minor flow ratio at PM2 5 stage.

Apprpximately 10 % of the total suction flow is recommended to be.that from each stag
Eopm=0,1and & 5 ym = 0,1.

The dample volume flow rate under standard conditions and for dry‘gas, ¢y shall be calculated using

A

n =4y

wher:

11

h

Hamb

In,H0v

7n,H20,v

T (Pamb * Pst)

pnT[1 + (Yn,HZO,v /Pn,HZO,v )J |

is the gas temperature under operating conditions;
is the standard temperature; T, = 273,15 K;

is the ambient presSure at the measurement site;
is the standard*pressure; p, = 1 013,25 hPa;

is the difference between the static pressure in the measurement cross-sec
atméspheric pressure at the measurement site (barometric pressure);

is)the mass concentration of water vapour under standard conditions and wi

is the density of water vapour under standard conditions; p, y,0v = 0,803 §

e. Therefore

Formula (7):

(7)

ion and the

th dry gas;

kg/m3 .

For thelcalculation of the volume flow rates according to Formula (2), the following parameters shall

e calculated:

— the dynamic viscosity, n(7), of the gas mixture under operating conditions;

— the Cunningham factor, Cn, ;, of particle fraction i.

Formulae to calculate these parameters are given in Annex A.
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6.4.4 Entry nozzle diameter

The diameter, dentry, Of the entry nozzle is calculated to satisfy Formula (8) from the required sample volume
flow rate, gy, and the flue gas velocity, v¢g, at the sampling point:

09< 2 /vfgs1,3 (8)
ndentry

Over-isokinetic sampling is preferred, since the error in the collection efficiency is smaller than for sampling
below isokinetic conditions (see Annex B)

6.4.5 Applicable operating conditions

The measurgment method specified in this International Standard is applicable for the operating conditions given
in Table 2. Typical gas compositions range from air to flue gases with up to 30 % volume fraction carbon digxide.

Table 2 — Typical operating conditions of the measurement methéd

Parameter Mean value Minimum value Maximum valye
Dust concenfration, mg/m3 40 1 200
Temperature| °C 135 20 250
Pressure, hPp 1000 850 1100
Water vapouf content, g/m3 @ 30 0 100
a8  The dew-point shall be below the flue gas temperature.

Ifthese opergting conditions are not met, especially at higher water vapour content or higher flue gas temperafures,
measuremerts shall be taken in such a way that the Reynolds’number of each separation stage is betweep 100
and 3 000. In this case, the similarity condition according-to the theory of Marple and Liu (see Reference [15]) is
still fulfilled. The Reynolds number of the flow in each stage can be determined according to Annex D.

6.4.6 Components

The two-stage virtual impactor shall have-the following components:

— inlet cone in accordance with the requirements of ISO 12141, if needed;

— particle pcceleration nozzles at PM1g separation stage;

— particle follection nozzles, filter and filter holder for the particle fraction greater than 10 ym;
— particle pcceleration‘nozzles at PM2 5 separation stage;

— particle pollection nozzles, filter and filter holder for the particle fraction between 10 ym and 2,5 pm;

P backup tar and filtar haoldar for tha narticla fraction emallar than 2 B 11m
He—ahaHteF oG8 o me-pakicreHactHoh-SHanerthRah—=={h-

An example of a cascade virtual impactor is given in Annex C.

7 Sampling train

7.1 Measuring setup

Figure 5 shows an example of the general measurement setup. Gas-volume-measuring devices need to be
applicable under the pressure indicated by the pressure meters.

12 © 1S0 2012 — All rights reserved
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1 entry nozzle 7 flowmeter
2 two-stage virtual impactor 8 gas-volume-measuring device with thermometer
3 support tube 9 suction device
4 cooling and drying column 10 temperature-measuring device
5 valve 11 Pitot tube with differential pressure metgr
6 pressure meter 12 gas flow in the flue gas

Figure 5 — Example-of the design of the sampling system

Meagurements using three suctionydevices are acceptable. In this case, the requirements for[components
dowrjstream of the impactor shall-be*in accordance with ISO 12141.

Meagurements with an in-stack sampling system with a straight entry nozzle are recommended. In-stack
meagurements 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 imppctor to meet
the gxact cut-off diameter. If in-stack measurements with a goose-neck nozzle in front of the [impactor are
perfarmed, validation experiments shall be carried out, including the quantification of losses relajed to coarse
and flne particles{ These measurement setups shall only be used if losses of particles in the sampling train are
below 10 %-efithe total mass of fine particles collected on the collection and backup filters.

7.2 |Equipment and working materials

7.2.1 Sampling equipment

The virtual impactor shall be of corrosion-proof material, e.g. titanium or stainless steel. The entry nozzle shall
be of the same material as the virtual impactor. A set of nozzles with various effective diameters between at
least 3 mm and 18 mm shall be available (see Annex C and E).

7.2.2 Equipment for extraction and adjustment of the sample volume flow rate
The following equipment for extraction and adjustment of the sample volume flow rate shall be provided:

— gas-carrying flexible tubes of sufficient length to connect the parts of the sampling train downstream of the
suction tube;

© 1S0O 2012 — All rights reserved 13
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— support

parts with stable tube or rod for virtual impactor setting;

— special heater for heating the complete impactor, if needed,;

— drying tower with a desiccant for drying the sample gas;

— suction device (e.g. a corrosion-proof gastight pump with a protective filter and minimum delivery output of
2 m3/h at 0,04 MPa at the extraction side, preferably with automatic flow control);

— one gas volume meter of nominal capacity of 3 m3/h and two gas volume meter of nominal capacity of 1 m3/h;

— gas flowmeter;

— temperature-measuring device for the sample gas flow;

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

— time-megasuring device;

— pressurg-measuring device for measuring the atmospheric pressure at the measurement site;

— shut-off jand control valves or other device for adjustment of the sample gas-flow.

Depending dn the gas properties, a condensate trap can be necessary to@void any back-flow of condepsate

to the measyring filter. If necessary, heating or cooling of the condensatédrap shall be provided.

NOTE Requirements concerning the equipment for extraction and adjustment of the sample volume flow rafe are

specified, for gxample, in ISO 12141.

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-velqcity-measuring device, e.g. Pitot tube‘with a micromanometer;

— gas analysers for determining CO2 and Oz in the flue gas;

— temperature-measuring device

— device fpr measuring water vapour content.

NOTE Re¢quirements concerning the equipment for measuring the gas velocity and the gas composition are spetified,

for example, i 1ISO 12141.

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

The following|equipment for pre-treatment and post-treatment of the filter samples in the laboratory shall be proyided:

— microba

H oo [ o4
dliive, ©.Y. Thcasurirtyg 1arigc. DUy, TCSUTULIUTT. U, T TITY,

— drying chamber;

— transpor

7.2.5 Work

t container for the sampling filters.

ing materials

The following working materials shall be provided:

— plane filter of quartz-fibre material,

— drying agent, e.g. silica gel with colour indicator.

14
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The collection filter and the backup filter shall consist of quartz-fibre plane filters, which shall comply with the
following minimum requirements.

a) The filter efficiency shall be better than 99,5 % on a test aerosol with a mean particle diameter of 0,3 um
at the maximum flow rate anticipated or 99,9 % on a test aerosol of 0,6 ym mean diameter. This efficiency
shall be attested by the filter supplier.

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

8 H

8.1

Meaq
with

Preparation, measurement procedure and post-treatment

General

urement ports should be consistent with the requirements of International Standards or natiopal standards

espect to the location, number and design.

The gimensions of the measurement ports should allow straight insertion @f-the virtual impactor

gas g

uct without any contact with the inner duct walls.

The measurement section should be in accordance with the requiremeénts of the applicable stang

NOTH

The {
90 %

The \

Samj
samy]

Requirements concerning the measurement section are specified, for example, in ISO 12141 o

lue gas conditions shall be constant during sampling-to*ensure that the isokinetic rate is |
and 130 % of the calculated value (see 8.3.4).

irtual impactor shall be used in the flue gas duct with the entry nozzle in the upstream direction (

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

It shall be guaranteed that the cut-off {diameter does not change during sampling. Under cons

cond

8.2

8.21

The
in the

NOTH

All in

tions, this can be realized by a.constant sample gas flow.
Pre-treatment

Virtual impactor

irtual impactop.shall be cleaned in accordance with the manufacturer’s instructions, at inter
measurement plan.

Requirements concerning the measurement plan are specified for example in EN 15259.[9]

into the flue

ard.
EN 15259.[9]

ept between

see Figure 5).

bpresentative

tant flue gas

als specified

térnal surfaces of the virtual impactor shall be cleaned between measurements on site

, €.g. with a

microfibre clotn.

8.2.2

Collection and backup filters

Preparation of filter sets shall be carried out in the laboratory.

Collection and backup filters shall be placed in uniquely marked holders. Then the collection and backup filters
with the holders shall be dried, equilibrated, and weighed in accordance with ISO 12141.

The collection and backup filters shall be stored and transported in closed and clearly labelled boxes.

© 18O
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8.3 Measurement procedure

8.3.1 Meas
Measuremen

a)

urement planning

t planning should generally include:

(e.g. temperature, pressure, water vapour content to be measured);

operating conditions of the plant, including fuel or feedstock, flue gas components, and reference quantities

b) sampling date and time and location of measurements;

c) measurement methads to be applied;

d) measurg¢ment sections and measurement sites;

e) technicdl supervisor and necessary personnel for carrying out of the measurements;

f)  reporting procedures.

NOTE Re¢commendations for testing laboratories are specified, for example, in ISO/IEC 17025.15]

The sampling duration depends on the dust concentration and the particle size distribution in the flue gas. If these

parameters &
specified sudg

re unknown, they should be determined by pre-measurements, The sampling duration sh
h that overloading of collection and backup filters is avoided and a‘sufficient dust mass is san

il be
pled.

8.3.2 Flue gas data

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

a) flue gas|velocity;

b) flue gas|composition: Oz, CO2, N2, water vapour;
c) temperature;

d) static pressure.

8.3.3 Detefmination of the sample gas’/volume flow rate

gas volume flow rate 'under operating conditions shall be determined in accordance with §.4.3.
flow rate shall be converted to the conditions at the volume-measuring device. The input quantities
ation are the measured values determined in accordance with 8.3.2.

The sample
This volume
for the calcu

The sample
nominal valu

gas volume flow rate shall be monitored and kept constant during sampling within +5 % of the
e, to ensure that the cut-off characteristics of both separation stages do not change.

8.3.4 Seledtion of the entry nozzle

The effective diameter of the entry nozzle shall be calculated in accordance with Formula (8).

Sampling shall be carried out with an isokinetic rate between 90 % and 130 % of the calculated value. The entry
nozzle shall be selected accordingly. An example of entry nozzle selection is shown in C.2.

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 (CO2, O, etc.) directly in the duct and downstream of the sampling train. Any
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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.

8.3.6

Measurement

The virtual impactor mounted with an appropriate entry nozzle 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 virtual
impactor shall be heated to the flue gas temperature outside the duct.

NOTE

Durin

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

act between

the e
enter

g mstallation thg campling train shall hg insartad inta thg fliig gas duct _such that =TalVAraTatal
3 < 3 *t

htry nozzle and the flue gas duct is avoided. The measurement ports shall be sealed to min
ng the duct or flue gas escaping the duct.

The angle between the centreline of the entry nozzle and the flow direction shall be smaller the

shut-
valusg

The \
in the

The
devig

The 9
the v

pff valves shall be opened, the suction device shall be switched on and the volume flow shal
s calculated in 6.4.3.

olume flow rate shall be checked and recorded at least every 5 min during-sampling and sha
case of deviations from the calculated value.

lynamic pressure shall be continuously checked with a Pitot.tfube or with another suitab
e installed at a fixed location or at the sampling train, or it shalkbe recorded at least every 5

ampling train shall be removed from the flue gas duct after'sampling. When the static pressur
rtual impactor shall be removed before stopping the suction device.

mize oxygen

n 10°. Three
be set to the

| be adjusted
e measuring

min.

e is negative,

The sample volume of the measurement shall be determined and recorded. Each sample volpme at three
suctipn devices shall be recorded and the total samplge volume shall be calculated.

8.3.7| Filter change

The Backup filter holder with the backupfilter, and the collection filter holders with the collection filters, shall be
remoyed from the virtual impactor and transferred to the transport containers. Any contamination of the filters
shall |pe avoided.

8.4 |Weighing procedure

8.4.1| General

The backup filter:and the collection filter of the second stage shall be weighed. The filters shall be weighed with

or wi

NOTH

hout theif holders. Weighing with a filter holder is highly recommended.

As a plausibility check, the collection filter of the first stage can be weighed too.

8.4.2

Pre-sampling treatment of weighed parts

Weighed parts shall be dried in a drying oven for at least 1 h at a temperature at least 20 °C above the
maximum temperature reached during sampling.

After drying, the filters and/or the filter holders shall be placed in a desiccator located in the weighing room for
at least 8 h.

8.4.3 Weighing

Weigh the filter on a suitable electronic balance to within £0,1 mg. It is strongly recommended that the same
balance be used for both pre-weighing and post-weighing.
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Before performing any weighing series:

the balance against standard masses;

carry out additional checks by weighing control parts, identical to the parts to be used in the measurement,

pre-treated in the same temperature and humidity control conditions and kept free from contamination;

a) calibrate
b)
c) record th

e equilibration relative humidity and temperature in the room.

An increase or decrease in the weighing result can be due to the following causes.

Hydroscopic characteristics of the filter material and/or dust. Weighing shall be carried out within
after removal from the desiccator. Take two additional readings at 5 s intervals after the initial reg

Electrostatic charges, which give erratic readings and which should be discharged to earth or neutralized.

1 min

ding.

If there is a significant increase or decrease in the readings as a function of time due to-the natyire of

the material, implement special procedures such as extrapolating the reading to initial condition

1)

2)

3)
bald
8.5 Post-$

For data eva

Small differences in temperature between the part to be weighed and the environment can distu
nce.

uation, the backup filter and the collection filter of the secondsstage are used.

ampling treatment of weighed parts

D.

b the

The weighed parts shall be dried in an oven for at least 1 h between~100 °C and 120 °C, equilibrated, and
weighed in apcordance with 8.4.2 and 8.4.3.
9 Calculation of the results
The concentfation, (PMz 5), of PM2 5 in the flue gas shall be calculated by Formula (9):

Y(PMs ) = S35 ©)
where

mpF is the particle mass on the baekup filter;

Vn is the sample volume under standard conditions and for dry gas.
The concentfation, (PM1p);'ef PM1g in the flue gas shall be calculated by Formula (10):

y(PMyo) |- RS (10)
where

mpF is the particle mass on the backup filter;

MCE2 is the particle mass on the collection filter of the second separation stage;

Vn is the sample volume under standard conditions and for dry gas.

The sample volume, V;,, under standard conditions and for dry gas shall be calculated from the sample volume
under the conditions prevailing at the gas volume-measuring device.

18

© 1SO 2012 — All rights reserved


https://standardsiso.com/api/?name=3ad887e0c2afa4092aedf42a88990ba6

ISO 13271:2012(E)

The collection filter of the first separation stage shall not be used for the determination of the total dust
concentration.

NOTE Virtual impactors always exhibit particle losses. These particle losses are attributed to coarse particles,
by convention. If the PM2 5 and PM1g fractions in the total dust require determination, an additional parallel total dust
measurement is needed.

10 Performance characteristics

10.1 Virtual impactor load

The |oad of the backup and collection filters of the separation stages shall not exceed the‘maximum load
specified by the manufacturer.

The $ampling period depends on the dust concentration and the particle size distribution. in the flue gas. Both
may be determined in pre-measurements to select a sampling period, which avoidsfoverloading {he collection
filterd and the backup filter.

10.2| Detection limit

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

The detection limit of PM1g is influenced by two independent weighings (backup filter and collgction filter of
second stage). Therefore, the detection limit is higher than the'value of PM 5.

10.3| Measurement uncertainty

The measurement uncertainty of the impactor shatibe determined in the field by paired measuremgents with two
ident|cal measuring systems. The samples shallbe taken at the same measurement point in the measurement
crosg-section. The standard uncertainty, u(3);-shall be calculated by means of Formula (11) in acgordance with
ISO 20988:[6!

\/21—”2(71,1' —72,1')2 (11)

i=1

N
—_~
=
"

I

wher:

1%

1,; is the ith concentration value of the first measuring system;
12.i is the itfbeoncentration value of the second measuring system;
i istRe*number of paired measured values.

Detefmine the measurement uncertainty atleast during the validation of the virtualimpactor under plant operating
and waste-gas conditions, which are representative of the future application of the virtuaiimpactor. The tests
shall be carried out by a testing laboratory operating an internationally recognized quality management system.

NOTE Requirements for testing laboratories are specified, for example, in ISO/IEC 17025.15]

10.4 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 [17]) on the collection filter and the backup filter, but diffusively
on the walls and the impactor stages. 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 collection filters and on
the backup filter is usually not identical to the total mass concentration of dust in the flue gas.
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Comprehensive investigations (see References [18][19]) have shown that the loss of particles increases with
increased particle size.

NOTE 1 If the individual fractions (PM1p and PMz2 s5) are related to the collected mass, the calculated distribution is
shifted to smaller particle sizes, since equally distributed particle losses are assumed.

NOTE 2 If the individual fractions (PM1p and PMz2 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 Test report

The test repart shall contain at least the following information:

a) results df the emission measurements, including the measurement uncertainty;

b) detailed|information on the plant and on all elements relevant for measurement planning (see 8.3.1);

c) all meadured and calculated values and results.
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Annex A
(informative)

Physical property estimation for the calculation of sample volume flow rate

A1

For the calculation of the dynamic viscosity under operating conditions, the volume fractions of the
consfituents shall be determined. Then the dynamic viscosity of the constituents under operating
calcylated. The viscosity of the gas mixture is calculated from the viscosities of the constituents.

The glynamic viscosity of the individual gas constituent of the sample gas under opérating condi
by Fqrmula (A.1):

wher

The gorresponding volume fractions, p;, in wet flue gas should be calculated by Formula (A.2) and H
respgctively:

=

Jj identifies the individual constituent of the samplg gas (j = CO2, O2, N2, air, water va

Temperature-dependent dynamic viscosity of the gas

B 7 1+(8;/Th)
()= - R

W

n(7) is the dynamic viscosity of constituent j underOperating conditions;

In.j is the dynamic viscosity of constituent j at'the standard temperature, 7 (constant);
I is the gas temperature;

n is the standard temperature; In'=273,15 K;

i is the Sutherland constant'of constituent ;.

forj = COg, O2, N2, and-air:

¥n,H,0,v
j=%nj X/L”Zj
Pn,Hy0,v

for j = water vapour:

S

different gas
conditions is

ions is given

(A1)

bour);

ormula (A.3),

(A.2)

Yn,H,0,v 1/(1+ ¥n,H,0,v \

A0 -
2" PnH,0v / L Pn,H,0,v J
where
®n,j is the volume fraction of constituent j in dry gas;

YnH,0v IS the mass concentration of water vapour under standard conditions and with dry gas;

PnH,0yv IS the density of water vapour under standard conditions (constant).

© 1SO 2012 — All rights reserved
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The temperature-dependent dynamic viscosity of the gas, n(7), under operating conditions shall be calculated
by Formula (A.4):

Z(Pjrlj (T)\l M ;Teyit

n(T)=- (A4)
Z(Pj\/MchritJ’
J
where
o is the volume fraction of constituent ; of the gas mixture;
Terit,;  iS[TNE critical temperature of consttuent ; (constant),
M; is|the molecular mass of constituent ; (constant).

A.2 Cunningham factor

The calculatfon 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, 4, is calculated by Formula-(A.5)

T
2=2x7) /% (A.5)
p

where
n(7)is the temperature-dependent viscosity of the gas;
p is the absolute gas pressure;
M is the mean molar mass of the gas mixture;
R is the gas constant.

The mean mplar mass, M , of the sample gas shall be calculated by Formula (A.6):

J
The Cunningham factor, Cn, ;, of particle fraction i shall be calculated by Formula (A.7):
den ;
Crn.i =11 2% 1423 40 aexp| —0,88 2504 (A7)
50,i 22

where

i identifies'the particle fraction (i = 2,5 pm, 10 ym);

A is the mean free path length;

dsp ;is the cut-off diameter of particle fraction i.
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A.3 Gas density

The density, p,7y; of the wet gas under operating conditions is calculated by Formula (A.8):

(pamb + Dst )Tn (pn + 7n,H20,v)

ISO 13271:2012(E)

ppyf = (A8)
pnT|:1 + (Yn,Hzo,v /pn,Hzo,v )]
The density, pn, of the dry gas mixture is calculated by Formula (A.9):
Pn=D.0;Pn, (A.9)
I
wherg
D is the volume fraction of constituent j of the gas mixture;
/n is the standard temperature, T, = 273,15 K;
Hamb is the ambient pressure at the measurement site;
n is the standard pressure; pn =1 013,25 hPa;
st is the difference between the static pressure in the méasurement cross-section and the
atmospheric pressure at the measurement site (baformetric pressure);
TnH,0v IS the mass concentration of water vapour understandard conditions and with dry gas.
A.4| Constants
Table A.1 — Constants required for the calculations
Constant Symbol Value Unit
Gas|constant R 8,314 51 J/(mol K)
Standard temperature Th 273,15 K
Stanfdard pressure Pn 1013, 25 hPg
Density of CO2 under standard jconditions Pn,co, 1,977 kg[m3
Density of Oz under standard conditions Pn,0, 1,429 kgjm3
Density of N2 under'standard conditions PnN, 1,251 kgfm3
Dengity of dry air under standard conditions Pn,air 1,293 kgfm3
Density"of water vapour under standard conditions Pn,H,0,v 0,804 kgfm3
Particle density 0P 1000 kg/m3
Dynamic viscosity of CO> Mh.co, 1,370 x 10-5 kg/ms
Dynamic viscosity of Oy M0, 1,928 x 105 kg/ms
Dynamic viscosity of N2 TN, 1,652 x 105 kg/ms
Dynamic viscosity of air 7In,air 1,717 x 1075 kg/ms
Dynamic viscosity of water vapour Mn,H,0,v 8,660 x 10-6 kg/ms
Molar mass of CO» M co, 44,01 g/mol
© 1S0O 2012 — All rights reserved 23


https://standardsiso.com/api/?name=3ad887e0c2afa4092aedf42a88990ba6

ISO 13271:2012(E)

Table A.1 (continued)

Constant Symbol Value Unit
Molar mass of O> Mo, 32,00 g/mol
Molar mass of N» Mg\, 28,02 g/mol
Mean molar mass of dry air My, 28,97 g/mol
Molar mass of water vapour MHZO,V 18,02 g/mol
Sutherland cpnstant of CO5 Sco, 273 K
Sutherland cpnstant of O» So, 125 K
Sutherland cpnstant of Na SN, 104 K
Sutherland cpnstant of air Sair 113 K
Sutherland cpnstant of water vapour SH20,V 650 K

- VMco, Teritco, 15,7 gmol [k

] JHN, Terien, 59,5 gmol™[K

- VMo, Tiito, 70,4 gmol~ [k

- \ MTcrit,air 61,9 g m0|_1 K

HIEEVELIRS

) JM0 a0y | 1079 gmol™[K
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Annex B
(informative)

Errors by deviations from isokinetic sampling

In addition to the measurement uncertainty determined by multiple determinations in repeatability or
reproducibility conditions, further uncertainty contributions are caused by sampling at only one measurement

point
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ssumed that all measurements are carried out at a sampling point which represents the,con
urement cross-section. Therefore, this uncertainty contribution should be neglected.

g

iameter of the entry nozzle for isokinetic sampling can only be estimated, since the volume flo
Ctor is calculated before the measurement and should be kept constant duringisampling. The ¢
butions to measurement uncertainty can be estimated theoretically for different particle size

q

Collection efficiency of a sampling system for particles with different agrodynamic diamete
lated from the isokinetic rate (see Reference [19]). Figure B.1 shows examples of collectio
ferent particle fractions as a function of the ratio of the gas velécity in the entry nozzle to
ity in the duct. The calculations were based on ambient air;with a gas velocity of 10 m/s
e diameter of 10 mm.

The collection efficiency is the ratio of the sampled ¢oncentration sampled at a specific isokin
ntration at isokinetic sampling with an isokinetic rate 1,0¢

bet the given cut-off limits of 10 um and 2,5 pnisparticle diameters, the virtual impactor shal
h constant sample volume flow rate to be previously determined. The volume flow rate only
Lile gas conditions which can be calculated;/Isokinetic sampling should be established by sq
priate sampling nozzle diameter. If not;'sampling shall be carried out with an isokinetic rate b
30 % of the calculated value based on Davis’'s Formulae (B.1) and (B.2) (see Reference [19]
e B.1. (Isokinetic rate is the ratio of the gas velocity in the entry nozzle, ventry, to the flue gas
¢ntry nozzle shall be selected.accordingly.
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A=t 1 [ 't —1J (B1)
Ya Ventry 1+ 2S’entry Ventry
Hentry = dazepﬂ (B.2)
9Tldentry
wherg
1i is the dust concentration by isokinetic sampling;
Ya is the dust concentration by anisokinetic sampling;
Vig is the flue gas velocity;
Ventry is the gas velocity in the entry nozzle;
n is the viscosity of the gas;
dentry is the internal nozzle diameter at the inlet;
0P is the particle density (1 g/cm3);
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Stentry
dae

NOTE

is the Stokes’s number;

is the aerodynamic diameter.

below isokinetic rate, as shown in Figure B.1.
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1,2

Over-isokinetic sampling is preferred since the error in the collection efficiency is smaller than for sampling
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article size)and should be nearly negligible at dge = 2,5 pm.

with an aerodynamic diameter dae = 10 um (not to be confused with PM1g) and over-isok
sampling with a factor of.4,5, the findings are reduced by approximately 15 %. This error decreases

Ised by deviations from the isokinetic sampling is significantly smaller than the maximum v
preceding, which were calculated for a particle size of 10 ym, since the particles usually h
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Figure C.1 shows an example of a two-stage virtual impactor without entry nozzle (see ‘Ap
characteristic data of the virtual impactor are given in Table C.1. This impactor is a laminar flow, uni
internal losses typically below 10 % per stage.
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Annex C
(informative)

Example of a two-stage virtual impactor

Design and characteristic data

1
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M1 acceleratien\nozzle
gollection nozzle\for the particles greater than 10 ym

gollection filter for the particles greater than 10 um, CF1
guction:tube for coarse particles
M2 s\acceleration nozzle

nex E). The
I, with overall
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collection filter for particle fractions >2,5 ym and <0 ym, CF2
suction tube

backup filter for particle fraction <2,5 ym, BK

suction tube

attachment of exchangeable entry nozzle (Annex E)

annular flow channel

diameter

length

Figure C.1 — Basic design of a two-stage virtual impactor
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Table C.1 — Characteristic data of the virtual impactor

PM,o stage | PM2 5 stage

Parameter Impactor (=10 pm, (i=2,5um,
Jj=1) Jj=2)

Length with entry nozzle attached ~248 mm
Diameter ~70 mm
Sample volume flow rate, ¢y 12,5 I/min
Number of nozzles, N; 6 6
Particle acceleration nozzle diameter, Do ; 3,9 mm 1,5 mm
Particle collefction nozzle diameter, D1 ; 51 mm 2,0-mm
Distance betyveen the end of the particle acceleration nozzle and
the top of the particle collection nozzle, s; 3,5 mm &5 mm
Particle acceferation nozzle length, /o ; 5,0 mm 4,0 mmn
Stokes’s nunfber, St50,; 0,46 0,49
Total flow rate per stage, gyo,; x N; = gy 12,5 I/min 11,5 I/min
Minor flow rafe per stage, gy1,; x N; = 9y CF, 1.0 I/min 1,2 l/ndin
Velocity in the nozzles, v; 29mis 18,1 /s
Reynolds number in the particle acceleration nozzles (20 °C,
atmospheric fir) 750 180

C.2 Entny nozzle diameter selection

Based on Formula (8), an example of the relation between flug gas velocity and applicable entry nozzle diameter
of a virtual inppactor illustrated in Figure C.1 and Table C.T5is shown in Table C.2.

Tablle C.2 — Relation between flue gas(velocity and applicable entry nozzle diameter
(air attambient conditions)

Entry noztle diameter Range of fluegas velocity Entry nozzle diameter Range of flue gas velocity
mm m/s mm m/s
3 227-32,7 7 4,2-6,0
5 16,7-24 1 8 3,2-4,6
4 12,8-18,4 9 2,5-3,6
45 10,1-14,6 10 2,0-2,9
5 8,2-11,8 12 1,4-2,0
6 5,7-8,2 14 1,0-1,5

C.3 Separationcurve

Figure C.2 shows experimentally determined separation curves. To check that the separation of the impactor
stages corresponds to the calculated separation efficiencies, experiments have been performed as specified
in Annex H. The separation efficiency curves satisfy the condition indicated in Table 1.

C.4 Detection limit
The detection limit of weighing the separate filters (backup filter and collection filter of the second separation

stage) is 0,3 mg. The detection limit of weighing PMy2 5 is, correspondingly, 0,3 mg. The detection limit of the
concentration for a sample volume of 1 m3 is 0,3 mg/m3.
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Since the detection limit of PMqq is influenced by two independent weighings (backup filter and collection
filter of the PM2 5 stage), the detection limit of 0,4 mg is higher than the value of PM2 5. Due to uncertainty
propagation, the corresponding detection limit of the concentration for a sample volume of 1 m3is 0,4 mg/m3.

C.5 Measurement uncertainty

Tables C.3 and C.4 give standard uncertainties by paired measurements calculated by Formula (11). These
standard uncertainties take into account influences such as sampling the differential weighing of collection
filters and backup filters.
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Figure C22-~< Examples of separation efficiency curves of multistage virtual impalctor

Table'C.3 — Standard uncertainty from paired measurements (one operator of the method)

e —— e e — e e} e _, , ™ —_,S, —_ — —, — — —,™,m—,—,—, — e

combustion boiler

Number Averade PM Standard Average PM Standard
of paired 9 10 uncertainty of 9 25 uncertainty of
Plant t content content
anttype measurements PMjo content PM_ 5 content
mg/m3 mg/m3 mg/m3 mg/m3
Gas-flow channel 31,9 2.1 2,4 0,4
Waste 3 6,4 0,8 5,8 0,9
incineration plant
Heavy oil and
natural gas co- 3 3,8 0,6 1,5 0,3
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Table C.4 — Standard uncertainty from paired measurements (two operators of the method)

Number Standard Standard
. Average PMqo X Average PM; 5 .
of paired content uncertainty of content ’ uncertainty of
Plant type measurements PM1o content PM_, 5 content
mg/m3 mg/m3 mg/m3 mg/m3
Gas-flow channel 7 51,8 4.4 3,4 0,6

30
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Annex D
(informative)

Influence of variations in the flue gas temperature and
flue gas composition on the Reynolds nhumber

The Reynolds numbers, Re;, in the particle acceleration nozzles, whose diameter is Dy ;, are calculated by

Formula (D.1):

Re, = ViDoiP piy (D.1)
n

For major flow, g2, through annular flow channels (see Figure C.1) of each stage, the Reynolds numbers,
Reand,i, in the annular flow channels are calculated by Formula (D.2):

Heanp ; = ~2midenmif 1y 0.2)

n

The diameter of the annular flow channel, dann, is calculated by Formula (D.3):

dann = 44ann (D.3)

Wdann1+dann2)

Substituting gas velocity in annular flow channel, vapn#= ¢r2; x Ni/Aann and Formula (D.3) into Foymula (D.2);

Hearn s = 4p ,rrqyoiN; (D.4)

n(dannﬂ +dann,2 )77

wherg

i identifies the particle fraction (i = 2,5 ym, 10 ym);

W is the gas velocity in the particle acceleration nozzles at stage i;

Yann,i is the gaswvelocity in the annular flow channel at stage i;

Re; is thé.Reynolds number at stage i;

PoTf is'the gas density under operating conditions;

Do is the diameter of the particle acceleration nozzles at stage i (constant);

~e is the equivalent diameter of the annular flow channels (constant);

n is the dynamic viscosity of the gas under operating conditions;

Aann is the annular flow channels area;

dann A is the inner diameter of the annular flow channel;

dann,2 is the outer diameter of the annular flow channel;

qv2,i is the major gas flow rate per impactor nozzle;

N; is the number of impactor nozzles at stage .

The following example illustrates the influence of variations in the flue gas temperature and flue gas composition
on the Reynolds number. Input data have been obtained from the measurement of PM1o/PM2 5 at a commercial

© 18O
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coal-fired plant with an impactor shown in Annex C (Reference [20]). These calculations illustrate that a variation
in the flue gas temperature has the highest influence on the Reynolds number. Reynolds numbers, Re, of the
gas flow in the particle acceleration nozzle are in the region of laminar flow (100 < Re < 3 000). Reynolds
numbers at the annular-flow channel are sufficiently low.

Table D.1 — Flue gas conditions and sampling conditions

Flue gas velocity 25,6 m/s
Flue gas temperature 158 °C
Flue gas pressure 103 kPa (1 030 mbar)
Flue gas ¢omditions O7 votumefractiom(dry) 6;6-%
CO2 volume fraction (dry) 12,8 %
N2 volume fraction (dry) 80,6 %
Flue gas water-vapour content 56,8 g/m3
Total volumetric flow rate at flue gas conditions 14,3 I/min
sampling onditions | 100 O stage under standard conditions | 080
Suction gas flow rate from particle collection. . 108 I/min
nozzles of PMz 5 stage under standard conditions !
Entry nozzle diameter 3,5 mm

Table D.2 — Reynolds numbers for different flue gas temperatures

Reynolds number
Variation|in flue gas temperature
for 2,5 pm for 10 ym
15 K lower flye gas temperature 1297 542
10 K lower flye gas temperature 1280 535
5 K lower flug gas temperature 1264 528
Start value (158 °C) 1249 522
5 K higher flye gas temperature 1233 516
10 K higher flue gas temperature 1218 509
15 K higher flue gas temperature 1204 503

Table D3.>— Reynolds number for different flue gas of CO2 composition

Reynolds number
Variation in CO2-volume fraction
for 2,5 um for 10 um
1,5 % lower CO22volume fraction 1241 519
1,0 % lower CO» volume fraction 1243 520
0,5 % lower CO2 volume fraction 1246 521
Start value (12,8 % CO> volume fraction) 1249 522
0,5 % higher CO2 volume fraction 1251 523
1,0 % higher CO2 volume fraction 1254 524
1,5 % higher CO2volume fraction 1256 525
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