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reword

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.

Intd

The
Staa
Puh
cas

Atte
pa

ISO
ISO

—t

ISO
and|

lication as an International Standard requires approval by at least 75 % of“the me
ing a vote.

ent rights. ISO shall not be held responsible for identifying any or all 'such patent rights.

16911-1 was prepared by the European Committee for Standardization (CEN) in collabo

automatic determination of velocity and volume flow ratein ducts:
Part 1: Manual reference method

Part 2: Automated measuring systems

Technical Committee TC 146, Air quality, Subcommittee SC 1, Stationary source emissions

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

main task of technical committees is to prepare International Standards. Draft Infernational
ndards adopted by the technical committees are circulated to the membenr bodies [for voting.

er bodies

bntion is drawn to the possibility that some of the elements of this document may be th¢ subject of

fation with

16911 consists of the following parts, under the generaltitle Stationary source emission§ — Manual
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Introduction

EN ISO 16911-1 describes a method for periodic determination of the axial velocity and volume flow rate
of gas within emissions ducts and stacks and for the calibration of automated flow monitoring systems
permanently installed on a stack.

EN ISO 16911-1 provides a method which uses point measurements of the flow velocity to determine
the flow profile and mean and volume flow rates. It also provides for alternative methods based on
tracer gas injection, which can also used to provide routine calibration for automated flow-monitoring
systems. A method based on calculation from energy consumption is also described. EN I1SO 16911-1

provides g

Vi

1idance on when these alternative methods may be used.
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Stationary source emissions — Manual and automatic
determination of velocity and volume flow rate in ducts —

Part 1:
Manual reference method
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Scope

SO 16911-1 specifies a method for periodic determination of the axial velocity and volumnj
as within emissions ducts and stacks. It is applicable for use in circular or’rectangular
isurement locations meeting the requirements of EN 15259. Minimum andmaximum du
ren by practical considerations of the measurement devices described within EN [SO 169

[SO 16911-1 requires all flow measurements to have demonstrable metrological trag
onal or international primary standards.

To

chafacteristics of the method are equal to or better than the performance criteria
EN [SO 16911-1 and that the overall uncertainty of the method, expressed with a level of co
95 %%, is determined and reported. The results for each method defined in EN ISO 16911-1 haxy
unckrtainties within a range of 1 % to 10 % at flow velecities of 20 m/s.

Methods further to these can be used provided that the user can demonstrate equivalence, b
principles of CEN/TS 14793.[10]
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e used as a standard reference method, the user is required-to demonstrate that the p¢g

Normative references

following referenced documents are indispensable for the application of this document
rences, only the edition cited*applies. For undated references, the latest edition of the
ument (including any amendments) applies.

20988, Air quality = Guidelines for estimating measurement uncertainty

IEC Guide 98-3;"Uncertainty of measurement — Part 3: Guide to the expression of und
surement (GUM:1995)

14789, Stationary source emissions — Determination of volume concentration of oxyq
rence.method — Paramagnetism

e flow rate
ducts with
Ct sizes are
11-1.

eability to

rformance
defined in
hfidence of
re different

hsed on the

. For dated
referenced

ertainty in

en (02) —

14790, Stationary source emissions — Determination of the water vapour in ducts

EN 15259:2007, Air quality — Measurement of stationary source emissions — Requirements for measurement
sections and sites and for the measurement objective, plan and report

3

For
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Terms and definitions

the purposes of this document, the following terms and definitions apply.
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3.1
Pitot tube

devicetomeasure flow velocity ata point, operating on the principle of differential pressure measurement

Note 1 to entry: A number of designs of Pitot tube may be used, including standard L-type, S-type, 2D, and 3D Pitot
tubes. Annex A

3.2

x A describes a number of Pitot designs currently in use in Europe.

measurement line
line across the stack, on a measurement plane, along which flow measurements are made to characterize
the flow velocity profile or to determine the average flow

3.3

measurement plane
plane normal to the centreline of the duct at the measurement location at which the measuremer

flow veloci

3.4

measurenpent point

sampling
position in
are obtaing
3.5

volume flg
volume flo

Note 1 to en
the measur

Note 2 to enftry: Volume flow rate is expressed in cubic metres per second or cubic metres per hour.

3.6
point flow
local gas v¢

Note 1 to
measureme

Note 2 to enftry: Point flow velocity 1 expressed in metres per second.

3.7

average fl
<1>  vel
plane
<2> quotie

3.8

of

y or volume flow rate is required

point
the measurement plane at which the sample stream is extracted.or the measurement ¢
ed directly

w rate
v of gas axially along a duct

try: If not specifically stated, the term may be taken:te’mean the mean volume flow passing thrqg
bment plane.

velocity
locity at a point in the duct

bntry: Unless otherwise specified, the term may be taken to mean the axial velocity at
nt location.

bw velocity

pcity ~ which, when  multiplied by area of the
thé duct, gives the volume flow rate in that

ht of tlievolume flow rate in the duct and the area of the measurement plane of the duct

the
(

t of

lata

the

measurenpent

luct

standard

comditions

reference value a pressure 101,325 kPa and a temperature 273,15 K

39

uncertainty (of measurement)
parameter, associated with the result of a measurement, that characterizes the dispersion of the values
that could reasonably be attributed to the measurand
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3.10
uncertainty budget

statement of a measurement uncertainty, of the components of that measurement uncertainty, and of

their calculation and combination

Note 1 to entry: For the purposes of EN ISO 16911-1, the sources of uncertainty are according to ISO
ISO/IEC Guide 98-3.

3.11
standard uncertainty
uncertainty of the result of a measurement expressed as a standard deviation

1495612] or

mefrological traceability
property of a measureirient result whereby the result can be related to areference throughad
unbroken chain of.ealibrations, each contributing to the measurement uncertainty

Note 1 to entry:The elements for confirming metrological traceability are an unbroken metrological
chaintoaninternational measurementstandard oranational measurementstandard,adocumented m|
uncertainty,documented measurement procedure, accredited technical competence, metrological tr
the BI, andccalibration intervals

and

2,and with

ment plane

bcumented

traceability
easurement
hceability to

4 Symbols and abbreviated terms

4.1 Symbols

A area of the measurement plane

Ap internal area of the measurement section
Ag cross-sectional area of stack

B number of component B

© IS0 2013 - All rights reserved
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ai, az

€(N)

ep

F1()

Fa(1)

fv

fwa

Mq

Ms

p1 -
p2
p3

ps

angle between sensing holes

constant

outer tube diameter mm
stack diameter mm
net specific energy (NSE) of the fuel as received M]/kg
absolute error of measurement

force acting on the vane wheel N
pitch angle ratio at traverse point i 1
3D probe velocity calibration coefficient at traverse point i 1
vane frequency s-1
velocity factor

wall adjustment factor

ith measurement point

coefficient of the Pitot tube which includes the Pitot«calibration factor and

constant values relating to the Pitot design

conversion factor, 85.49 ft/s[(Ib/1b-mol)(inHg)/(R)/(inH20)]0-5

non-linear calibration factor dependentgn density, po, and viscosity, dyn

coverage factor

length of the measuring se€tion, i.e. the stack length between the two m
measurement levels

probe length

molar mass ofwet gas effluent kg/mol
molar massref component B kg/mol
molar mass of gas, dry basis 1b-1b/mo
molar mass of gas, wet basis 1b-Ib/mo
number of measurement points

energy production MW
flue gas pressure kPa
pressures at points Pq ... P5

stagnation point pressure Pa
static pressure Pa

© ISO 2013 - All rights reserved
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(p1 - p2)i velocity differential pressure at traverse point i inH,0

(pa—ps); pitch differential pressure at traverse point i inH,0

DPatm atmospheric pressure inHg

Dec absolute pressure in the duct, in the measurement section Pa

Pdyn dynamic pressure on the vane wheel Pa

Pg static pressure inH70

Ds stack absolute pressure inHg

Dstd standard absolute pressure 2992 inHg

@; average static pressure in the measurement section Pa

qmy tracer mass flow rate kg/s

qv volume flow rate m3/s

qvoh dry volume flow rate, under standard conditions oftémperature and pres- m3/s
sure

v da0, dry volume flow rate, under standard_conditions of temperature and pres- m3/s
sure and on actual oxygen concentration

Qv 4,0, ref dry volume flow rate, under standard gonditions of temperature and pres- m3/s
sure, and reference oxygen concentration

v 4.0, stack gas flow rate at sample O7-content and moisture under standard m3/s
conditions

qv, sd average dry-basis stack gas volume flow rate corrected to standard condi- scf/h
tions

av, sw average wet-basis/'stack gas volume flow rate corrected to standard condi- yscf/h
tions

quw volume-flow rate under the conditions of temperature and pressure of the m3/s
ductyohvwet gas

R gas constant 8,314 ]J/(K mol)

I'sp geometry of the vane wheel

T flue gas temperature K

T temperature of gas in the measurement section K

Ts(avg) average absolute stack gas temperature across stack R

Ts() °F stack gas temperature at traverse point i °F

Tsi R absolute stack gas temperature at traverse point i R

Tstd standard absolute temperature 528 R

t transit time of the tracer pulse between the two measurement points S

© IS0 2013 - All rights reserved 5
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u(v)

Vo

Vi
Vmeas

Vt

<I

<I

<I

<I

Wash
wc
Wt
WH
WH,0
WN
wo

ws

Ap

Ap;

Ndyn

Qmeas

O Ap;

P(N)F

uncertainty of measurement of the flow velocity m/s
start-up velocity m/s
velocity corrected for flow direction m/s
local velocity at measurement point i m/s
measured velocity m/s
peripheral velocity, vi= wrs,

axial approach velocity m/s
mean velocity m/s
mean axial velocity m/s
corrected mean velocity m/s
average of the point velocity measurements m/s
ash yield mass fraction of solid fuel as received

carbon mass fraction in fuel as received

fuel mass fraction in fuel as received

hydrogen mass fraction in fuel as received

moisture mass fraction in solid fuel\as received

nitrogen mass fraction in fuel as received

oxygen mass fraction in fuel as received

sulfur mass fraction(in fuel as received

pitch of blade

differential,pressure Pa
average'dynamic pressure measured at the point 7 of the measurement sec- Pa
tion

thermatefficiency

dynamic viscosity Pas
measured angle °
density of the gas effluent under ambient conditions of temperature and kg/m3
pressure of wet gas

standard deviation of the m dynamic pressure measurements in the point i

process heat release MW

© ISO 2013 - All rights reserved
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©B volume fraction of component B volume fraction
?co,,w concentration of COz in the gas stream in wet gas % volume
fraction
®H,0 flue gas water content, wet % volume
fraction
®o, flue gas oxygen content, dry % volume
fraction
?0,}d oxygen concentration measured in the duct during the exploration of the %[ volume
duct on dry gas fraction
Po,|ref reference oxygen concentration %] volume
fraction
Po,| w concentration of Oz in the gas stream in wet gas %|volume
fraction
W angular frequency s71
w pulsatance s-1

4.2 Abbreviated terms

AMP automated measuring system
NSH net specific energy

SRM standard reference method
QA quality assurance

WAF wall adjustment factor

5 |Principle

5.1 General

EN [SO 16911:Yprovides a method for the determination of gas velocity and volume flow rate within
an emissionsvduct. It describes a method to determine the velocity profile of the gas flow across a
medsureinent plane in the duct, and a method to determine the total volume flow rate at a mgasurement
e-in‘the duct based on a grid of point velocity measurements made across the measurement plane.
ddeition-alternativ > i e rolume A based on the
measurement of tracer dilution, tracer transit time, and by calculation from energy consumption.

Techniques for determining gas velocity at a point include a calibrated differential pressure device
(Pitot) and a calibrated vane anemometer. Selection criteria for the use of different types of Pitot and
the vane anemometer are given in Clause 6. However, it is up to the user to ensure the method selected
for a given application meets the performance criteria defined by EN ISO 16911-1. The volume flow
rate within a duct is determined by measuring the duct axial gas velocity at a series of points along
measurement lines across the duct on a single measurement plane. The number of measurement lines
and measurement points required depends on the duct shape and size. The spacing of the measurement
points is based on the principle of equal areas as defined in EN 15259. The volume flow rate is calculated
from the average axial velocity and the duct area at the measurement plane. If required a correction is
applied to account for wall effects (see 10.4).

© IS0 2013 - All rights reserved 7
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Three alternative methods are also described to determine volume flow rate and average flow velocity.

Annex C describes a method based on tracer dilution measurements. In this method, the volume
flow rate is determined from the dilution of a known concentration of injected tracer.

AnnexD describesamethod based on atracer transittime measurement technique. The volume flow rate
is determined from the time for a pulse of tracer gas to traverse between two measurement locations.

Annex E describes a method to determine the volume flow rate using a calculation-based approach
to derive the flow from the energy consumption of a combustion process.

111 | Lt 4 1 L | £ £l S 43 £ +1 pa £,
J L L L lJl UVIUCTO quaul,_y CUIILI UL CIICUNRO 1UI LU VUITITIUAULIUIL Ul UIIU LUIIUILIVIIO 1UI dllu

EN ISO 16

ate

measurem

The volum
(273,15K 4

5.2 Pri

The axial
EN ISO 169
annexes d¢
techniques

The flow vg

The differg
1SO 3966.13
one pressu
static pres
to be meas

l]lc
ow velocity at a point in the duct is determined using one of two. techniques describe

Pnts.

e flow rate may be reported at stack conditions or may be expressed at standard’dondit
nd 101,325kPa) on either the wet or dry basis.

iple of flow velocity determination at a point in the duct

11-1: differential pressure based measurement using Pitot tubes and vane anemometry.
scribe the techniques in detail, Annex A provides for the use of\differential pressure b3
Annex B describes the vane anemometer.

locity is determined as the duct axial velocity at each pointdetermined according to EN 15

ntial pressure based techniques are based on the principle of the Pitot tube as define

Ire tap is impacted by the flowing gas, and one or more other pressure taps are exposed to
sure in the duct. The probe assembly allows the resultant pressure difference between tf
ured by an external differential pressure meéasuring device.

1 A probe with one or more pressure taps is insertéd into the flow. The basic principle is {

ons

1 in
The
sed

ard
ges
ose
lity

Different ilmplementations of the differential pressure approach are available. These include stand
L-type, S-type, and multi-axis Pitot tubes (3Dand 2D Pitot tubes). Each has their own specific advants
and disadvlantages, and these are described/in EN ISO 16911-1. The methods used are based on th
defined in [ISO 10780,[4] ISO 3966,[3] anid US EPA Method 2.[14] Performance requirements and qua
assurance procedures are applied tocachieve the uncertainties defined in EN ISO 16911-1.

If 2D Pitot fubes are to be used, thenthey should be subject to QA/QC as defined in US EPA Method 2G
5.3 Principle of measurement of volume flow rate

5.3.1 Geperal

Volume flo
across the
calculatio

rate;hay be determined from a series of measurements of the point velocity in a duct m
easurement plane or by alternatlve techniques 1nclud1ng tracer dilution, tracer transit ti

5.3.2 Principle of volume flow rate determination from point velocity measurements

Volume flow rate is determined from a number of point measurements of the axial flow velocity over a
measurement plane. Sufficient point measurements are made to characterize non-uniformities in the
flow profile. The measurement points across the measurement plane are selected to be representative
of regions of equal area. The average velocity passing through the measurement plane is calculated
with good approximation as equal to the average of the point flow measurements. The procedures
in EN 15259 are used to determine the measurement points for circular or rectangular ducts. The
tangential methodology provided in EN 15259 is used for circular ducts as described in EN ISO 16911-1.

The reason that for circular ducts, the tangential methodology is preferred from the two schemes
for determining equal areas provided for in EN 15259, is that this scheme has points which provide

8 © IS0 2013 - All rights reserved
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measures of the average flow in each equal area. The central point in the general method does not provide
a measure of the average flow in the central area, but rather the maximum value. This may be useful for
reconstructing the flow profile, but is not recommended for determining the average flow in the duct.

The measurement plane is selected to be representative of the required duct volume flow rate, and also
to be in a region where it is uniform and stable. If non-axial flow (swirl or cyclonic flow) is expected at
the measurement plane due to geometry of the duct or other upstream conditions, then the degree of
swirl is determined using S-type, 3D or 2D Pitot tube measurements and if it is significant, as defined in
EN ISO 16911-1, then it is taken into account through the use of additional measurement procedures, or
a different measurement plane is selected.

If required, improved uncertainty in the results is achieved by taking wall effects ino account,
follpwing a procedure based on the US EPA Method 2H[1Z] for circular ducts, and US EPA CTM}041[13] for
rectangular ducts.

Thegvolume flowrate, qy, is determined by multiplying the average velocity by the aned of the mdasurement
plane (i.e. the internal area of the duct at the measurement plane).

qy =7,A (1)

whére

v, is the average of the point velocity measurements;

A  isthe area of the measurement plane.

NOTE Itis also possible to determine an array of volume flow rates, determined from the point mgasurements
ategch equal area multiplied by the area represented byeach sample point. Each sample pointarea s, bly definition,
equal to the area of the measurement plane divided by the number of points. The volume flow rate isfthen

- A

Qv =D vi— (2)
4 n

i=1

whdre

v; isith point measurement;

A isthe area of thé measurement plane;

n is the number of measurement points.

whifrh is equivalent to Formula (1).

5.3{3.'Determination of volume flow rate using tracer dilution measurements

Trace gas injection is used to measure the volume flow rate by determining the dilution of the injected
tracer by the stack gas flow. A known, traceable, flow rate of calibrated tracer gas is injected into the
stack. The concentration of this tracer gas is measured at a location downstream, representative of the
measurement plane, after complete mixing of the tracer with the stack gas has occurred. The dilution of
the tracer gas by the stack gas provides a measurement of the volume flow rate, provided that:

— the tracer gas is fully mixed in the stack gas;

— thereisno tracer gas present in the stack gas prior to injection or the background concentration can
be measured and subtracted accurately.

© IS0 2013 - All rights reserved 9
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5.3.4 Determination of volume flow rate using transit time tracer measurements

A small amount of tracer material is injected rapidly into the stack gas flow, to produce a short pulse
of tracer. After the tracer pulse has mixed over the cross-section of the flow, its transit time between
two measurement points placed on a suitable straight duct section is measured. The volume flow rate
is calculated by dividing the duct volume between the measurement points by the transit time. The
flow determined using this technique is representative of a region of the duct defined by the pulse
measurement locations, and these are chosen to be representative of the required measurement plane.

5.3.5 Determination of volume flow rate from plant thermal input

For most dombustion sources the volume flow rate may be calculated from the stoichiometrie,flue
gas volume, determined from the fuel composition and the thermal energy input rate. The posdible
calculation methods are described in EN 12952-15,[Z] which includes both direct and indirect!methpds.
In a direct method the fuel flow is measured and the thermal input is calculated from the specific engrgy
(“calorific yalue”) of the fuel and the fuel flow. Use of an indirect method includes measurement of|the
energy produced and the thermal efficiency of the plant. Especially for heat generation;or combined heat
and power|plants, with a high net thermal efficiency of typically 90 %, the uncertainty of the indifect
method to calculate the thermal input is very low.

To later dgtermine the actual flue gas flow rate, the oxygen concentration at the measurement plane
in many cdses shall be used to take account of the excess air. The oxygen‘concentration is determined
using EN 14789. However, the calculation method can also provide results at reference oxygen values
without refjuiring the determination of the oxygen composition in\the duct. The calculation apprdach
determine$ the volume flow rate on a dry gas basis. It also may be used to determine the wet flue|gas
flow but thle uncertainty in such cases increases.

6 Selection of monitoring approach

6.1 Monlitoring objective

EN ISO 16911-1 provides methods that can bewsed for a number of different objectives. The user of this
method shall understand the objective of the measurement task before undertaking the measureménts
asrequired by EN 15259, as the selectienof the method to use can depend on the measurement objective.

Measuremegnt objectives include:

a) velocitly measurementatdpointin the duct — this may be required as a part of another measurenent
methof, e.g. for ensurifigiisokinetic sampling of particulates;

b) flow profile measurement across a plane in the duct;
c) determinationef’swirl;

d) calibrdtjen‘of a flow AMS — this calibration may be by volume flow rate or velocity;

e) periodic determination of volume flow rate passing through a measurement plane.

Table 1 outlines the techniques which can be used to achieve measurement objectives a) to e).

10 © IS0 2013 - All rights reserved
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Table 1 — Selection of measurement technique

Aim of measurement

Suitable techniques to realize measurement

Velocity measurement at a point

Point measurement:
— differential pressure devices;
— vane anemometer

Determination of swirl at the measurement plane

Differential pressure device able to determi
direction:

— S-type Pitot tube;

— 3D or 2D Pitot tube

ne flow

Per]

jodic measurement of average velocity in duct Grid of point velocity measurements
Tracer dilution technique

Tracer transit time technique

Calculation approach based on energy’consfimption

Cal

bration of AMS for average velocity or volume Grid of point velocity measurements
Tracer dilution technique

Tracer transit time technique

Thd
abo

The
for
whi

The

point velocity measurement methods described in EN ISO 16911+f. may be used to fulfi
ve objectives, subject to the performance requirements of this method being met.

alternative methods described in EN ISO 16911-1 may be used to determine volume flo
the calibration of flow automated measuring systems (AMSs), provided specific requirem
ch they may be used are met. These are detailed in 6.3;

objective of the flow measurement should be ¢learly defined before selecting the

ap

oach. In particular, the required basis of the: fiteasurements, stack gas conditions o

confditions, on a wet or dry basis should be understood, as the selection of the measuremen
may be influenced by this.

EXAMPLE

If the flow measurements arete-be used to calibrate an AMS which measures flow

any of the

w rate and
ents under

monitoring
" reference
technique

under stack

condlitions, then the flow should be determiihed under these conditions to avoid additional uncertdinties being

intr
usin
wol
the

6.2

Inad
Thd
allo|

The
exp

bduced when converting between different conditions. Similarly, if mass emission rates are to b
g concentration data obtained in a.dry basis, then flow values determined directly under dry
ld be preferred. It is not always possible to achieve this, and so EN ISO 16911-1 provides procedurg
Hata to different reference conditions.

Choice of technique to determine point flow velocity

rder to fulfil objectives 6.1 a) to c), a technique able to determine point velocity shall be
se techniques‘miay also be employed to meet all other measurement objectives. EN I
ws the usewefdifferential pressure devices or vane anemometer to determine point flow

following provides some general advice on the selection of the point monitoring techniqu
ertjudgement and specific conditions inform the choice of technique on a case-by-case b

e calculated
y conditions
s to convert

employed.
b0 16911-1
velocity.

b, However,
nSis.

Th

h) L£1.cc A | s LD o ] A - ) 1 14 aalas 1 d A A
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describes the use of these techniques. These include the L-type, S-type and 2D and 3D Pitot tubes. Pitot
tubes of different designs may be used provided that they meet the performance requirements given in
EN ISO 16911-1, under the conditions of use. However, certain designs of Pitot tube are more appropriate
to certain stack and measurement conditions.

A vane anemometer technique may be used provided the performance requirements given in
EN ISO 16911-1 are met. Annex B provides a procedure for the use of this technique.

The objectiveis to determine the axial velocity at one or more points in the stack. Most point measurement
devices, if aligned to the axis of the stack, measure the magnitude of the flow velocity vector if the angle
of the flow to the axis is small (<20° is typical as observed in the laboratory validation studies). This
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implies these devices could overestimate the axial velocity by a factor equal to the reciprocal cosine of
the angle of the flow velocity to the axis.

NOTE 1  If there is significant swirl in the duct flow, the 3D-type Pitot can be the appropriate method. A
procedure is given in 9.3.5 to determine the swirl, and provides criteria to determine if the swirl is significant.

NOTE 2  In ISO 10780[4] and EN 13284-1,[8] it is stated that the S-type Pitot tube is more sensitive than the
L-type to alignment to the flow vector. However, the laboratory evaluation carried out for EN ISO 16911-1 did not
observe this. Both the L- and S-type Pitot tubes were observed to have similar response to being misaligned to
the flow vector. In both cases, the Pitot tubes could be misaligned by up to 15° to 20° without significant (<1 %)

change to the velocity reading.

For small

more appr
droplets of
is not recol

For velocit
the potenti

6.3 Chot

The avera
In such ca
EN ISO 164
These met
from energ

The tracer
for the cali

NOTE1 1
radioactive
time of fligh

Tracer met
installation

The calculz
or other p
methods s
method de
the combu
measurem
with varial

hccess ports, and for use in conjunction with sample probes, the S-type Pitot tube cai
ppriate. The S-type Pitot tube can also be more appropriate for use in cases where there
significant dust loading in the stack. In conditions of high dust loading, a vane anémom
mmended as it may become fouled, affecting the calibration.

es less than 5 m/s or differential pressures less than 5 Pa, the vane anemometer method
al to give smaller uncertainties than the differential pressure-based method.

ce of technique for volume flow rate and average flow detérmination

be velocity may be determined from the average of a grid. of point flow measureme
bes, the measurement plane shall meet the requirements_ of EN 15259. Annexes C, D,
911-1 provide methods for the measurement of volume flow rate and average duct velo
hods are: tracer gas method by dilution; tracer methed using transit time; and calcula
y consumption for combustion processes.

cas methods may be used for the determination of volume flow rate and average velocity
bration of AMSs used to determine these parameters.

'he use of the radioactive tracer time-of-flight can be restricted by national regulations on the u
tracers. [tis also a requirement that there is‘a straight section of duct long enough to provide adeq
t measurements.

hods require complete mixing of the injected material and therefore the tracer methods req
of an injection port at a suitable location, and may require a port for the sensing element.

tion approach is suitable for the determination of volume flow rate from combustion sou
rocesses, where the required process information is available as defined in Annex E.
hall not be used for-the parallel calibration of automated flow measurement systems.
termines the flew based on measurements or assigned values for input parameters f
stion process)-€.g. fuel composition and fuel amount. Where input data are measured,
bnt systems/sed shall be under appropriate quality control and shall be calibrated. For f
ble moistiire content, a fuel sample per measurement period shall be taken and analysed
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NOTE 2  Kuel composition has only a small impact on the dry flow rate.

Methods which determine volume flow rate may also be used to determine average velocity at the
measurement plane, through measurement of the stack diameter and the use of Formula (1), and vice versa.

7 Measuring equipment

7.1 General

Flow measurement may be carried out for anumber of objectives, as described in Clause 6. The equipment
used depends on the technique adopted and is detailed in the relevant normative annex.

12 © IS0 2013 - All rights reserved


https://standardsiso.com/api/?name=99dbb7394e4e2af50842037453f8547e

7.2 Measurement of duct area

1ISO 16911-1:2013(E)

Measurements of the internal duct area shall be made using direct dimensional measurements. The
use of engineering drawings or specifications without verification by measurements is not allowed.
Care should be taken if external measurements are used to define the internal dimension, e.g. using
external circumference for circular ducts or the measurement of sides of a rectangular duct. These
approaches should only be used if the duct wall is constant in thickness, well defined and single skinned.
The depth of any ports and the depth of the duct wall shall also be measured at each measurement port.
If not significantly different, the mean value of these may be used. A laser measurement device (see
Annex I) or a suitable rigid measuring rod may be used to directly determine the internal diameter on

at leasttwo axes, Care should be taken to ensure the measurements are pnrpnnr‘ir‘n]:\r tothe stack axis

and| that internal stack fittings and ports do not affect the measurement. In high-temperatjure stacks,

temperature effects shall be considered and taken account of if using a measuring rod.

Performance requirements are given in Table 2.

Table 2 — Performance requirements

Parameter

Criterion

Method of determination

Int¢rnal area of duct at measure-
ment plane

<2 % of value

Performance evaluation of megsurement
method — note temperature njay have a
significant influence

8 [Performance characteristics and requirements

EN [SO 16911-1 defines performance requirements:for'the manual determination of the polnt velocity

acr

ss a measurement plane within an emissionsduct. Other techniques may be used, in which case, it
shall be demonstrated that they meet the perfefinance standards given in EN [SO 16911-1.

Theperformance characteristics defined indable 3 shall be metby velocity flow determination fechniques.

Table 3*— Performance requirements

Parameter

Criterion

Method of determipation

Stahdard deviation of repeatability
of measurement in the laboratery

<1 9% of value

Performance evaluation {n wind
tunnel at values spanning measured
level

Lack-of-fit (linearity)

<2 % of value

Maximum deviation from linear fit
at five velocity levels in wind tunnel

Undertainty due;to calibration

<2 % of full scale

From calibration certificfite for
measurement equipment

Lowest measureable flow
(lirTit of\quantification)

No criterion, but should be deter-
mined

This parameter shall be deter-
mined, but is not a perforjmance
requirement. The sensorfshall not

be used to measure flows below its
limit of quantification

Sensitivity to ambient temperature
Note: Only external components are
affected by ambient conditions.

<2 % of range per 10 K

Performance evaluation of meas-
urement device

Sensitivity to atmospheric pressure

<2 % of range per 2 kPa

Performance evaluation of the
measurement device

Effect of angle of sensor to flow

<3 %at 15°

Performance evaluation of meas-
urement device

© IS0 2013 - All rights reserved

13


https://standardsiso.com/api/?name=99dbb7394e4e2af50842037453f8547e

ISO 16911-1:2013(E)

9 Measurement procedure

9.1 Site survey before testing

The setting of the sampling location shall be according to EN 15259. A survey of the plant and sampling
plane before the measurement is necessary to gain information on access to the sampling location,
sampling port number and dimension, work place conditions, weather protection, obstruction, and
power supply at sampling location. From the information collected, select the proper sampling device
and define a schedule of the test procedure. The measurement schedule should include dates, starting
times and duration of the test periods. Make sure that plant operation conditions during test periods or

volume flo

The measurement should be conducted under conditions as close to steady-state operation as.poss

To achieve
measuremg
of the aver§

The area o
5 % of the

NOTE £
1 h to comp

9.2 Dete

The requir
the measul

The measurement plane for the determination of volume flow rate shall conform to the requirement

v rate measurement should be communicated to control room staif and plant managems6

operating conditions that are as close to representative as possible, discuss the purpdse of
bnt with the plant management. If periodicity in the flow is expected (peak to peakyariation >

F the flow measurement assembly (sensing element and probe) shall notobstruct more t
stack sampling plane area.

ete. During this time, it is desirable to have flow conditions which-are-as stable as possible.

rmination of sampling plane and number of measurement points

bments in this subclause are applicable when a series of measurements are being made ac
ement plane, in order to determine the volume flow rate.

0
ge flow conditions), the measurement plan should be developed to average out'these Variati]lns.

nt.

ble.
the
%

han

\ typical point measurement survey, in a duct requiring 20 measuremient locations, could take up to

0SS

s of

EN 15259; pny deviations from EN ISO 16911-1 shall be'reported.

If measurements are being carried out to charactérize the flow conditions at the measurement plane,
considerat]on shall be given to the need to chatacterize the flow under different process (load) conditipns,
as this canllead to different flow conditions./This is of particular concern when the measurements|are
being carrjed out to characterize the sampling location for the installation of a flow AMS or for|the
calibration| of a flow AMS.

9.3 Cheg¢ks before sampling

9.3.1 General

Dependinglon the menitoring plan, the preliminary inspections required in EN 15259 shall be cartied
out before the startof sampling.

When usirlgan. electronic pressure reading device, a calibration check shall be made by compafing
the outputhwi iqui i i ith an

uncertainty better than the measurement device. The two results shall agree to within the uncertainty
of the electronic device, if they differ by more than this, the cause shall be investigated and rectified. The
resolution of the electronically pressure device shall be at least 2 decimal places per pascal.

Measure the internal stack diameter and stack wall thickness at the measurement plane for each
measurement line. The duct wall thickness should include the depth of the port. The use of engineering
drawing for the determination of the internal diameter is possible. The data, however, should be made
plausible. Determine the required number of measurement lines and measurement points following the
procedure given in EN 15259:2007, Annex D, based on the equal area approach. For circular ducts, the
tangential approach shall be used.

Calculate the position the probe should be inserted for each point and mark the probe accordingly,
taking account of the duct wall and port depth.
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Identify a suitable location for the fixed-point flow determination to check varying flow conditions with
time. This may be a second flow measurement device, or a suitable flow AMS, provided it is located in a
suitable position.

Before and after use Pitot tubes shall be checked for:
— deformities, burrs or damage to the tube;
— blockage of the pressure taps;

— internal leakage between the stagnation and static pressure taps for L-type or stagnation and

referenceforotherPitottubes;

— |cleanliness;

— |straightness of the supporting tube.

Befpre and after use vane anemometers should be checked for:
— |damage to the vane and housing;

— |build-up of contamination on the vane blades;

— |cleanliness;

— |any sticking of the vane when gently blown on.

Anyf issues with the preceding two lists invalidate the calibration of the device.

9.3]2 Pre-testleak check

Befpre undertaking a series of measurements or each time the system is disconnected, whiclever is the
more frequent, a leak check should be perfoymed for Pitot tubes. This can be achieved by pressurizing
theltube at least as high as the static pressure in the stack and sealing the pressure taps. THe pressure
reafling device should indicate no drop.in pressure over a 5 min period.

9.3]3 Check on stagnation and reference pressure taps (S-type Pitot tube)

ThgS-type Pitot tube shall e positioned perpendicular to the direction of the flow. The staticjpressure is
then measured using bothitaps. The difference in the measured static pressure shall be less han 10 Pa.

9.3[4 Tests of repeatability at a single point

If two measurément devices are being used, one fixed and one traverse, select one equal area lpcation and
malke atleastfive paired readings of the velocity, using both measurement devices in the samefequal area.
Calgulate-the field repeatability from the standard deviation of the differences between thege readings
and| compare to the field repeatability criterion in Table 4, as a percentage of the measured vglocity.

If only one deviceisbeingused, calculate the repeatability from the standard deviation of five consecutive
1 min readings of the velocity.

NOTE The test for repeatability when only one flow measurement device is used includes the influence of
changes in the stack flow as well as the repeatability of the flow device. This is intentional, as it is only intended
that a single device be used when the flow conditions are stable.

9.3.5 Swirl or cyclonic flow

If swirl is either known to exist from previous measurements or is expected due to the geometry or stack
conditions, then non-axial flow (indicating swirl within the duct) shall be assessed at each measurement
point using differential pressure devices in accordance with methods provided in ISO 10780.[4] If any
of the tangential flow angles is greater than 15 ° to the axial direction at any measurement point in the
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plane, then swirl may be assumed to have a significant impact on the measurements. In such cases,
measurement of the velocity at each point should be made using devices which can provide the flow
velocity and angle of flow at each point. These include 3D, 2D, and S-type Pitot tubes.

If the swirl is >15°, then the velocity corrected for flow direction, v, is given by:

Vc = €OS Omeas Vmeas

where

€0S Ompas—Iisthe cosine of the angle measured;

Vimeas is the velocity measured.

NOTE 1  This corrects for flow direction and does not correct the reading of velocity.

NOTE2 S EPA Method 2[14] describes a procedure for determination of swirl.

9.4 Quality control

A number pf quality control and quality assurance procedures are requited to ensure measuremg¢nts
made using differential pressure devices achieve the smallest measutement uncertainty. These|are
summariz¢d in Table 4.

Table 4 — Performance requirements during field measurements

Parameter Criterion Method of determination
Field repeatability <5 % of velocity Determined before measurements
(9.3.4)
Angle of flojw sensor to gas flow <15° During measurement
Stack internal area 2 % of value Determined before measurements
Positional gdccuracy of flow sensor in |<10 %.of distance between During field measurement
stack adjacent measurement points

Angle of th¢ probe to measurement ,<10° from measurement plane |During field measurement
plane (pitch of probe)

Uncertainty in flow measurement <1 % of value Calibration certificate

device calihration

Uncertainty in differentiabpressure- |<1 % of value Calibration certificate for manometeif or
reading devyice calibratipna pressure sensor

Uncertainty in stackigds densitya <0,05 kg/m3 During field measurement

a  Only applicable’to differential pressure devices.

Specific requirements IOr vane anemometers are defined 1n Annex b.

9.5 Measurement of flow at locations within the measurement plane
Carry out measurements of the velocity at each sampling point in the measurement plane.

Insert the probe to the marked insertion depth, in accordance with the measurement locations defined
in 9.2. For differential pressure devices, at each measurement point, determine the average differential
pressure over at least 1 min, from the average of at least three instantaneous readings of the differential
pressure. An electronic manometer may be used to provide a direct reading of average differential
pressure over at least a minute.
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Measurement times for the 3D Pitot tube method can be significantly longer. It is important in such
cases to ensure that temporal variations in the stack flow are considered.

If two flow measurement devices are being used, record the measurements from both devices in parallel.

Record the temperature at each measurement point, where appropriate. Record measurements of
oxygen, water vapour and COy, if required, or determine the stack gas density by other means.

Rec

Rec

ord the atmospheric pressure.

ord the static pressure at least once for each measurement line.

9.6

Post-measurement quality control

A blockage test is required for differential pressure devices.

Thi
3D

5 test is not required for an S-type Pitot tube. Its performance is required for each presst
Pitot tube. It shall be carried out as a minimum after the measurement period. It is advisal

it ofit after each traverse as, if it is failed, all data since the previous test are\invalidated.

Red
pre
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the)

10

10.

Int
med

Res
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10.

ord the differential pressure at a location in the duct. When usinig 3D Pitot tube, pu
ssurized air to clean the pressure taps. Repeat the measurement, of the differential pres
e location. If the two readings are within 5 %, then the travetse-data are acceptable. The
Hings shall be checked to ensure they do not vary by more than 2 % between these measu
i do, the blockage test readings may be corrected to account for the variation in flow.

Calculation of results

1 General

he calculation which follows, the gas properties are assumed to be the same across all p
isurement section.

ults may be reported under stack-Conditions or reference conditions. The choice of condit

lable data. If the measurements are being made in order to calibrate an AMS, then th¢
1ld be expressed in the.same units. Where the volume flow rate data are being used t
s emissions, then the flow data and the concentration data shall be expressed in the same
hvoid additional unceértainty components, unnecessary conversions between conditiong
ded. This requirement implies that, for example, if it is possible to measure simultand
Centration and flow data under wet (stack) conditions, then this is preferable as there
1lirementtomeasure water vapour concentration in order to convert measurements to dry
the uncertainty component due to this measurement is avoided.

2cCMeasurement of velocity

ire tap of a
ble to carry

Fge it with
sure at the
fixed point
rements. If

bints of the

ions under

ch to express the results should be informed by the intended use of the measurements, and by

 flow data
o calculate
conditions.
should be
ously both
is then no
conditions,

The velocity at each point i in the measurement plane, v;, is determined using the differential pressure

dev

ice or vane anemometer (see Annexes A and B).
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10.3 Determination of the mean velocity

The mean axial velocity, v, in m/s, across the measurement plane is given by:

7, == 3, 3

i=1..n is the ith measurement point;

% is the local velocity at measurement point i, in m/s.

NOTE Formula (3) is only valid if the velocities are taken at equal area points.

10.4 Coryection of average velocity for wall effects

The rapid qurvature of the wall velocity profile is not fully captured by the relatively coarse measurenjent
grid, defingd according to EN 15259, leading to a slight overestimate of flow rate. EN ISO 16911-1, in[line
with US EHA Method 2H,[17] allows the operator to select a default wall adjustment factor (WAF), fwa,
which is uged as a multiplier on the measured mean flow rate in a duet of circular cross-section. [The
default WAF is 0,995 for smooth walled ducts or 0,99 for rough walled ducts constructed from bfick
or mortar. |Application of the WAF therefore results in a 0,5 % to_150 % reduction in volume flow 1fate.
Default facfors for ducts of rectangular cross-section may be calculated using a procedure defined i US
EPA CTM-(41.[13]

Ve =Vfa (4)
where
v is the corrected mean velocity, in m/s;

C
v is the mean velocity, in m/s;
fwa | is the wall adjustment fagtor.

NOTE S EPA Method 2H[1Zl also defines a method for calculating the WAF based on near wall veldcity
measuremehts in ducts of more'than 1,0 m diameter, provided that the measured WAF is no lower than 0,97. US
EPA CTM-041[13] defines a¢siymilar approach for ducts of rectangular cross-section, noting that the wall effect
in these cirfumstances can-be more significant since: the ratio of the perimeter to the cross-sectional arga is
greater; the| test points ate relatively further from the wall; and the corners of the duct are subject to incregsed
wall effects|from twe'adjoining walls.

10.5 Calcpdation of the volume flow rate from the average velocity

The volume flow rate under the conditions of temperature and pressure of the duct, and on wet gas, gyw,
in m3/s, is given by Formula (5):

qQy.w = VA| (5)
where

v is the mean velocity, in m/s;

Ap is the internal area of the measurement section, in m2.
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6 Conversion of results to standard conditions

10.6.1 General

If required, the volume flow rate is converted to standard conditions according to the calculations in
10.6.3 to 10.6.4.

10.6.2 Conversion of the volume flow rate to standard conditions

The volume flow rate may be expressed as a dry gas, under standard conditions for temperature and

pref3urE, e, 273,15 Kand 101,325 kPa, Tespectively:

If tl[e pollutant is expressed to a reference oxygen concentration, the volume flow rate"sH

cald

Thd
reld

10.
The

whg

10.

ulated under the same conditions.

calculation of the uncertainty of the normalized flow rate shall take account of the unce
ted measurements to these conversions.

6.3 Dry volume flow rate in standard conditions

dry volume flow rate, under standard conditions of temperature aiid pressure, qyod, in m3/s,
o =ay o xPe X273,15x100_(PH20
V.04 =AW T01,325" T, 100
re
Qvw the volume flow rate under the conditions of temperature and pressure of the ¢
wet gas, in m3/s;
Pc is the absolute pressure in the'\duct, on the measurement section, in kPa;
Tc is the temperature of gas;in the measurement section, in K;

PH.,0 is the water vapouncontent of gas in the duct, expressed as a percentage volum

b.4 Conversion of the)volume flow rate to a reference oxygen concentration

all also be

rtainties of

is given by:

(6)

Juct, on

e fraction.

Thddry volume flow-rate, under standard conditions and on reference oxygen concentration, f1y o4 0,ref
in m3/s, is given(by:
21-99,,4
- 2
v 9aigaref =4v,04,0, 57 (7)
_(POZ,ref
wheére
qv 0d.o is the dry volume flow rate, under standard conditions and on actual oxygen con-
T2 centration, in m3/s;
®0, ref is the reference oxygen concentration, expressed as a percentage volume fraction;
®0,.d is the oxygen concentration measured in the duct during the exploration of the duct

on dry gas expressed as a percentage volume fraction.
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11 Establishment of the uncertainty of results

An uncertainty budget shall be determined for the reported results in accordance with the principle of
the calculation of the overall uncertainty as specified in ISO/IEC Guide 98-3 and ISO 20988.

— Determine the standard uncertainties attached to the performance characteristics to be included
in the calculation of the uncertainty budget by means of laboratory and field tests, according to
ISO/IEC Guide 98-3.

— Calculate the uncertainty budget by combining all the standard uncertainties according to
ISO/IEC Guide 98-3, including the uncertainties in the calibration of the measurement devices, and
any ur]certainties due to conversion to reported conditions. If required uncertainties due tg yvall
effectd and swirl shall be taken into account.

— Values|of standard uncertainty that are less than 5 % of the maximum standard uncertainty may
be neglected.

— Calculate the overall uncertainty at the measured value, at the reported conditions.

— Uncerflainty contributions due to the determination of the stack area slall be considered. This
should|take account of uncertainties due to the measurement device and-$tack non-uniformities{ An
examplle is given in Annex D.

— Uncertlainty contributions due to wall effects may be determineddy considering the use of the fixed
factor ppecified in 10.4.

— The uncertainty contributions due to swirl may be discounted if the procedures for aligning|the
flow nleasuring devices given in EN ISO 16911-1 are followed.

NOTE The laboratory assessment of point measurement-devices showed that the maximum effect due td 15°
of flow wasless than 1 % of the measured velocity.

An illustrative uncertainty budget for measureménts made using differential pressure reading devjces
is given in Annex F, examples for other volumé flow rate determination methods are given in|the
respectivejannexes.

12 Evaluation of the method
The techniques described in EN IS0, 16911-1 were assessed during three validation studies (Reference [46]).
The validation studies werésubdivided into two parts:

— laboratory tests at awind tunnel site with a series of test runs involving manual methods (SRM) pnd
automftic measuring methods (AMS);

— field tgsts atitwo plants site with a series of test runs involving manual methods (SRM) and automiatic
measulring methods (AMS).

Full reports on the validation studies are available through the CEN/TC 264 Secretariat, and are
described in overview in Annex G.

The assessment of the field validation data in accordance to ISO 20988 provides the following
results. The standard uncertainty of the result measurement y from the application of a manual flow
measurement techniques in the range 17,8 m/s to 21,2 m/s, is u(y) = 0,49 m/s. The expanded 95 % of
result of measurement y using a manual flow measurement method in the range 17,8 m/s to 21,2 m/s is

Uo,95(y) = 0,98 m/s.

The 95 % confidence interval [ yr - Up 95(y) : YR + Up,05()] is expected to encompass P = 95 % of the measured
points. It was found to encompass P = 97,5 % of the evaluated 62 measurement results y(k,j). Therefore, the
expanded uncertainty Up 9s5(y) = 0,98 m/s is considered to be a reasonable measure of the uncertainty.
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The uncertainties determined are therefore applicable to the measurement of average flow for an
emissions duct in m/s formed by taking a grid of samples of point flow measurements.
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Annex A
(normative)

Measurement of velocity using differential pressure based

A.1 Principle of differential pressure based technique

The principle of the determination of velocity in a gas using differential pressure measuremer

techniques

tis

described in ISO 3966.[3] A Pitot tube provides a means to determine the differential pressure withjin a

region of t
principles

At least tw]
the stagnaf
tap may co
as in an S-
the flow vq
Pitot probgq
measured

digital mapometer or a manual inclined liquid manometer.

Formula (A

A.2 Med

A.2.1 Pitot tubes

A2.11 L
This type i
contains fl

outlet to al
total press

Figure A.1

A212 S

This type i5

e measurement plane. Figure A.2 is a schematic diagram of an L-type Pitot tube, though
hire the same for all Pitot tube designs.

b pressure taps are aligned in the flow stream, one directly impacted by the flow, measu
ion point pressure, pz, and one or more measuring the static pressure, p3. The static press
hsist of aring of holes around the Pitot tube in an L-type design, ox'a single ‘wake’ pressure
ype design. In 3D Pitot tubes, additional separate pressure taps, may be present to meas
ctor in three dimensions. The pressure at these orifices-is.transmitted by the tubing of]
e to a differential pressure meter mounted outside the stack. The difference in pressur
bt this point. The measurement of the differential préssure may be carried out by eith

.1) is used to derive velocity from the differential pressure.

suring equipment

type

5 a basic Pitot tube, which consists of a tube pointing directly into the fluid flow. As this ]
1id, a pressure can be-measured. The moving fluid is brought to rest (stagnates) as there i
low flow to continie This pressure is the stagnation pressure of the fluid, also known as|
ire or (particdlarly in aviation) the Pitot pressure.

illustrates, tlie measurement principle of the L-type Pitot tube.
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to that of the L-type. The velocity is calculated on the same way as for the L-type. The S-type has to be
calibrated againstareference method because the measured “static” pressure is notthe real static pressure.

Figure A.3

A213 3

is a schematic diagram of an S-type Pitot tube.

D

This type of probe consists of five pressure taps in a spherical (or prism-shaped, which was not used on
laboratory tests) sensing head. The pressure taps are numbered 1 to 5, with the pressures measured at

each holer

22

eferred to as p1, p2, p3, p4, and ps, respectively.
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The differential pressure pz - p3 is used to yaw null the probe and determine the yaw angle; the
differential pressure p4 — ps is a function of pitch angle; and the differential pressure p1 — p2 is a function
of total velocity. A typical spherical 3D Pitot tube is shown in Figure A.4.

al —
c
A A A \
d
Key
a |p3 static pressure c @ flow
b |p2 stagnation pressure point d™~ Ap differential pressure measurement
Figure A.1 — Principle of differential pressure-based velocity determination
F—
1 \
[ :
‘ 47 S —
P —
Key]
1 ps/__static pressure 3 1% flow direction

2 p2 total or stagnation pressure

Figure A.2 — Schematic diagram of an L-type Pitot tube
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2— N me—1<— 13

J

Key
1 p2
2 p3  skatic pressure

(s

btal or stagnation pressure 3 v flow direction

Figure A.3 — Schematic diagram of an S-type Pitot tube

Key
1 sphere of diameter 38,1 mm (1,5 inch) ai angle between sensing holes of 44°
2 type K thermocouple ap angle between sensing holes of 44°
3 tube of diameter 19,05 mm (0,75 inch) L probe length of 1,067 m (42 inch)
P1 .. P5 taps (sensing holes) at which pressures are p1 ... ps

Figure A.4 — 3D (spherical) Pitot tube
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A2.1.4 2D

A 2D probe measures the velocity pressure and the yaw angle of the flow velocity vector in a stack or
duct. Alternatively, these measurements may be made by operating one of the 3D probes described in
A.2.1.3, in the yaw determination mode only. From these measurements and a determination of the
stack gas density, the average near-axial velocity of the stack gas is calculated. The near-axial velocity
accounts for the yaw, but not the pitch, component of flow. The average gas volume flow rate in the stack
or duct is then determined from the average near-axial velocity.

A.2.1.5 Examples of Pitot tube designs

A.2|]1.5.1 AMCA-type
See|Figure A.5.
A
B 16d i 8d _
0,84 &
ol Q
/|
7))( -
i 4 Sy
<
3
. <P
|<_ @
A
1
4 -
P @
N @
zill'® 2
‘/
4 —
0,L4d
-
Key
1 inner tube diameter
2 outer tube diameter
3 eight holes of diameter 0,13d, not to exceed 1 mm diameter maximum, equally distributed and free of burrs

Figure A.5 — AMCA-type Pitot tube
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A.2.1.5.2 NPL-type

See Figure A.6.
3 1 7
o < / 8d >l nd > /
Y © / —
o | SN % [ o = . 6
s | W NN { Ty e ==
A E d
2 2¢f - 0\ P
a0 | )
5 8

X
& 7 || m——
S

10

Key

1  head 6  alternative curved junction
2 total pfessure hole 7  mitred junction

3 modifigd ellipsoidal nose 8 stem

4  static gressure holes 9  alignmentarm

5  spacer 10 pressure tapping

d  outer thbe diameter a Total pressure.

b Static pressure.

A A £ ANDIL 3 Ditos & 1.
s lsul C .Y INL L L_ypc I ITUL tUUT

A.2.1.5.3 CETIAT-type

See Figure A.7.
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Y
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4

4294

¢d
90

#0125
30°
N

9 5

d outer'diameter a The radius is only useful when the Pitot tube is used in liquids
in order to avoid cavitation.

NOTE~_Static pressure taps may be limited to those indicated on section A-A, in which case section A-A shal| be placed at
6d filom-the tube tip.

Key]

Figure A.7 — CETIAT-type Pitot tube

A.2.2 Differential pressure flow measurement equipment

A.2.2.1 General
The differential pressure at representative locations across the stack is measured by inserting a probe,

with a Pitot tube at the end, into the stack. The probe transfers the differential pressure between the
static and stagnation pressure taps, to the differential pressure device.
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The measurement of gas velocity by differential pressure at a location in the stack therefore requires:

a) differential pressure sensing head — Pitot tube, generally of S- (A.2.1.2), L-type (A.2.1.1) design or

a 3D Pitot tube, e.g. of spherical (A.2.1.3) or US EPA Method 2Gl[16] design;

b) probe — usually integral to the Pitot head, but extension tubes may be used, provided they are fully
leak checked prior to use;

c) differential pressure measuring device — either an inclined manometer or digital manometer
meeting the requirements of Table A.1;

d) Stack ao tCllllJCl atul C OoLIIovur,

e) atmospheric pressure sensor.

For simultaneous measurements of the traverse and fixed point velocities, two sets of items.a) to €)
required. Where only a single device is available, e.g. due to access port restrictions or dlict dimensi
then measyirements at the fixed point location need to be made periodically during thémeasurement
flow AMS hay be used to provide the fixed point readings. In addition, an accurate.theasurement of
stack interpal diameter and wall thickness are required.

are
bns,
s.A
the

NOTE In the case of a 3D Pitot sensor, the pressures at the pressure taps are transferred in a number of tiibes
to three differential pressure measurement devices.

A.2.2.2 Pitot tube

The Pitot ty
described

Ibe shall meetthe performance requirements specifiedin Table A.1. [t may be one of the des
n this annex, or any other design meeting the perfermance requirements of EN [SO 1691

gns
1-1.

For many 3
non-axial f

The probe
temperatu

The eleme
identify th
has been i
required

The Pitot
calibration
flow plus f

The calibr
calibration
facility wit

pplications a 1D Pitot tube (e.g. S- or L-type design) may be used. Where there is signifi
ow or swirl, a 3D Pitot tube, e.g. spherical, can'deliver smaller uncertainty values.

5 and Pitot tube heads shall be made_of,material that is not affected mechanically by
es within the stack.

hts of the Pitot tube probe which,remain external to the stack shall have a mechanisn
b tube orientation within the stack and a methodology to mark the distances that the pq
nserted into the stack. Thissenables the correct positioning of the sensing head within
easurement points inside.the duct.

ube shall be calibrated at flow rates representative of the stack flow conditions, and

xed percentages of the maximum flow).

ant

the

h to
obe
the

the

points used shall‘ercompass its range of operation (e.g. a maximum of twice the maximum

The

hition shall ‘be' a multiple point calibration spanning the velocity range of application.

h flow.lates traceable to laser Doppler anemometry.

If a Pitot t

shall have’metrological traceability. This may be achieved, for example, by the use of a flow

ub® (commonly an S-type) is used in a configuration with a closely coupled gas-sampling

probe, then the device shall be calibrated in this configuration.

The use of standard Pitot calibration factors and performance based purely on Pitot tube design criteria
is not allowed within EN ISO 16911-1. Devices shall be calibrated and have been subject to suitable
performance evaluation.

Any other flow conditions affecting the differential pressure (e.g. turbulence in the case of S-type tubes)
shall be properly taken into account in calibration.

NOTE The calibration requirement can be fulfilled by a corresponding traceable certificate prepared by the
manufacturer according to EN ISO 16911-1. If no mechanical damage of the tube occurs, a repeated calibration is
not necessary.
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2.3 Differential pressure measurement device

The measurement of the differential pressure between the pressure taps of the Pitot sensor is made using
a differential pressure meter; this may either be an inclined manometer or an electronic differential-
pressure gauge.

A correction for ambient temperature is required for an inclined manometer.

The differential pressure gauge shall be calibrated in a range appropriate for the application. The
calibration shall be metrologically traceable to SI.

The
diff

A d
diff
rea
(pe
con
rec

sys

NOT

brential pressure that it is required to measure.

amping device may be required if the stack conditions cause oscillations in_the Trea
brential pressure which make it impossible to achieve the required uncertainty in t
ling. Damping is required if the magnitude of the fluctuations in the differential pressu
hk-to-peak) are >10 % of the mean reading at the measurement location; The damping
Kist of a damping pot or a capillary tube installed in a liquid manometer; or other device j
mmended by the manufacturer. The damping device shall have beén)demonstrated not
ematic effect on the differential pressure reading.

E IS0 3966:2008,[3] Annex D, describes a methodology for damping a liquid manometer sys

capillary tube.

The

frequency of calibration of the differential pressure.gauge depends on its use. Thd

maximum

out of the
pressure
re reading
levice may
rovided or
to cause a

tem using a

user may

denponstrate that the calibration function of differentialpressure gauge is still valid by peri¢dic checks

of t

A2

The
tub
pre

In d
par

The
A té

he differential pressure gauge.

2.4 Measurements of stack gas conditions

calculation of stack gas velocity from. the differential pressure measurements made v
e requires knowledge of the stack gas density, which is determined from the tempera
ssure and gas molar mass.

rder to refer the measured flow to standard conditions (see 10.6) measurements of th
hmeters of the stack gas arerequired:

temperature;
water vapour;

where necessary, measurements of the oxygen or CO; content.

Fith a Pitot
fure, static

e following

se datamay be obtained from calibrated automated monitoring instruments installed on the stack.

asurement

mpérature sensor shall be used to measure the stack gas temperature at the Pitot mq

locd

tien. This sensor shall be calibrated and shall be able to meet the performance requirenpents given

inT

lable A.1.

The measurement of oxygen concentration within the stack gas shall be made in accordance with EN 14789.

The measurement of water vapour within the stack gas shall be made in accordance with EN 14790.

In the case of dry air (<1 % humidity) the molar mass may be assumed to be 29 kg/kmol.
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Table A.1 — Performance requirements for differential pressure-based flow measurement

Parameter Criterion Method of determination

Minimum differential pressure

5Pa
pressure-reading device

Performance evaluation of differential

Calibration

urement device for temperature

Performance evaluation for tem-
perature sensor from thermocoupl

uncertainty of the meas- [<1 % of value

e

which contains the temperature sen- standards
sor and the indicator
Calibration uncertainty of the dif- <1 % of value or 20 Pa which- Performance evaluation of differential
ferential prfessure sensor used for the |ever is greater pressure reading device
measuremgnt of the dynamic pres-
sure and offthe static pressure
A.3 Calqulation
A.3.1 Determination of velocity using differential pressure devices
The principle of the determination the velocity of a gas at a point of the measurément section, by mdans
of a Pitot tube, consists of measuring the dynamic pressure at this point‘with a Pitot tube associgted
with a majometer. The local velocity at measurement point i, v;, in m/S¢is then calculated accordinjg to
Formula (4.1):
2Ap;
v, =K, |=2PL (h.1)
\ r
where
A? s the average dynamic pressure measured at the point i of the measurement section, in Ha;
1
K s the coefficient of the Pitot tub€ which includes the Pitot calibration factor and constant
alues relating to Pitot design;
p s the density of the gas efflient under the conditions of temperature and pressure of wef
bas, in kg/m3.
The average dynamic pressure A_pl is equal to the arithmetic mean of the n measurements of dynamic
pressure carried out at each point i:
— 1
Ap; =~ ZAPI' (p-2)
mn*
=1
Direct detérmination of /\_pl is pnccih]n ncing a suitable Higifn] manometerwhich prnvidnc an-average

reading of dynamic pressure over the required averaging period.

Formulae (A.3) to (A.10) are used to calculate the velocity, the yaw, the pitch and the gas volume flow
rate with 3D US EPA Method 2F.[15]

) (P1—P2)-
F(i)=0——2L A3
1(1) (p4_p5)i ( )
Fo (i) =Cp |—OPstd A4
2(i)=Cp S (A4)
Mg =My (1-@y5)+180 (A.5)
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Ps=Pam+ 3¢ (A.6)
Ty R=460+T(;) °F (A7)
Va) =K pFa (i) % [cos ®y(i)][cos ®p(,-)] (A.8)
L 1 p )
Ay, sw = 3,600V, a1 As {T > JL — J (A9)
s(avg) |\ Pstd
v, sa =qv, sw (1= Pws) (A.10)
whére
As cross-sectional area of stack, in ft2;
Pws water vapour proportion by volume;
Kp conversion factor, 85.49 ft/s[(Ib/1b-mol)(inHg)/(R}/(inH20)]0-5;
Mgy molar mass of gas, dry basis, in Ib-lb/mol;
Mg molar mass of gas, wet basis, in lb-1b/mgl;
Patm atmospheric pressure, in inHg;
Pg static pressure, in inH70;
Ds stack absolute pressure, inHg;
Pstd Standard absolute pressure, 29.92 inHg;
qv, sd Average dry-basisvolumetric stack gas flow rate corrected to standard conditions, in
dscf/h;
qv, sw Average-wet-basis stack gas volume flow rate corrected to standard conditiors, in
wscf/h;
Ts(avg) Average absolute stack gas temperature across stack, in R;
Ts(i) °E>vStack gas temperature at traverse point i, in °F;
Ts{i?R absolute stack gas temperature, in R;
Tstd Standard absolute temperature, 528 R;
F1(i) pitch angle ratio at traverse point i, dimensionless;
F(i) 3D probe velocity calibration coefficient at traverse point i, dimensionless;
(p1 - p2)i velocity differential pressure at traverse point i, in inH0;
(p4 — ps)i pitch differential pressure at traverse point i, in inH;O.
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A.3.2 Density of the stack gas

In the duct, the density of the gas effluent under ambient conditions of temperature and pressure, p, in
kg/m3, is given by

_Mp,

is the molar mass of wet gas effluent, in kg/mol;

A33 A

The absol
and the st
of each me

To improve
staticpress

The static
the averag
duct) therd

the absolute pressure in the duct in the measurement section, in Pa;
the gas constant, i.e. 8,314 J/(K mol);

the gas temperature in the duct, in K.

olute pressure of gas

e pressure in the duct is given by the measurement of the atmospheric pressure on the
ic pressure measured in the duct. The static pressure shall be measured in atleast one p
hsurement line.

quality of measurement, it is recommended that several instantaneous measurements of]
ure be made to take into accountthe variability of the pressure and the repeatability of measur

pbressure, which is used in the calculation of the absolute pressure, is the arithmetic mea
P static pressures recorded on each measurement line (two diameters in the case of a circ
fore the arithmetic mean of the whole of the recorded values of static pressure.

(A.11)

site
bint

the

ing.

In of
ilar

Pc =Pajm * Pstat (A}12)
where

Dc is the absolute pressure in the duct in the measurement section, in Pa;

Patm is the atmospherié.pressure, in Pa;

Pstat is the averageStatic pressure in the measurement section, in Pa.
The average static pressure is equal to the arithmetic mean of the average static pressures measure(d at

each point|(at leaStone per measurement line), in Pa
11
s .
Pstat =—— 2 Pstat,i A.13)
M=
where
1 &
Pstat,i1 :n_ Z Pstat,iy i, (A.14)
2 ir=1
where
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Pstatiy iy * ip=1..np istheizth measurement of static pressure at the point i1, in Pa;

. j1=1..n is the mean static pressure at the point i1, in Pa — ny is at least equal to the
Pstat,i; 11 1 ) ; ;
number of measurement lines explored in the measurement section

A.3.4 Molar mass of gas

The molar mass of wet gas effluent under the conditions of pressure and temperature of the duct, M, in

kg/Imol, is given by Formula (A.15):
3 q
M=10"x )" (Mgpp) (A.15)
B=1
whére
Mg is the molar mass of component B, in kg/mol, for componentaumber B=1 ... g;
®B is the volume fraction of component B, for component number B=1 ... q.
Theg molar mass of gas is given, in general, with a good appreximation starting from measufrements of
the|contents of O3, CO2, and water vapour, by applying Formula (A.15).
The bias introduced by this approximation of the density is variable according to the pature and
congentrations of the components not taken into account
-5
M=10 x[32(p02'w +44000, \ +180y 0 +28% (100~ 0, \ ~0c0, w ~Pi,0 )} (A.16)
whgre
M is the molar mass of wet gas stream in kg/mol;
?0,,w is the concentration of Oz in the gas stream, expressed as a per-
centage volume fraction, in wet gas;
®co,,w is the concentration of COz in the gas stream, expresged as a
percentage volume fraction, in wet gas;
PH.,0 is the concentration of water vapour in the gas stream,
expressed as a percentage volume fraction, in wet gas;
(100"P02,w ~0c0,,w _¢H20) corresponds to the nitrogen content, assuming that the com-
ponents other than 02, CO, and water vapour, exprespged as
nercentage vaolume fractions inwet gas are ingsianifid ant.
r o o 4 o
This assumption holds true for most combustion sources.
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Vane anemometer

mometer

Annex B

B.1 Principleofvaneane

TITOITITTCTOT

The measufring principle of the vane anemometer depends on the proportionality of the rotatingvelofity

to the flow|velocity v, of the fluid into which it is inserted.

The simplified principle of a vane anemometer is shown in Figure B.1.

Assuming ho friction and a massless vane wheel, the resulting characteristic is purely geometric.

m/s

s-1

1}

flow velocity

vane

number of revolutions per time

Given inpuf variables are¢

a) appros

Figure B.1 — Vane anemometer

ch velocjty(v,, in axial direction;

b) frequency of.the characteristic, f;

c) geomefryofthe vane wheel or a vane wheel blade with its centre in spherical coordinates, rsp;

d) number of blades e.g. ng = 4.

Pulsatance, @ = 2m(f/nf), and peripheral velocity, v = @rsp, are also used for the calculation. See Figure B.2.
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flow velocity
pitch of blade <
scan frequency QQ
angular frequency 0\\
geometry of the vane wheel @s\
peripheral velocity \"Q
: R, o
Figure B.2 — V:‘ﬁ}e anemometer principle
xO

correct value for the rsp of the bl @\ﬁ"s of particular importance. Given that the acting c
e can be determined as a const cting force over the total area, this can be replaced b
e force in the centre of the blade, ruled area.
vane wheel is activat&}ia an inductive proximity switch. With the introduction d

al direction can be measured and the direction of flow detern]

act on the pulse%g nition. Due to the low mass of the vane wheel, depending on type in
n range, it adj@ i

eter shall be calibrated at flow rates representative of the stack flow cong
points used to calibrate the vane anemometer shall encompass its range of ope
of twice the maximum flow plus fixed percentages of the maximum flow).

ts angular frequency in the millisecond range to the velocity variatio

The

mpressive
y an acting

f a second
hined. This

the 10th of
1S.

ictive switch, the rotat
e of angular freque@v‘easurement has no braking effect on the vane wheel. Contaminaltion has no

itions, and
ration (e.g.

&ibration shall be a multiple point calibration spanning the velocity range of appli

Fation. The

calibration shall have metrological traceability. This may be achieved, for example, by the use of a flow
facility with flow rates traceable to laser Doppler anemometry.

Performance requirements for vane anemometers are given in Table B.1.

©IS
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Table B.1 — Performance requirements for vane anemometers

Parameter Criterion

Method of determination

Minimum velocity

0,2m/sto 0,5m/s

Depending on gas and vane specifi-
cations

Influence o

Process media shall be fibre-free at
all times.

Clean gas particulate matter con-
centrations (up to 50 mg/m3) have
no influence

f particles

Temperatu

e Influence No influence 1n the speciftied range

Applications at temperatures for
which short-term operation is_spgci-
fied, should only last a matter of
minutes, thus avoiding,danrage t
the sensor.

Influence o

f humidity No influence of humidity, droplets

have to be avoided

velocity, u(

Uncertainty of meaurement of flow

0,01 m/sto 0,02 m/s
) 0,02 m/sto 0,08 m/s

Dependingomn vane type

Absolute error of measurement
(reproducibility of output quanti-

0,01 m/s to 0,02 m/s

Depending on vane type

ties) ey

Uncertainty of measurement of the |+0,02 m/s to +0,08 m/s Depending on vane type
scan frequgncy,? k u(f)

a k= 2 for tejted Hontzsch-type vane anemometers.

B.2 Caldulation

B.2.1 Bakkground
The charadteristic axial velocity in the frictionless case, v.,, can be calculated using Formula (B.1):
e (B
where
Vt s the peripheralvelocity, vt = wrgp;
a s the piteh,6f blade;
rsp 1s the'\geometry of the vane wheel.

B.2.2 Lowest range limit

However, in practice, friction and mass play a significant role. As a result, the lowest range limit is a
minimum velocity, the so-called start-up velocity, vg, to overcome friction in the bearings and inertia of
the vane wheel. Below this, the measurement fails.
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Furthermore, the basic Formula (B.1) can be expanded to

1%
Ve =K (Po.layn ) ——+vo (B.2)

where a non-linear calibration factorK(pO,ndyn) is introduced, which depends on density, pg, and

dynamic viscosity, ndyn.

B.2.3 Highest range limit

The upper limit for measuring flow velocity with a vane wheel is specified by the manufdcturer and
baspd on the demand for a defined lifetime of the sensor in respect of increasing mec¢hatical stress
cauped by increasing velocity, the capacity of the manufacturer’s calibration facilities-“and the signal
output unit of the vane wheel sensor.

The rotation of a vane wheel is, according to B.2.2, only dependent on the denSsity and viscsity of the
medlium. Ambient pressure, temperature, humidity or possible dust particles-only have an igfluence on
the|characteristic axial velocity when density or viscosity alter significantly and play a signjificant role
only in durability, i.e. susceptibility to wear.

Rel¢vant for the force acting on the vane wheel, F, and the resultantperipheral velocity v; is the dynamic
pregsure on the vane wheel, pgyn:

F =~ Ddyn :gvi =c (B.3)

whgre
p is the density;

v., isthe axial velocity;

c is a constant.

If, when measuring in air or gases; the actual density p; deviates from the density during cal{bration py,
then values displayed fronr the vane wheel v, when measuring in gases with medium|density p1
equfate to an actual veloc€ity

V°<>,1 = vco'O —AVO_l (B4‘)
wheére

v axial velocity;

Voo measured value of axial velocity at vane;

Avo-1 adjustment of characteristic curve:
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Avg_1 =V V01 =V0,0 [1 -

where
V0,0
Vo,1
PO

p1

This mean

B.3 Cald

The uncert
the scan fr

Foravane

The uncert
error of mq
of the scan

or

Vmax
Vmin

fmax

frequency, u(f), in hertz:
(Vmax ~Vmin ) (Vmax _Vmin)
=(f+1 +Voin —(f—1 —V i (
) fmax min ( ) fmax min
ZX(VmaX _Vmin) (

1-1:2013(E)

Po

(
P1

|

specified value of start of range;
real start of range;

specified density;

B.5)

real density.
5 that the characteristic (B.2) is offset by the difference of the start-up velocity.

ulation of the uncertainty and calibrations

ainty is affected by the precision of the measurement of the angular-frequency (and thy
bquency) and by the reproducibility of the output quantities.

inemometer with four blades, the precisionis (w/4) + 1 impulSe, where w is angular freque

ainty of measurement of flow velocity, u(v), of a vane aneémometer results from the abso

f max

is the scan frequency;
is the maximum speed of the vane type;
is the minimal speed of the vane type (start velocity);

is the maximum frequency of the vane type;

ep

is between 0,01 and 0,02 m/s, for the vane anemometers tested.

s of

hcy.

jute

asurement (reproducibility of output quantities), ep,and the uncertainty of the measurenfent

3.6)

3.7)

NOTE

DIN 1319-3.[20] The manufacturer is required to provide the value.

In sum, the

u(v)=u

uncertainty of flow measurement is

(f)xep

B.3.1 Example

Minimum velocity, vinin = 0,5 m/s

38

The value of ep depends on the design of the vane. It can be estimated, for example, according to

(B.8)
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Maximum velocity, vinax = 40 m/s

ep=0,02m/s

Diameter of vane, 2rsp =22,8 mm

Ratio (f/v) = 29,25

Maximum frequency of vane, fmax =1 770 Hz

1ISO 16911-1:2013(E)

1% -V, 40-0,5
u(f)=2><( max ~Vmin) =2><( )=0,04 (B.9)
T max 770
u(v) =u(f) £ep=0,02 £0,04
(B.10)

Lingar regression data for manual methods from laboratory test data

Method: Technique Slope Intercep{, m/s
Vare anemometer, vane |Vane anemometer 0,975 0,22y
1
Vanme anemometer, vane |Vane anemometer 0,992 0,226
1
Undertainty analysis according to ISO 20988 for manual'method in laboratory assessment:
Technique: Bias Bias criteria uncertainty Expand_ed Covier factor
uncertainty
Vaie anemometer 0,000 4 0,236 0,021 0,042 2

Lack of fit determined from laboratory fest:

Technique: Lack of ﬁtz(;frtrf/ssti;)g range of Criteria (EN 15267-3[111), %
Vane 1 1,05
Varpe 2 0,38
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Annex C
(normative)

Tracer gas dilution method determination of volume flow rate and
average velocity

C.1 Trager gas by dilution

C.1.1 Principle of the use of tracer gas injection

Tracer gas|injection is used to measure the volume flow rate in a duct. A tracer gasthat is not usufally
present in the flue gas is injected at a known constant rate (Figure C.1, label 1). The®racer gas is mixed
over the cross-section of duct, mixing is enhanced by obstructions such as fans-er bends, which cr¢ate
extra turbyilence (Figure C.1, label 2). The diluted tracer gas is measured downstream of the injecfion
point to giye the volume flow rate (Figure C.1, label 3), provided that:

— e

— the trdcer gas is well mixed in the stack gas;
— there is no loss of tracer gas from adsorption on to duct walls\of*'removal from plant abatement

— thereip no tracer gas present in the stack gas prior to injection or the background concentrationfcan
be medsured accurately.

Key
1 tracer ipjection lance

2  processfar
3 tracer sampling and analysis

Figure C.1 — Tracer gas dilution principle

C.1.2 Tracer gas injection

A controlled injection of the tracer gas is required. The tracer injection flow rate is calibrated to
traceable standards.

Select an upstream location for introducing the tracer gas into the stack duct flow in order to promote
mixing of the tracer with the duct flow. As a guideline, the injection point(s) should ideally be located
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at least 10ds, where ds is stack diameter, upstream of the tracer concentration measurement location.
If possible, the tracer injection should be upstream of a source of mixing such as a fan or bends in the
duct. The tracer injection shall be downstream of any process operation that may affect the tracer
concentration.

For a given injection arrangement, it shall be demonstrated that there is no significant stratification
of the tracer gas at the downstream location by means of a one off multi-point duct survey conducted
according to EN 15259. There should ideally be no additional flow inputs between the injection and the
measurement locations, and no leaks from the duct. However, in-leakage that is fully mixed prior to the
concentration measurement (as confirmed by the duct survey), or out-leakage that takes place after the
traceris fully mixed, would not cause a measurement error.

The duration of the injection shall be at least 4t;, where t; is the response time of the tracex gas analyser
usef for the measurement of the tracer gas, to ensure that a meaningful stable conceftratioph response
can|be obtained. See Figure C.2 for example.

20 20
15
10
5
0 | s R . . . . . : 0.0
09:43:12 09:44:38 09:46:05 09:47:31 09:48:58 09:50:24 09:51:50 09:53:17
Key

1 |¢@x106 volume fraction tracer concentration
2 |qv kg/h. injection flow rate

Figure C.2 — Typical tracer gas response

Injgction may be accomplished using a single lance or by multiple lances connected to a mjanifold off
the tracer flow meter. Flow througih eacit tance shioutd be approximartely equat and each rance may have
either a single or multiple release points. The injection system shall be leaktight.

C.1.3 Tracer gas concentration measurement

The tracer gas measurement equipment consists of a gas monitor (the analyser used for the measurement
ofthe tracer gas) and suitable sampling equipment. The sampling system shall not react with or otherwise
alter the concentration of the tracer gas. The tracer analyser shall not be significantly affected by other
components in the stack gas. The tracer gas analyser shall be calibrated at a suitable frequency to ensure
acceptable drift across the test period.

The tracer gas concentration shall have a traceable calibration. The choice of tracer gas should include
consideration of the components of the stack gas, both in terms of the tracer gasitselfand any interferents
to the measurement of the tracer gas. The selection of the tracer gas is also influenced by the availability
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of measurement equipment able to measure it with a sufficient level of certainty. The release of the
tracer gas shall also have negligible environmental impact.

The tracer gas concentration may be measured either on a dry basis, following removal of water vapour
from the sample to a dew pointless than 5 °C, or on a wet basis using a heated sample and analysis train.
This needs to be accounted for when calculating the stack flow rate. The stack flow rate is determined
under the same conditions that the measurement is made, i.e. if the tracer is measured on a dry basis the
flow determined is also on a dry basis.

The sample probe may be single or multi-hole, provided that there is no significant stratification of
the tracer at the measurement location. Multi-hole is preferred since this compensates for residual
stratificatipn.

C.1.4 Tracer gas calibration equipment

C.1.4.1 Tracer gas injection

A controlldd injection of the tracer gas is required. The injection flow rate shall be.determined usipg a
mass or vdlume flow rate meter with a traceable calibration. The expanded ungertainty of the tracer
flow rate measurement shall be <1 % of value based on the calibration relationship and taking |nto
account arly relevant influencing parameters such as ambient temperature. The tracer injection [ine
shall be legk tested in the field, from the flow meter inlet to the injection lance.

C.1.4.2 ‘Tracer gas concentration measurement

The tracer[gas measurement equipment consists of a gas congentration analyser and suitable samplling
equipment] The sampling system shall not react with or otherwise alter the concentration of the tracer
gas. The trpcer gas analyser shall not be affected by othet components in the stack gas. The tracer|gas
analyser shall be calibrated before each flow measurerient.

Following the flow rate measurement, the tracer'analyser shall be checked using calibration gas at{the
span value} in order to correct for allowable drift: Table C.1 gives the performance requirements of|the
tracer gas fnalyser.

T3able C.1 — Tracer gas cong¢entration measurement performance requirements

Parameter Criterion Method of determination

Calibration|gas concentration |£1.9% of value Traceable calibration gas standard (standard uncef-

tainty)

Linearity <1,5 % relative to the Laboratory evaluation according to EN 14181[9] usjing
calibration gas concen- |traceable calibration gases or a calibrated dilution
tration system. The five levels are 0, 25 %, 50 %, 75 % and

100 % of the calibration gas volume fraction

Repeatability <1 % of calibration gas |Laboratory evaluation using calibration gas (stand-
concentration ard deviation)

Interference <2 % of calibration gas |Cross-interferences of stack gas components deter-
concentration mined from instrument certification or laboratory

evaluation according to EN 15267-3[11]

Leak or sample loss <2 % of calibration gas |Field evaluation — passing calibration gas through
concentration sampling system

Drift <2 % of calibration gas |Field evaluation by periodic calibration gas check.
concentration Correct drift if >2 % and declare invalid if >5 %

C.1.4.3 Calculation of stack gas flow rate from tracer injection results
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Ame 1

qv,00, = — (C.1)
Pto Pt

where
av 0.0 stack gas flow rate at sample Oz content and moisture under standard conditions, in
U0 m3/s;

Ampt tracer mass flow rate, in kg/s;

a TP tracerdensitvunder standard conditions in ka/m3:

PGU 7 7 o7 7

Pt tracer volume fraction at sample O content and moisture content.

C.2l Uncertainty of the calibration result

C.2|1 General

Theg uncertainty of the derived stack flow rate is simply the combined‘dncertainty of the injgction mass
floy rate, gm, and the tracer volume fraction, . The uncertainty of the tracer volume frgction shall
include the uncertainty related to the mixing quality of the tracer within the stack gas.

C.2|2 Uncertainty of concentration measurement

The performance characteristics considered in the.uhcertainty analysis are dependen{ upon the
technology employed for the tracer concentration me€asurement.

The common contributions are: calibration gas unicertainty, uca], and ambient temperature effects, utemp,
both assigned arectangular probability distribution to give the absolute standard uncertaintyas follows:

= (%Xcal/loo)xcal

cal — \/§

where xc, is the calibration value.

For|a temperature range, Tfin to Tmax, and a baseline calibration temperature of, T¢4), in K:

2 2
y _ %Tmax_Tmin (T T . )\/(Tmax _Tcal) +(Tmax_Tcal)(Tmin _Tcal)+(Tmin _Tcal)
temp 100 max min 3

Othler performdnce characteristics can be included in this analysis, e.g. linearity and cross-infterference,
if these aresignificant. Linearity errors can be minimized by selecting a calibration value thaft is close to
thelexpected tracer concentration value.

C.2.3—Yrmrcertainty of tracer gas ixing

The standard uncertainty due to imperfect mixing of the tracer gas is calculated from an EN 15259
tracer concentration survey conducted when injecting the tracer at a constant flow rate.
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The standard relative uncertainty, unmix, is the coefficient of variation of the measured grid values:

u

S grid

mix — =

§Dgrid

A more accurate assessment can be obtained by correcting for temporal variations in the process
(determined from the fixed reference measurement required under EN 15259). Temporal variations can be
accounted for by first normalizing each grid concentration measurement using the normalization factor, f;:

fn — (pref

Peri

where

PDref,i

(ﬁref

A velocity
available.
normalizaf

Vrefi

Vrief

Following
volume frg

Umix =1

is the reference volume fraction (fixed location) corresponding to the sampling‘periods
each grid point;

is the mean reference volume fraction from all of the sampling periods.
measuring instrument can be used as the reference if a second\fracer gas analyser is

n this case, since the tracer volume fraction is inversely proportional to the flow,
ion factor is inverted:

normalization, the relative uncertainty is calculated as before using the normali
ctions:

5 n,grid

l_)n,grid

at

not
the

zed

Thestandalrd uncertainty due to mixingis then combined with other standard uncertainties for the voljime

fraction mg{

C.2.4 Uncertainty of tracer injection rate

The perfol
technology
contributig

The uncer

2 2

2
Ucal T utemp +u

mix e

mance characteristics considered in the uncertainty analysis are dependent upon

ns aresconsidered below.

fainty contribution from the calibration of the instrument is based on the average e

pasurement to give the overall standard uncertainty of the volume fraction measurement;

the

employ€éd ‘for the flow measurement which shall have a traceable calibration. Cominon

[ror

declared o

1 11 - LI oLl - h | 1 1 11 1 +1 - - h
I'UIC CAllDIAatIOIT CETLIICALE, dS5SIgINCU d IT'elldIguldl PIODADIILY UISLTTOULIOI TIT LIS ©Xdlll

(% Xrange/loo)xrange

u

cal —

J3

where Xrange is the range.
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The uncertainty contribution due to temperature variation of the tracer gas passing through the mass
flow meter is also assigned a rectangular probability distribution:

2 2
u _ % Tmax - Tmin (T T ) (Tmax B Tcal ) + (Tmax - Tcal ) (Tmin B Tcal ) + (Tmin B Tcal )
temp 100 max min 3

where Tmax and Tip are the maximum and minimum gas temperatures and T¢,] the temperature at
calibration.

The uncertainty of the combined sensor and transducer includes the uncertainty related to linearity and
repfatability.

u _ (%Xvalue/loo)xvalue

comb — \/5

wheére Xvalue is the value.

Theg combined mass flow rate uncertainty, Ug is the sum of the squares of the standard un¢ertainties.

_ [,2 2 2
uqm't - \/ucal +utemp FUcomb -

C.2{5 Uncertainty of stack flow rate

The standard uncertainty of the stack volume flow rabé measurement is based on the combined
uncertainty of the measured tracer volume fraction, U, and the mass flow rate, ug . I1} general, a

senpitivity coefficient, Csens, is applied to each uncertainty and this can be obtained from [the partial
der]vatives with respect to the parameter underconsideration, e.g.

The overall standard uncertainty is’then the sum of the squares of each uncertainty c¢ntribution
multiplied by its sensitivity coefficient:

2 2
2 = v | 2 Am,e | 2
Am,t 2 Pt

PPt

qv
In this instance, singe the stack flow is simply proportional to each of the parameters, it is acceptable to
conjbine the relative standard uncertainties directly:

Am,¢

2 2
u u
u(ZIV Pt + Amt
O qm,t
T 7 X 7
The standard uncertainty obtained in this way is then multiplied by a coverage factor of k = 2 to give the
expanded uncertainty at 95 % confidence.
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Annex D
(normative)

Transit time tracer gas method determination of average velocity

AT ra-a- v - oy

D.1 Existingstandards

—

Even though heavily outdated as to measuring equipment, BS 5857-1.4:1980[18] and BS 5857-2.4:198([19]
give a thorjough view of the physical background of the method. ASME MFC-13M-2006[12] giyes only a
short qualitative description on the use of the transit time method.

D.2 Transit time method

D.2.1 Prijnciple of the method

A very smdll amount of tracer material is momentarily injected into the stack gas flow. After the tracer
pulse has mixed over the cross-section of the flow, its transit time between two measurement p‘(%nts

placed on g suitable straight duct section is measured. The volume flowrate is calculated by dividingthe
duct volumnle between the measurement points by the transit timeras given in D.2.3. The measurenpent
principle i shown schematically in Figure D.1.

b
a
i
Q- T
d f

Key

a  tracer pulse input c AMS signal e measurement points
b  datalogging unit d mixing length f measurement section

Figure D.1 — Principle of tracer time of flight flow measurement technique

D.2.2 Choice of the tracer

The tracer shall follow the stack gas flow in the duct. It may be gas or sufficiently small particles. It may
be radioactive or inactive. The radioactive tracer has the advantage that it can be detected through the
stack wall. The disadvantage is the possible difficulty or delay in getting a licence from the national
radiation safety authorities for use, even when a radiotracer with a very short half-life is used.

Suitable inactive tracers need no safety licence, but are from a technical point of view more difficult
to implement. The inactive tracer shall be such that the time constant in its detection is of the order of
few milliseconds or less. This requirement comes from the fact that the transit times to be measured
accurately are in the range from a couple of seconds to some fractions of a second. In the case of stack
gas ducts, it is fairly simple to make connections through which the detector can be pushed into the
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contact with the flow. This enables the use of inactive tracers, detectable for instance by ultrasound or
by optical methods.

D.2.3 AMS flow calibration procedure

The reference flow value obtained by the transit time method is compared with the simultaneous AMS
flow signal. In order to obtain the calibration result on a flow level, several measurement repetitions
(normally 7 to 15) are made. The number of flow levels should preferably be 2 to 3 to obtain a good and
representative calibration result.

D V.| Calculation oftho roafoarancoe valuaoc
AT O U IO et o Ot C 1 e r et vara’ts

The average stack gas velocity is derived as:

p=t (D.1)

whgre
v is the average velocity, in m/s;

L isthe length of the measuring section, i.e. the stack length(beétween the two measurgment
levels, in m;

t isthe transit time of the tracer pulse between thetwo measurement points, in s.
Thd volume flow rate, qy, in m3/s, is derived as:

qv = VA (D.2)
where A is the duct cross-section area, inum?2.
D.2.5 Provisions for measuremeént site

D.2|5.1 Ductarea

Thd duct cross-section atrea’shall be constant between the two measurement points.

D.2}5.2 The length-of the measurement section

The duct between the two measurement points shall be straight to allow accurate determingtion of the
volyme. Fortransit time measurements with maximum accuracy, the duct length between the detection
points should be 210dy, where dq is the duct diameter.

The flow shall be turbulent. This condition is by definition always fulfilled in stack gas ducts.

D.3 Minimum requirements

D.3.1 Tracer

The tracer shall be able to fully mix over the cross-section of the stack gas flow, then having the same
average velocity as the stack gas. No significant adsorption of tracer on the duct walls is admissible.
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D.3.2 Mixing

Tracer shall be mixed over the flow cross-section when itarrives at the measurement section. The degree
of mixing required depends on the characteristics of the tracer concentration measurement used. If the
measurement yields values that are well averaged over the flow cross-section, the mixing in a rough
scale is sufficient. Concentration measurement in a point of the cross-section is the opposite case and
requires more thorough mixing of the tracer over the cross-section. Insufficient mixing is normally

indicated a

Iso as a significant increase of the variation between the measurement repetitions.

D.3.3 Measurement section

The measy
with const
length of t
measurem
This is, in

transit timp measurement.

The volum
measurem

rement section where the tracer transit time is measured shall be straight duct séee
ant cross-section with sufficient total length. The minimum total length depends, on
he tracer pulse on the measurement section, stack gas flow velocity, duct diameter; des
bnt uncertainty level, etc. For maximum accuracy, the measurement section shall be 21
practice, no limitation because the high stacks provide an ideal measurement section

b of the tracer measurement section may be determined easily and acgurately by using 14
bnt for both inner diameter and the length of the measurement section.

D.3.4 TrI

The conce
concentrat

The conce
characterig

D.4 Pert

D.4.1 Injection

The tracer
length on t

D.4.2 Mg

cer concentration measurement

tration of the tracer pulse is measured at the two medsurement locations. The metho
ion measurement shall be shown to be linear.

htration measurement shall not be disturbed. bi’possible rapid variations in stack
tics or in the measurement environment.

'ormance requirements

pulse injected into the stack.gas flow should be so short that it does not dominate the p
he measurement section. Injection times of 0,5 s to 1 s are normally sufficiently short.

asurement of the tracer pulse

The transit times to be measured are normally between some 0,5 s and a few seconds. The

fion
the
red
Ddg.
for

ASer

1 of

gas

1lse

ime

constant of tracer concenfration measurement and the data collection interval shall of the order of spme

millisecondls to allow.accurate reconstruction of the tracer pulse. A concentration measurement
gives an averaged value over the duct cross-section is to be preferred because it, compared with p
measurement, is more tolerant to non-complete mixing and disturbed flow profiles.

D.4.3 Calculation of the transit time

hat
bint

The transit time is calculated as the time difference of the concentration pulses measured in the
beginning and the end of the measuring section. The time difference is calculated by using the pulse
medians that divides the pulse in two parts having equal areas, see Figure D.2.
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Figure D.2 — The determination of the transit time
The physically correct way of calculating the time difference is by using the gravity points of|the pulses.
Pulfe medians, however, are recommended because they are less sensitive to the correct Hackground
subfraction. In normal measurement circumstances, i.e. a straight measurement section and p duct with
conptant cross-seetion, the difference between the velocities of the pulse gravity point and fnedian has
been shown te'\be insignificant.
D.4.4 Calculation of the flow reference value
Thowelecibyreferencevalueisoblained by dividing L the lepath ol the measuring sectonbyd the transit

time, t. The reference value for the flow rate is obtained by multiplying the velocity reference value by
the duct inner cross-section.

L is measured by using a calibrated measurement band or a calibrated laser distance meter. The inner
cross-section is normally determined by measuring the inner diameter of a circular stack. The diameter
is obtained with the most reliability by measuring it in two perpendicular directions by using a laser
distance meter.
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D.5 Unc

D.5.1 Th

ertainty of the calibration result

e calculation principle

The measurement uncertainty is calculated at a confidence level of 95 % as described in these
instructions. The method of calculation of uncertainty is in accordance with EA-4/02.[21]

The uncertainty of the calibration result is divided into two parts:

rement section and the equipment’s measurement of time;

the uncertainty of the reference flow rate originating from the determination of the volume of the

a)
measu
b) the un
calibrg

D.5.2 Uncertainty of determination of the volume and measurement of timeé

In stack er
measuring
the equatic

ted, including the random uncertainty.

hission measurements, the volume of the measurement section is normally determineq
L, the length of the measurement section and D, the inner diameter of the duct. In this ¢
n for the reference volume flow rate is:

_ T’ L (
ay } :
The partial derivatives with respect to the different input quantities are:
aqV,ref_ _ ED_Z (
JdL 4t
99y ref] _ELD (
daD 2t
aqV,ref __r LD? (
at 4 42
The standdrd uncertainty u, af the reference volume flow rate is obtained by quadratic summin

the standard uncertainties ufxg.of the different input quantities x; multiplied by the correspong

V ref

coefficients ci.

IETEH =Z{ T

rdAincertainties of the input quantities are obtained as in a) and b).

99y ref
o)

certainty of the comparison of the reference flow rate and the indication of the AMS t(L be

| by
pse,

D.3)

D.4)

.5)

D.6)

g of
ling

D.7)

. h L . 1 L] 1 sl h 1 1 1 - -l 1
UdIItity WIICITIS ODLAIIICU d5 dll dVETdge U1 SEvVETLdl ITIUCDPCIIUCTIL ODSET VALIOILS WILIT dUcy

ate

resolution, standard uncertainty is obtained by dividing the experimental standard deviation with
the square root of the number of observations. (EA-4/02:1999,[21] type A).

For calibrated measurement equipment, the standard uncertainty is obtained from the calibration

certificates by dividing the expressed uncertainty with the coverage factor k, which typically

2 (EA-4/02:1999,121] type B).

of transit time measurement, the standard uncertainties are obtained as follows.

u(L).Calibrated measurementtapesorlaserdistance measurementdevice areused tothe measurement

of L. The uncertainty caused by field circumstances is however, significantly larger than the small
uncertainties specified by equipment manufacturers and attainable under laboratory conditions.

sensitivity
2

qu,ref
The standa
a) Forag
b)

equals
In the case
50
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u(D). Under stack conditions, the preferred way to determine D is by using a laser distance
measurement device. The measurement should be carried out, if possible, of perpendicular
diameters to detect any possible ovality of the stack.

u(t). Measurement of time by the calibration equipment in itself is easily and accurately calibrated
and thus the hardware-based uncertainty is negligible (<0,01 %). The uncertainty of the calculated
transit time is dominantly stochastic in nature. It is therefore included in the total statistical
uncertainty of the calibration and discussed in the following in relation to the uncertainty of the
comparison of reference flow rate and the AMS indication.

D.

D.6

Lenfgth L (in this example 62,577 m):

a)
b)
‘)
d)
All

dist
c). §

valges by V3. The square root of the sum of the squares of these uncorrelated values give

ung

Inside diameter D (= 3 580 mm).

1y
2)
3)

4)

Numerical example of uncertainty calculation in stack tlow calibratign

.1 The uncertainty of qy ref

specifications for measuring tape, class 2: U = (1 + 0,2L[m]) mm = >+13,2 mm.
tape stretch by other than nom. 50 N force: U=#20 N x (5 pm/N)L[m] = >+6,3 mm.
tape stretch by temperature; u = +10 °C x (12 pm/°C)L[m] = >+7;5 mm.

transfer of the tape reading value to detector positions; u<#100 mm.

hese uncertainty components associated with L are given by upper and lower limits and
ribution between the limits is assumed to be rectangular (EA-4/02:1999,[21] 3.3.2, ty
tandard uncertainty of each of these input estimate components is obtained by dividir

brobability
pe B, case
g the limit
s standard
ertainty for L, u, = 58,5 mm (transfer of tape;reading is predominant).

Specifications for laser distance meter (distance up to 30 m), u = #3 mm.
Gauge 0-point setting transfer to'stack inside wall; u = +2 mm.

5 with
of these

Uncertainty components(1) and 2) associated with D are given by upper and lower limit
rectangular probability.distribution (type B, case c¢) — the standard uncertainty of each
input estimate compohents is obtained by dividing the limit values by V3.

Focusing of meaSuring spot on opposite wall has been evaluated according to the

EA-4/02:1999,21] type A method. Comprehensive tests have given for this part of the mg¢asure-

ment method, an experimental variance of 20 mm?2 and a normal distribution. In this ca
the measurement of D is based on limited number, five, of repetitions. An experimental Y
20 mui¢ based on comprehensive tests is used here as a pooled estimate of variance. Th
cothponent 3) standard uncertainty, u = V(20/5) = 2,0 mm.

ibration,
yariance of
s gives for

No ovality of the stack was detected in this case.

The square root of the sum of the squares of these uncorrelated components 1) to 3) gives standard

unc

ertainty for D, up = 2,9 mm.

Transit time ¢t (average, 3,645 s).

Detectors and the signal amplifiers have a small deviation of response time. Associated (expanded)

uncertainty with them is u = 1 ms, (normal distribution, k = 2).

Data-logging apparatus has time-measuring (expanded) uncertainty u = 100 ps or 0,01 % of the

length of the time interval (normal distribution, k = 2).

© IS0 2013 - All rights reserved
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These uncertainties associated with transit time measurement represent EA-4/02:1999,[21] 3.2, type
A evaluation. Standard uncertainty of each of these input estimate components is obtained by dividing
the given u values by the coverage factor, k = 2. The square root of the sum of the squares of these
uncorrelated values gives standard uncertainty for ¢, uy = 0,53 ms.

Correlation of input quantities associated with qy, ref: none of the input quantities for definition of qy; ref
are considered to correlate to any significant extent.

Combined uncertainty associated with gy, ref: the effect of each component uy,, and ut on qy, refis calculated
by multiplying each u; with the corresponding sensitivity coefficient c;. The square root of the sum of the
squares of these effects gives the standard uncertainty for qy ref, u =0,32 m3/s.

Gareaf
7

TV
D.6.2 Thle total uncertainty
See Table I).1.
The reported expanded uncertainty of measurement is stated as the standard“uncertainty of
measuremgent multiplied by the coverage factor k = 2,37, which for a t-distribution wWith' vefr = 8 effecfive
degrees ofl freedom corresponds to a coverage probability of approximately 95 %. The standard
uncertaint of measurement has been determined in accordance with EA-4/02.421]
Table D.1 — Uncertainty budget
Standard Probability Sensitiv- [f]:iiftr-
Quantity Estimate Unit uncer- |Unit distri- ity Unit contr}i,- Unit
tainty bution coefficient bution
Xi Xj u(x;) cj ui(y)
Definition of gyref
L 62,557 |m 58,5|mm |réectangular 2,762|m2/s| 0,161|rr3/s
—measurenjent tape base uncertainty 7,6 rectangular
—measurenjent tape stretch by pull force 3,6 rectangular
—measurenjent tape stretch by tempera- 13 rectangular
ture
—measurenjent transfer tape—detectors 57,7 rectangular
D 3580 |mm 2,9|mm |rectangular + 96,521 |m2/s 0,279 |nf3/s
normal
—Tlaser basefuncertainty 1,7 rectangular
—O0 point sefting 1,2 rectangular
—measurenjent spot focusing 2,0 normal
t 3,645 (s 0,53|ms |normal —47,404|m3/s | -0,025|n3/s
—detection pncertdinty 0,50 normal
—data-logginguncertainty 0,18 normal
Combined

Ug, ref 0,323 |m3/s
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Annex E
(normative)

Calculation of flue gas volume flow rate from energy consumption

E Princinle
. £ pie

TIITCTY

Thip annex describes a procedure for the calculation of flue gas volume flow rate. The general method is
to multiply the energy consumption by a fuel factor in order to obtain the dry stoichiometric stack gas
flow rate at standard reference conditions (0 % O3, 273,15 Kand 101,325 kPa). The ehergy consumption
may be determined directly, by measurement of fuel flow rate and specific energy, or indirectly from the
plamt output and thermal efficiency.

For| mass emissions reporting, the dry stoichiometric flow rate rate~is then corrected [to a given
refdgrence oxygen content, for subsequent multiplication by emissions-¢oncentrations repofted at the

sanje reference conditions.

Fordispersion modelling, and anumber of other purposes, the drystoichiometric flow rateis r¢calculated
to the prevailing or expected stack conditions of oxygen, moisture content, temperature and pressure.

Theg required inputs, calculation steps and outputs aretshown in Figure E.1 and are specifjed in later
sections of this annex.
4

1 3
— 2 e
Key
1 inputs: fuel flow, gm, F, in kg/s, with net specific energy, e(n), in MJ/kg; input: gas release (fuel factor), S [m3/

MJ]
calculation: process heat release, @(N)r [MW] = gm, F e(N) = P/n
inputs (alternative): energy production, P, in MW, with thermal efficiency n

4 calculation: flue gas volume flow rate qy,04 [m3/s] = S @(n)F (at 273,15 K, 101,325 kPa, 0 % volume fraction
02, 0 % volume fraction H,0)

Figure E.1 — Principle of calculation of stack gas flow from energy consumption
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E.2 Fuel factor

E.2.1 Fixed factors for commercially traded fossil fuels

The volume of flue gas generated by the combustion of a known quantity of fuel is required. On a thermal
input basis, the fuel factor does not vary substantially for a given fuel type and a fixed value is often
sufficient. The volume of dry, stoichiometric flue gas per M] of net supplied energy, S, is given in Table E.1
for a range of fuels. An estimate of the uncertainty of the fuel constant is also given in the table based on
a comparison of the correlated values with an exact mass balance approach for a wide range of samples.
The fuel factors have been derived in accordance with EN 12952-15.[7]

The naturdl gas fuel factor is appropriate for Group H natural gas (EN 437:2003)[6] provided thatthjs is
also naturdl gas as defined in Directive 2010/75/EU,[25] in which the methane content is higher thanr8¢ %.

Table E.1 — Fossil fuel factors

Fuel factor Fuel type

S Natural gas Gas oil Fuel.oil Hard coa]

m$/M] at 0 % Oz dry

27315 K, 101,325 kPa 0,240 0,244 0,248 0,256
Urel 95 %, % +0,7 +1,0 +1,0 +2,0
NOTE Relative uncertainty, Urel, is quoted at 95 % confidence assuming a normal data distribution apd a

coverage fagtor of 1,96 unless otherwise stated.

The gas ol factor is suitable for gas oil, diesel, light distillate and kerosene. The fuel oil factdr is
appropriate for other commercially available petroleum products from light to heavy fuel oil.

The hard doal factor is appropriate for commercially*traded hard coal and pure biomass fuel with a
moisture cpntent of less than 25 % mass fraction.

A lower ungertainty may be achieved for thesefuels by applying a correction for the net specific endrgy
(NSE) or by deriving a fuel factor from the fuel composition as described below.

Fuel factorns for wet biomass are given-in Table E.2, again derived in accordance with EN 12952-15.[7]
The uncerflainty relates to a moisture.content variation of £10 %, e.g. a moisture content of 30 % njass
fraction cdvering a range of moisture contents from 20 % to 40 %. The uncertainty increases non-
linearly at high moisture contents.

Table E.2 — Biomass fuel factors

Fuel moistyre (% mass, fraction) 20 30 40 50 60
Fuel factor,|S, m3/MJat 0 % Oz dry 0,260 0,267 0,276 0,290 0,314
Uncertainty, Hrehos 9%, %

(10 % mads fraction moisture) 28 3,6 50 77 139

E.2.2 Factors corrected for specific energy

A wider range of fuels may be considered, and a lower uncertainty can be achieved, by applying a
correction for the NSE of the as-received fuel. “As-received” indicates that the fuel heating value is
reported on the basis that all moisture and ash-forming minerals are present.
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NSE correction is derived from EN 12952-15:2003,[Z] Annex A:

S=——+b

€(N)

where

eN)  isthe NSE of the as-received fuel, in MJ/kg;

ab correction factors, see Table E.3.

Table E.3 — NSE correction factors

(E.1)

Fuel type

Parameter

Gas Liquid Solid

0,649 72 1,764 35 70,060 18wy

0,254 37(()+ 2,442 5wy g fe(N

0,225 53 0,200 60

)

For
inw
the

For
ass
For
be 1]

Ift
esti
tha
and

E.2

For
spe

caseous fuels, it may be more convenient to employ the volumetrieNSE (M]/m3at0°C) in Fo

fuel factor shall be determined from the gas compositionfa@ccording to EN 12952-15,[7] Se

bssed using the measured composition and heating«value as described in E.2.3.

hich casea=0,2 and b=0,234. This approach is not suitable forlow specific energy fuel gase
liquid fuels, this approach is suitable only for light petroleum fractions. Other liquid fuel

solid fuels, the mass fractions of ash yield, wagh} and moisture, WH,0 in the as-received fi

aken into account using the dry, ash free, fuel mass fraction, wg, where:

We=1-Wgysp ~WH,0

e NSE of the fuel stream is variable, the uncertainty associated with the fuel variabil
ated from multiple fuel samples. This method is not suitable for fuels with an ash yi

h 20 % mass fraction, inwhich case the assessment should be based upon the measured c
heating value as described in E.2.3.

3 Factors derived from fuel composition

solid and liquid fuels, EN 12952-15:2003,[Z] 8.3.4.2 also defines a method for determinin
rific fuel fagtor, qyo4, in m3/kg, from the as-received fuel composition based on an ultima

qv0d 8,893 Owc + 20,972 4wy + 3,319 Ows - 2,642 4wp + 0,799 7wy

Fmula (E.1)
s for which
ction 8.

5 should be

uel need to

(E.2)

ty shall be
bld greater
bmposition

g the mass
fe analysis:

(E.3)

where w1s the mass fraction of an individual fuel component in the supplied fuel (as received) and C, H,

S,0

©IS

and N are the elements carbon, hydrogen, sulfur, oxygen, and nitrogen, respectively.
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This is then divided by e(n) to obtain the energy specific fuel factor S:

S= dy,0d

€(N)

(E.4)

Forinhomogeneous solid fuels, for whichitis difficultto obtain representative samples, itisrecommended
that the measured specific energy be checked using a calculated value of e(n), in MJ/kg, using the
following formulas.

eN) = eG) - 21,22wy - 0,08 x (wo + wn) - 2,442 5 Wi,0

(E.5)

Formula (]
calculated

eG) =3
Formula (H
received” b

If the comp
be estimat
considered

E.3 Ene

For gas an

as follows.

4,1wc + 132,2wqg + 6,86ws — 12wo - 12w — 1,53wagh
.6) is from Reference [27]. Note that methods for obtaining the fuel composition on an
asis are described in ISO 1170.1]

osition of the fuel stream is variable, the uncertainty associated with the fuel variability g
bd from multiple fuel samples. In any case, it is recommended that multiple fuel sample
in order to minimize the uncertainty contribution associatedWwith the analysis of composif

rgy consumption

1 liquid fuels, the energy consumption, ®&(N)r, inMW, may be determined directly from

metered fyel consumption, gm, r, in kg/s, and the measured or supplied NSE, e(n), in MJ/kg.

D(N)F T

Quality en
uncertaint

9m,Fe(N)

sured metering and specific energy-determination has an estimated worst case expan|
 of £1,6 %, although lower values’may be used if justified.

feeders, a

a stable fuel composition-(specific energy), a similar uncertainty is achievable. Howeve

For solid f&?ls with a directly measuredfuel consumption rate using, for example, calibrated gravime

many situ
the energy|
thermal ef

Py

The uncert
fired powe

ions, the instantanepus.fuel consumption and specific energy are not available, in which ¢
consumption shallbederived from the plant energy production, P, in MW, and the fracti
iciency, n:

P

n

inty'of the thermal efficiency shall be justified for compliance purposes. For example, ac

£.5) is from ISO 1928I2] and requires e(g), the gross specific energy, either measuretll or

=
B
M

.6)
‘as-

hall
b be
ion.

the

=
B
»

7)

ded

tric
I, in
ase
nal

-
"
M

8)

pal-
ded

I ptant, with an established heat accountancy and fuel management system, has an expan

uncertainty OI the Instantaneous thermal eIficiency or Circa *5 Y. 1'lis may be reduced 10 CIrca *

%

with online correction of the efficiency calculation to account for changes in plant operation and ambient
conditions. For heat-producing plants with typical thermal efficiencies of about 90 %, this uncertainty is
below 1 %. A biomass steam-generating plant has a higher absolute thermal efficiency and can therefore
achieve a lower thermal input expanded uncertainty of typically 2 % to 3 %, provided that the heat
output measurement has a low uncertainty.
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E.4 Calculation of flue gas volume flow rate

The stoichiometric dry flue gas volume flow rate at 273,15 Kand 101,325 kPa, qy,04, in m3/s, is calculated
from the fuel factor, S, and the thermal input ®(N)E:

qv,od =S P(N)F

(E.9)

For mass emission reporting, this flue gas volume flow rate is corrected to the required standard
reference oxygen content:

whyd

isn

Additional corrections are required when calculating the flue gas flowCrate at the fj
conditions in the flue:

_0,2095 1 T 101,325q
- V,0d
(0,2095—(p02 ) (1_¢H20) 273,15
whére
?o, is the flue gas oxygen content, dry volume fraction;

E.5

Thd
or v
(E.3

0200 0

U’L‘UJJ qV‘Od
0,209 5_§002,ref

AV ,0d,0,,ref =

brmally 0,03 for gas and liquid fuels and 0,06 for solid fuels and for gas turbines'this is nor

PH,0 is the flue gas water content, wet volume fraction;

T is the flue gas temperature, in K;

p is the flue gas pressure, in kPa.

Performance requirements

target overall performance requirement for the dry flue gas flow rate is given by fuel type

). The performanice requirements are given as expanded uncertainties at 95 % confiden

Table E.4 — Performance requirements of the calculation approach

(E.10)

re Qo ref is the dry oxygen reference condition for the plant as a dry volume fractiont. For hoilers, this

mally 0,15.

ee stream

(E.11)

nTable E.4

Fuel Criterion

Gas <2,0 % of flow rate
Licaud 200 £Eloxar ot
Higtie <3-0-0seffHeowrate
Solid <7,5 % of flow rate

The performance requirements for the main calculation inputs are given in Table E.5.
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Table E.5 — Performance requirements of main input parameters

Parameter Criterion Method of determination

Energy input — from fuel consumption

Mass or volume flow meter with traceable cali-

< 0,
Fuel flow rate <1,5 % of value bration certificate
Determination or instrument calibration by
Net specific energy <0,5 % of value alaboratory accredited to, for example, ISO/

[EC 17025

Energy input — from energy production

Electrical pqwer <0,5 % of value Electricity meter

Heat balance verified by performancetesting or

ici 0,
Net thermal efficiency <5,0 % of value annual fuel consumption and energy production

Fuel factor

Gas <1,0 % of value
o Determination from fuel Composition, NSE oy a
0, )
Liquid <1,5 % of value defined constant fuel factor
Solid <7,5 % of value

E.6 Example of uncertainty calculations

E.6.1 Example 1 — Coal-fired power plant

The flue gas volume flow rate at a reference condition of 6 % volume fraction oxygen, dry, 273,1p K,
101,325 kHa is required at the base load operating conditiofi.for calculation of a mass release.

The oxygeI correction is

0,2
0,2093-0,06

The fuel factor, S = 0,256, for hard coal is.given in Table E.1 and the thermal input is determined ffom
the plant ellectrical output, P = 500 MW electric, and thermal efficiency, n = 0,40, to give, at refergnce
conditions| the volume flow rate:

qy =1, P 14 x 0,256x2% — 448 m3 /s

n 0,4

Since the relationship between the parameters is linearly proportional, it is sufficient to combine|the
standard rglative uncertainties using a simple root mean square approach and a coverage factor of ,0.

Fuel factor| S, standard uncertainty for hard coal (Table E.1): 1,0 %

Power out}])ut, P, standard uncertainty: 0,25 %

Thermal efficiency, n, standard uncertainty: 2,5 %

Combined flue gas flow, qy, expanded uncertainty: 2><\/1,02 +0,252 +2,52 =5,4%

E.6.2 Example 2 — Biomass fired combined heat and power plant

The flue gas volume flow rate at a reference condition of 8 % volume fraction oxygen, dry, 273,15 K,
101,325 kPa is required for the calculation of a mass release rate.
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The oxygen correction is

0,2095

—=1,62

0,2095-0,08

The biomass fuel has a mean moisture content of 50 % mass fraction with a typical variation of £10 %.
Since the uncertainty associated with the moisture variation (Table E.2) is higher than desired, the
deliveries are sampled and a moisture analysis is performed on each delivery to an expanded uncertainty
of 5 % (reported by the laboratory). The ash yield is consistently low (2 % mass fraction on a dry basis)

and the specific energy and the ultimate analysis of the dry fuel is invariable (a homogeneous biomass
sou r‘n) The standard uncertainty of the fuel factor for each measurement may be estimated as follows.

a) [Multiply the gross specific energy (GSE), e(G), of the dry ash free (DAF) material by
(1_Wash —WHZO) to obtain the gross specific energy of the wet fuel sample. For a sample with
48 % moisture content and 2 % ash yield, with a DAF GSE of 20 M]/kg, the ac¢tual GSE is|then

20(1-0,02 - 0,48) = 10 MJ/kg. Repeat for the +5 % moisture values of 45¢6,% moisture [10,48 M]/
kg) and 50,4 % moisture (9,52 MJ/kg).

b) |Calculate the NSE from the gross specific energy using Formula (E;5):

e(n) =€(6) ~21,22wy —0,08 (wo +wy ) -2, 4425w g

The fuel mass fractions used in this formula are calculated from the DAF values using the meas-
ured moisture and ash, using the same multiplieras before (1-w,s, —wy,g ). The DAF fuel H

fraction is 0,06 and the (O + N) fraction is 0,421 for this fuel. The e(n) values then range from
8,852 M]/kg (45,6 % moisture) to 7,855 M{/Kg (50,4 % moisture) with a value of 8,354 NiJ/kg at
48 % moisture content.

c¢) |Calculate the fuel factor for each moisture value from Formula (E.1) using the associatedl e(n)
values and the parameters, a aid b, for solid fuel. These parameters also require the apgropriate
moisture and ash yields to be employed. The fuel factor range is then 0,282 8 to 0,290 5 with a fuel
factor of 0,286 4 m3/M] at%8 % moisture content. The relative standard uncertainty is ¢alculated
from the half range in the-usual way:

[(0,290 5 - 0,282 8)/2/+/3]/0,286 4

giving 0,78 %¢ This is combined with an additional standard uncertainty of 0,55 %, assdciated
with the uséofFormula (E.5), to give 0,96 %.

Note that the.composition and/or specific energy of the samples may need to be determined for a less
honmogeneous fuel.

Theg thérmal input is determined from the plant steam output (P = 20 MW thermal) and the thermal
efficiency (n = 0,9) to give, under reference conditions, the volume flow rate:

qy =1,625 L =1,62x0,286 4x 20
n 0,90

)

=10,31m3/s

Since the relationship between the parameters is linearly proportional, it is sufficient to combine the
standard relative uncertainties using a simple root mean square approach and a coverage factor of 2,0.

Fuel factor, S, standard uncertainty for biomass sample (see above): ~1,0 %
Thermal output, P, standard uncertainty from flow meters and thermocouple calibrations: 2,5 %

Thermal efficiency, n, standard uncertainty from boiler efficiency analysis: 2,0 %
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Combined flue gas volume flow rate, qy, expanded uncertainty: 2x+/12+2,5%2 422 =6,7%

E.6.3 Example 3 — Natural gas fired gas turbine plant

The flue gas volume flow rate at a reference condition of 15 % oxygen volume fraction, dry, 273,15 K,
101,325 kPa is required for the calculation of a mass release rate.

The oxygen correction is
0,2095 _ 3501
0,2093-0,1I5

The fuel fagtor, S = 0,240, for natural gas is given in Table E.1 and the thermal input is determined ffom
the metered fuel input, gm, r = 10 kg/s, and the measured NSE, e(n) = 50 M]/kg, to give, under.refergnce

conditions

qyv = 3,1

the volume flow rate:

21 x Sqm, re(N) = 3,521 x 0,240 x 10 x 50 = 422,5 m3/s

Since the relationship between the parameters is linearly proportional, it isCsufficient to combine|the
standard rglative uncertainties using a simple root mean square approach and a coverage factor of ,0.

Fuel factor

Thermal irfput, P, standard uncertainty from fiscal flow meter and.gas chromatograph: 0,8 %

Combined

Flue gas volume flow rate, qy, expanded uncertaintyz 2x4/0,7%+0,8% =2,1%

S, standard uncertainty for natural gas (Table E.1): 0,35 %
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Annex F
(informative)

Example of uncertainty budget established for velocity and

volume flow rate measurements by Pitot tube

F1

F1
Thd

laid
(F.1

F.1
The

Process of uncertainty estimation

1 General

procedure for calculating measurement uncertainty is based on the law of propagation of y
down in ISO 14956(3] or ISO/IEC Guide 98-3. The calculation procedu¥® presents diffi
.2 to F.1.5).

2 Determination of model function

quantities”, shall be clearly defined.

All
be i

Thd
be 4

F1

Eac
ava
mej

All

sources of uncertainty contributing to any of the input quantities or to the measurand di
dentified.

stablished, if possible in the form of a mathématical equation.

3 Quantification of uncertainty components

h uncertainty source is estimatéd-'to obtain its contribution to the overall uncertain
lable performance characteristics of the measurement system, data from the dispersion
lsurements, data provided in‘calibration certificates.

incertainty components._(e.g. performance characteristics) are converted to standard un

of ipput and influence guantities.

F1

Thd
law

In g

4 Calculation-of the combined uncertainty

n the combined uncertainty, uc, is calculated by combining standard uncertainties, by aj
of propagation of uncertainty.

enéral, the uncertainty associated with a measurand is expressed in expanded uncert

Thd

ncertainty
erent steps

measurand and all the parameters that influence the restult of the measurement, callled “input

Fectly shall

n the model function, i.e. the relationship between the measurand and the influence quanttities, shall

y by using
bf repeated

certainties

pplying the

hinty form.

expanded combined uncertainty U. corresponds to the combined standard uncertaint

. obtained

by multiplying by a coverage factor, k: U. = kuc. The value of the coverage factor k is chosen on the basis
of the level of confidence required. In most cases, k is taken to be equal to 2, for a level of confidence of

app

EF1.

roximately 95 %.

5 Other sources of errors

The mathematical modelling of the measured local velocities then determinations of mean velocity and
volume flow rate, are carried out starting from the basic equations used to calculate these parameters.

In these equations, all the parameters have an uncertainty associated with their value which contributes
to the total uncertainty of the result of measuring.
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However, a thorough analysis of the implementation of measurement could result in counting other
sources of uncertainties which do not appear explicitly in the expression used to calculate velocity and
the volume flow rate. These sources are, in particular, related to the operational limits of the method,
and to the disturbances of the velocity to characterize by the realization of measuring itself:

F.2 Example uncertainty c¢alculation

Estimate df uncertainty vélocity and uncertainty volume flow rate of a gas stream in a duct wh
characterigtics are as follows:

62

nature of the gas stream: the gas stream should be continuous in single phase or should behave as such;

inhomogeneity of the physicochemical characteristics of gas across the measurement section;

nature of the flow: the calculation formulae are rigorous only if the flow is stable and presents
neither transverse gradient, nor turbulence — however, in practice, both coexist in the closed ducts;

dimenkion of the Pitot tube: the ratio of the diameter of the antenna of the Pitot tube to the diam
of the luct should be limited in order to minimize the error on the flow resulting from the grad
of velofity and the obstruction caused by the Pitot tube;

influence of the turbulence: turbulence has an influence on the determination of thewelocity and
measurement of the static pressure — the upward bias induced by turbulence on'the determina
of velogity is a function of the degree of turbulence;

slow fluctuations of velocity: the error due to an insufficiently long time 6fmeasurement to allg

correcf integration of the slow fluctuations of velocity decreases when the number and the durag

of meajsurements in a given point increase;

inclindtion of the tube of Pitot compared to the direction of the{stream: the error increase with|
angle ¢f incline;

pressure loss between total pressure port and static presSure ports: the static pressure ports be
locatelll at the downstream of the total pressure port, the.dynamic pressure measured with an e
equal fo the pressure loss by friction in the duct atthis distance — this error increases with
distange of the pressures ports and with the roughness of the duct;

the position of the Pitot tube in the measurement section;

the number of measurement points: if'the curve distribution of velocity shows a distribution
sufficigntly homogeneous, the number 6f measurement points usually prescribed in the stands
may n¢t be sufficient.

duct with a diaimgter 1 m, explored in five points by means of an L-type Pitot: uncertainty in
measurement;of the diameter of the duct is calculated starting from the maximum permiss
error ¢qudl to 2 % of the diameter;

aVal 1

bter
lent

the
fion

W a
on

i

the

Ping
‘ror
the

not
rds

ose

the
ible

tempe dlulc Uf £d5E5 Ull LllC IS S Ul CITICIIU beLLiUll. 150 U = 4‘23 I\’ — dlLlUIldic L0 Wil.}lill 1 n/b Ul
absolute temperature, in K (as mentioned in ISO 1078014I);

the

atmospheric pressure: 101 080 Pa — uncertainty in the atmospheric pressure is calculated
starting from the maximum permissible error which is 300 Pa and the error due to the reading

estimated at 20 Pa;

composition of gases:

— oxygen content measured in the conduit: 11,8 % volume fraction on dry gas +6 % relative (k = 2),

— carbon dioxide content measured in the conduit: 9,1 % volume fraction on dry gas *6 %

relative (k = 2),
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— water vapour content: 10,8 % volume fraction on wet gas *20 % relative (k = 2);

— mean local dynamic pressures, in Pa, at each measurement point:

Value Point i
1 2 3 4 5
1 190 205 221 208 195
2 189 198 227 215 188
3 195 203 225 213 186
4 194 200 219 216 195
5 192 203 220 210 194
A_Pi 192 202 222 212 192

— |static pressures, in Pa, on each explored measurement line: it is carried out five measufements on
each diameter:

value Diameter
1 2
1 -160 -158
2 -165 -162
3 -166 -164
4 -170 -1b9
5 -159 -1p1
Pstat,k -164 -161

Thg mean pressure on the measurement section is taken equal to the arithmetic mean of the fnean static
pregsures on each diameter

1
Pstat = E(pstatll +Pstat,2 ) =-162Pa

o (o3 [0 (P ) +1* (ce)]

F.2{1C- Calculation of the physicochemical characteristics of the gas effluent

— molar mass gases: M = 28,6 x 10-3 kg/mol
— density of gases: p = 0,82 kg/m3 in actual conditions of temperature and pressure, on wet gas
— absolute pressure: p. = 100 918 Pa

— local velocities, in m/s:
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Point i
Velocity
1 2 3 4 5
Vi 21,72 22,27 23,38 22,85 21,70

mean velocity: V =22,38m/s

volume flow rate:

gen

F.1)

F.2)

ti;

— qvjy = 63292 m3/h in actual conditions of temperature and pressure and on wet gas,
— qvld = 32 371 m3/h in standard conditions and on dry gas,
— qvpd,02ref = 29 755 m3/h in standard conditions, on dry gas and to a reference oxy
cohcentration.
F.2.2 Ca]culation of uncertainty associated with the determination of lecal velocities
2 2 2(Ap. 2
a? (vi)| u* (k) o (4pi) P (p)
2 | oz . —2" 2
Vi K 4xAp; 4p
F.2.2.1 Standard uncertainty on the coefficient of the Pitot tube
Characteriftics of the Pitot tube: K= 1,01 + 0,02 (coverage factor k = 2)
2
u(K)=-&=0,01
2
F.2.2.2 Sgandard uncertainty associated with the mean local dynamic pressures
T
u“(Ap;)= ’+2u (Cf) (
m
f=1
where
O pp, is the standard deviation of the m dynamic pressure measurements at the poir
1
bl m is_the standard deviation of the mean of the m dynamic pressure measurement
Ap; y p
! at point i;
Crf=1..r are the corrections to the dynamic pressure measurements.
The standa

64

T deviation O Ap; istatcutatedasfottows:
1

If the number of measurements is lower or equal to 10:
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where
AD; max» AP mmin are the maximum and minimum values of dynamic pressure measured;
dp is the factor loading, function of the number of measurements.
Number of Number of
measurements/values dp measurements/values dp
n n
2 0,885 12 (0,307
3 0,591 15 (,288
4 0,486 20 (0,268
5 0,430 25 0,254
6 0,395 30 0,245
7 0,370 40 0,227
8 0,351 50 0,222
9 0,337 60 ,216
10 0,325 80 (0,206
11 0,315 100 ,199
— |If the number of measurements is greater than 10:
Cap, =Sap, O O, = (AP ) max = AP min)
whe¢re S Ap; is the experimental standard deviation of the series of the dynamic pressure meapurements.

The

the resolution of the sensor used;
its uncertainty of calibration;

its drift;

its linearity;

hysteresis.

corrections to dynamic pressure measurements are related to:

Che1racteristics of the pressure sensor used (in the example):

range: 0 Pato 1 000 Pa;

resolution: 1 Pa;

calibration uncertainty: +2 Pa (with coverage factor k = 2);

drift: 0,1 % of the range between two calibrations;

lack of fit: 0,06 % of the range.

0,1/100))(1000

2 2 2
2 e (1) (2) |(
u“(Ap;)= - +[2\/§J +[2] +[
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Value, Pa L 5 P0i3nt i 1 s
Ap; 192 202 222 212 192
O pp; =dp (Api,max —AD; min ) 2,58 3,01 3,44 3,44 3,87
O ap; /Nm 1,15 1,35 1,54 1,54 1,73
U(A_pl) 1,09 1,65 1,90 1,90 Z,15

F.2.2.3 Standard uncertainty associated with the density of the gas effluent

2 2 2 2
u (Zp):u (sc)+u (Zc)+u (12"’) (F.3)
p Pc T¢ M

where

p  is|the density of the gas effluent under the conditions of temperature and pressure of gas, in
kg/ms3;

M  is|the molar mass of wet gas effluent, in kg/mol;
pc  is|the absolute pressure in the duct in the measurement section, in Pa;

T is|the gas temperature in the duct, in K.

F.2.2.3.1 |Standard uncertainty associated with the molar mass of gas

5
M=10 x[32><g002'w F44X0C0, 4 + 185010 +28%(100-90, o ~Pco, v —<pHZO)}

2 2 2
oM oM oM
2L 2 2 2 F.4
u®(M) 90, w Xu ((pOZ,W)+ 9000, m Xu (‘Pcoz,w)Jr 9110 Xu (€0H20) )
Sensitivity|coefficients:
oM | -5 _ oM 4
a%z’w-_z}xw 0 ap; =dnX(AP j max —AP j min ) Song =-10
Standard uneertainty
2 2 2
u® (M) =(4x107° ) xu? (o, u )+(16x107 | xu? (9c0, w ) +(107*) xu? (11,0

where @q, ., ©co, w-and @y, are percentage volume fractions on wet gas.

The contents on wet gas of oxygen and carbon dioxide are given by the following equations:

100~-¢y,0 100-10,8

= X =11,8x————=10,5% volume fraction
02w =902, 0 100 ’
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100- _
0 g, 100-10,8

= X =9,1x————=8,1% volume fraction
(pCOZ SW (pCOZ ,d 100 100 0

The uncertainty-types associated with the oxygen contents, carbon dioxide and water vapour on wet
gas are calculated according to following equations:

20
u = x10,8=1,08 % volume fraction on wet gas
(01,0) 2x100 ’ &

/(D ‘IZ /(p \ 12
(Po,.d (PH,0]
Ul Po., w |=%o,,
2
6 11,8 20 x10,8
U(§00 W)=10,5>< 2x100 +| 2x100 =0,34 % volume fraction water vppour
2 11,8 100-10,8
2 2
u(Pco, ) =00, (9c0pa) || v(Pwo)
co,.w |=%co,,
2 2% Pco, d 100-¢y,0
2 2
2 iooxg’1 2 21000X10’8
U =8,1x || <X | 41 exXIV0 D —( 26 % volume fraction
(Pco, ) 9,1 100-10:8 °

u(M)=1,17x10"* kg / mol

F.2.2.3.2 Standard uncertainty associated with the temperature T,
Undertainty associated with the temperature measurement is dependent:
— |with the resolution of the temperature sensor used;

— |with the uncertainty of calibration of the measuring equipment: sensor and the megasurement
instrument;

— |with the drifts of the measuring equipment;
— |with thelinearity-measuring equipment;

— |with the hysteresis-measuring equipment.

The expanded uncertainty associated with the temperature measurement is +2,5 K.

The standard uncertainty u(7T¢) is thus equal to:

u(T,

C

)= Y23 o1k
2
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