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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards bodies
(ISO member bodies). The work of preparing International Standards is normally carried out through 1SO
technical committees. Each member body interested in a subject for which a technical committee has been
established has the right to be represented on that committee. International organizations, governmental and
non-governmental, in liaison with ISO, also take part in the work. ISO collaborates closely with the
International Electrotechnical Commission (IEC) on all matters of electrotechnical standardization.

International $tandards are drafted in accordance with the rules given in the ISO/IEC Directives, Part 2.
The main tagk of technical committees is to prepare International Standards. Draft International Staridards
adopted by the technical committees are circulated to the member bodies for voting) Publication as an
International $tandard requires approval by at least 75 % of the member bodies casting a vote.

Attention is dfawn to the possibility that some of the elements of this document may be the subject of patent
rights. 1ISO shgll not be held responsible for identifying any or all such patent rights.

ISO 2889 wag prepared by Technical Committee ISO/TC 85, Nuclear energy, Subcommittee SC 2, Radliation
protection.

This second gdition cancels and replaces the first edition (ISO 2889:1975), which has been technically re¢vised.
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Introduction

This International Standard focuses on monitoring the activity concentrations and activity releases of
radioactive substances in air in stacks and ducts. Other situations for monitoring the activity concentrations
and activity releases of radioactive substances in air (environmental or workplace monitoring) are being
addressed in subsequent standards. This International Standard provides performance-based criteria for the
use of air-sampling equipment, including probes, transport lines, sample collectors, sample monitoring
instrufnents and gas flow measuring methods. This International Standard also provides information covering
sampling programme objectives, quality assurance, development of air monitoring control faction levels,

system optimization and system performance verification.

ISO 2B89 was first published in 1975 as a guide to sampling airborne radioactive materials in the

ducts, stacks,

and working environments of installations where work with radioactive materials is conducted. $ince then, an

improyed technical basis has been developed for each of the major sampling $pecialities. The
Interngtional Standard is on the sampling of airborne radioactive materials in‘ducts and stacks.

The gpal of achieving an unbiased, representative sample is best accomplished where samples
from airstreams in which potential airborne contaminants are well mixed in the airstream. This
Standprd sets forth performance criteria and recommendations té/assist in obtaining valid med
the cgncentration of airborne radioactive materials in ducts or stacks.

focus of this

are extracted
International
surements of
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INTERNATIONAL STANDARD ISO 2

889:2010(E)

Sampling airborne radioactive materials from the stacks and
ducts of nuclear facilities

1 S

This |
use O

nuclear facilities.

cope

hternational Standard sets forth performance-based criteria and recommendations,for th
systems for sampling of airborne radioactive materials in the effluent air from the ‘ducts

e design and
and stacks of

The requirements and recommendations of this International Standard afe)aimed at sampling that is

condd
the p
perfor
retrofi

It can
syster

this Imternational Standard still apply; however, for accident conditions, special or separatg

samp

2 Normative references

The fpllowing referenced documents areindispensable for the application of this docume

refere|

document (including any amendments) applies.

ISO 1

streams in ducts

3 Terms and definitions

For th

3.1
abate

cted for regulatory compliance and system control. If existing air-sampling systems are ng
prformance requirements and recommendations of this International "Standard, an eva
mance of the system is advised. If deficiencies are discovered, a’determination of whe
[ is needed and practicable is recommended.

be impossible to meet the requirements of this International Standard in all conditions wi

ng systems can be necessary.

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

D780:1994, Stationary source emissions — Measurement of velocity and volume flo

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

t designed to
uation of the
ther or not a

th a sampling

h designed for normal operations only. Under off-normal. conditions, the criteria or recommendations of

accident air

ht. For dated
e referenced

wrate of gas

ment equipment

apparatus used to reduce contaminant concentration in the airflow exhausted through a stack or duct

3.2

absorbent
material that takes up a constituent through the action of diffusion, allowing the constituent to penetrate into
the structure of the absorbent (if a solid) or dissolve in it (if a liquid)

NOTE

3.3

When a chemical reaction takes place during absorption, the process is called chemisorption.

accident (conditions)

upset

conditions that can lead to the release of abnormal amounts of radionuclides
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34
accuracy
closeness of agreement between a measured quantity and the true quantity of the measurand

3.5
action level
threshold concentration of an effluent contaminant at which it is necessary to perform an appropriate action

3.6

adsorbent

material, generally a solid, that retains a substance contacting it through short-range molecular forces that
bind the adsorbed material at the surface of the material

3.7
aerodynamid diameter
Da
for a particle jof arbitrary shape and density, the diameter of a sphere with density 1 000Kg/m3 that has the
same sedimeptation velocity in quiescent air as the arbitrary particle

3.8
aerosol
dispersion of solid or liquid particles in air or other gas

NOTE AnJaerosol is not only the aerosol particles.

3.9
aerosol, monodisperse
aerosol compyised of (solid or liquid) particles that are all of approximately the same size

NOTE In general, the geometric standard deviation of the particle-size distribution of a monodisperse aerosol|is less
than or equal t¢ 1,1.

3.10
aerosol, polydisperse
aerosol comprised of particles with a range. of.sizes

NOTE In peneral, the geometric standard deviation of the particle-size distribution of a polydisperse aerpsol is
greater than 1,].

3.11
aerosol particle
solid or liquid [particle constituents of an aerosol

3.12

analyser
device that prpvides for near real-time data on radiological characteristics of the gas (air) flow in a sampljng
system or duct

NOTE An analyser usually evaluates the concentration of radionuclides in a sampled air stream; however, some
analysers are mounted directly in or outside a stack or duct.

3.13
aspiration efficiency
ratio of particle mass or number concentration in the nozzle inlet to the concentration in the free stream

3.14
bend
gradual change in direction of a sample transport line

NOTE The radius of curvature of a bend should be at least three times the inside diameter of the tubing.

2 © 1SO 2010 — All rights reserved
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3.15
bulk stream
air flow in a stack or duct, as opposed to the sample flow rate

3.16

burial

imbedding of a particle into a filter medium or the masking of a particle by subsequent deposits of particulate
matter

3.17

calibration
operation that, under specified conditions, initially establishes a relation between the quantity values with
meastirement uncertainties provided by measurement standards and corresponding indications with
assocjated measurement uncertainties and then uses this information to establish a relation fpr obtaining a
measyirement result from an indication

3.18
coefficient of variation
cov
quantity that is the ratio of the standard deviation of a variable to the mean value of that variable

NOTE It is usually expressed as a percentage.

3.19
collegtor
compénent of a sampling system that is used to retain radionuclides for analysis

EXAMPLE A filter that is used to remove from a sample stream aerosol particles that carry| alpha-emitting
transufanic radionuclides or other radionuclides.

3.20
conditioning system
apparptus that can be used to purposefully,fin‘a controlled manner, change the aerosol particle goncentration,
gas composition, particle-size distributiof, temperature or pressure in a sample stream

3.21
continuous air monitor
CAM
near-real-time sampler apd\-associated detector that provide data on radionuclides (e.g. concentration of
alphaiemitting aerosol particles) in a sample stream

3.22
continuous monitoring
continuous near-real-time measurements of one or more sampling characteristics

3.23
continuous sampling
either uninterrupted sampling or sequential collection of samples obtained automatically at intervals short
enough to yield results that are representative for the entire sampling period

NOTE The sample may be analysed in near-real-time (i.e. equivalent to monitoring) or it may be analysed post-
sample-collection in a remote laboratory.

3.24

curvature ratio
ratio of bend radius to the tube diameter

© 1SO 2010 — All rights reserved 3
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3.25
depositional
loss of constit

NOTE

3.26

loss
uents of the sample on the internal walls of a sampling system

See also 3.92.

detection limit
minimum input signal to an instrument that can be said, with a predetermined confidence level, to exceed the
inherent noise of the instrument

3.27

droplet
liquid aerosol

3.28

effective dose

sum of the pr
to the organs

3.29
effluent
waste stream

NOTE
ducts.

Thi

3.30
emission
contaminants

3.31
emit
discharge cor

3.32

particle

bducts of the dose absorbed by an organ or a tissue and the factors relativé to-the radiatig
or tissues that are irradiated

flowing away from a process, plant, or facility to the environment

5 International Standard applies to the effluent air that is discharged to the atmosphere through stag

that are discharged into the environment

taminants into the environment

extractive sampling

NOTE Se

3.33

flow rate
rate at which
system tube ¢

NOTE The

2 3.72.

n and

ks and

a mass or, volume of gas (air) crosses an imaginary cross-sectional area in either a sampling

r a stack.or duct

b raté.at which the volume crosses the imaginary area is called the volumetric flow rate; and the

which the mas|

rate at

5 _crosses the imaginary area is called either the mass flow rate or the volumetric flow rate at st

andard

conditions.

3.34

geometric mean of a variable

*g

value given by Equation (1) for N observations of a random variable x;:

g=

LS
N i=1

(1)
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3.35
geometric standard deviation

Sq

the geometric standard deviation for N observations of a random variable, x;, calculated from Equation (2):

Il

1
In%sq =——

0= 52 (Inxi—lnxg)z (2)

M=

Il
N

where Xg is the geometric mean of the random variable

3.36
high-Lfficiency particulate air filter

HEPA filter

high-gfficiency filter used for removing aerosol particles from an air stream

NOTE A HEPA filter usually collects aerosol particles at the most penetrating particte)size (between 0,1 um and
0,3 un] diameter) with a high efficiency and is designed to collect greater fractions of.aerosol particles|with diameters
either larger or smaller. The minimum efficiency of a HEPA filter is not defined in an International Standard.

3.37
humidlifier
devicg for adding water vapour to a sample stream

3.38
hydraulic diameter
type df equivalent duct diameter for ducts that do not havea round cross-section

NOTE Generally, it is four times the cross-sectional afga divided by the perimeter.

3.39
impagtion
process by which aerosol particles are removed from an air stream by striking an object in the aiff stream

NOTE Curvature of air streamlines, \principally on the front side of the object, causes particles with sufficient inertia to
strike the object while the airflow passéestaround it.

3.40
in-ling@ system
system where the detector-assembly is adjacent to, or immersed in, the effluent stream or streanj in the duct
or stagk

3.41
interdeption
process hy\which aerosol particles are removed from an air stream by an object in the flow, where the
trajecloty-of the particle's centre of gravity misses the object but the body of the particle strikes the object

3.42

isokinetic

condition that prevails when the velocity of air at the inlet plane of a nozzle is equal to the velocity of
undisturbed air in a stack or duct at the point where the nozzle inlet is located

NOTE Anisokinetic is the antonym of isokinetic. Sub-isokinetic refers to the condition where the nozzle inlet velocity
is less than the free-stream velocity. Super-isokinetic refers to the condition where the nozzle inlet velocity is greater than
the free-stream velocity.

© 1SO 2010 — All rights reserved 5
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3.43
laminar flow

flow regime in stacks or ducts associated with Reynolds numbers less than about 2 200

NOTE

diffusion, which is a much slower process than mixing in turbulent flow.

3.44
LLD

lower limit of detection

3.45

This regime is not usually encountered in effluent air flows. Mixing in laminar flow results from molecular

may
in regulatory

3.46
membrane fi
filter medium
composition
NOTE Thi

3.47

elipplications, indicates that an action is permissible but not mandatory

ter
consisting of thin, organic-based films having a range of selectable porositie's|and controlle

n, porous metallic filters are sometimes also called membrane filters.

mixing elemeént

device placed

3.48
monitoring
continual mez
gross content]
near-real-timg

3.49

nozzle
device used
collection deyv

NOTE
line.

Wi

3.50
nozzle exit (g
imaginary plg
transport line

NOTE The

in a stack or duct that is used to augment the mixing of the.eontaminant mass with the flui

surement of a quantity (e.g. activity concentration) of the airborne radioactive constituent

, or at intervals that comply with regulatoryrequirements

to extract a sample from an«effluent stream and transfer the sample to a transport |
ce

lane)
ne across.the cross-section of a transport system that divides the nozzle region fro

e nozzle is frequently a separate component and the nozzle exit plane is clearly defined as the down

or the

of radioactive material, at a frequency that permits an evaluation of the value of that quantity in

ne or

hin the nozzle, there is a-transition zone where the sample stream adjusts to the conditions in the transport

m the

stream

end of that col

hpoenent, If there is no separate component, the nozzle exit is the end of the transition zone of the

nozzle

flow.

3.51

nozzle inlet (plane)
imaginary cross-sectional inlet plane of a nozzle where the flow first enters the transport system

NOTE

3.52
number size

distribution

In the special case of a shrouded nozzle, the inlet is referenced to the inner nozzle rather than the shroud.

representation of the number of particles associated with intervals of particle size, over the full size range

encountered i

n a sample

© 1SO 2010 — All rights reserved
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NOTE For samples consisting of aerosol particles, it is a representation of the relative number of particles (measured
number of particles in a size interval divided by the total number of particles in the sample) associated with intervals of
aerodynamic diameter.

3.53

off-line system

system whereby a sample is withdrawn from the effluent stream and analysed at a location that is remote from
the region where extraction takes place

3.54
off-normal condition
condition that is unplanned and which presents a gap with normal conditions

EXAMPLES Accidents and equipment failure.

3.55

partidle
aggrefate of molecules, forming a solid or liquid, ranging in size from a few malecular diametgrs to several
millimgtres

3.56
partidle, large
particle that has an aerodynamic diameter greater than 10 um

3.57
partidle-size distribution
distribution of particle size as a function of mass or activityrather than number

3.58

penefration
ratio gf the concentration at the outlet of the sampling system, transport lines included, to that in|the duct or at
the stack

3.59
potential emission
radionjuclides that can be released-fothe environment from a facility in the absence of control equipment

3.60
precision
closeness of agreement-between indications obtained by replicate measurements on the same gr similar
objects under specified\conditions.

NOTE A value\of precision is obtained by repetitive testing of a homogenous sample under specified conditions. The
precisipn of a method is expressed quantitatively as either the standard deviation computed from the resulis of a series of
controlled determinations or as the coefficient of variation of the measurements.

3.61
probe
tubing or apparatus inserted into a stack or duct through which a sample of the stream is withdrawn

NOTE A probe usually refers to one or more nozzles and part of the transport line.

3.62

profile

distribution of air velocity, of gas concentration or of particle concentration over the cross-sectional area of the
stack or duct

3.63

quality assurance

planned and systematic actions necessary to provide confidence that a system or component performs
satisfactorily in service and that the results are both correct and traceable

© 1SO 2010 — All rights reserved 7
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3.64

radionuclide

unstable isotope of an element that decays or converts spontaneously into another isoptope or different
energy state, emitting radiation

3.65
record sample
sample that is collected for reporting purposes

NOTE Record samples are often analysed off-line.

3.66
reference mdthod
apparatus andl instructions for providing results against which other approaches may be compared

NOTE Th¢ application of a reference method is assumed to define correct results.

3.67
representatiye sample
sample with the same quality and characteristics for the material of interest as that ofits-source at the time of
sampling

3.68
sample
portion of an air stream of interest or one or more separated constituents.from a portion of an air stream

3.69
sample-extrgction location
location of ex{raction of a sample from the air

NOTE Logation of inlet of the sampling system.

3.70
sampler
device that cdllects or analyses constituents of the air sample

3.7
sample stream
air that flows fhrough a sampling system

3.72
sampling
process of reqoving a sample from the free air and transporting it to a collector or an analyser (monitor)

3.73
sampling enyironment
conditions of |he air flow and gas within a stack that can influence the sampling process

NOTE Factors to take into account include pressure, temperature and molecular composition of the gas.

3.74
sampling location

NOTE See 3.69.
3.75

sampling plane
cross-sectional area where the sample is extracted from the air flow

8 © 1SO 2010 — All rights reserved
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3.76
sampling system
system consisting of an inlet, a transport line, a flow conditioning system and a collector or monitor

NOTE Depending upon the application, a flow conditioner might not be used in the sampling system.

3.77

sedimentation velocity

terminal (maximum) velocity an aerosol particle attains in quiescent fluid (air) as a result of the gravitational
force

3.78

sensifivity
chande in indication of a mechanical, nuclear, optical or electronic instrument as affected by changes in the
variablle quantity being sensed by the instrument

NOTE This is the slope of a calibration curve of an instrument, where a calibration curve)shows outgut values of an
instrument as a function of input values.

3.79
shall
in regllatory compliance, indicates that an action is mandatory

3.80
should
in regplatory compliance, indicates that an action is desirable but-not mandatory

3.81
shroyd
aerodynamic decelerator placed around and extending beyond a sampling nozzle to reduce sampling biases

3.82
standard conditions
tempgrature of 25 °C and a pressure of 101,325 kPa

NOTE Used to convert air densitiesito & common basis. Other temperature and pressure conditions may be used but
should| be applied consistently.

3.83
transmission ratio
ratio gf the aerosol particle: concentration at the nozzle outlet to that in the free stream

NOTE It is stated/whether a mass or activity basis is used.

3.84
transport line
part of a-transport system between the nozzle exit plane and the entrance plane of a collector or janalyser

3.85
transport system
all components of a sampling system, excluding the collector or analyser

3.86
turbulent flow
flow regime characterized by bulk mixing of fluid properties

NOTE For example, in a tube, the flow is turbulent if the Reynolds number is greater than about 3 000 and laminar if
the Reynolds number is below about 2 200. There is little mixing in the laminar flow regime.

© 1SO 2010 — All rights reserved 9
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3.87
uncertainty
parameter characterizing the dispersion of the value of a measurand, based on the true value of a quantity

NOTE The uncertainty is typically stated at a given statistical level of confidence (e.g. 95 %).

3.88

uncertainty analysis

procedure for estimating the overall impact on the accuracy or precision of a dependent variable as a result of
the estimated uncertainties of the independent variables

3.89
vapour J‘

gaseous form of materials that are liquids or solids at room temperature, as distinguished-from non-
condensable gases

NOTE Vapours are gases but carry the connotation of having been released or volatilized from liguids or solids,

3.90
velocity profjle
distribution of|the velocity values at a given cross-section in a stack or duct

3.91
volatile
having a high|vapour pressure, which allows significant quantities of material to become gaseous at the
prevailing temperature

NOTE In this International Standard, the stack temperature is generally considered as the reference.
3.92
wall loss

loss of sampl¢ constituents to the internal walls of a sampling system

NOTE Quantitatively, it is the equivalent concentration lost to the walls of a nozzle, transport line, conditioning gystem,
or transport sygtem divided by the concentration at the inlet plane of the nozzle, transport line, or transport system.

4 Symbojs

For the purpoges of this document, the following symbols are used.

A (Cross-sectional area of a stack or duct, expressed in square metres
Ag Aspiration-efficiency of a sampling nozzle (dimensionless)

B Bias/(dimensionless)

Beal Calibration bias (dimensionless)

B Overall bias limit (dimensionless)

Bpar parameter estimate bias (dimensionless)

BrsT design and test bias (dimensionless)

C Cunningham's slip correction for aerosol particles (dimensionless)

10 © ISO 2010 — Al rights reserved
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Velocity-averaging correction factor for determining flow rate in a stack or duct from a line

average velocity taken with an acoustic flow meter (dimensionless)

Pressure coefficient for a Pitot tube (dimensionless)

Velocity-averaging correction factor for determining flow rate in a stack or duct from
reading with a Pitot tube (dimensionless)

Velocity-averaging correction factor for determining flow rate in a stack or duct from
reading with a thermal anemometer (dimensionless)

a single-point

a single-point

averape

Effluent activity concentration, expressed in becquerel per cubic metre

Activity or aerosol particle concentration at the exit plane of a transport|systen component

(activity or particle mass or particle count per cubic metre)

Activity or aerosol particle concentration at the inlet plane of a~transport syste
(activity or particle mass or particle count per cubic metre)

Activity or aerosol particle concentration in the undisturbed-free stream at the n
(activity or particle mass or particle count per cubic mette)

Aerodynamic particle diameter, expressed in micrometres
Dean number of a flow bend, De = Re/R,'2 (dimensionless)
Inside diameter of a transport system component (e.g. tube), expressed in metres

Average radionuclide stack emission rate over the period of integration, expresseq
per second

Stack emission rate, expressed in becquerel per second

Uncertainty associated with determining the calibration factor (dimensionless)
Total uncertainty in the volume of air (dimensionless)

Uncertainty in reading the flow-meter scale (dimensionless)

Uncertainty associated with the measurement of the sampling time (dimensionless)

Fluctuation constant (dimensionless)

n component

pzzle location

in becquerel

Length of a section of tubing, expressed in metres

Confidence limit
Lower limit of detection, LLD
Wall losses of aerosol particles in transport system components (dimensionless)

Mean molar mass of a gas, expressed in kilograms per mole
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qa

qstd

Ra

Re

12

Mixing of radioactive contaminant in the total effluent gas volume, determined as the ratio
concentration in the sample volume to the concentration in the free stream (dimensionless)

Number of points or observations
Overall penetration of sample through a transport system (dimensionless)

Penetration of sample through the jth component of a transport system (dimensionless)

Pressure, expressed in pascals

of the

Jtandaard pressure, equal to 101,325 KPa

olume of effluent that produced the sample at stream temperature, pressure,’ an
gomposition, expressed in cubic metres

Total volume of gas (air) sampled, expressed in cubic metres

olumetric flow rate, expressed in cubic metres per second

olumetric flow rate at actual temperature and pressure conditions, expressed in cubic 1
ger second

olumetric flow rate at standard conditions, equal to 25¢Crand 101,325 kPa, expressed in
metres per second

Individual gas constant for a particular gas, equalto R /M, expressed in kilojoules per kilo
Kelvin

Radius of curvature of a pipe bend, expréssed in metres

Curvature ratio (R, = R /d;) (dimensionless)

Universal gas constant, equal to 8,314 J/(mol-K)

$urface roughness, expressed in micrometres

Reynolds numberof flow in a tube, equal to pU,,d/u (dimensionless)

Resuspension rate, expressed in reciprocal seconds

Net.count rate (gross minus background) of the sample, expressed in counts per second

1 gas

hetres

cubic

gram-

Signal
Stokes number, equal to (CpWDaZUm)/(det) (dimensionless)

Standard deviation
Temperature, expressed in kelvin

Temperature in stack or duct, expressed in kelvin

Standard temperature, equal to 298 K
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&Ts

Pstd

Pw

ISO 2

Time, expressed in seconds

Time period over which sampling is performed, expressed in seconds
Spatial mean velocity of gas (air) in a flow tube, expressed in metres per second

Velocity, expressed in metres per second

Velocity at the midpoint of the ith element, expressed in metres per second

889:2010(E)

Equivalent velocity at standard conditions (25 °C and 101,325 kPa), expressed in metres per

second

Deposition velocity due to Brownian diffusion or turbulent inertial deposition”on
transport tube, expressed in metres per second

Effective deposition velocity of contaminant at the wall of a transportitube, expres
per second

Sedimentation velocity of an aerosol particle, expressed in metres per second
Cross-stream component of gravitational settling velocity, expressed in metres per s
Angular coordinate of a tube cross-section, expressed in degrees or radians
Uncertainty

Detection efficiency, expressed in reciprocal becquerel-seconds

Collection efficiency (dimensioriless)

Transport efficiency

Decay constant, expressed in reciprocal seconds

Dynamic viscasity of a gas, expressed in pascal-seconds

Flow angle, expressed in degrees or radians

Dénsity, expressed in kilograms per cubic metre

Density of air at standard conditions of 25 °C and 101,325 kPa, equal to 1,184 kg/m

the wall of a

sed in metres

econd

Density of water at 4 °C, equal to 1 000 kg/m3

Variance
Transmission ratio of a nozzle (dimensionless)

Transmission through the transport line
Transmission through the nozzle

Angle of inclination of a tube axis relative to vertical, expressed in degrees or radian
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5 Factors impacting the sampling program

This International Standard focuses on the mechanics of obtaining a sample of airborne radioactive
constituents in facility ducts and stacks. However, there are important factors that impact the design of
sampling systems, in particular the following:

— the purpose of sampling;

— the type of conditions (normal or off-normal conditions);

— the characteristics of the air stream and radioactive constituents;

— the desir¢d measurement sensitivity;
— the concentrations or total emissions which trigger remedial action (action levels).

The impact ofl these factors on the sampling system should be assessed. Informative guidanece concerning the
first three of tihese factors is given in Annexes G and L. Information relevant to the last two is given in Annex I.

For off-norm3l conditions, the performance of the sampling system can be affécted by the modification of
several parameters (temperature, flow rate in ducts or stacks, type of airborne‘particles). Thus, acceptance

criteria introluced in this International Standard for normal conditions should be considergd as
recommendations for off-normal conditions.

6 Sample extraction locations

The sampling|location shall provide the possibility to extract arepresentative sample.

A representafjve sample is best extracted from a location where the radioactive materials of interest ane well
mixed within [the free stream. The term “well mixed*> addresses several criteria that are given in 6.2. The
designer shopld design the ventilation system toprovide a favourable location where the sample can be
extracted from a well mixed stream (see 6.3). In\this case, the sampling probe may contain a single nozgzle. In
circumstance$ where the well mixed criteriazare not achieved, a multi-nozzle probe may be used or dan be
required to get a representative sample/The design and operation of sampling probes are described|in 7.2
and Annex M

Following a careful evaluation (s€e/.7), one or more of the following steps should be taken in circumstances
where these ¢riteria cannot be(satisfied in effluent systems designed and constructed prior to the publication
of this International Standard:

a) Select anpther location for the sampling probe.

b) Install feTures that promote mixing.
c) Perform anim st test demonstrating that a representative sample is being collected.

6.1 General requirements for sample extraction locations

The stack or duct geometry and the airflow within should be fully understood. Usually, for a stack, the sample
extraction location should be situated between the discharge of the fan(s) and the stack exit point, with the
provision that the location should not be so close to the stack exit that wind effects can significantly influence
the velocity profile at the sampling location. Typically, in a well mixed airflow, successful sample probe
locations are in the range of 5 to 10 hydraulic diameters downstream of a flow disturbance and 3 or more
hydraulic diameters upstream of a flow disturbance. There can be instances where greater distances are
needed. Particular attention should be given to the geometry of flow-entry conditions. Any addition of a small
secondary air stream close to the wall of the stack or duct should be avoided. Bends, fans, duct junctions and
similar disturbances promote mixing, but can also produce distortions in the velocity and the contaminant
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concentration profile and angularity in the airflow in the first 2 to 3 hydraulic diameters downstream. Therefore,
sampling locations too close to such disturbances should be avoided, even at the cost of longer sampling lines.

In addition to the physics of obtaining a representative sample, there are other considerations in locating the
probe and associated equipment. The location should be readily and safely accessible, it should not present a
problem for sampler servicing and maintenance activities and it should accommodate analysis or collection
equipment that does not compromise the quality of the sample. High radiation fields under post-accident
conditions can present a problem with respect to worker safety at the sample-extraction location. High
ambient temperatures or humidity can also be a problem in some cases. Either of these situations can dictate
the requirement for transport lines longer than normally required to accommodate installation of the sample
collection and analysis equipment.

6.2 |[Criteria for the homogeneity of the air stream at sampling locations
The v
certai
t0 6.2

blues of the properties that signify a well mixed location for sample extraction can be characterized by
n parameters that shall be determined through the series of tests, examples ofwhich are |given in 6.2.1
5 and in Annex F. These measurements are made in the sampling plane.

6.2.1 | Angular or cyclonic flow

The presence of a swirl can adversely affect the mixing of particles in the airflow and
performance of sampling nozzles. The mean flow angle between thé.flow axis and nozzle ax
exceed 20°.

degrade the
is should not

6.2.2 | Air velocity profile
Air ve
the m
at lea

ocities are measured at the grid of points described in ISO 10780. The coefficient of variation, COV, of
pasurements is calculated. The COV should besless than or equal to 20 % across an ared that includes
5t the centre two-thirds of the area of the stacki or duct.

6.2.3 | Gas concentration profile

A trac
locatidg
unifor
tracer

er gas (e.g. alcohol, sulfur hexafluoride, helium) is introduced into the airflow upstream of
n. The tracer concentration is measured at the same grid of measurement points used f
mity determination. The COV)of concentration at the measurement points is calculated. TH
gas concentration should be < 20 % across at least the centre two-thirds of the cross-se

the stack or duct. Also, at na méasurement point should the concentration of the tracer gas diffen

the sampling
br the velocity
e COV of the
tional area of
by more than

30 % from the mean value-for all of the points.

6.2.4 | Particle concentration profile

Suitahle test_aerosol particles are introduced into the airflow upstream of the sampling locatign. The tracer
concentrationyis measured using the same grid of measurement points as used for the velogity uniformity

deterr

nination. The COV of concentration at the measurement points is calculated. The C(

<20

V should be

o across at least the centre two-thirds of the cross-sectional area of the stack or duct.

Test aerosol particles with a D, of about 10 um are recommended. This kind of test particle should be used
because of the requirement for test aerosol particles whose aerodynamic behaviour clearly exhibits the inertial
effects that can adversely influence mixing. They can be relatively easily generated in either monodisperse
(single particle size) or polydisperse forms and released into stack flow.

In cases where additional data about the relevant size distribution (e.g. activity size distribution) under normal,
off-normal and anticipated accident conditions are available, the test aerosol particle size may be selected
accordingly.
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6.2.5 Summary of recommendations for locations to extract samples from a well mixed air stream

The recommended characteristics for locations from which to extract samples from a well mixed air stream are

summarized in Table 1.

Table 1 — Summary of recommendations for a sampling location

Characteristic

Methodology

Recommendations

Measurement to determine if flow in a
stack or duct is cyclonic

ISO 10780

The average resultant angle should be
less than 20°.

Velocity profil

SU:UUt;UII Uf 'JU;IItD AULIVOoo d JGUt;UII CC‘V’ QhUU:d IIUt UI\UUUd 20 nIl) \vJ “r the
based on the guidance in ISO 10780 |centre region of the stack| that
for the centre 2/3 of the area of the|encompasses at least 2/3cof the| stack

stack or duct. Additional points or area
may be added to adequately cover the
region.

cross-sectional area.

Tracer gas concentration profiles

Selection of points across a section
based on the guidance in ISO 10780
for the centre 2/3 of the area of the
stack or duct. Additional points or area
may be added to adequately cover the
region.

COQV should net exceed 20 % over the
centre region/ of the stack| that
encompasses’ at least 2/3 of the| stack
cross-sectional area.

Maximum trgcer gas concentration
deviations

Selection of points across a section
based on the guidance in ISO 10780
for the entire cross-sectional area:

At no point on the measurement grid
should the tracer gas concenfration
differ from the mean value by|more
than 30 %.

Aerosol particle concentration profile

Selection of points acrossia section
based on the guidancein’/ISO 10780.
Additional points or area'may be added
to adequately coverithe region.

COQV should not exceed 20 % over the
centre region of the stack| that
encompasses at least 2/3 of the| stack
cross-sectional area.

6.3 Desig

Extracting a
constituents

ing effluent discharge systems for sampler placement

presentative sample from(a’stack or duct is best accomplished where the potential radigactive
re well mixed with the aifflow. When designing new emission units, or remodelling old units, the

designer should incorporate design)features that promote mixing downstream of the fans, abatgement

equipment and

NOTE

vanes and flo
et al. (1999b),
configurations

Maughan (199&a):
Glissmeyer (2006).

7 Sampling system design

anda \Malghan

all additions to the-bulk flow.

Fedtures that enbance mixing do so by creating large-scale turbulence. One or more 90° turns, con
airstreams, mixXing boxes, perimeter rings and commercial static mixers all enhance mixing. On the other hand,

Glissmeyer

(

erging
turning

straighténers have the opposite effect. The generic tests of McFarland, et al. (1999a), McFprland,
Beo, etal~(2006), and Han et al. (2007) provide tests of features that promote mixing. Previously
an be\used and scaled. There are documented tests in published literature and technical reports: Rgdgers,
et al. (1996); Ballinger, et al. (2004);

tested

(2001); Glissmeygr and

P); and

The penetration of aerosol particles, gases and vapours of concern from the free stream to the collector or

analyser shall be determined.

Performance criteria introduced in this International Standard for monitoring of effluents may be considered as
recommendations for sampling systems designed for control monitoring only.

The performance of the sampling system for aerosol particles shall be considered sufficient for normal
conditions and for most off-normal conditions if a test under normal conditions with near-monodisperse

16
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particles having a D, of 10 ym yields a penetration value above 50 %. In cases where additional data about
the relevant size distribution (e.g. activity size distribution) are available, the test aerosol particle size may be
selected accordingly.

The discussion in 7.1 to 7.8 does not cover all possible situations and may be adjusted for particular situations
where testing is neither appropriate nor practicable and for local regulations. A risk-based graded approach
may be used in the design of systems for sampling radionuclides in stacks and ducts of the nuclear industry.

However, formulating such an approach is beyond the scope of this International Standard.

7.1 Volumetric flow measurement

;‘”‘;‘-"”"‘i FTOWHT00T re—att—SamPrio V'S et Gt TEe—Stac v, pmeiviv
should be provided because they directly impact the accuracy of emissions estimates. Errors
into the calculation of emissions if the emission and sample flow rate units are not based\on
density. This becomes significant where airflow is at either elevated or depressed temperature o
example if the facility is at an elevation of more than 300 m above sea level or if thessample floj
the vgdcuum side of the air mover. Local regulations may specify the gas density conditions to us
emissjons.

.
9

In calgulating the amount of effluent air, the user should either adjust for{he density difference

peing sampled

re introduced
he same gas
" pressure, for
W meter is on
b for reporting

s in the air or

use neasurements based on a standard density. Typical conditions for standard density flow nieasurements

are a [pressure of 101,325 kPa and a temperature of 298 K (25 °C),.Flow measurements at the
are reported in units of m3g /s (or m3,/min) and are represented by the symbol gy The us
mass |flow meters in both the emission and sampler airflows; calibrated, can eliminate the r
density adjustments.

7.1.1 | Emission stream flow measurement

The ajrflow of sampled emission streams should beContinuously measured if the flow rate is
vary iy more than 20 % per year (if historical data are available, the 20 % value can be approx
standard deviation of the measurements.) Eactors such as fan maintenance, the opening of ¢
variations in the number of fans should be.faken into account in determining the requirement fo
measuyiring flow rate.

If confinuous measurement of flow.rate is not needed, then periodic manual measurements of fld
be pefformed at least annually in‘\accordance with ISO 10780. This standard method, as modifie
is denjoted hereafter as the reference method.

cks and ducts that\itis necessary to monitor continuously, the flow measurement and rec
be capable ofdetermining the mass or volumetric flow rate of the effluent stream with an
is within 10 % of that-measured with the reference method.

Any continuous™flow measurement device should be subjected to minimum annual accuracy
sensor of the-continuous flow measurement device is based on electronic or acoustical princ
checks of the instrument zero and span (or linearity) should be made.

se conditions
e of so-called
eed to make

anticipated to
mated by the
oors and the
- continuously

w rate should
d in Annex A,

brding system
accuracy that

audits. If the
ples, periodic

7.1.2 Sample air flow rate and volume measurement

The relative accuracy of the sample flow rate measurement and recording system should be within 10 % of a
traceable flow standard. The sample flow sensor should be placed in the sampling system so that it does not
cause losses of aerosol particles or reactive radioactive gases. As a consequence, the flow sensor is
generally located downstream of the sample collector or analyser. Therefore, the gas density at the flow meter
differs from the gas density in the stack or duct.

The sample flow rate should be displayed. If a mass flow meter is not used, pressure and temperature
instrumentation should be added to enable calculation of the gas density at the sensor.
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If the sampling flow rate does not vary by more than 20 % over the sampling period, as a minimum it should
be recorded at the start and the end of a sampling period. For such a case, the total volume sampled, O, may

be calculated

q1 +

using Equation (3):

q2

Or= 5 (t2 —11) ®)
where
g1 is the volumetric flow rate indicated by the flow meter at the start of the sampling period, 4,

exp

ressed in cubic metres per second;

qp, is tllue volumetric flow rate at the end of the period 1,, expressed in cubic metres per second'

Continuous f
sampling per
intervals not ¢
sampling peri
the interval (¢
the value at

Oq, expressed in cubic metres, is calculated using Equation (4):

Or =

M=

i=1

where N is th¢ number of intervals.

Other integra
equation abo

If a controller
over conditior
value thatis t

If the emissio)

flow rate shodld be used and the sample flow rate should be varied in proportion to the flow rate throu

stack or duct.

the sample fraction at normal operating conditions.

An exception
sensor if its 0

The flow cont

ow measurement should be used if the flow rate can vary by more than 20.%~ durir
od. When continuous flow measurement is employed, the flow rate should)ybe recorg
xceeding 10 min. The total volume of sampled air is based on integration of,flow over the
bd. If the time interval between recordings is At, expressed in seconds, and the flow rate
ither the true average in the interval, the average of the initial and final-values in the inter
e interval midpoint) is ¢;, expressed in cubic metres per second, the total volume of air sar

1At

ion schemes may be used if the numerically.induced errors do not exceed those implicit
e. The total sample volume, Or, is based on the flow rate indicated by the flow meter.

is used to maintain a constant flow rate, the controller should maintain the flow rate within
s that correspond to an initial pressure drop across the collector (usually a filter) or analys
ice the initial pressure drop.

h flow rate can vary more than 20 % over a sampling interval, automatic control of the s
The ratio between sample flow rate and effluent flow rate should be maintained within 2
may be made-for that part of the air monitoring system containing a real-time contami

pberation depends on a constant internal flow rate.

roller should be tested at conditions similar to the operating conditions.

g the
ed at
entire
during
val, or
npled,

(4)

in the

15 %
br to a

ample
gh the
) % of

nation

7.1.3 Leak thecks

A leak in the sampling system or around the sample collector can cause errors in the indicated sample flow
rate and also the improper functioning of the sample collector. A sampling system should be inspected for
leaks at the time of installation and at any time when either significant maintenance is performed or during an
inspection. The inspection or test methodology should be practical for the installation and documented.

Leakage under flowing conditions should not exceed 1 % of the nominal sampling flow rate. Bypass around a
sample collector should be less than 0,1 %.

NOTE 1 Visual inspection and the observation of foreign materials on samples can identify large leaks. If the sampling
system is strategically equipped with full-bore ball valves, then parts of the system can be isolated for vacuum or pressure
decay measurements or for a measuring flow through a blocked system. A method of carrying out the latter approach is to
block the flow through the nozzle, then apply vacuum to the transport line and measure the leakage rate. For example, a
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mass flow meter can be attached downstream of the collector or monitor and the vacuum source connected to the
downstream side of the mass flow meter. The pressure level in the tubing between the collector or monitor and vacuum
source is adjusted to the nominal value encountered during sampling (typically about 4 kPa for sampling systems that
involve the use of collection filters) by bleeding air into the line downstream of the flow meter.

NOTE 2  Karthik and McFarland (2004) illustrate the use of a chamber and tracer method of leak-testing small
assembled items.

NOTE 3 The recommendations of this subclause do not apply to collectors internal to continuous air monitoring
instruments.

7.2 Nozzle design and operation for extracting aerosol particles

The irfformation in 7.2.1 to 7.2.6 is applicable to sampling from stacks and ducts that have the pqtential to emit
aerosgl particles. Extracting the air sample with a properly designed nozzle from a location‘\wher¢ the potential
contaminants are well mixed in the airflow provides a representative sample during nermal conditions and an
adequate sample during accident conditions. Background on the design parametefs)of sampling nozzles is
given jin Annex M. Performance recommendations for nozzles are given in 7.2.1 to/:2.6.

7.2.1 | Nozzle performance

A sanppling nozzle itself should have a transmission ratio within the range of 0,80 to 1,30 over the anticipated
range| of normal operational or accidental conditions for an aeroSol ‘with a particle size, D,| of 10 um. If
information is available on the activity distribution as a function. of{particle size for a particular stack or duct,
additipnal tests with aerosol particle sizes in this range should be.considered at the design stagq of the nozzle
or at the manufacturer’s facilities, particularly if larger particles ‘are present.

In cases where additional data about the relevant size distribution (e.g. activity size distribution)|are available,
the test aerosol particle size may be selected accordingly.

Comparable behaviour should be demonstrated to provide similar transmission values, because liquid
particles adhere to walls, while solid particles\ean rebound or be re-entrained from a surface.

The presence of a nozzle should not-disturb the aerosol particle concentration in the stack or duct.

Accorflingly, the frontal area of a nozzle should not be excessive (e.g. not greater than 15 % qf the stack or
duct gross-sectional area) and the inlet diameter should not be too small.

7.2.2 | Application and performance considerations

@

The fgctors in 7.2.2.1,4072.2.2.5 should be considered in the selection and use of a sampling nozg

7.2.2.1 Location

Sampling should take place at a location where both the aerosol particle concentration and fluJd momentum
(velogity) are well mixed and thus meet the performance criteria of 6.2.

7.2.2.2 Orientation

For aerosol particle sampling, the nozzle axis should be aligned parallel to the temporal mean flow direction.

7.2.2.3 Transmission and aspiration ratios

The transmission and aspiration ratios of the selected nozzle design should be traceable to experimental
verification of performance for conditions that include the nominal sampling flow rate and range of anticipated
sampling flow rates, the nominal free stream velocity and the range of anticipated free stream velocity, and a
particle size, D, of 10 um. In cases where additional data about the relevant size distribution (e.g. activity size
distribution) are available, the test aerosol particle size may be selected accordingly. If actual testing is used,
the means for determining the transmission and wall-loss ratios should be documented. If reference to
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previous testing is employed, the equivalency of the selected design and the design that was tested should be
documented.

7.2.2.4 Sampling flow rate and free stream velocity

During operation of a nozzle, the sampling flow rate may be varied to accommodate changes in the free
stream velocity, or it may be held constant to accommodate the functionality of a particular collector or
analyser. Where the emission stream flow rate can vary by more than 20 % over a sampling period, the
sampling flow rate should be varied in proportion to the flow rate through the stack or duct in order to permit
an accurate assessment of the quantities of any release. If the sample flow rate is varied, the ratio of the
sampling flow rate to the stack flow rate should be establlshed for nomlnal operatlonal conditions of the stack
or duct. Ove priori
considerations, the ratio should not vary by more than 20 %. To determlne the starting point for proport|onal
control, the nmlnal design velocity for the nozzle should be matched to the nominal stack velocity

7.2.2.5 Nogzle configuration

The leading edge of the nozzle inlet should have a sharp edge and the external cone angle should not exceed
30°. Other copfigurations may be used if experimental data show either equivalent at-superior performance to
the sharp-edded nozzle. If the sampling nozzle is shrouded, the shroud should not:have a sharp leading|edge.
For sharp-edged nozzles, the leading edge of the nozzle should be inspected for'damage following instdllation
and subsequgnt to any maintenance procedures in which the nozzle could-be damaged. Some studies (e.qg.
Reference [71]) have shown that single-nozzle, shrouded probes can reduce wall losses for particles having
an aerodynamic diameter, D, greater than 5 um, in high-velocity streams, (velocity greater than 10 m/s).

7.2.3 Sampling probes with multiple-inlet nozzles

Where the airflow-mixing criteria of Clause 6 cannot be met, multi-nozzle probes may be used where thgy can
be demonstrgted, with in-place testing, to provide a representative sample.

Table 2 suggests a rationale for selecting the number of nozzles. The table assumes that the spmple
extraction location is at a minimal distance correspending to 5 hydraulic diameters downstream of any hends,
junctions or other flow disturbances. The numher-of sampling points is known, taken from the earlier version of
this Internatiohal Standard. The nozzles should ‘be located in the duct or stack such that each covers an|equal
fraction of thel sampling plane area.

Table 2 — Number of nozzles for multi-nozzle sampling probes

Stack or d':rt;t diameter Number of nozzles
<300 2
300 to 1 000 3to5
>1 000 6 or more

Particular attention should be paid to the design of sample delivery when sampling with a very high number of
nozzles (e.g. more than 10). The performance of the installation shall be demonstrated as for single-point
samplers; see 7.2.1. Each of the nozzles should then meet the requirements of 7.2, with an added margin to
allow for the losses in additional bends and joints.

Uneven velocity distribution is a special problem for multi-nozzle sampling. It is necessary that the flow
through each nozzle be proportional to the local velocity, so as to make the combined sample representative,
and to make sampling nearly isokinetic. However, internal flows can develop from nozzles in high-velocity
zones to nozzles in zones with less velocity, depending on the design of nozzles and manifold.

Some designs of multi-nozzle samplers are discussed in Annex M.
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7.2.4 Materials of construction

Nozzles should be constructed of materials that do not react with either the aerosol particles or the vapour
constituents of the gas stream. The average surface roughness of the internal regions of nozzle that contact
the sampled stream should not exceed 0,8 um. The average surface roughness of the external region of the
sampling nozzle from the inlet plane to a distance of two nozzle inlet diameters from the inlet plane should not
exceed 1,6 ym. A shroud should have an average surface roughness that does not exceed 3,2 ym.

7.2.5 Maintenance

The samplmg nozzle should be checked periodically for allgnment presence of dep03|ts of foreign materials
and ofh ground aerosol
particles that can produce dep03|ts a cleanlng schedule should be establlshed that doésypot allow the
occlugion of over 5 % of the inlet area of a nozzle. For nozzles that are used to sample HEPA-fjltered air, the
nozzlg should be cleaned if there are visible deposits of material on either the internal .or,exterpal regions of
the ngzzle, although visible deposits would not be expected if the filters were performing’satisfacforily.

7.2.6 | New concepts

When| new approaches are developed for design and operation of nozzles, such designs may be used in
ducts |and stacks if it can be demonstrated experimentally that the designs meet or exceed thg performance
specifjcations given in 7.2. The test conditions should include experithents to determine the wall losses and
aerosgl particle transmission under the following conditions:

a) pprticle sizes, D,, of about 3 um to about 10 ym to 20 ym<at'the nominal free-stream velocity and nominal
lpw rate;

—h

b) maximum and minimum operational or anticipated-free-stream velocities for a particle size|D,, of 10 um
the nominal sampling flow rate;

Q

c)

3

aximum and minimum anticipated sampling flow rates for a particle size, D, of 10 um gt the nominal
ree-stream velocity.

=h

7.3 [Sample transport for particles

The transport of aerosol particlés;from a sampling nozzle to a collector or analyser should take pjace in such a
manner that changes in concentration and size distribution of airborne radioactive materials are minimized
within|the constraints of cérrent technology.

7.3.1 | Depositional losses

In general, there)are some losses of aerosol particles in transport lines due to particle deposition, and any
design entails.compromises. The design parameters should be carefully chosen to optimize thg utility of the
overall system. Annex B provides guidance on assessing particle penetration.

The deposition of particles inside the transport lines from the extraction point to the filter shall be determined
experimentally using test aerosol particles.

The performance of the sampling system shall be considered sufficient under normal, off-normal and
anticipated accidental conditions, if a test with near monodisperse particles of 8 ym to 12 um (D,) yields a
penetration value above 50 %.

A D, of 10 um is mentioned when no information on aerosol size distribution is available. In cases where
additional data about the relevant size distribution (e.g. activity size distribution) are available, the test aerosol
particle size can be selected accordingly.

Particles with a D, smaller than 10 um have a higher penetration due to smaller deposition, rates. Particles
with a D, larger than 10 ym can be expected to have smaller penetrations. On the other hand, for dry particles,
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the penetration can increase with particle size due to resuspension. Therefore, penetration measurements
with test aerosol particles having a D, of 10 ym can be considered to address the penetration minimum.

In cases where additional data about the relevant size distribution (e.g. activity size distribution) are available,
the test aerosol particle size may be selected accordingly.

Documented computer codes or documented and referenced hand calculations may be used to assist in the
design of the sampling line and selection of test aerosol particles. The computations may be used to
extrapolate measured penetration values to other particle sizes, and may be used also in the case of a

modification of the flow rate or changes in sampling-line geometry.

The straight sections of transport tubes, particularly horizontal tubing sections, should be kept as s

possible, and
There should
tube diamete

at least 3. Fla|
should not be
these specific

7.3.2 Corro

The internal
inadvertently

The materials

be compatibl
industry are s|

7.3.3 Electn

If plastic is
(Charuau 19
(Liu etal. 19

ort as

the number of bends should be minimized within the geometrical constraints of the appli
be no inward-facing steps at the tubing connections that cause more than a 1 % reduc
. The tubing ends should be free of burrs and crimping. Bends should have a curVature r
ttening, which is defined as the ratio of the minimum tube diameter to the originabtube dia
less than 0,85. The user should note that special fabrication techniques can®é-needed tg
ations.

sion

valls of the transport system should be constructed of materials that are minimally reac
Heposited aerosol particles or to reactive vapour compounds-that can be present in the sz
of construction for external walls and seals between sampling system components shoul

with the environment to which they are exposed. Materials recommended for the n
fainless steel for general applications and polytetraflugroethylene for radioiodine.

)
-

ostatic effects and flexible tubes

sed in aerosol-particle transport systems, internal electric fields can cause particle
); in particular, plastic tubing that has been flexed can show abnormally high wall dg
). A transport system should be constructed of materials, such as metals or conductive pl

ation.
ion in
atio of
meter,

meet

ive to
mple.
d also
uclear

osses
posits
Astics,

that do not maintain internal electrostatic fields. In many applications, it is useful or convenient to €
flexible, non-metallic tubing to connect a sampler or analyser to a transport line, particularly if it is necess
isolate an analyser from mechanical vibrations in the sample transport line. The inside diameter of the
line should ngt be smaller than the inside.diameter of the components with which it is connected and the
curvature ratip should not be less than’three, nor may the curvature of a bend cause more than a
change in thg inside diameter of the.tube. If non-conductive, flexible tubing is used, the line length sho
kept as short ps practicable, not-exeeeding 0,5 m.

mploy
ary to
blastic
bend
15 %
uld be

Of the flexifjle tubes thdat~can be categorized as non-conductors, neoprene and natural rubbsd
recommended to minimize  electrostatic deposition of particulate matter (Charuau 1982). If radioiod
present in the effluent'stream, the materials suggested in Annex C should be used.

r are
ine is

7.3.4 Smoolthness of internal surfaces

To minimize aerosol-particle depositional losses and to facilitate decontamination, the internal surfaces of
transport lines should be as close to hydraulically smooth as practical. Drawn tubing or other types of tubes
with Rald, less than approximately 5 x 105 are acceptable, where Ra represents the height of surface
roughness of the internal tube walls and d, is the tube diameter. This criterion requires an average surface
roughness of approximately 1,6 uym or less for tube sizes that are in the order of 25 mm in diameter.

7.3.5 Condensation

Sample transport lines, collectors and analysers should be designed to avoid condensation of vapour.
Condensation takes place when the temperature of air in the sample transport line is less than the saturation
temperature of the vapour of interest. It can be necessary to thermally insulate, and in some cases heat, the
sample transport line to prevent condensation. For situations in which heating of the sampling line can result
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in unacceptably high temperatures at a collector or analyser, a dilution system should be considered; however,

care should be exercised to ensure that the dilution process does not produce condensation

at the mixing

location. Experimental or numerical analyses should be performed to demonstrate the effectiveness of any
design provisions that are intended to minimize or preclude the formation of condensation in sample transport

systems.

7.3.6 Cleaning transport lines

An additional consideration at some facilities is the necessity to clean transport lines. For applica

tions in which

the sampled air is HEPA-filtered, cleaning might not be necessary within the expected lifetime of the
mstallatlon however, for applrcahons where background aerosol particles are present |t can be

on performance of the transport system. The interval between cleanings should
ulations of wall losses cause a reduction of no more than 10 % in‘the overall penetrat
es with a D, of 10 um through the sampling system.

particl

In cag
the te

es where additional data about the relevant size distribution (e.g. activity size distribution)
5t aerosol particle size may be selected accordingly.

In add
there

anom
produ

ition, if there are indications of re-entrainment of deposits from the walls of the samplin
has been sampling of easily re-entrainable aerosol particles (e.g. flakes), either of whi
blous radiological data to be gathered, the system should be cleaned. Decontaminatio
ction should be taken into account for any cleaning procedure.

7.4 |Gas and vapour sample extraction and transport

Much|of the discussion in 7.3 applies (generally for sampling particles and gases; however,
should be given to extracting and transporting vapour and gases to determine where special
can b¢ required.

When|non-reactive gases and vapour are the only species being sampled, the sampling recomm

necessary to

em should be
s of material
an be set up
pbe such that
on of aerosol

are available,

j system or if
Ch can cause
n and waste-

consideration

gystem design

endations are
rticle line-loss
es in the line
ritical, but the
2. The nozzle
nts that apply
nsation in the

iIrticle sample

extraction and transport requirements should apply, which also ensures adequate delivery of the gas and
vapour sample. The remaining consideration, then, is the selection of suitable collection devices. The gas- or

vapour-collection device should be located downstream of a particle filter to eliminate potentia
interferences by particulate matter. The minimum penetration for vapour or gas samples from th
to the collector or analyser should be 50 %.

| radionuclide
e free stream

When working with reactive gases and vapour, particular attention should be paid to the sampling-system
construction materials and to avoiding condensation. The construction material should have minimum

reactivity with the gas. Consideration should be given to the advantages of providing a separ:

ate sampling

system for the gases whenever the construction materials that are for the transport of the particle and gas

samples are incompatible. In situations where even a low level of reactivity cannot be avoided,
the transport line should be kept to a minimum. The penetration of the gas or vapour through

the length of
the complete

extraction and transport system should be documented. The minimum penetration for vapour or gas samples
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from the free stream to the collector or analyser should be optimized, with the objective of achieving 50 %. If
long transport lines are unavoidable, consideration should be given to the effect of transport and detection
delay time caused by deposition, chemical transformation and subsequent resuspension. Consideration
should also be given to how significant the effect the delay has on the timeliness, interpretation and
usefulness of the resulting data. Although rapid changes in the emission can become attenuated over a long
time interval relative to the change in emission, the data can still be useful and quantitative when interpreted in
that light. Annexes C, H and K provide guidance on the sampling of radioiodine, tritum and carbon-14,
respectively. Annex B provides guidance on verifying the transport of sampled constituents.

7.5 Collection of particle samples

7.5.1 Genejfal

ecting
mass,

Depending on the purpose of the sample, a wide range of techniques is available for monitoring-en coll
airborne parfjcles. Particles can be collected on filters for retrospective determination ~of ‘fotal

radionuclide activity, or chemical form; in cyclones or cascade impactors for determinationyof particle size
distribution; gn electron microscope substrates for determination of particle morphology; or they cgn be
observed using light-scattering or time-of-flight techniques for measuring the number, concentration and size.
Near-real-tim¢ devices, such as alpha continuous air monitors (CAMs), typically colleet particles on a f(liter or
impaction substrate and monitor the accumulation of radioactive substance with*time. Critical issups for
selection and|operation of particle collection devices are as follows:

— approprigte presentation of the sample for real-time analyses @p preservation of the sample for
retrospedtive analyses;

— adequatd flow rates and detection efficiencies to meet sensitivity’requirements;

— minimal ip-leakage within the collector;

— minimal particle loss within the collection zone.

7.5.2 Filter media

Selection of g particle-collection filter should\be based on careful consideration of collection efficiency for the

typical particle size in the duct, the area)of the filter, the pore size, the filter's resistance to air flow, the

background radioactive material of the filter, filter fragility, cost, self-absorption within the filter and chemical

solubility. If the performance characteristics of the front and back surfaces of the filter are not within % % of

each other fi
appropriate s
required sam

When filter m

pr the intended purpose of the sample, there should be a clear means of identifyin
Lirface for particle-Collection. The filter should be strong enough to maintain its integrity
ble flow rates and’/during handling activities.

pdia are.Used, a backup support that produces a negligible pressure drop should be used

the filter to pr
while not da

pvent filter distortion or deterioration. The filter holder should provide adequate structural s
agifigtthe filter, should prevent sampled air from bypassing the filter, should facilitate cha

g the
at the

ehind
Lipport
nging

the filter and phould facilitate decontamination. If gaskets are used to seal the filter to the backing plate, the
gasket should be in contact with the filter along the enfire circumierence 10 ensure a good fit. The gasket
should be periodically inspected to detect degradation and eliminate build-up of dust or filter material, which
can result in sampled air bypassing the filter.

To reduce the uncertainty associated with collection efficiency, filters that are used for sampling airborne
radioactive particles should have a minimum efficiency of 95 %. Efficiency values should be applicable to the
conditions of use, for example, the collection efficiency depends on the face velocity (Liu et al., 1983).

If published or manufacturer's data on filter collection efficiency are not available for the particle sizes of
interest, then the efficiency should be determined by the user. This can be done by placing a highly efficient
membrane or glass fibre filter behind the filter of interest and then comparing the mass penetrating to the
backup filter to the total mass collected on both filters (see Hickey et al., 1991). If a filter with an efficiency
lower than 95 % is required to meet the overall sampling objectives, then a correction for efficiency should be
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made. Because filter efficiency is a function of air flow rate, care should be taken to maintain a sample flow
rate that is adequate to achieve the desired collection efficiency.

If penetration of radioactive material into the collection media or self-absorption of radiation by the material
collected can reduce the count rate by more than 5 %, a correction factor should be used. A dual filter method
can also be used to measure the absorption efficiency in the filter medium (Hickey et al., 1991). Evaluation of
self-absorption in the material collected may require separate radiochemical analyses.

Annex D illustrates the type of information that is useful in selecting an appropriate filter for sampling airborne
radioactive particles. This includes physical and performance characteristics of a number of typical coarse-
fibre, fine-fibre and membrane-type filters.

7.6 |[Collection of gas and vapour samples

Airbor
efflue

ne radioactive volatile materials and noble gases (e.g. krypton) are frequently present in nuclear facility
nts. Their sampling and collection require techniques and methods that are different from [those used in

particl
of sp¢
and N

7.6.1

Samp
and p

particlilate matter and accompanying non-radioactive gases®(e.g. acids and organic chemical

possit
mater

in watfer, can be highly reactive with certain solutions;‘Can dissolve in specific non-aqueous so

be re

e sampling. This topic may be divided into two general methods of sampling: ) sampling
cific constituents of the air stream; and 2) sampling without constituent-separation. Anr
provide further guidance specific to radioiodine, tritium, carbon-14 andruthenium-106, res

Sampling with retention of specific constituents

ing with removal and collection of specific constituents requires a detailed knowledge of
nysical properties of the radioactive material of interest, including possible interfering mate

le combinations of the properties of the constituentseing measured and the accompar
als require careful study to select the optimum collector. Gases and vapour components g

ained on specific solid adsorbents or other“specifically prepared media. In general,

with retention
exes C, H, K
pectively.

the chemical
rials, such as
5). The many
ying airborne
an be soluble
vents, or can
continuous or

extengled samples are taken when separation and removal of a constituent is required. Sampling rates should

be es
with th
choos|
carbo
(see H

7.6.2

In so
meas
isotop

principal methads for total gas sampling or monitoring.

Becal
throug

ablished to ensure adequate sensitivity for the selected radioassay method and should
e collector performance characteristics: Avoiding sample breakthrough should also be cor
ng the sampling rate and duratiof. jFhe principal collection methods include solid absorb
n, zeolites, silica gel and metal beds), condensation, gas absorption and catalytic or che
rown and Woebkenberg, 1989).

Sampling without constituent separation

be compatible
sidered when
ents (such as
mical reaction

irement of the\ activity concentration of airborne materials and its trend. Examples 4
es, tritium and activated gases near a reactor. Volume collection and flow-through detecto

se theconstituent radioactive materials of interest might not be concentrated with a p

hZor volumetric collection device, insufficient sensitivity of detection can limit or preclude

cratio atviratanyto—aete C1C D pre

Volume collection methods include the following:

to a laboratory for measurement of all the activity or the activity of individual constituents;

and outlet valves;

and analysis;

compressing the sample stream into a vessel for real-time or subsequent analysis.
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me instances, a_sample of air containing gaseous radioactive constituents can bg

desired for
re noble gas
s are the two

rticular flow-
heir use. It is
easurement.

using an evacuated container that can be valved open to the stream of interest, then sealed and returned

passing the stream through the sample vessel until the vessel is completely purged, then closing the inlet

pumping the sample stream into deflated bags (of a non-adsorbing material) for subsequent compression
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A flow-through sample vessel may also be an ion chamber whose ion current reflects the activity
concentration of material in the gas. Care should be taken to keep the gas well above its dew point in the
sampling system and ionization chamber. A gradual build-up of contamination in the chamber usually occurs,
which increases the observed activity rates.

Flow-through chamber samplers can be similarly monitored by gamma-ray scintillation crystal counters or
other detector held adjacent to or inserted in a well in the chamber wall. An increased background from
contamination can be expected in these samplers, and the chamber should be periodically decontaminated to
avoid errors from this source. Prior filtration of the air stream can assist in keeping the chamber clean when
gaseous constituents alone are being measured. A flow-through sampling system, which is frequently used at
power reactors for accident monitoring, involves placement of a high- or wide-range detector mounted directly
inside or outside the effluent stack or duct.

7.7 Evalugtion and upgrading of existing systems
ations
of the
rmine
peting
y the
Lld be

air sampling system was not designed to the performance requirements and recommend
tional Standard, an evaluation of the performance of the system, including‘the location
mmended. If deficiencies are discovered, an evaluation study should be perfermed to detg
ecommended and possible. Arriving at a suitable solution requires optimizing among com
hnce on the process of optimization for radiological protection has”been provided K
Commission on Radiological Protection (ICRP, 1989). Evaluation afjexisting systems sho
5ing proven techniques.

If an existing
of this Interng
probe, is reco
if a retrofit is

factors. Guid
International

undertaken u

7.8 Summary of performance criteria and recommendations

Throughout this International Standard, performance criteria for.various elements have been included |in the
discussion of pach element. For convenience, they are summarized in Table 3. These criteria cover aspgcts of
system desigh and operation. The approach followed in this-International Standard is to give performance

criteria and r
stream being
size distributiq

A facility sets
discharge ley

commendations according to guidance valugs when no information is available on the t
measured. When information is availablecon the stream being measured (e.g. aerosol p
n), then these specific values should bg used.

action levels for a particular radionuclide in an aerial discharge in response to the author
els for that facility set by the, regulator of that facility. Action levels can be either a g

ype of
article

zation
ontrol

mechanism uged by the facility itself, or levels that, if reached, necessitate official notification to the regulator.
by the

becific

criteria for the sampling.and measurement of a specific radionuclide are determined
sultation with the regulator and Table 3, in order to provide accurate monitoring of the s

Performance
facility, in corn
radionuclide.
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Table 3 — Summary of performance criteria and recommendations

Performance criteria and recommendations? Reference

The performance of the sampling system for aerosol particles shall be considered sufficient Clause
for normal, off-normal and anticipated accidental conditions, if a test under normal conditions
with monodisperse particles with a D, of 10 um yields a penetration value > 50 %.

7 and 7.3.1

The penetration of the gases and vapours of concern from the free stream to the collector or Clause 7 and 7.4

analyser should be considered sufficient if it is > 50 %.

The nozzle should have a transmission ratio > 80 % and < 130 % for particles with a D, of 7.21
10 ym.
Recorhmendations for a suitable sampling location are as follows: 6.2
a) (doefficients of variation over the central 2/3 by area of the cross-section within 20 % for

with a D, of 10 ym, gaseous tracer, and gas velocity;
b) the tracer gas concentration should not vary from the mean by > 30 % at any point-on

the measurement grid (see 6.2.3).
Efflueht flow rate continuous measurement recommended if flow variation is greater than 71.1.1
+20 % in a year.
Effluepht and sample flow rate should be measured within = 10 %. 71.1and7.1.2
Contipuous sample flow rate measurement and control are recommended”if the stack flow 1.1.2

varieq by more than + 20 % during a sample interval. Flow control should be within = 15 %.

NOTE|1 A D4 of 10 um is mentioned when no information on aerosol size distribution is available. In cases wherg additional data
about the relevant size distribution (e.g. activity size distribution) are available, the test aerosol particle size can be selegted accordingly.

NOTE|2 This table is based on presence of aerosol particles in the stack or duct. If no particles are emitted, criteria
gas chracteristics only.

an be based on

@  Tihe criteria given in this table are recommendations(based on user experience in actual testing. These recommendations for

individpial uncertainties and biases result in a satisfactory overall uncertainty.

8 Quality assurance and quality control

Every|facility that conducts sampling and monitoring of effluent radioactive substances should

have a quality

assurance (QA) programme) The purposes of a QA programme are to provide assurarjce to facility
management, regulatory.agencies and the public of the validity of the data from the sampling ahd monitoring
of relgased radioactive ‘substances, and to identify any deficiencies in the sampling equipment and procedures
in order to take corrective action. The tools used to accomplish these objectives include dpcumentation,
calibration, mainteniance and inspection. As a minimum, the QA programme should address the quality

aspegts of the sampling of effluent radioactive substances in the following areas:

1) ofganization:

— organizational responsibilities,
— administrative controls,

— reporting and notification system,
— documentation,

— personnel qualifications;
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2) design of the sampling system:
— source terms,
— selection of extraction locations,
— selection of sampling and monitoring devices,
— selection of collection procedures;

3) operating procedures:

— sample extraction procedures,

— sample collection procedures,

— system operation procedures,

— calibration procedures,

— datalanalysis,

— maintenance and check procedures,
— mairtenance procedures,

— chedk and test procedures,

— statds,

— dispgsition of non-conformant items and conditions,
— corrective action programme.

Additional infprmation relating to inspections and calibrations particularly relevant to air sampling systems is
presented in Annex J.
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Annex A
(informative)

Techniques for measurement of flow rate through a stack or duct

ntroduction

The vplumetric flow rate, ¢, through a stack or duct is defined as given in Equation (A.1):

where

"

A

A method for determining ¢ involves measuring the velocity at a-finite number of points in a duc

:IV-dA
A

is the velocity at any location across a stack or duct, expressed in.metres per second;

is the cross-sectional area of the duct, expressed in square meétres.

t, where each

point is chosen as the centroid of an area element. The relationship defining ¢ is as given in Equation (A.2):

where

A

The ¢
equal
Stand
includ

The fl
from t

V. A4,

1 1

i M=

4, is the area of the ith element, expressed in square metres.

ross-section of the stack)or duct is divided into N elements. In usual practice, all of the N g
areas. The approach embodied in ISO 10780 serves as the reference method for thig
ard. The requirements for the absence of cyclonic flow given in 1ISO 10780:1994, Anng
ed in the reference method.

bw rate, .4, is associated with the air density, p, that exists in the stack or duct. The densit
he idealgas equation for dry air as given in Equation (A.3):

is the velocity at the centroid of(the ith element of area, expressed in metres per second;

(A.2)

lements have
International
x C, are also

is calculated

where

p

T

R

is the absolute pressure in the stack or duct, expressed in kilopascals;
is the absolute temperature, expressed in kelvin;

is the individual gas constant for air, equal to 287 J/(kg-K).

© 1SO 2010 — All rights reserved

(A.3)

29


https://standardsiso.com/api/?name=575572f7f87305697c00cbc95019ed51

ISO 2889:2010(E)

The volumetric flow rate at standard conditions, g4y, is the parameter that is being calculated for reporting and
analysis purposes, and it is related to the actual volumetric flow rate, ¢, as given in Equation (A.4):

P4 = Pstd9std

(A.4)

where pgq is the density of air based on standard temperature and pressure (101,325 kPa and 298 K),

expressed in

kilograms per cubic metre.

The flow rate at standard conditions from Equation (A.4) can then be expressed as given in Equation (A.5):

(A.5)

Tstd P
dstd =94 —
® I Fyyg
In practice, g |s determined from velocity measurements at traverse points as specified in ISO 10780, w|

value calcula
accordance w

A.2 Speci

nuclear industry

The referenc
developed fo
consideration
counterparts.

A.2.1 Pitot

An S-type Pit
ports of the P|
velocity mapy
tubes (Type
requirements
may be consi

A.2.2 Mean

In the industri

of combustion or an elevated water-vapour content resulting from drying operations. In contrast, the

most stacks
determine thg
more than 10

ed from Equation (A.2). The temperature and pressure in the stack or duct are measu
ith the requirements of ISO 10780.

| considerations for use of ISO 10780 in sampling stacks and ducts of

method for determining air flow rate through a stack or duet, as modified by ISO 107
r flow rate determinations in non-nuclear stacks and.'ducts. It is necessary to tak
several differences between sampling from non-nuclear stacks and ducts and their n

fubes

bt tube was recommended in ISO 10780 farithe purpose of reducing the risk of dust pluggi
tot tube when measurements are madeLin dusty environments. However, as dust loading
ing in a stack or duct in the nuclear.industry is not usually a concern, Prandtl-type Pitof]
L in ISO 10780) should be considered as the reference apparatus for sampling und
of this International Standard..However, when dust loading is of concern, an S-type Pitg
ered.

molar mass of the(stack gas
al applications for-which ISO 10780 was designed, the gas being tested often contains pre

and ducts efithe nuclear industry is ventilation air. In the latter case, it is unnecess
mean molar mass, M, for most stacks and ducts. However, if it is anticipated that there g

th the
red in

the

80, is
B into

-2

uclear

hg the
during
static
br the
t tube

pducts
hjas in
ary to
an be
molar

mass by mor

% watér-vapour in the stack or duct, or if there are other gases that can change the mean
thand % from the value for dry air (28,96 kg/kmol), it is necessary to make a determina

ion of

the mean molat-mass of the gas. In this case, the resulting value is used to calculate the gas constant] R, as

given in Equa
R Ru
M
where
RU
M

30

tion (A6

is the universal gas constant, equal to 8,314 J/(mol-K);

is the molar mass of the gas, expressed in grams per mole.

(A.6)
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A.2.3 Thermal anemometers

If the mean molar mass and water content of the stack gas are in accordance with the values stated, the gas
can be treated as air; if the dust loading in the stack or duct is such that any deposits on a thermal
anemometer probe do not change the calibration of a thermal anemometer by more than 3 % during the
course of the velocity measurements and, if there is no condensation of water vapour or other vapour on the
sensor during flow measurements, a thermal anemometer can be used in this International Standard in lieu of
a Pitot tube.

When a thermal anemometer is used for velocity mapping in a stack or duct, the flow rate based on standard
conditions, ¢4, is determined as given in Equation (A.7):

std = Z st M (A7)

AN

wherg Vg4, is the equivalent velocity at standard conditions measured with a-properly calibrated thermal
anempmeter at the centroid of the ith element of area, expressed in metres per.second.

A.3 Conversion of data from single point or single line.measurements to tqtal flow
rate

If confinuous single-point velocity measurements from a Pitot fube or a thermal anemometer ¢r line-integral
measyirements from an acoustic flow meter are used to infer the total flow rate through a stack ag a function of
time, the resulting data should include a correction factor.accounting for the shape of the velocity profile. The
corregtion factor is determined by comparing the flow“-rate determinations from use of thge single-point
technique with those of the reference method defined-in ISO 10780.

A.3.1| Pitot tube

The velocity-averaging correction factor fora Pitot tube, C,, is defined as given in Equation (A.8):

pt:
Aot =q/v4 (A.8)
wherg
14 is the velocity*measured by a Pitot tube at the single point where monitoring is beirg carried out,
expressed in metres per second;
A is the ‘cross-sectional area of the duct, expressed in square metres;
q is the flow rate through the stack or duct as determined from use of the reference method and as

calculated from Equation (A.2), expressed in cubic metres per second.

Usually, the single point is located near the centre of the duct. Multiple points can be used, in which case the
value of V'is the average of the values from the multiple points.

The velocity, V, is continuously monitored during the period that the reference method testing is performed to
establish the velocity-averaging correction factor, C. If the value of 7 changes by more than 5 % during the
course of testing, the data should be rejected and the test repeated. If the stack is subject to long-term flow
rate variations that exceed 25 %, additional tests should be carried out at the highest flow rate (if it exceeds
the base condition by more than 25 %) and the lowest operational flow rate (if it deviates from the base
condition by more than 25 %) to establish values of the velocity-averaging correction factor at those conditions.
A single value of the flow correction factor may be used if the range of flow-correction-factor values is within
7 % of the base condition. If the values of the correction factor at the extreme flow conditions are greater than
7 % of the base condition, then it is necessary that a relationship be established between the velocity
correction factor and flow rate.
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At least two replicate tests should be employed to establish a value of the correction factor. During routine use,
the flow rate, ¢, is determined from readings of the single-point Pitot tube as given in Equation (A.9):

A.3.2 Thermal anemometer

(A.9)

A thermal anemometer located at a single point in a flow field provides a reading that is related to the total
flow rate at standard conditions, g4, through the relationship given in Equation (A.10):

dstd = Ct

(A.10)

The numericsg

rate test. It is
of Equation
correction fac

Continuous m
parallel therm
method 1 grig
system is the

A.3.3 Acoustic flow meter

The reading f
a sending tra
rate, even alg
To obtain th
development

q = Caf Vx
where
v

A

The approach and requirgments for determining C,; are the same as those for the single-point Pito

method.

is thg cross-sectional area of the duct, expressed in square metres.

bl
Sta

hecessary to correct the data from the reference method test to standard conditions throug
A.5). The requirements for carrying out the tests are the same as those'for the Pito
for as given in A.3.1.

easurements of the effluent flow rate at standard conditions can be obtained by using a r
al anemometers, with the individual anemometer elements placed(onh an ISO 10780:1994
. Provided that the electronic signals are processed properlyy'the output reading of s
flow rate according to Equation (A.10).

rovided by an acoustic flow meter is a distance-weighted average velocity across a line be
nsducer and a receiving transducer. As such, thevelocity reading is not directly related
ng the line, because it is necessary to base the’flow rate on an area-weighted average veg
b flow rate, ¢, through a stack or ductyfrom acoustic flow meter readings also re
bf a velocity-averaging correction factory Cy;, as given in Equation (A.11):

i

I value of the velocity-averaging correction factor, C,, is determined by comparing the readings
from a therm@l anemometer operated at a single point with simultaneous data from a reference metho

d flow
h use
I tube

ake of
L EPA
uch a

tween
o flow
locity.
quires

A.11)

is the¢ line-average velocity/obtained from the acoustic flow meter, expressed in metres per second;

t tube
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Annex B
(informative)

Modelling of particle losses in transport systems

Aerosol particles can be deposited on internal surfaces of transport systems as a result of mechanisms that
cause particles to move transversely to air flow streamlines. Included are such phenomena as gravitational
settling, inertial impaction, turbulent inertial deposition and Brownian diffusion. For most transport systems, the
Browrmmwmauer than
approkimately 0,3 um, whereas the other mechanisms are of importance for particles larger-than this size.
Turbulent deposition is of consequence for flows with Reynolds numbers > 2 200, where the Reynolds
number (Re) is as given in Equation (B.1):

_ PUn dy
U

(B.1)

where

is gas density, expressed in kilograms per cubic metre;

[l

- is mean (spatial) velocity at a cross-section of the transport system, expressed in metrep per second;

I

is tube diameter, expressed in metres;

is air dynamic viscosity, expressed in pascal-seconds.

For a fube of circular cross-section, the Reynolds number can also be expressed as given in Eqyation (B.2):

4pq

B.2
" (B.2)

e =

wher¢
produ

The ¢
flow i

Empir
most
those

q is the volumetric flow. rate through the tube, expressed in cubic metres per second, and
Ct of the mean velocitysand the cross-sectional area.

pmbination of flow-rate and tube diameter of most aerosol-particle sampling systems is
turbulent.

cal or semi-empirical models for predicting the effects of the various depositional mechar]
components of a sampling system. For nozzles, the losses are controlled by inertial fo
assomated with row turbulence, the Saffman force and occasionally, by graV|tat|ona

s equal to the

such that the

isms exist for
ces including
settling. For

vertical tu 1SSU l deposition and
Brownian d|fo$|on For horlzontal tubes, the Iosses are caused by graV|tat|onaI settling, turbulent inertial
deposition and Brownian diffusion. For bends, the losses are due to the effects of inertial impaction. The
predictive models typically assume that the velocity and concentration profiles are uniform at the entrance
section of the component of interest. It is expected that this assumption is not fulfilled in many sampling
system components because the flow disturbance created by an upstream component can affect the
depositional characteristics in the succeeding component; however, in experimental studies with a composite
transport system (nozzle, horizontal tube, inclined tube, vertical tube and bends), McFarland et al. (1991) and
Wong et al. (1996) showed that the use of a model based on a sequential combination of components with
assumed undisturbed inlet conditions compared well with experimental data.
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B.1 Aerosol particle penetration through transport system components

The penetration, P;, of aerosol particles through the jth component of a transport system is defined as given in
Equation (B.3):

where

Ce,; is the aerosol particle concentration at the exit plane of a component;

(B.3)

Ci,j

If there are n
though each ¢

P:ﬁP-
j=1

Estimates of

calculations may be performed; for example, using the methods in this anbex, in McFarland et al. (2001

Brockman (19
an example?)
systems (Mcf
bends, splitte
Losses assoq
are available
and 1995).

B.1.1 Wall losses in nozzles

is thtle aerosol particle concentration at the inlet plane of a component.

components in a sampling system, it is assumed the overall penetration, P, can bg calcula
omponent were independent, as given in Equation (B.4):

particle losses in sampling systems should be calculated orsdetermined experimentally.

93). Machine computations may be performed with one of.several available computer cod
the computer code Deposition 2001a2) calculates thélesses of aerosol particles in tra
Farland et al., 2001). It includes models for losses .inbcertain types of nozzles, straight
s and fittings that serve as transitions in tube diameter, either to enlarge or reduce the dia
iated with contractions in fittings are discussed-in Muyshondt et al. (1996). Similar capa
n Astec/Sophaeros3) (Kissane et al., 1994; Cranga et al., 1994) and PAPAV (Vogl, 1992

As of the da
losses in no

Z
and operatiotFal conditions for isokinétic ' nozzles of a Willeke-Okazaki configuration (1987), where

nozzles are S
(which has b
experiments \
all nozzle app
region of the

of publication of this International Standard, there was no general model for predictin

imilar in design to theSe-in the previous edition of this International Standard, ISO 2889
een withdrawn) except that there is no bend. The model of Fan et al. (1992) is bas
vith particle sizes(ofionly 10 ym and 20 um, so it cannot be used as a general predictive t
lications; nevertheless, it does provide the basis for estimating internal wall losses in the s
SO 2889:1975 nozzles upstream of the bends.

ted as

(B.4)

Hand
) orin
Bs. As
nsport
tubes,
meter.
bilities
1994

g wall

les. Fan et al. (1992) made\an experimental correlation of wall losses as a function of design

those
1975
ed on
bol for
raight

1) This informati
endorsement by IS

2) Contact ad

O of these products.

dress for Deposition code:

Aerosol Technology Laboratory
Department of Mechanical Engineering

Texas A&M Un
College Station
USA

iversity
, TX 77843

http://www1.mengr.tamu.edu/ATL/depo.html

3) Contact ad
IRSN/DPAM
B.P.3

dress for Astec/Sophaeros code:

13115 Saint-Paul-lez-Durance CEDEX

France
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The code, Deposition 2001a, includes the Fan et al. (1992) and Vincent et al. (1986) models for use with
unshrouded isokinetic nozzles. The Fan et al. (1992) model can overestimate the losses in the more modern
designs of isokinetic nozzles, such as is illustrated in Figure B.1 (Chandra, 1992). A shrouded nozzle
(McFarland et al., 1989) is basically a nozzle fitted with a flow decelerator; see Figure B.3. It has lower wall
losses than an unshrouded nozzle and it is less susceptible to off-design sampling conditions (e.g. off-angle
flow direction, flow turbulence, changes in sampling flow rate or changes in the free-stream velocity) than an
unshrouded nozzle (Chandra and McFarland, 1995). If the Deposition model is applied to a system fitted with
a shrouded nozzle, the code calculates aerosol particle transmission based on the model of Gong et al. (1995).

B.1.2 Straight tubes

The —~t Hion £f caortial theaoalk trauabt b H loulatadd cuvianan oot on (D L.
pyIIULIaLIUII T HGILI\JIUO 14 IIUUHII [} OLICIIHII[ WVGe 1o Ldivuidivu do UIVUII LLIL] I_HUULI\JII \I_l.\.l}.
nd,v.L
); :exp(—L] (B.5)
q
where

v} is the effective depositional velocity, expressed in metres per second:

L| is the length of the straight section of tubing, expressed in metres.

The gffective depositional velocity is the vector sum of the gravitational settling terminal velqcity, which is
alwayp directed downward, and the turbulent inertial deposition*and Brownian diffusion velocities, which are
directed radially outward in a tube. A basic assumption whe@using this model is that aerosol pafticles are well
mixed across any cross-section of the tube.

The ¢ffective deposition velocity for an inclined tube, Figure B.2, was modelled by Anand et|al. (1992) as
given jin Equation (B.6):

2n

X :2%: [ (va —vgesina)da (B.6)
0
wherg
a is the angular_coordinate of a tube cross-section, expressed in radians; see Figure B.p;
v is the depositional velocity due to the combined effects of thermal (Brownian) |diffusion and

turbulentinertial deposition, expressed in metres per second;

o is'the cross-stream component of gravitational settling velocity, expressed in metres per second.

For a|tube that is inclined at an angle of ¢, expressed in radians, relative to the vertical direction, vy, is as
given in Equation (B.7):

vge = Vg SiN ¢ (B.7)
where Vg is the sedimentation velocity, expressed in metres per second.
Equation (B.6) is subject to a constraint as given in Equation (B.8):

(vg — vge sina) >0 (B.8)
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If the constraint is not satisfied, then Equation (B.9) holds:
ve =0 (B.9)

The constraint is necessary because otherwise the prediction would be equivalent to aerosol particles being
transported from the environment through the top (relative to the earth’s surface) of a tube.

If the effects of both gravitational settling velocity in the cross-stream direction and the turbulent inertial
deposition velocity are of consequence, there is a tube diameter that optimizes aerosol particle penetration,
because for a fixed flow rate, tube sizes smaller than the optimal value have increased turbulent depositional
losses and tube sizes larger than the optimum have enhanced gravitational depositional losses.

Dimensions in millimetres unless otherwise inJiicated

Key
1 nozzle
2  transport line

a Flow.

Figure B.1 +— Unshrouded nozzle of Chandra (1992), with,wall losses of aerosol particles with a D, of
10 um equal to about half of those of a nozzle with a constant internal diameter

a

Key
1 particle
a Flow.

Figure B.2 — Geometric model to illustrate parameters
used to model particle deposition in a straight tube
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npzzle
transport line
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inner nozzle

Q0

Stack gas flow.
Shroud entrance plane.
Nobzzle entrance plane.

Spmple flow to collector or monitor.

Figure B.3 — Shrouded nozzle

A particle-deposition velocity in tubes can be correlated,with a particle-relaxation time. Several s
models that lead to this correlation have been proposed; however, as of the date of publi
Interngtional Standard, none can predict deposition~of particles in the inertial size regime (D,
basic |principles. Onda (1977) reviewed the various models and compared them with experime
conclyded the model of Beal (1970) provided” the best fit. The version of Deposition as ¢
publicption of this International Standard usés this model. However, pure curve fitting of experim
used to provide estimates of theldepositional velocities. The latter approach is used by A
model does not take into acceunt deposition due to the Brownian diffusion mechanism.

. For this-reason, a well mixed sub-model, such as that utilized in Deposition 2001a, can
ight tubes’when the Reynolds number is greater than 1 000. However, for bends, a distir

emi-analytical
cation of this
> 1 um) from
ntal data and
f the date of
bntal data can
garwal (1975),

as (1958) for
laminar flow
disturbances
1 000, which
thus, renders
no bulk fluid
be employed
ction is made

Particle losses in bends are principally due to the effects of particle inertia where the air flow follows a curved
path and the particles tend to go straight. Neglecting Brownian diffusion, turbulent inertial deposition and
gravitational effects, analyses show that for two-dimensional channels, the penetration is a function of the

Stokes number, St, as given in Equation (B.10):

_ Cpw DazUm
gﬂdt

St
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where
C is Cunningham's slip correction (Fuchs, 1964);

Py i the density of water;

D, is the aerodynamic particle diameter.

The analysis for particle deposition in bends of circular cross-section is complicated by the fact that the flow is
three dimensional. A secondary flow is established as the air passes through the bend, where the secondary
flow consists of a set of counter-rotating vortices in which air goes from the inside of the bend to the outside of

the bend along the tube cross-sectional radius; Equations (B.1T)and (B.12) hold:

DEZﬁ:
/R
R

Ro:—c
dt

where R_ is the radius of the tube bend.

Pui et al. (1987) noted that for turbulent flow, when the curvature of the.bend, R, is between 2,5 and 1
radius of curvature has little effect on particle trajectories and the deposition depends, at most, on St a
Experimental|data for 90° bends with turbulent flow Reynolds numbers of 6 000 and 10 000 show th
penetration can be correlated only with the Stokes number as given-in Equation (B.13):

P=1 0—0, 635t

It should be @assumed that the uncertainty in this model-increases for Reynolds numbers outside of th
range. For laminar flow, Tsai and Pui (1990) numerically modelled particle deposition in 90° bends an
results include the effects of secondary flow. They.earried out calculations over a range of curvature ratig
Dean numbeils and provided empirical correlations of the results, which show that the efficiency depern
the Stokes number, the curvature ratio and:the Dean number.

B.11)

B.12)

5, the
nd Re.
at the

B.13)

e test
1 their
s and
ds on

In the softwanle Deposition 2001a, the ‘model of Cheng and Wang (1981) is used for Reynolds numbets less

than 1 100 and the model of McFatland et al. (1991) is used for Reynolds numbers equal to or greate
1100.

B.2 Calculation of-sample losses in a transport system

As an illustration ‘of-'the calculation of particle losses in a transport system, assume the geom
configuration ghown in F|gure B.4 for a system that is deslgned to sample aerosol particles with a D, of

r than

etrical
10 um

at a flow rate—c

e is a

shrouded nozzle in WhICh the veI00|ty |n3|de of a 52 5 mm dlameter shroud is 3 m/s and the mternal nozzle
samples isokinetically from the 3 m/s stream (18,2 mm diameter inner probe). Also, assume that the sampling
tube has a 28,6 mm inside diameter (31,8 mm outside diameter with a 1,6 mm thick wall). The input and
output values for the Deposition 2001 code are shown in Table B.1. The overall penetration through the

system is 74,3 %, with the losses predominantly from the 2 m long horizontal tube and the bends.
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Dimensions in millimetres

A A
a
g °
M\
7
b
Key
1 to 6 [see Table B.1
7 collector or monitor
NOTE Free-stream velocity, equal to 10 m/s, is reduced to 3 m/s in the shroud.
a8  Flow in stack or duct.
b Flow to vacuum source.
Figure B.4 — Layout of example aerosol particle transport system
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Table B.1 — Example of using a computer code (Deposition 2001a)
to predict aerosol particle penetration through a six-component transport system

Element Penetration through the element?
0,
Number Description o
1 Shrouded probe: 91,6 (through nozzle)
a) shroud diameter, 52,8 mm
b) shroud velocity reduction ratio, 10:3
c) probe angle with free stream, 0°
2 Tube, 0,2 m long, 90° from horizontal 100,0
Bend, 90° 98,7
4 Tube, 2 m long, 0° from horizontal 83,4
K Bend, 90° 98,7
[ Tube, 2 m long, 90° from horizontal 99,9
Overall penetration; 74,3
Cdnditions:
—| flow rate: 56,6 I/min
—| tube diameter: 28,6 mm
—| particle density: 1 g/cm3
—| particle size: monodisperse, D, equal to 10 ym
—| free-stream velocity: 10 m/s
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Special considerations for the extraction, transport and

sampling of radioiodine

~ | idorati

ing samples of airborne radioiodine is complicated because it is present in air effluents in
ally as particulate matter, as elemental iodine (l,), as hypoiodous acid (HOl).and in

ated identity of an otherwise indeterminate form with a deposition velocity lower than tha
that can penetrate a cadmium iodide bed but is collected by an iodophenol bed in a specie

chemical forms of radioiodine, particularly the elemental form, may ‘be expected to dep,
and in sampling lines and then subsequently be resuspended and @mitted as the same of

1991). The organic form is the least likely to be deposited and‘anly a small fraction of it i
of the solid adsorbents that are used to limit radioiodine emissions (Kovach, 1980). Howe
bd out that, during off-normal events, the major form of radioiodine is elemental. Therefor
nple transmission under off-normal conditions should assume that form. Glissmeyer and S
arize the most recent studies at that time on radigiodine sampling and transport and
ng considerations are based on that summary.

Extraction and transport

bnsiderations for the extraction of gasésand vapour set forth in 7.4 are applicable to radioi
likelihood that at least some of the radioiodine in an air effluent is attached to particulg
erations applicable to them as_set forth in the main body of this International Standard an
pply to the extraction and trafisport of radioiodine.

htory studies have shown-that, in the extraction and transport of radioiodine, materials th
uclide can interact with-it (e.g. copper, PVC, Buna-N). These materials should be avoidg
(1983) indicate #that"the preferred materials are PTFE, polyethylene, aluminium, cark
ss steel.

ally as methyliodide (CHsl). The existence of the HOI form is not universally accepted,
[ of elemental

several forms,
organic form,
but it is the

s sampler.

psit initially in
another form
s collected by
bver, it cannot
b, evaluations
ehmel (1991)
many of the

pdine. In view
tes, all of the
d its annexes

at contact the
d. Studies by
on steel and

Condé¢nsation of.the iodine and water vapour in transport lines should be avoided by heat tracing the lines to

at lea

called

P=e

5t 323 K(50 °C) and by avoiding abrupt temperature transitions.

1) (Gllssmeyer and Sehmel 1991) reIates the penetration at eqU|I|br|um P, the ¢

deposition veIOC|ty and parameters of the samplmg system

vq L
Un dy

—4

limensionless
es, to the so-

(C.1)

From Equation (C.1), it is evident that the penetration of radioiodine vapour is optimized by minimizing the

length

of the transport line, L, and using the largest diameter, 4;, and the highest flow velocity, U,

external constraints (e.g. particle transport, space availability, or collector capacity).
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Equation (C.1) does not take into account radioactive decay or resuspension. A model by Unrein et al. (1985)
gives an equilibrium relationship that includes these effects, as given in Equation (C.2):

P= ! (C.2)

ndy L A
1+Vd T
q +r

Equation (C.2) suggests that the greater the resuspension rate, the larger the penetration. This is also
illustrated in Figure C.1, where penetration is shown as a function of time and resuspension rate. However,
Glissmeyer and Sehmel (1991) indicate that resuspension rate of deposited radioiodine, for each radioiodine
species, decreases as a function of time. Resuspension rates are also dependent on the amount of iodine
initially deposjted, some of which seems to remain firmly deposited. The latter has not been directly obgerved
by laboratory studies but can be estimated on the basis of an activity balance following prolonged obseryation.
Finally, Glissmneyer and Sehmel (1991) state there is no satisfactory experimental verificationof predicted
penetration fgctors under either equilibrium or transient conditions. However, the following generalizatiops can
be made from the limited available data, principally that of Unrein et al. (1985).

In a summary of sampling systems for reactors, Glissmeyer and Sehmel (1991)(indicate that a typical
sampling system consists of a 15 mm diameter stainless steel transport line that is about 52 m in length |with a
flow rate of apout 57 I/min. Simulated sample transport lines with a range of similar designs were tested by
Unrein et al. (1985), who measured short-term (on the order of 2 h) penetration factors of 0,62 for injected 131|
(as l,) through 19 mm diameter by 48 m long tubes. Glissmeyer and Sehmel(1991) predicted the equiljbrium
penetration factor to be about 0,75, with an approximate time of two weeksto’reach equilibrium.

—

With the cavgat that the penetration factor was not measured in the*Unrein et al. (1985) tests until 2 h after
beginning the iodine injection (lower penetration factors might havé’been found for measurements eaflier in
the test sequénce), these short-term results provide a conservative estimate of penetration factors folloying a
step increase] in radioiodine concentrations in conventional tfansport lines. The equilibrium value prov|des a
conservative estimate for longer-term sampling of normal cancentrations.

Much smallef penetration factors are found for a few tests of systems with long transport lines of (6 mm
(1/4 in.) diameter tubing when operated at flow tates of less than 1,7 I/min. Some accident-air safpling
systems used this design to reduce the potential dose at the sample collector by using a low sample flow rate
and a small-fliameter transport line. Testsysimulating such systems (Unrein et al. 1985) show very poor
penetration of the radioiodine to the collector. Consequently, many of these systems were redesigned to
collect a lowiflow-rate subsample from ;a’ high-flow, large-diameter transport line to take advantage| of its
favourable sample penetration from the stack. An example of the effect of flow rate on the penetration ¢f |, in
a small-diameter transport line is shown in Figure C.2.

The foregoing applies primarily” to the transport of elemental radioiodine and, to a lesser extent, fo the
hypoiodous igdide form. It may be expected that radioiodine in organic forms, with their much lower depgsition
velocities, be [transported'with higher efficiencies, thus making the above estimates additionally conseryative.
As summarizgd in Glissmeyer and Sehmel (1991), the fraction of organic radioiodine during normal operfations
appears to bg quite variable from facility to facility, and there are no data based on which an estimation|of the
fraction can b ant|C|pated for the faC|I|ty effluent durlng upset or accident cond|t|ons Initially, the predominant

An example of a code modelling iodine losses in transport systems is Astec/Sophaeros?). It includes models
for losses to physical phenomena (condensation, sorption), chemical reactions as well as iodine-particle
losses. Models and qualification examples are described in Alpy et al. (2003).
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C.3 Collection media for radioiodine

While carbon is an efficient collector of |,, it is much less efficient for the organic iodines having a low
deposition velocity. Kovach (1992) has indicated that the removal mechanism of elemental iodine on carbon
adsorbents is primarily by physical absorption, the removal of hydrogen iodide (HI) by physical absorption,
chemical reaction and isotopic exchange, and that the removal of organic iodides such as CHjl is by isotopic
exchange. To improve the latter process, carbon filter media treated with potassium iodide (KI) or
triethylenediamine (TEDA) should be utilized. Packages with different types of adsorbents in series are
available for the collection of radioiodine with separation by chemical form.

YA
1
\ 1
0,1 I
/ 2
\
3
0,01 ] ] ] ] ] ] -
0 100 200 300 400 500 600 700 X
Key
X  time, expressed in hours
Y  rgtio of outlet to inlet concentration

clirve for a resuspension rate of 1,5 x 10-6
2 clirve for a resuspension rate of 1,5 x 107
clirve for a resuspension rate of 1,5% 10-8

Figure C.1 —\Predicted penetration of radioiodine as a function of time
for various resuspension rates
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NOTE Tulbe size: 6,4 mm inside diameter by 43 m long.

Figure €.2 — Predicted initial radioiodine‘penetration through a stainless steel transport ling

44 © ISO 2010 — Al rights reserved


https://standardsiso.com/api/?name=575572f7f87305697c00cbc95019ed51

ISO 2

Annex D
(informative)

Optimizing the selection of filters for sampling
airborne radioactive particles

889:2010(E)

Filters are porous structures with controlled external dimensions, such as thickness and cross-sectional area

normal to the flow. Filtration is the most widely used technique for collection of aerosol particles
low cgst and simplicity. Filters capture particles by a combination of physical processes, which
interc¢ption, inertial deposition, Brownian diffusion, electrical attraction and gravitational-.sedi
shown in Figure D.1 (Lee and Ramamurthi, 1993), filters typically have a minimum caolleetion
particles that are approximately 0,1 ym to 0,5 um in diameter. Above this size, filtration- efficie
due tq inertial impaction and below this size, efficiency increases due to Brownian diffusion.

A compmon misconception is that filters act as sieves, and that there is a direct relationship bety
size of a filter and the minimum particle size that can be collected. In reality,_because collectio
complex combination of mechanisms, filters with nominal pore sizes larger than 1 ym can be
collectors of sub-micrometer particles. As demonstrated by Lindeken £t al. (1964), membrane f|
serioys degradation of collection efficiency until the pore diameters €éxceed 5 um. Filters with a §
are often preferred because they result in lower pressure drops than smaller pore-size filters
efficiency values

Many(filter media are available for use in the collection of.@érosol particles (see, for example, Li
and L|ppman, 1989). Materials include cellulose, glass, quartz and plastic fibres. Sintered struct
or mineral particles are used for high-temperature filtration. Users are cautioned to be selective
of filter media.

If a sgmple is being separated from the filterfor a particular analytical method, the user should

because of its
include direct
mentation. As
efficiency for
ncy increases

veen the pore
h occurs by a
very efficient
Iters show no
KJm pore size
et retain high

U et al., 1983,
ires of metals
n their choice

select a filter

mediym that can be easily dissolved by a‘method that does not attack the particles of interest. In other cases,

it is imperative that the sample be collected on the surface of the filter rather than imbedded in th
(1984) has demonstrated that absorption of alpha radiation emitted from airborne particles colle
fibre fllters does not constitute a major source of error in estimating concentrations of airborne

radionjuclides, but excellent resolution in alpha spectroscopy requires the use of membrane-ty
are frgnt-surface collectors.

Decisfons on changingdhe filter media should include considerations such as the potential los
betwelen historical .@and future sampling results, potential impacts on vacuum-system
requirements for_analyser retesting, requirements for revision and approval of documentati
requirements for\workers, and potential impacts on secondary uses of the filter samples, sug
chemical analysés for process control. However, some filter media date back many deca
continuedcuse is not justified simply because of historical precedents.

Table'B-

StHimMa e e—tYPEO IO aton Ta S—USCTu O C T0—ai—appropriatc C

e filter. Higby
cted on glass-
blpha-emitting
pe filters that

5 of continuity
performance,
on, retraining
h as periodic
les and their

for sampling

airborne radioactive particles. This table includes a variety of coarse-fibre, glass-fibre and membrane-type
filters, but does not constitute an endorsement of any particular manufacturer or filter type. Conversely, the
absence of any particular filter from the example table does not constitute a rejection of that medium. For
general sampling applications, information is provided on durability, flow resistance and efficiency. Information
on collection of radon decay products and their resolution for alpha spectroscopy is included for alpha
continuous air monitor (CAM) applications. The alpha spectroscopy resolution is based on detection of the
6,0 MeV alpha emission of polonium-218 (a naturally-occurring decay product of ambient radon-222, which
causes interference in instruments used to detect plutonium or uranium isotopes).
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Figure D.1 — Schematic of filter efficiency versus particle size
illustrating the different filtration regimes

ies range from > 99,999 % at all particle. Sizes and flow rates for the Millipore type AA, (
mbrane filter to <50 % for the Whatman 41 cotton cellulose filter at low flow rates and
Typical flow rates range from as_lew-as 4 l/min/cm? at 35 kPa pressure drop for the M

Type AA membrane filter to as high as .59 I/minfcm?2 for the Millipore Fluoropore, 5pum pof

polytetrafluorg
emission at g

ethylene (PTFE) membrane filter: Resolution for alpha spectroscopy of the polonium-218
,0 MeV ranges from as low~as 350 keV (full width at half maximum) for the Fluoroporg

PTFE membrane filter to greater than 1,500 keV for the Whatman 41 cotton-cellulose fibre filter. The

resolution ass
that are emp
addition, althd

ociated with the Whatman 41 filter makes that filter unsuitable for use in continuous air mq
oyed to detect plutenium or uranium in the presence of ambient radon decay produ
ugh the Whatmah41 is easily dissolved for chemical analyses, it has a collection efficienc

decreases dramatically at low.flow rates. The Fluoropore filters have a very low pressure drop, good col

efficiency ang
Selection of

improvement
spectroscopy

the largerypore 5 um Fluoropore filter over the 3 um pore option provides a subs
in flow-rate, with only a modest decrease in sampling efficiency and resolution for
Table’'D.2 provides other information useful for the selection of sample filters.

,8 um
small
llipore
e-size
alpha
3 um
2 poor
nitors
cts. In
y that
ection

excellent resolution for alpha spectroscopy, but are not readily dissolved for radiochernistry.

tantial
alpha

As new filter

types becomeavaitabte, comparisons suchasthese tam be ade by the user toensu

appropriate filter types are selected for sampling radioactive aerosol particles.
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Table D.1 — Characteristics of filters evaluated for use in sampling radioactive particles
(adapted from Hoover and Newton, 1992)

b
c
filter.

d

e

Flow rate determined under vacuum at 35 kPa.

Filter type Filter composition and Typical FWHMP of | Relative radon | Relative radon | Filter efficiency
durability flow rate® | the Po-218 progeny progeny range®
I/min/cm? PEAK counts in the collection %
keV Pu ROI® efficiencyd
Millipore type SMWP Mixed esters of cellulose
(5,0 pm pore size), acetate and cellulose nitrate
Millipore Corp., (fragile; electrostatic; both 16 670 ! L 98,110>99,99
Bedford, MA sides identical)
Millipore type AW19 Homogeneous, microporous
(5,0 prppare size) | ters
Millipofe Corp. formed around a cellulose 16 470 0,57 0,99 0,01 D9,93 to > 99,99
web (rugged; both sides
identical)
Durapgre (5,0 um pore | Polyvinyldiene fluoride
size), Millipore Corp. (rugged; both sides 14 790 1,55 0,67+ 0,1 —
identical)
Fluoropore (3,0 ym Polytetrafluoroethylene
pore sfze), Millipore bonded to polypropylene
Corp. high-density fibers (rugged;
front is membrane; back is 23 350 047 1,04 £ 0,02 98,2 to > 99,98
fibres; sides barely
distinguishable by naked
eye)
Fluoropore (5,0 ym pore
size), Millipore Corp. Polytetrafluoroethylene — —-< — — —
Versagor 3000 (3,0 um [ Acrylic copolymer on a nylon
pore sige, Gelman fibre support (rugged; both 25 590 0,94 0,75 +0,02 99,7 to > 99,99
Sciences, Ann Arbor, Ml | sides identical)
Gelmah type A/JE Borosilicate glass fibre
(~1,0 ym pore size) | without binder (breakable 25 > 1000 1,31 092+0,01 |[09,6to>99,99
Gelmah Sciences during handling; both sides
identical)
Whatnjan EPM 2000, Borosilicate glass microfibre
Whatnjan LabSales, without binder (breakable + _
Hillsbgro, OR during handling; both,sides 20 > 1000 1.48 1.00+0,03
identical)
Whatman 41, Whatman | Cotton-cellulose filter paper
LabSales (rugged; Cugrently used 25 > 1500 165 0,42 + 0,01 4310>99,5
primarily-for liquid filtration;
both sides identical)
Nuclegore (0,6 pm pore [Rolycarbonate membrane
size), YWR Scientific, <J(rugged; thin; very
Pleasgnton, CA electrostatic; currently used
primarily for liquid filtration; 4 500 0,89 0,85 + 0,02 5310 > 99,5
collection side
recommended by
manufacturer is the shiny
side)
Millipore type AA Mixed esters of cellulose 99.999 to
(0,8 um pore size), (fragile; electrostatic; 7 520 0,91 1,05 £ 0,01 .
o g S > 99,999
Millipore Corp. collection side is darker)
a

FWHM is the typical full width at half maximum of the polonium-218 peak obtained with a 2,5 cm diameter filter and a 2,5 cm diameter solid state
detector with a 0,5 cm separation distance during sampling of room air at the Inhalation Toxicology Research Institute in Albuquerque, NM.

Radon progeny background counts in the Pu ROI for the filter of interest, divided by similar counts obtained simultaneously on a Millipore SMWP

Total radon progeny background counts on the filter of interest, divided by similar counts obtained simultaneously on a Millipore SMWP filter. Mean
and standard uncertainty for five replicate tests.

The range of filter efficiency values given generally corresponds to a particle diameter range of 0,035 pm to 1 ym, a pressure drop of 1 cm to
30 cm Hg, and a face velocity range of 1 cm/s to 100 cm/s. Values are from Liu et al. (1983), Liu (1992), Hoover et al. (1997a) and Hoover et al. (1997b).
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(informative)

Evaluating the errors and the uncertainty for
the sampling of effluent gases

ntroduction
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n the determination of a quantity, such as the amount of radioactive substance emitted
a certain period, can be defined as the difference between its actual value (in_some s
ired value. Yet the real situations in which both the actual value and the measured value
ly those found when calibrating or qualifying a measurement procedure or instrtument aga
he data or against one of the basic conservation laws of engineering. In mostssituations, it

from a stack
nse) and the
re known are
nst standards,
is the limits of

ainty that can bound the possible errors that are quantifiable (Moffat, #988). Generally, the uncertainty

ts of random uncertainties (type A uncertainty) and systematic uncertainties such as,
assumptions (type B uncertainty, or bias). An estimate of the limits of uncertainty is
irement that properly and completely combines both sources of error (ANSI/AS
FC Guide 98-3, formerly known as the GUM).

hse of a simple stack-effluent measurement system, such-as a filter air sampler (FAS) cq
ort line to a nozzle, is used to illustrate a typical effluent measurement process. To estima
oactive substance emitted from a stack, a sample of.the effluent is extracted, transported
m and then collected. It is further necessary to quantify the collected material, then relate
nt to the effluent. For the estimation of the effluent concentration, it is necessary to know o
nt flow rate, the area of the sampling plane,the sample flow rate, the nozzle transmissig
f constituents in the duct, the sample transport penetration, the sample collection effic
is efficiency.

ampling and analysis processes contribute both bias and random uncertainties to the over,
estimated activity. In the case of the extraction-plane parameters and instrument calibrati
pe A uncertainties are combined into one uncertainty carried into the operation phase.
the calibration of the measurement devices, a known and constant input is presented
ired response is observed. Bias is evidenced by offset of the mean value from the expe
nse, and type A uncertainty by variation in the output. In other elements, such as the n
ort line, calibration’is not possible, but performance in tests with standard aerosol particles
lled conditions ‘ean be conducted to establish bounds on expected performance. Similar]
es can betput on parameters such as the area of the sample-extraction plane, the degre
inants at the plane, and the mean axial velocity of effluent through that plane. Calibration
bias butnot the uncertainty.

ias that remains embedded in the predetermined parameter or calibrated device elemer

for example,
needed for a
ME PTC 19.1;

nnected by a
fe the amount
o a collection
the quantified
I estimate the
n, the mixing
ency and the

bl uncertainty
bNns, both bias
For example,
and output or
cted standard
ozzle inlet or
under known,
y, uncertainty
e of mixing of
removes part

ts is not fully

known in a particular application. Bounds can be placed on the embedded uncerfainties.
components of uncertainty arise during the calibration measurement processes. These are estimated by the
standard deviation of the variable measurement component, such as the sample flow rate or the activity in the
sample. Such standard deviation estimates are derived from the data alone without external reference.
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E.2 Contaminant transport uncertainty estimation

Regulatory limits on radionuclide emissions are generally stated in terms of limits on the resultant dose per
year to members of the public. Thus, it is necessary that a facility sampling and measurement system
generate an accurate and reliable estimate of quantities emitted in a given sampling interval that can then be
input into a model of an environmental transport and a dose estimation. The average radionuclide activity
emission rate over the period of integration, E, expressed in becquerel per second, being transported out of a
stack can be represented as given in Equation (E.1):

E=CAUMA (E1)

where
A is th¢ area of the sample extraction plane in the stack, expressed in square metres;

cp is the effluent radionuclide activity concentration, expressed in becquerel per cubic metre;

Uy is the mean axial effluent velocity in the stack, expressed in metres per second.

The first factor of Equation (E.1), cp, the effluent activity concentration, is determined by activity measurgment,
measured sample volume and constant parameters of the system, as given incequation (E.2):

I

—_ 1" E.2
A OAMp &5 &4 2

where
is the¢ net count rate (gross minus background) from‘the sample, expressed in reciprocal seconds;

O is the volume of effluent that produced thevsample at stream temperature, pressure, and gas
composition, expressed in cubic metres;

P is the¢ overall penetration of sample from the free stream to the sample-collection medium (comjbining
trangmission through the nozzle, z;;"and through the transport line, 7 ): the ratio of concentration at
the qutput of the sample transportline to the effluent free-stream concentration;

Mp is the proportion of radigactive contaminant in the total effluent gas volume, determined as the ratio
of the concentration in-the sample volume to the concentration in the free stream, expressed as a
fractjon;

g is the collection.gfficiency of the collection medium, expressed as a fraction;

gq s the detection efficiency, expressed as the reciprocal of becquerel-seconds [1/(Bg-s)].

The second lfactor of Egquation(E1) L. is_the average effluent flow velocity - tynically determined by
. bl \ 77 VIT o) Y- J.I' Y

pre-operational measurements from traverses across the duct. Other methods and devices can be used such

that near-real-time data for Uy, are developed.

In ISO 10780, the mean axial velocity of the effluent is computed from the results of multiple velocity
determinations, one at each subsection of the traverse pattern over the sampling plane. Once again, this
determination is made during site qualification and subsequent verification, not during operational phases. The
relation between U, at a particular location and the actual parameters measured with a Pitot tube is as given
in Equation (E.3):

Up =Ucos@ =Cpcosé /Ap/pg (E.3)

where
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Cp is the Pitot calibration factor;
Ap is the differential pressure, expressed in pascals;
Py is the gas density, expressed in kilograms per cubic metre, determined from measured static

pressure, molar mass of the gas and temperature, using the equation of state;
Ucos6 is the measured velocity corrected for flow angularity at angle 6.

The last factor of Equation (E.1), the flow cross-sectional area, 4, is also predetermined from blueprints or
from measurements across the stack or duct. That area is divided into subsections of equal area for purposes
of measuring an average axial velocity

The stack emission rate, E, 540 €XPressed in becquerel per second, is calculated by combining
Equatjons (E.1), (E.2) and (E.3) as given in Equation (E.4):

1 CpcosO,[Ap/ pgy A (E4)

QPMpgfgd

o]

average —

Equatjon (E.4) is the mathematical model of the emissions measurement:

E.3 Quantifying uncertainty

E.3.1| Stack emission measurement uncertainty analysis methods

An emission release rate is a function of a large” number of measured parameters as|contained in
Equatjon (E.4). A basic analysis of uncertainty can 'be carried out under the assumption of a near-normal
distribution of type A uncertainties, which is valid-for most, but not necessarily all, of the variable parameters
involved.

E.3.2| Overall uncertainty associated with the measurement process

An uncertainty analysis of the.measurement processes that take place either in the pre-gperational or
operagional phases has been ‘developed. Each of the terms in the convective emission mogdel has been
examined and expanded as.appropriate. This is a recommended approach rather than attempting to write a
singlel complex uncertainty-equation. The total emission rate from the stack is calculated from measurements
on a gontinuous sample_extracted from a qualified sampling location, and other measurements pf parameters
of the|emission equation. The overall uncertainty in that number can be estimated by summing over each of
the tefms of an ungertainty equation (Moffat, 1988).

E.3.3| Uncertainty associated with bias

The several-componenis—offixed-uncerainty-in-an-emission-measurement-can-be-combined-inione term. An
overall bias limit, B, defined as the maximum probable value of the total bias in the measurement estimated
at the 95 % confidence level, is the root-sum-square combination of all bias components. These can be
classified as calibration bias, B, ; parameter estimate bias, Bppag; and design and test bias for components
such as nozzles and transport lines, Brgt.

The calibration bias term, By, , represents the overall calibration uncertainty, combining elements of both bias
and random uncertainty, that accrue during calibration of instruments or devices. This is typically the residual
bias remaining after gross bias is zeroed out (up to an acceptance limit) during calibration; in some cases it is
identified by manufacturers as the accuracy limit of the calibrated scale or readout device.

The parameter bias term, Bpag, represents the overall uncertainty (again combining type A and type B

uncertainties) that is derived from field and laboratory determinations of sample-extraction parameters, such
as the degree of particulate mixing, Mp, or mean profile velocity, U,,, that ultimately are applied as a single
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value to estimations of stack emissions. Other bias contributions related to sampling location effects are
treated separately below.

The design and test bias term, Bgt, results from residual uncertainties in the process of design and
qualification of sampling nozzles and devices that are engineered from first principles and empirical factors,
and then manufactured and tested to confirm that certain performance characteristics, such as nozzle-inlet
penetration efficiency, have been met. Such a critical performance characteristic is specified by an acceptable
range for a given set of operating conditions, and there is an acceptance limit on deviation between the design

performance and the result of confirmation tests with tracer materials.

The overall bi

as limit, then, can be expressed as given in Equation (E.5):

>

i
where the su
to the measu

The bias limit]
standard-devi
type A uncert
entails a care
generate an g

The Table 1.1
factors that g
difficult to de
remainder of
measurement
measurement
emission morj

It is worthwh

1/2
2 2 2
BGaL,i +ZBPAR,1' +ZBTST,1']
i i
mations are over the i contributions from devices or parameters, each contributing unce
ement outcome.

estimated at the 95 % confidence limit serves the same purposes for.the bias as does th
ation random uncertainty estimate. It is combined with the 95 % confidence limit estimate
hinty component in calculating the overall uncertainty of measurement. A full uncertainty ar
ul consideration of the many sources of uncertainty and proper combining of each compor
verall uncertainty estimate.

an contribute uncertainty to components of the system. Without detailed analysis, it ¢
monstrate that estimates are reasonably complete and defensible. The discussion

this annex is meant to provide a framework>for an evaluation of uncertainty in an e
based on an analytic expression relating radionuclide emission to variable parameters
, and on residual bias and implicit uncertainty inherent in the methodology of conti
itoring from a single point.

le to reflect here on what interpretation should be given to the “true value” of the meg

effluent-radio

ctive-substance emission ratetby-the single-point representative sampling method. If we u

classification fand nomenclature developed-by Moffat (1988), the fact that flow and mixing paramete]
averaged ovegr the profile implies that the intended “true” emission rate is the “conceptual value”
sampling locgtion, i.e. that the arearaveraged emission rate of radioactive substance from the stack bag
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Because it is
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tions of the nozzle(s),~assuming that the installed instrumentation does not disturb eith
or the flow distributions and that the pre-operational measurements of critical paramete
M, properly<reflect sampling under operational conditions. The conceptual value sh
from the “ayvailable value”, which is the emission rate estimated only at the axial location
hout assumptions about d|sturbance mixing or how representative the parameter estimate
the wellkmixed, mean effluent radioactive substance emission rates that are of intere
non-uniform distribution of velocity and contaminant mal-distribution shall be added to the
ncertainties, and uncertainties in the correction factors that account for the non-u
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parameters measured at other times, under possibly different conditions, and with test aerosol particles and
gases rather than the actual radioactive contaminants; so it is evident that the uncertainty in the result of a
single-point sample depends on considerations other than explicit operational or pre-operational measurement
uncertainties.

E.3.4 Uncertainty associated with conceptual bias

As noted in E.1, a useful distinction can be made between the uncertainty of the measurement processes and
the uncertainty associated with the overall methodology. The measurement uncertainty is attributable to
explicit performance aspects of the sampling and analytic hardware. Sampling methodology bias derives from
issues related to sample extraction location and related implicit factors that affect how well the sample
represents the true emissions from the stack during the period of the sample. These are what Moffat (1988)
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terms “pattern factors”, defined as factors that describe variation in velocity and mixing in the profile and an
estimate of how the value of the emission rate at the nozzle location compares with the mean value. In some
situations, the conceptual bias can be the largest by far. Two of the more significant sorts of conceptual bias
derive from assumptions about temporal variation and about the completeness and accuracy of model
assumptions.

E.3.4.1 Uncertainty associated with temporal variations

Changes over time in stream conditions following site qualification are assumed not to significantly influence
the measurement outcome. Yet, increases or decreases in volumetric sample flow, effluent discharge rate or
modifications in the stack use can cause distortions in sample extraction or contaminant mixing. The degree to
whicha-single-peint-sample—is—representative—can-then—change—Fhis—is—why—it-is—particula important that
those[factors that are counted on to produce a well-mixed condition at a qualified sample-extraction location
be rohust with respect to reasonably anticipated changes in stack conditions. Mechanicalmixing elements or
deflegted, colliding flows produce mixing conditions at the selected sample extraction plane that are resistant
to change under modifications in facility use or under upset conditions, and so their-use is cqmpatible with
small|values of estimated uncertainty, Jrg. A judgement is required about assighing the sjgnificance of
tempqral variations and, hence, the magnitude of this uncertainty term.

E.3.42 Model bias, jyc

Therel are a number of simplifying model assumptions implicit in therepresentation of continjous emission
monitpring by extractive sampling from a single point. Among these are that the contamiphant-transport
procegses in the sample nozzle and line are well represented by semi-empirical models (see Annex B), that
the measured uniformity of the velocity profile and degree of‘mixing at the stage of site qualification continue
to apply during operations (a pattern assumption), and that the activity-measuring process is wejl represented
by the single-parameter sample collection and radiation-detection efficiencies. To varying degrees, model-
based assumptions might not be fully correct for a_particular application. Again, a judgment js required to
assign an estimate to this uncertainty term. Both the“temporal variation uncertainties and modgl bias can be
combined with other fixed uncertainties arising from various measurements in generating an ovgrall bias limit
estimate.

The User is advised to become very familiar with the assumptions and limitations of the models used to
optimize sample-transport-line design to ensure that special provisions properly take into[ account the
deposdition of highly reactive species," particle bounce or resuspension from previously deposited materials.
The game applies to models-of) other aspects of the sampling and measuring process| The use of
compuitational modelling aids should be viewed as a part of a larger process of design and gvaluation that
should include data from laboratory studies, findings in the peer-reviewed literature and field testing.

E.3.5| Describing the’combined uncertainties in emission measurement

The Igst step aof-an uncertainty analysis is bringing together the 2o random uncertainties and the overall bias
limit [Equation(E.1)] into a combined estimate of overall uncertainty stated in terms of the emisgion estimate,
Eiotalq,95)y¢ \the estimated uncertainty limit of the effluent measurement at the| 95% limit
(ANSI A§ME PTC 19.1; ISO/IEC Guide 98-3, formerly known as the GUM), as given in Equation|(E.6):

)1/2 (E6)

2 2
Eiotal(0,95) = Z(BL + Zisi
where

B, is the expected upper limit of the total true bias (the difference between the average of the total
population and the true value, which is the type B uncertainty);

s; is the sample standard deviation based on N measurements of the ith term (precision index) for
variable terms in the emission rate equation.
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E.4 Evaluation of uncertainties

According to Brooks (1979), estimates of the magnitude of most of the uncertainty terms can be described at
least to the level of what is attainable at the 95 % confidence level (corresponding to a 2o interval for random
variables). Many of the uncertainties considered above are relatively small and controllable by good practice.
Others require more careful consideration.

E.4.1 Uncertainty in sample volume, stack area, and transmission efficiency

Uncertainty in sample volume, Q, and stack area, 4, are generally small and well understood. Sample volume
measurement is readily accomplished and corrected for altitude and temperature. As described in J.2.2, the
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n2 %.

bort-line penetration in the case of particulate effluent is harder to estimate becaus
5 of the aerosol particles being sampled cannot be fully described in advance. Althoug
haracteristics of many types of radioactive aerosols have_ been studied (see Annex G
such studies), many possibilities for HEPA filter failure and associated unique aerosol-p4g
bns exist. Nonetheless, an estimate of the magnitude*0f’uncertainty in this parameter o
stimate may be based on in-place tests with particles of either conservative or realisti
5. The estimate may also be obtained with the ajd\of suitable particle-penetration model

bsigned for optimal performance using a\\conservative assumption; for example,
aerosol particles. A conservative designestablishes the lower limit of penetration be
herosol particles with an equal or smaller'geometric mean have greater transmission effig
se of the system analysed in TableB.1, the range of possible transmission efficienci
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facility glovebox-line’ by Ettinger et al. (1973). Fgurther assume that the model pre
efficiency for the-fictional sampling system is 94,2 %. For uncertainty analysis pur|

distribution ‘reported by Ettinger et. al. (1973) (AMAD of 4,0 um, o, = 1,7). Then, the pr

predicted per

0oses,

berosol particlesvactually encountered in an accident effluent is more like the fabrication facility

icted

efficiency.can be 85,9 %, a relative difference of 8,8 % compared with the 94,2 % estimate. The
cted deviation using a range of size distribution parameters from four other plutonium handling
dednin their study was 7 %. A 15 % estimated 95 % confidence level uncertainty relafive to
ormance and assuming a realistic aerosol particle size distribution appears to be attainablg.

These estimates are summarized in Table E.1.
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E.4.2 Uncertainty in velocity measurement parameters

Uncertainties in the determination of velocity at each equal-area location in a profile are summarized from
Brooks (1979) in Table E.2, assuming that an S-type Pitot tube nozzle is used. Here, as for the parameters in
Table E.1, attention to the details of the design and operation of the hardware in use is required.

Table E.1 — Uncertainty in sample volume, stack area
and transmission line efficiency

Parameter Uncertainty
%

[ [samplevoume  200x100% | <5
Stack area 20p/4 x 100 % <2
Transmission line efficiency 201, x 100 % < b

Table E.2 — Velocity measurement parameter bias
Parameter Uncertainty
%
Pitot calibration 28cp/Cp x 100°% <1
Flow angularity 2tan(0) g %100 % <8
Differential pressure 23,plAAp x 100 % <14

E.4.3| Uncertainty in measurement parametefs

Meas
proce
usuall
traces

Irement of activity in a sample can be either an on-line process in a continuous monitor
5s in a laboratory. In all systems, detector efficiency and sample capture efficiency pg
y be well defined. Detector efficiency-is typically determined by comparison against a trar
ble to the governing national instittte of standards and measurements. Uncertainty can

or an off-line
rameters can
sfer standard
be held to a

minimum (1 % to 2 %).

Type A uncertainty in the countihg process and associated with background-interference variability are the
largegt contributors to this uncertainty. However, bounds can be put on this uncertainty by careful planning.

In mopt circumstances, @'relative 95 % confidence level uncertainty of 5 % to 10 % appears to|be attainable
by adjustment of sample and background count times. But in practice this might not always be ppssible due to
the unrealistically\long count intervals that can result.

E.4.4] Methodological bias
Turning—pew—to—the—implicit—methodologicalorconcepiualuncerainties—there—is—alarge—component of

engineering judgment required to assign values to these, but bounds can be placed on the estimated
uncertainty.

The uncertainty associated with the sample-withdrawal location, for example, can be estimated by the
measured coefficient of variations in the mixing of tracer gas and tracer particles that are required as part of
qualifying a sample-extraction location for continuous-emission single-point sampling and monitoring. Based
on limited studies, it appears that a 95 % confidence limit bias of dze equal to 10 % is attainable, and in any
event it should be much less than 20 %.

Uncertainty associated with changes in effluent emission conditions over time are difficult to predict. If mixing
elements installed in a stack are employed to ensure complete mixing, then an estimate of the 95 %
confidence limit on uncertainty due to time varying effects on the order of or¢ equal to 2 % to 4 % appears to
be reasonable.
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Similarly, model assumption uncertainty, at the 95 % confidence level, on the order of dg equal to 2 % to 4 %
is feasible as long as proper qualifications of the sampling nozzle, sample transport line, and sample
withdrawal location are demonstrated.

E.5 Summary of uncertainty analysis

Estimated uncertainties in Tables E.1 and E.2 (or equivalent from an independent analysis) and the other
parameter uncertainty estimates can be substituted into appropriate equations to obtain a total explicit
measurement-process uncertainty estimate. The estimated activity measurement uncertainty (5,5 %), sample
volume measurement uncertalnty (5 %) and sampllng plane area uncertalnty ( %) contnbute Ieast to the total.
The uncertai i v , 7 %)
terms contrib

te the most. The resultant comblned uncertalnty is on the order of 19 %.

A

[«

Combined w
measurement

th the conceptual uncertainty estimates, the overall uncertainty of the effluent
» Etotal(0,05) €Xpressed as a percentage, is as given in Equation (E.7):

~+/(019)?

=+20

ctivity

2 2 2
Etotal(0,9£) + (0,07) + (0,02) + (0,02) x 100 (E?)

This estimate
concerning th
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should be understood as an indication of what can be attainable based on the assum
e measurement procedures carried through the analysis. Differénces in the way that mea
termined, improvements in reducing uncertainties in volumetric flow measurement and
sport-line-loss estimation can be possible in some cases,as can reductions in the uncerta
“pattern” parameters, such as any of the statistics describing mixing at the sampling plane

n this annex to this point has been based on the assumption that the uncertainties are sep
ties are not separable in all cases.~The transport efficiency, &rg, and the collection efficier
t upon the flow rate. In some casesythe detection efficiency is dependent on the flow rate.

uncertainty analysis of the"emission rate given in Equation (E.4), it may be concluded tH

intrinsic unceftainty of the flow-rate can beignored, but not its extrinsic or correlated uncertainty.

The transport| penetration is dependent upon the flow rate. If the transport penetration is high (> 90 %)
particle sizes| flow rate changes)of 10 % or less can have little effect on the transport efficiency. Wh
transport pengtration is lower,/small changes in the flow rate can greatly effect the transport efficien
some particlep sizes. These changes should be empirically determined or calculated using a code, sy

Deposition.

uncertainty arguments-apply.

similar_felationship for particle collection can be developed, for which the same corr

ptions
N axial
better
inty in

arable.
Cy! gfv

at the

for all
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The detectior] efficiency can be affected by the flow rate if detection is dependent upon geometry alpd the
geometry is collection-dependent. A Simple example 1S alpha-particle detection on a filer. It the collection of
large, high-activity particles takes place primarily near the edge of the filter and, therefore, the edge of the
detector, then the detection efficiency for these particles is diminished. The flow-rate-correlated uncertainty
should be determined.

Flow-rate-correlated uncertainties in these cases are further dependent on the particle-size distribution, i.e.
the effect of a few large particles can be quite small, while for a significant number of large particles, this effect
can dominate.
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Mixing demonstration and sampling system performance verification

F.1 Mixing demonstration methods
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S5t two methods have been used to demonstrate the state of mixing of the potential cont
luent air stream. They are described in F.1.1 and F.1.2.

Method 1

d 1 was developed specifically to assess conformance with 6.2.

I Tracers
t for contaminant mixing, the tracer should be introduced asfar-upstream as possible of
yet downstream of feeder ducts, fans and air-pollution-abatement equipment. If it is neq
be tested for both particles and gases, the same injectionNoecation should be used for bot
us tracer should be introduced at five or more locations*aeross the cross-section of the air
gular duct, the injection should be at the centre and xear each corner (at or within a distar
aulic diameter from a corner). For a round duct, the introduction should be at the centre
vithin 20 % of the diameter from the wall). The-aerosol particle tracer may be introduce
n, located at the centre of a stack or duct.

egree of mixing for particles should betested with particles having a diameter, D,, betwg
, or larger if there can be a significant fraction of the aerosol particle mass or activity as
larger than a D, of 10 um. In cases where additional data about the relevant size dig
y size distribution) are available, the test aerosol particle size may be selected accordingly.

ny foreseeable circumstances, only gaseous contaminants can be present, it is not necess
e tracer uniformity.

g to establish the-degree of mixing requires sufficient gas or particles to provide an adeq
traction point. The”method of detection and its detection limit are the important considg
nt of materialintroduced. Sufficient material should be introduced to allow detection after
s are given’by Glissmeyer and Davis (1998), Rodgers et al. (1996), and McFarland (1998)

uniformity measurements should be conducted at the location of the sampling pro
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F.1.1.2 Measurement conditions

The tests should be conducted while the stack flow rate is approximately the same as the expected normal
flow rate. If the stack flow rate is expected to vary more than 25 % from the mean, then the tests should be
conducted at the flow rate extremes.

It is essential to establish with confidence that the location chosen for sample extraction is based on
demonstrated complete mixing using the above methods and that the criteria will continue to meet
mixing-performance requirements under changed conditions relative to those at the time of testing. Historical
records of effluent flows may be used to provide evidence of extremes (high or low) of flows that can be
encountered in a stack. Calculations of expected flows under accident conditions or very different operating
modes may be based on documented engineering judgment. Mixing under flow rates that are considerably
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different from normal may be substantiated by tests with models or field testing of the stack or duct. Under
most conditions, changes in the effluent flow rate does not significantly affect the mixing. In general, if the flow
rate increases, acceptable mixing is not jeopardized; however, if the flow rate were reduced to the point where
the Reynolds’ number becomes much less than 10 000, there can be a major degradation in the mixing
effectiveness. This event is generally possible only with a stack or duct having a very small cross-section,
such as a tank vent. If this is possible, the flow system should be modified to preclude the onset of near-
laminar conditions.

F.1.1.3 Measurement points

The combination of flow angle, velomty and tracer concentrat|on proflle measurement points at the candidate
sampling locati : an be
necessary to add or adjust measurement to achleve a swtable grid. Also, it can be necessary to adjust points
because of the proximity of a sampling point to a wall.

F.1.1.4 Trapsference of qualification test results

It is not always necessary to perform the full qualification test series on all stacks ifsa,géometrically $imilar
design has already been shown to meet the qualification criteria given in 6.2 and proeyided that the following

apply.

a) A geomerically similar stack or duct (one with proportional critical dimensions) has been tested apd the
sampling| location has been found to comply with the requirements @f)672. Critical dimensions are|those
associatgd with components of the effluent flow system that can.influence the degree of contaminant
mixing anpd the velocity profile. The prior testing may be conductéd-either on a stack or duct in the figld, or
it may befconducted on a scale model.

b) The product of mean velocity [see Equation (A.2)] and hydraulic diameter of the candidate stack or guct is
within a flactor of six of that of the tested stack or duct;"and the hydraulic diameter of the candidate stack
or duct if at least 250 mm at the sampling locationThe Reynolds numbers based on hydraulic digmeter
of both the candidate stack or duct and the tested stack or duct are greater than 10 00Q [see
Equationg (B.1) and (B.2) for examples of expressions that can be used for calculation of Reynolds
numbers)].

c) The meagured velocity profile in the actual stack or duct should meet the requirements of 6.2.
d) The diffefence between the velocity-COVs of the two systems is not more than 5 %.

e) The sampling location in the candidate stack or duct is placed at a location geometrically similar to that in
the tested stack.

If these transference requirements are fulfilled, the sampling location in the second stack or duct is consjdered
to be acceptaple.

F.1.2 Method2

Figure F.1 shows how a number of ventilation channels come together in a chamber on top of which stands
the stack. Sample extraction for effluent monitoring is done about four diameters up the stack. The test was
originally developed to measure particle losses in probes and pipes, but it can also be used for investigating
the effects of incomplete mixing of the contaminants in the effluent air.

Figure F.1 shows a two-stage sampler installation. The first stage brings air down to the measurement room at
a rate of 60 I/s. There, several samplers withdraw air at 0,5 I/s. The probe in the stack has four to six nozzles.
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Key

1 sample extraction location

2 sImpIers

3  trpcer gas detectors

4 injection level for tracer gas and particles

[
pod

r flows from reactor building, turbine building.

Figure F.1 — lllustration of the use of method 2 to determine mixing

The test is comprised of the injection of kKhnown amounts of monodisperse particles in the stack air stream at a
suitable point upstream of the samgpling installation. To find a suitable injection point, the gas flpw is mapped
by mgans of a tracer gas, ethanol, released as a spray at various points in the stack base.|The resulting
concentration distributions at the stack-sampler level are observed by means of an array of gas|detectors. An
injectipn point that produces symmetrical distribution over the stack area, and low concentrations at the stack
walls,|is selected for the particle tests (Figure F.2, key item 3). In this way the losses of tracer particles
become small and limited’to the flow near the stack wall where the stack probe doesn’t sample.

Monoglisperse patticles nominally with a D, of 2 ym, 4 um, 8 um, and 16 ym tagged with dysprosium are
dispelsed at thie_selected injection point. The particle concentrations at the sampler inlets are calculated from
the olyserved gas distribution. The amount calculated as aspirated into the sampler piping is compared with
the quLantity collected by the ordinary filters of the sampling train to obtain the sampling-ling transmission

efficiency.

The sample-extraction location is situated about half-way up the stack. This is enough for producing an even
velocity field, but it is not enough for mixing. Figure F.2 shows the stack base as seen from above. (The
cross-section at the stack base is irregular because several ducts discharge into the base of the stack.) Key
items 1 to 4 represent the different injection points for the tracer gas. The tracer gas that is injected into the
different ventilation channels is not well mixed into the main air stream as it passes the sample-extraction
location. The spots in the four circles to the right represent observed concentrations at the sampling level. As
is evident from Figure F.2, the air streams from different ventilation systems are not well mixed. The corrective
measures outlined in Clause 6 are advised for this example, and single-point sampling is not appropriate
unless the mixing is corrected.

With the data from the tests using the tracer gas and a knowledge of the positions of the individual sampling
nozzles of the probe, the response to different concentration patterns can be estimated. It seems that four to
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six nozzles can be quite satisfactory with geometry as described above. Further details about this test method
are reported in Strom (1996).

1
v
2
3
R
4

Key

1 to 4 gas injection points in‘the stack base

Figure-F.2 — Stack base as seen from above with diagram of sample results

NOTE The_carresponding tracer distributions over the circular stack section at the sampling level are shownl to the
right. The area of the spot is proportional to the observed concentration. The “+” symbols indicate where no tracer was
detected.

F.1.3 Alternative approaches

Other approaches may be used to qualify a location for sampling provided that the accuracy of the
methodology is equal to, or exceeds, that based on the criteria given in this annex. For example, in an
application dealing with sampling of radioactive gases, it can be possible to inject a tracer gas into the stack at
a known mass flow rate. If the mass flow rate of tracer emitted from the stack based on use of a single-point
sampler at a candidate location were to show a value within £ 20 % of the mass flow rate of injected tracer,
the sampling location may be considered acceptable. In such a situation, it can be necessary to demonstrate
the quality of samples acquired at different flow rates (e.g. average, high and low) of the stack gas.

60 © ISO 2010 — Al rights reserved


https://standardsiso.com/api/?name=575572f7f87305697c00cbc95019ed51

ISO 2889:2010(E)

F.2 When to conduct sampling system performance verification

There are instances when a performance verification of a sampling system is advisable. These include the

followi

ng:

— when the air stream being sampled is not well mixed before a new system becomes operational;

— W

hen an existing system has just come under additional regulatory requirements;

— when the potential to emit contaminants through an existing system has changed significantly;
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hen the supporting documentation for a newly installed system is deficient.

Approaches to verification

btegories:

-place testing;

boratory simulations;

odelling based on deposition and resuspension rates determined in the laboratory;
combination of the above.

1 summarizes the requirements for qualifying sample extraction locations, nozzles and t
rticles, gases and vapour. In 7.2.1;%tis recommended that nozzle performance for partig
liquid aerosol particles. In 7.3.1,.it\is recommended that transport-line performance be as
h aerosol particle testing or_through calculations with a verified model. In 6.4, a gene
ed for use in qualifying the“sampling location for particles, gases and vapour using in
b and transport-line perfarmance methods for gases and vapour are not specified in this
ard.

g the performance) requirements usually involves a combination of methods. In-place te

Dst unambiguoeus/result, but it can also be difficult to implement in all situations. The discu
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Glissmeyer and Davis (1998) and Rodgers et al. (1996) provide examples of employing the methods outlined
in Clauses 7 and 8. Sulfur hexafluoride gas and oleic-acid aerosol particles are used as the tracers to qualify
the sample extraction location. Oleic-acid aerosol particles are also used to verify the performance of nozzles
and transport lines for particles. Examples of other verification methods attempted include the following:

— Leuba and Schwabacher (1961), using 3 um to 30 um aluminium and iron powder aerosol particles;

— Schappel (1961), using uranium aerosol particles;

— Strom and Hesbdl (1977), using fluorescent-dye-tagged dioctylphthalate 20 um aerosol particles;

— Curtis and Guest (1986), using sub-micrometre aerosol particles of sodium fluoroscein dye;
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— SAIC (1991), tests performed on several stacks using polystyrene latex microspheres using optical
particle counters on samples from the nozzle inlets and the exits of the transport lines;

— Newton et al. (1983), tests conducted on sampling systems at the Waste Isolation Pilot Plant using salt
aerosol particles;

— Glissmeyer (1992), systems tested using powdered tracer aerosol particles with geometric mean
diameters of 1,3 ym and 8,5 um. Temporary sample collectors were arrayed across the stack to
characterize the mixing and to determine the average emission rate for comparison against the existing
system;

— Vogl (1994), systems tested using powdered test aerosol particles with geometric mean diameters of
1 um (TiQ5), 3 ym (SrTiO3z), 8,5 ym (Mo,C), 200 ym (brass) and 800 um (WC). The test aerosolpgrticles
had beeh injected into the stack as well as into some nozzles. With these tests, the concenfration
distribution of test aerosol particles over the sampling plane as well as the penetration of-these test
aerosol particles from the stack and from the nozzle entrance was determined.

— Kenoyer [(1993), using cascade impactors and optical particle counters to test several systems without
employing tracer aerosol particles.

These last examples might not necessarily meet the current guidelines of thisXInternational Standand, but
provide insight into other approaches.

F.2.2.2 Radioiodine sampling examples

Strdom and Hesbdl (1977) tested sampler performance for radieiodine by injecting both depositing and
non-depositing forms of iodine into the ventilation stream. Samples were collected both in the stack [at the
elevation of the sampler nozzles and at the regular sample-¢ollection point. The non-depositing form was
131)-tagged mfethyl iodide and 311, was used as the depositifig form.

Curtis and Gyest (1986) used stable methyl iodide and.elemental iodine injected into the stack flow upgtream
of the fan. Collected iodine samples were analysed using neutron activation.

Leuba and Sghwabacher (1961) used 131l injected into a stack, which was sampled at several locations|in the

cross-section|using charcoal traps. These data, together with velocity data and tracer aerosol particle|tests,
were used to fetermine the contaminant profiles for the stack.

F.2.3 Laboratory simulation

F.2.3.1 General

Laboratory sifulationscsare more rapid and convenient than in-place tests. It is unlikely that complete syistems
can be simulated and.'the effects of surface contaminants in older systems can significantly affeg¢t real
performance.

F.2.3.2 Particle examples

SAIC (1991) conducted a test of a full-scale sampling system of simple design. The tests were conducted
using polystyrene latex microspheres and laser particle counters sampling from the nozzle inlet and from the
end of the transport line. McFarland et al. (1991) conducted tests of a simulated sampling system using oleic
acid aerosol particles tagged with sodium fluoroscein. Glissmeyer and Ligotke (1995) conducted wind-tunnel
tests comparing the performance of probes using shrouded nozzles to those using tapered inlet isokinetic
nozzles.

F.2.3.3 Radioiodine examples

Unrein et al. (1985) and Edson et al. (1987) conducted radioiodine line-loss tests to simulate air samplers
used at several nuclear generating stations. The tests cover the range of air sampler characteristics
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commonly observed at reactor sites. The sample transport tubes were either 304 or 316 stainless steel as
clean as received from the distributor. The results from these and other tests are summarized by Glissmeyer
and Sehmel (1991).

F.2.4 Modelling

F.2.4.1 General

Modelling is often used to address the performance of transport lines. Modelling does not completely address
all performance aspects of a sampling system, notably the adequacy of contaminant mixing at the sampling
plane. This weakness may be overcome in the future as illustrated by Gielow and McNamee (1993), who used

ow-measurement locations |n the off-gas
ductwprk of a power station. They also compared the model results with velocity-traverse data:

F.2.4. Particle examples

Fan eff al. (1992) provides an example of the use of the Deposition code and comipares the rgsults against
tests of a simulated air sampling system. Examples of the use of earlier models include the following:

— Rodgers (1987);
— Alvarez et al. (1985);
— Schwendiman et al. (1975).

AnneX B describes most of the elements that it is necessary to take into account in a particle-lgss model. An
example calculation using the Deposition code is also given.

F.2.4.3 Radioiodine examples

SAIC |(1991) modelled the radioiodine transmission through several sampler-transport lines. Other examples
are symmarized by Glissmeyer and Sehmel (1991). See also Annex C.
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Annex G
(informative)

Transuranic aerosol particulate characteristics —
Implications for extractive sampling in nuclear facility effluents

G.1 Introdusction

The engineer|ng of stack monitoring and sampling systems for nuclear facilities requires close attention|to the
design and placement of the sample-extraction nozzle and transport line to ensure the most_representative
sample possiple (McFarland and Rodgers, 1993). With respect to the physical characteristics_of the effluent
that it is necefsary to sample under normal conditions and particularly under emergency.-conditions, litje has
been said other than that the most significant accident in a facility in terms of both”an event and its
is likely to be fire (Corley and Corbit, 1983). Fire can cause radioactive sources to release
airborne radigactive aerosols, and smoke can plug filtration systems causing the filter to lose its integfity by
rupture of thelmedium or seals. Therefore, while there are no definite answers concerning the aerosol particle
that a sampling nozzle and transport line should be capable of handling, a number of
have been made of the expected filtration performance,»of HEPA filters under stgndard
operating conditions. Also, a number of investigations have been made of the characteristics of agrosol
particles pregent in gloveboxes or generated when containment efructures, flammable liquids or |mixed
radioactive mpterials are spilled and burned. Because these aerospl, particles can be expected to be pfresent
in a fire, they| provide a first approximation of the character of :derosol particles that it can be necesgary to
sample in effluent stacks. The discussion in this annex is meantto place some reasonable bounds on the size
of particles that can typically be present in the event containment is lost and to provide some perspectjve on
sign and testing considerations that it is necessary to apply to sampling nozzles and trapsport

G.2 HEPA/filtration effects

Nuclear-facility stack emissions are typically controlled by multiple stages of HEPA filters. The HEPA fjlter is
designed to [remove particulates from”a gas stream with an efficiency of at least 99,97 %. Selective
penetration of HEPA filters by sub-mierometre particles (0,1 um to 0,4 ym) and negligible penetration by other
sizes of partigles is predicted by filtration theory (Scripsick, 1994). Therefore, it is sometimes concluded|that it
is not necessary to design sampling systems for HEPA filtered stacks that take into account inertial eff¢cts in
the sampling-pozzle inlet afd-transport line. However, this conclusion is invalid.

In studies at fhe Rocky-Flats Plant of particulate emissions in stack effluents, Nininger and Osborne {1992)
sampled particles, downstream of HEPA filters. A laser particle counter was employed to obtain number/size
distribution data over the size range from the sub-micrometre range to over 10 pm (optical dlameter) While
only a small f these
data are converted to a volume dlstrlbutlon (hence reflecting the actual d|str|but|on of particle mass, and
possibly activity, in the samples), the volume percentages corresponding to particles with diameters greater
than 5 ym are quite significant (greater than 30 %). Nininger and Osborne (1992) also observed the presence
of white fibres in the vent discharge and speculated that fibres and other large particles might have been shed
by the HEPA filters.

A different explanation for the presence of the larger particles downstream of HEPA filters comes from studies
by Scripsick (1994) of leak phenomena in HEPA filter systems (pinhole leaks, frame seal leaks, etc.). Particle
penetration through filter perimeter seals and the filter pack was determined separately and in combination.
Penetration is observed only when the challenge aerosol particles are introduced into the system, ruling out
the possibility that the observed particles were shed from the filter pack. He found that whereas filtration
theory predicts a penetration fraction of 10-16 for 0,7 um particles, the observed penetration was
approximately 10-5. Scripsick concluded that system leakage phenomena and the size distribution of the
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challenge aerosol particles can override filtration theory considerations in predicting the size distribution of

parti

This

cles penetrating the HEPA filter systems.

is consistent with studies of multiple HEPA banks by Ettinger et al. (1973), whose data are summarized

in Table G.1. In this case, the presence of a small but significant fraction of supra-micrometre-sized particles
after the second and third stages is indicated because the geometric standard deviations remain large. But the

resp
parti
both
to 1
refle

ective activity concentrations are very small due to the reduced challenge and narrowing spectrum of
cle size at each successive stage. At the same time, failure of earlier stages can be expected to result in
higher release concentrations and larger quantities of particles in the inertial size range (with a D, equal
pm and larger). Therefore, the design of extractive sampling systems in HEPA-filtered stacks should
ct a consideration of the presence of large particles, even under the presumption of normal operating

conditions and HEPA filtration.

Table G.1 — HEPA efficiency and particle penetration of Pu aerosol particles

Particle size AMAD? of challenge | Mean measured efficiency Remaining activity®
HEPA stage
um % Bg/m3

1 0,7t02,1, ggy=210 3 99,998 76 107|to 108

2 0,451 0,82, og=1,5t0 2 99,998 17 102]to 104

3 0,370 0,70, gg=1,310 1,8 99,864 92 1[to 5
2@  AMAD is the activity median aerodynamic diameter.
b Challenge aerosol particle concentration is equal to 102 Bg/m?3 to 104 Bg/m?3.
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ransuranic aerosol particulate characteristics under accident conditions
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lions of what {o_éxpect. The following synopses of a few cases are indicative of what |js known and

ted.

1
n

a study-of plutonium particle sizes in air samples taken in operational areas at the Rocky Flats Plant
any years ago when maintenance operations on gloveboxes resulted in loss of containment (Kirchner
1p86), it was found that operations such as machining, oxide crushing and fluorination| of plutonium
produced—airborne partictes with Tmass median aerodynamic diameters (iviviA m to 4,5 um
(assumed density of 11,45 g/cm3). Conditions related to glove failure in a glovebox for burning plutonium
metal leading to worker exposure produced larger airborne particles having a MMAD of 13,8 um. Kirchner
noted that these data agree very closely with the activity median aerodynamic diameters (AMAD) of
particles measured at the AERE radiochemical laboratories in Harwell, England by Sherwood and
Stevens (1965).

Ettinger, Elder and Gonzales (1973) placed sampling nozzles in process lines or gloveboxes under “worst
normal” conditions (i.e. when aerosol-particle generation as a result of routine operations was highest) in
a study of challenge aerosol particle characteristics and the response of multiple HEPA filters. Facility
operations included research and development activities, fabrication, and chemical recovery. Activity
concentrations in challenge aerosol particles were in the range of 108 Bg/m3to 1010 Bq/m3. Fabrication
operations produced fairly large aerosol particles (predominant AMAD, D, equal to 3 ym to 5 ym), while
recovery operations consistently produced particles in the sub-micron range (0,1 um to 1,0 um).
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Research and development operations generated particles predominantly in the intermediate range (1 um
to 4 um). The largest reported size bracket in the log-normally distributed impactor data from all sites was
a 10,9 um bracket (normalized frequency of 4 % by activity), from a research and development facility.

c) Apart from accidents, processing facilities' age and contaminated structural materials can become
suspended downstream of HEPA filter systems. The contamination can occur gradually or during process
and filter upsets. Mahoney et al. (1994) summarizes the historical measurements of particle-size
distributions in a plutonium finishing and reclamation complex downstream of HEPA filter systems. The
AMAD of plutonium-bearing particles ranged from 1,3 ym to 20 ym. Ventilation ducts damaged by
exposure to acidic fumes can generate significant concentrations of slightly contaminated rust particles.

d)

should he |ncIuded In Pacmc Northwest Laboratory studles of burning radloactlvely contam nated
materials| (Halverson et al., 1987) uranium was used as a surrogate for plutonium. Combustion agrosol
particles [containing uranium from contaminated plastics produced fairly large particles with~an MMAD
equal to I ym to 5 ym. Compounds in glovebox gloves (polychloroprene) produced the (argest particles
(MMAD g¢f 19,9 um). Burning cellulose produced particles with an MMAD from less than’¥ ym to ag large
as 10,5 ym. Conversion of these numbers to aerodynamic diameter is uncertain as the density and shape
factors afe unknown.

e) Accident|conditions can involve leaks or spills of liquid and powder forms ofradioactive substancgs that
generate| airborne materials. In studies with uranium and other surrogates, Ballinger et al. (1988)
measurefl particles with a wide range of MMADs between 3 ym and)20 um. Liquid spills appgar to
produce the largest particles from splash droplets that start large but get smaller as the liquid evapgrates.
The particle size distributions resulting from powder spills have tnore variability due to agglomegration
effects in|the bulk state.

f)  Agglomefation in accident-generated aerosol particles has been shown to produce larger particlgs in a
polydispgrse aerosol of smaller particles. However,cit' appears that this process does not| yield
extraordinarily large particle-size modes. Using data.from the Oak Ridge National Laboratory nuclear
safety pilot-plant experiments with burning sodiumiin a containment structure, Jordan (1986) predicted
(and confirmed with observation) a relatively\stable evolution of the mean aerodynamic diapneter.
Diameters remained below a D, of 5 ym for 5.days following release and confinement.

g) In some facilities, there is the potential for involvement of plutonium metal in fire scenarios. Studieg have
been mape of the release of aerosot-particles under reducing and oxidizing environments. Edison| et al.
(1988), for example, found that the,activity-median diameters of plutonium aerosol particles generated
from plufonium metal pellets and-foils were variable, but ranged from a D, of 4 um to approximately
10 um.

G.4 Implicptions for-nozzle design

The available| datacindicate that the most common mode of particle size for plutonium and uranium agrosol
particles undgr a“wide variety of conditions of generation is a D, of between 1 ym and 5 ym with measprable
percentages ¢f-particles up to 10 um, or even 20 um. The appearance of particles in the inertial size [range
(with a D, above 1 ym) can be anticipated, even under routine operating conditions and certainly under a wide
range of accident conditions. Inlets of sampling nozzles for particulate emissions should, then, be tested for
transmission performance in the range of 3 ym to 15 um. The shrouded nozzle inlet, for example, is designed
so that the transmission of inertial-sized particles through the inlet is between 83 % and 103 % under the flow
conditions of intended use. Predicted performance of a design is confirmed with measurements in a wind
tunnel using test aerosol particles with a D, of 10 um. The design is iterated until there is good agreement
between predicted and measured performance, at which point the shrouded nozzle is qualified for use. Unless
it is known that a facility stack effluent can contain a sizeable mode of very large-sized particles due to the
nature of the materials being handled, it is not necessary to require performance testing in size ranges beyond
15 um.
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G.5 Implications for other nuclear facilities

Although the discussion in this annex has relied largely on data from plutonium facility experience, the
concern for proper sampling and monitoring of the large-particle components of effluents downstream of
HEPA filtration in other types of nuclear facilities is equally important. In their review of a wide range of
literature on particle-size distributions of radioactive aerosol particles measured in workplaces throughout the
nuclear industry and government laboratories, Dorrian and Bailey (1995) found that in a total of 52 papers
reporting 160 measurements of particle AMAD, the measurements of AMAD in the nuclear power industry and
fuel handling facilities follow distributions similar to those in workplaces as a whole, with median values of
about 4 uym. The exception seems to be for uranium mills, where the median is about 7 ym. Strom (1989)

reviewed the characteristics of accident-generated aerosol particles in Swedish power reactors. A large body
of literature exists on aerosol particles vapour and gases generated in postulated power-reactor accidents.

Little i
aeros
of parn
where

5 available concerning less consequential off-normal events. The implication is clearly that
bl particles presented to HEPA filtration in practically any nuclear facility contain a significa
ticles with a D, larger than 2 um to 3 ym and, thus, can be present downstream of the fi
sample extraction takes place.

the challenge
nt component
Itration banks
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Annex H
(informative)

Tritium sampling and detection

H.1 Tritium chemistry

Tritium, an isptope of hydrogen, generally behaves in a manner similar to hydrogen. Typically, it iscfound in
two primary fgrms in the exhaust stream:

a) inthe elemental form as a gas;

b) in the oxide form as water vapour.

It is of particyllar interest that tritium in the oxide form has a boiling point slightlysabove 100 °C. For{some
regulatory anglysis this allows the oxide form to be considered a liquid instead of'a gas, which in turn gllows
the use of a lifjuid physical form factor instead of that for a gas.

Also, tritium i$ sometimes found in the exhaust stream as a component.ofimethane or other volatile ordganics,
or as a comppnent of particulate matter. One such example is LiOH, where the hydrogen is replaced with a
tritium atom, LiOT. This compound is a solid material at temperatures up to 400 °C.

H.2 Sampling considerations

The first step|in selecting an appropriate sampling system is to determine the chemical form of tritium|in the
exhaust stream. If it is present in multiple forms, .multiple sampling techniques may be employed. When the
oxide form ig present, it is necessary to consider carefully the temperature and moisture content pf the
exhaust stream. If the exhaust stream contains water in droplet form, then the tritium can also be in this form
and sampling| as though particles were present is recommended. Sampling for a vapour only is apprqpriate
when the oxide is not be expected to condense.

H.2.1 Sampler nozzle

The sampler pozzle should be l6cated in the appropriate place depending on the chemical form of tritium. The
location and rjozzle configiration should conform to practices outlined elsewhere in this International Stgndard.
H.2.2 Heat tracing

The use of heatitracing on sample lines designed for tritium sampling should be evaluated very carefully.

Several of the Tritium sample-collection methods rely on either absorpiion of water vapour info a medium or
condensation in a condenser apparatus. If the temperature of the sample is maintained too high, the tritium
can desorb from the medium; not all of the vapour condenses and, therefore, some of the absorbing solution
in the bubblers can be lost. All of these conditions lead to biased results.

On the other hand, if the physical state of the tritium in the exhaust is gaseous or vapour and the exhaust
stream contains high humidity, then heat tracing can be necessary to avoid condensation of sample in the
sample lines and sample chamber. Condensation can cause the sample collector to plug and, in the case of
an ionization chamber, the reading can be disrupted because of shorting of the central electrode to ground or
of the high-voltage electrode.
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Except for tritium existing in a particulate form, the tritium sample medium is generally located downstream of
a particulate filter. This keeps particles from plugging the sample medium.

H.3 Sample media

There are several generally acceptable methods and/or media available for sampling tritium when it is not in
the particulate form. When it is in the particulate form, then sampling methods for particulate matter discussed
elsewhere in this International Standard should be used.

Althou
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nethod of sampling tritium oxide is the simplest'to perform. This is a continuous sample cg
of days to weeks. It involves placing as¢anister of silica gel in the sample stream and
as water vapour on the silica gel. Forlsampling tritium oxide, a coloured silica gel may
rous silica gel is blue; as it adsorbs moisture, the colour changes, either to a different blug
. The sample, once collected, is sent to a laboratory where it is heated to desorb the tritiatg

If tritiu
samp
silica

stream of the
sorbed on the

m in the elemental form is present, then a catalyst, such as palladium, can be installed uq
e chamber. The catalyst converts the elemental tritium to the oxide form, which can be ab
pel.

H.3.2| Molecular sieves

This n
methd

nethod is identical to the silica gel method, except molecular sieves are used in place of s
d has two.advantages over silica gel.

ilica gel. This

a) ThemMmedia can be better dried initially, resulting in a lower background.

b) A palladium catalyst, which converts the elemental tritium to the oxide form, can be coated directly on the
molecular sieve.

A primary drawback of molecular sieves is the desorption of the tritium. This typically involves heating the
medium to 500 °C in an evacuated furnace. Also, molecular sieves have a lower moisture-handling capacity
than silica gel, but the medium is a more efficient drier. Therefore, when the moisture content of the sampled
exhaust is high, silica gel is probably a better medium. However, when the moisture content is low, molecular
sieves can be a better choice.

H.3.3 Bubblers

Although a variety of absorbing materials can be used in bubblers, ethylene glycol or water are most often
used. This method provides advantages in the laboratory, in that sample desorption is not required. The
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primary disadvantage is that the bubblers, which are typically of glass, and the liquid media are difficult to
handle when it is necessary to use them in the field or plant environment.

H.3.4 Condensation

In high-moisture exhaust streams, condensation is likely to be the most suitable method, since the other
methods are limited by exhaustion of the absorption media; however, this method can be difficult to use. This
method is based on the condensation of the tritiated water with a dehumidifier or condenser. The sample is
routed through a mechanical cooling system and the condensate is collected in the liquid state. A loss or
reduction of cooling capacity of the condenser allow the tritium-containing moisture to escape from the system
in the exit gas. To ensure representative sampling, regular equipment maintenance is required.
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Annex |
(informative)

Action levels

An action level is an effluent contaminant concentration threshold at which it is necessary to perform an
appropriate action. The type of action performed depends on the circumstances. The action can entail
generation of alarms, diversion of effluent through added effluent treatment or intervention in the process

ing q P - So0Ine responses
are relatively minor, others are much more significant in terms of cost, damage to equipment’and, possibly,
even human health and safety. Careful consideration, taking into account all such conseguencgs, should be
given |to the setting of an action level for an effluent sampling or monitoring system.There cgn be not only
false pegative outcomes (i.e. a true release of significance that is not investigated), but also|false positive
outcoimes (i.e. worker responses to alarms, risks associated with rapid shutdown,and costs thgt are incurred
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r safety than false negative ones, due to work stoppage and evacuation of areas. Facility
be cognizant of all reasonably anticipated outcomes.
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ower alarm levels (also called administrative levels grslimits). These may be set to avoid
tory action levels or they may be set for other réasons, such as costs involved in the
ple, tritium releases from heavy water reactors_miay be based on the economic cost of lo
There is usually an internal reporting procedure when administrative levels or limits
istrative levels are usually set somewhat~above normal release levels. Alarms based
e rates may be used in control monitoring to warn the operators that conditions have
Hiate action may be required to avoid egxceeding an action level or administrative level.

rocess of selection of an appropriate action level requires a consideration of
e physical and chemical characteristics of the contaminant,

e characteristics of the.sampling system required to obtain a sample of the contaminant fo

e type, intensity'and variability of interference with the measurement.

of these\three factors can contribute uncertainty to the contaminant-concentration ¢
bre, affect the level of confidence that can be assigned to the decision. The selection of 3
level 'is separate from, and precedes, considerations of the required sensitivity of the
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It is useful in the context of discussing action levels to draw distinctions among the following:

control monitoring: sampling for purposes of providing adequate warning so that an operator can take

action to protect workers and the public from excessive exposure (i.e. continuous monitoring with alarm);

if

equipment failure takes a system off-line or seriously degrades performance;

system availability: tracking sampling-system availability and response so the facility operators are alerted

performance sampling: regulatory compliance sampling that yields data of such quality and type that the

facility owner can identify and quantify the most significant radionuclides present in the effluent and
support demonstration of regulatory compliance by meeting all requirements for sample-extraction
location, instrument calibration and maintenance, sample handling and chain of custody.
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When determining action levels, consideration should be given to accuracy, precision and uncertainty. These
terms apply to both the process of sampling and the process of measurement. The concern for accuracy is
directed at the elimination of bias in the sampling and measurement processes. Regular calibration of
sampling and measuring equipment using accepted procedures and traceable standards is used to establish
accuracy. Accuracy should be estimated at the 95 % confidence level.

Statistical measures of the dispersion of results about a measurement-population mean are used to calculate
precision. Sampling precision can be determined by replicate samples obtained under the same conditions.
Measurement precision is obtained from the statistics of repeated measurements on replicate samples and by
detailed analysis and propagation of uncertainties in component measurements. Sampling and measuring
precision are combined statistically to obtain an estimate of overall precision.

The precision should be estimated at the 95 % confidence level. The concern of precision determinatipns is
the estimation and, where possible, reduction of random uncertainties in the sampling and-measuring
processes.

The departurps of measured values from either the true values (accuracy effects) or drom the mean of
measured values (precision effects) are measures of uncertainty in the sampling and measurement gystem
results. Contfibutions to uncertainty in sampling or measurement are best determined independently and
combined by| statistical propagation of uncertainty. A detailed discussion of samipling and measurement
random errorg and error determination methods leading to an assessment of overall effluent sampling slystem
uncertainty is{found in Annex E.

Table 1.1 — Guide to uncertainty of sampling and measurement

Factor or consideration Record sampling Control monitoring

Frequency of
a) sampling contihuous continuous

b) measurement weekly near real-time

RElative uncertainty of sampling system

a) overall accuracy +30 % +40 %
precision +30 % +40 %

b) sampling accuracy +20 % +20 %
precision +20 % +20 %

C) measurement accuracy +20 % +35%
precision +20 % +35%
System availability >90 % >95 %

Each facility |should™set data quality objectives for its particular sampling and measurement systems.
Guidance for| reecommended levels of uncertainty as they pertain to accuracy and precision of sample
extraction and—transportand-of-measurement; s givermim Tabte -t vostof therecommendations—forcontrol
monitoring in Table .1 are not as stringent as the recommendations for record sampling. Near-real-time
radiation detection by a CAM, for example, usually cannot yield as accurate a measurement as can be
expected of a laboratory counting system because variable bias introduced by the presence of interfering
background activity can often be significantly reduced or eliminated in the laboratory. It should be recognized
that the accuracy and precision recommendations of Table I.1 are not meant to be absolutes that can be
equally appropriate in all cases and conditions. For example, effluents containing highly reactive constituents
such as radioiodine can be particularly difficult to extract and transport without significant sampling bias,
leading to estimated sampling accuracy uncertainties higher than 20 %. In contrast, measurement accuracy in
some systems can be easily held well below 20 %, given the characteristics of the instrumentation and
measurement processes and should be so reported.

There can be justifiable reasons for sacrificing some degree of measurement accuracy in control systems to
achieve higher instrument reliability, extended range of response, more effective background compensation or
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other optimization goals. The overall system-uncertainty limit values are derived by summing the respective
relative-variance estimates of the sampling accuracy or precision components. For example, the
recommended limit of 40 % for the overall uncertainty in system accuracy for continuous monitors is the
square-root of the sum of squares of the sampling accuracy component, equal to 20 %, and the measurement
accuracy component, equal to 35 %, of uncertainty. Mentioning these components separately calls attention to
the fact that if the sampling nozzle and transport line are not properly designed and properly placed,
uncertainty is created in sampling accuracy, and no amount of attention to measurement accuracy in the
system can prevent the system from generating poor, biased data and faulty alarm responses.

1.1 Action levels for control monitoring
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triggered only by a “true” contaminant release, and having sufficient alarm sensitivity to the presence of
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htration estimates by dividing the counts by detector efficiency, volume’sampled and timg. All of these
5 add uncertainty to the results. However, for the purposes of an' alarm, the largest uncertainty is
ly contributed by the counting uncertainty, as shown in Annéx E. If the costs of false|alarms in an
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it monitoring system are large, then a decision can be made\to set the alarm threshold
evel and accept the risk of not detecting a lower-level release in a timely fashion. In sq
bring the trends of the measurement results can be a useful tool to aid in maintaining cq
n action level. The user should determine an action level that can be attained, and desig
stem so the detection limit for that sampling and mieasurement process is sufficiently be
p avoid false alarms.

bl monitoring, using a CAM with an alarm, does not imply that there can be a more r¢

at a relatively
me contexts,
ntrol below a
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ow the action

axed attitude

toward achieving a representative sample. In*the case of continuous monitoring for particulate radioactive
substance in effluent streams, there might nettalways be a “sufficient” number of small particles in a release to
causel an alarm. Nor should it be assumed that, in a poorly designed sampling system, a few large particles
can get through to trigger an alarm. Such-assumptions are ill-advised and unacceptable. The danger resulting
from @ lack of attention to the CAM\sampling system design and placement is that the component of the
sample that is not well represented(possibly the larger size particles, for example) can be the very component
that pfovides the best chance for early warning and, hence, control, worker protection and impact limitation.
The inherent limitations of providing radiation detection in the sampler during the sample collgction process
are dye to the large background component in the detected signal. The choice of a relatively insensitive
sampling system can_lead to alarm thresholds consistent with an acceptable false-alarm rate. |However, the
system can then be-susceptible to excessive false negative responses.

.2 Actionlevels for record sampling

A facili uld carry out
record sampling at an appropriate frequency. Record samples are collected continuously in an integrated
sample, and then are analysed by subsequent counting (off-line). The levels of activity that can be detected by
these means are typically many orders of magnitude smaller than those detectable by on-line monitors.
Additional sensitivity can be achieved by preparing composite samples from several week-long samples into
monthly or even quarterly samples. The decision to attempt to achieve a certain detection limit goal requires a
balance among costs, time and other factors. It is necessary that the uncertainty in the final estimate of
quantities, concentration and rates of emission be derived from uncertainties in each of the factors entering
into the respective calculation.

Another layer of analysis can be applied after determining the central estimates and their uncertainties, and
logging them over time. Here the question is not whether a particular measurement is above the decision level
for that contaminant, but whether a given trend in the data is normal or indicative of an off-normal condition, or
whether a given datum is an outlier or is actually an elevated concentration. For this purpose, certain
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statistical tests and trending procedures (e.g. a control chart) are important. A retrospective action level may
be set above the trend line in the data (say, at the 3o level) to help decide whether a datum should be
regarded as belonging to the family of normal values for the parameter being measured (e.g. the mean
concentration of radioactive substance emitted during the previous month or quarter), or belonging to a new,
unidentified situation that requires investigation and intervention. An investigation can determine whether a
bias had been introduced in the analytical procedure for radionuclide determination, or can aid in ascertaining
if a small leak exists in the filtration system of the facility stacks being sampled or monitored. The decision on
the appropriateness of a given multiplier defining the action level hinges on the estimated costs associated
with either being wrong in concluding that an excursion beyond the action level has occurred, and that
controls in a facility are breaking down (false positive), or being wrong about thinking that emission controls
and analytical procedures are normal, only to discover later that chronic low-level releases have been
undetected (false negative). If the achieved detection limit for a sampling system is well below the action level,
there is sufficlent latitude to eliminate false negatives by trending.

.3 System sensitivity needed to achieve selected action levels

Once an actign level has been determined, another issue that should be addressed is-whéther the proposed
sampling or monitoring system is sufficiently sensitive (at the 95 % confidence level)-This is not a question of
accuracy, bufl of whether a chosen system is able to provide the needed net respohse above backgfound.
particular effluent sampling or monitoring system or instrument has' been operating in a[given
stack effluenf long enough to establish the population of blank responses.{fmeaning zero concentrafion of
aterial of concern present, but varying levels of backgroundhactivity) large enough to rgliably
establish an gstimate of the population mean of the blank, 1z, and standard deviation, og. While in operation,
g¢ontaminant present, but there is an interfering background; the number of net counts, S, equal to
gross counts [minus background counts, would be expected to have,a limiting mean of zero, and a stgndard
=2 op (i.e. the variance in the gross and background counts are essentially the same)| If the
distribution of|counts is approximately normal, then the upper.95 % confidence level for the distribution|of the
net counts obgerved in the instrument is as given in Equationl.1):

L, (0,05] = 1,6450¢ = 2,330 (1.1)

Such a level (s often referred to as the decision level or the critical level of the measurement, because| when
the number of counts exceeds that level, there is only a 5 % chance of making the error of concluding that
activity is present when there is truly only-abackground level present (a false positive). Note that the dgcision
level is not thé same as the detection limit-or MDA level of the system. The decision level is an a priori nimber
describing, in|effect, the characteristics-0f the instrument and its operating conditions (levels of interfefence,
counting time} etc.) and not a measure of the uncertainty in a particular determination. If the decision leyel for
a given proppsed sampling or-monitoring system is above the desired level, or above that requined by
regulation, a fnore sensitive system should be developed.

Another type pf error that\Can occur is that of falsely concluding that no activity is present when, in fact] there
is significant activity innthe sample. One can define another limit, sometimes called the detection limit or lower
limit of detect|on, Lip; as the mean number of net counts for which the observed net counts are 95 % gertain
to exceed thg deC|S|on level of the instrument. This av0|ds errors of the first klnd (false posmves) and also
limits false nd lere is
a sufficiently large number of counts from the sample, the 95 % detect|on limit, L, p, is as given by
Equation (1.2):

LLD = 2LC (0,05) = 4,650'8 (|2)

The detection limit so defined is clearly also an a priori limit. The suitability of a proposed monitoring system to
achieve a chosen alarm limit can be evaluated using the LLD concept. An alarm threshold set at the LLD, or
4,6505, or possibly larger, provides good immunity from false alarms (errors of the first kind). But it should be
understood that sample counts near the critical level do not necessarily trigger an alarm (usually the case).
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For example, assume that the standard deviation, o, in a series of integrated count rates from a CAM is
equal to 1 unit in relative terms with nominal background interference (typically radon daughter activity)
present but zero concentration of transuranic elements. Then, if the alarm threshold set point is chosen to be
4 units (40g), the probability of a false alarm when the target radionuclide concentration is equal to zero is
3,2 x 1075, If the set point is increased to 6 units, the probability of false alarm in the presence of zero
concentration drops to 9,9 x 10-10. However, as the multiplier is increased, there is an increased probability
that low-level concentrations of contaminants will not trigger an alarm. Repeated counts as activity continues
to accumulate on the sample filter should eventually result in an alarm or become apparent in data trending.

.4 System performance and availability alarms

System performance and availability alarms are a separate consideration from action levels,bas
releages. The designer of the sampling system should consider the requirement for alarms
system-component failure that results in the inability to sample properly. Such system-failure ala
differgntiated from alarms triggered by effluent-release action levels because a very differen
required. Establishing system-failure alarms should be based on a statistical evaluation and
analysis, considering acceptable levels of false positives and false negatives as-discussed in |.3.

System failure can take two forms. The first is a complete failure. Complete failure can be a sys
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by an interruption of power or by the loss of a vital component. The complete faill
ed by an alarm to ensure that action is taken to restore operation. A complete failure due
component can require a separate alarm for each mode of-ailure because the different
pquire different responses. The importance of the alarm“and the priority of respons
nined and entered into the facility alarm-and-response plan.

pcond form is a partial failure that compromises the.quality of the output, renders the ou
huses the system to fall below safety or regulatery requirements. This type of failure sh
h alarm and a graded response because there'can be differences in operation that require
rumental data before activating an alarm,.. Two examples of partial failure are a signific
e flow rate and a significant leak in the sample-transport system. There are many other p
failure and it can be impractical to trigger alarms for them all. Consequently, there are gu
intenance and inspections in Annex .
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Annex J
(informative)

Quality assurance

Documentation, maintenance, inspection and calibration are key components of ensuring the quality of air

samples.

J.1 Docun

The quality &
characterized

hentation

ssurance programme should ensure that the air sampling system and its_¢omponen
and documented.

J.1.1 Sour

This includes|changes to the ventilation system or changes to processes that,can affect the airborne ¢
discharged. Tlhe nature of the processes serving each stack should be identified, including information

the identity

associated with each stack should be identified as well as the probable.nature of releases resulting frg

possible failu

J.1.2 Efflue

The results o
and temporal
particle size ¢
dates of the
facility operat

J.1.3 Desigdn and construction

Documentatig
their potentia
sampled, the

The rationale
be document
should be dg

e term

the radionuclides as well as their chemical and physical ferms. The air-cleaning sy

e of these systems.

nt flow characterization

studies to characterize the flow conditions .of\the effluents should be documented (e.g.
variations in velocity across the stack,.on duct, determination of cyclonic flow, estima
istributions, etc.). The documentation should include or list all procedures employed, time
measurements, individuals involved;.'equipment used and any pertinent information reg
ons.

n that describes the Objectives of each stack-sampling system and lists all radionuclide
physical and chemical forms should be available. If a particular component is present 4
reasons should be-discussed.

and any supporting evidence for sampling at a particular location along the duct or stack s
bd. Similarly, the rationale for sampling at particular point(s) within (across) the stack g

s are

ffluent
about
stems
m the

spatial
tes of
s and
arding

s and
ut not

should
r duct

should be avi
diameter and

Tconfiguration of the sampling lines, the choice of filters or absorbers, the selection of flow

cumented. Documentation that explains the rationale for the design of the sampling |
ilable{ This includes documentation regarding the choice of the transport system, the m

ystem
erial,

t
%eters,

etc.

Also, there should be a means for allowing verification that the installed sampling equipment is that described
in the documentation. This can be accomplished by identification marks on the installed components. An
evaluation of particulate losses in the sampling lines should be documented. Other design documents that
should be maintained include engineering change-control documents, equipment manuals and
vendor-supplied information.

J.2 Maintenance and inspection

The requirements for maintenance and inspection depend on the nature of the sampling equipment. Routine
maintenance may be performed as described in the manufacturer's equipment manuals. Non-routine
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maintenance should also be performed on the basis of the results of inspections. The guidance provided here
can be used as appropriate, such as in cases where there are no manufacturer recommendations.

Inspection and maintenance activities should be described in procedures. Checklists should be employed as
part of the inspection protocols, and, after use, a checklist should become a part of the record of the
inspection. The inspection and maintenance records should include the nature of the inspection or
maintenance, reasons for the inspection or maintenance, names of the individuals involved, times and dates,
identity of the equipment employed and a description of any replacement parts or materials. All deficiencies
identified during scheduled and unscheduled inspections should be recorded. Recommended maintenance
and inspection guidelines are given below. Regularly scheduled inspections should be performed at least
once a year, possibly concurrent with calibrations. Ideally, the same individuals responsible for the calibrations
are also responsible for the inspections.

J.2.1| Inspections

Inspegtions should be performed routinely, quarterly or annually as appropriate and’ practicable, possibly
concufrent with other maintenance. Inspections should include, but are not limitedto,the following:

— ppsition and orientation of sampling nozzles or inlets;
— cpndition of nozzle or inlet openings;

— dpst accumulation in the sampling nozzles, inlets and transpocilires;

|
(@]

prrosion, physical damage or dust loading to the transportiines and equipment;

—h

ilter-holder gaskets;

gakage in the overall sample-transport system;

=

ightness of all fittings and connections;
— cpndition of flow sensors;

plibration of flow meters (theyvalue of the flow rate determined by the test should not deyiate from the
bminal value more than 10 %).

|
> 0

J.2.2| Sampling system-flow meter inspections

Mass [flow meters should be checked at least annually with a secondary or transfer standard, where a transfer
standard is typically'a calibrated mass flow meter placed in series with the unit being tested.|Unscheduled
calibrations canbe needed if any maintenance to the sampling system has been conducted that|can affect the
performance,of the flow meter. The flow rate at which the mass flow meter is checked should be|at a level that
is within. =25 % of the nominal design sampling rate of the system. If the flow rate, gy, of the flow meter
being|tested differs by more than 10 % from the value indicated by a secondary standard, the flow meter
should be removed from service for maintenance and calibration.

Flow through critical flow venturis should be checked at the start of each sampling period by observing the
values of Ap., (differential pressure across the meter) and Ap; (differential pressure across the filter). If the
value Ap,, is less than that needed for critical flow, the vacuum system should be checked to determine the
cause. If the value of Ap; is less than 70 % of that normally observed when the particular filter or collector is
used, the critical flow meter should be inspected for blockage, or the sampling system should be checked for
other possible problems. The critical flow meter should be removed from service for cleaning and re-
calibration if it is the cause of the erroneous reading. If the value of Ap; is greater than 130 % of that normally
observed, the filter or collector should be inspected for possible problems.

It might not be necessary to check rotometers in the field with secondary standards unless maintenance has
been done or changes have been made to the sampling system that can affect its accuracy. A rotometer
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should be inspected at the start of each sampling interval to ensure that no foreign matter has been deposited
on the inside surfaces in the measurement tube. If foreign matter is visible, the rotometer should be removed
from service, cleaned and re-calibrated.

J.2.3 Continuous effluent flow measurement apparatus

On an annual basis, response checks should be made of the flow-rate readings from in-stack equipment
through use of a reference Prandtl-type Pitot tube. If a thermal anemometer or Pitot tube is used in the stack
or duct, the reference Pitot tube should be placed in the vicinity of the in-stack device at a point where, based
on previous measurements (see Annex A), the velocity reading is either the same as that of the in-stack
device or a known correction factor can be applied to provide a ratio of the two velocity readings. If the
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from use of the reference Pitot tube should be converted to the equivalent velocity, /
itions as given in Equation (J.1):

p

Tstd
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he velocity at standard conditions indicated by the in-stack sensof.and the reference ¢

value from either an in-stack Pitot tube or thermal anemometer is outside of the specified
the difference should be determined. It can be necessary'to recalibrate the device. Als

sor is a Pitot tube, response checks should be made at least quarterly to verify the functi
re gauges used in conjunction with the Pitot-tube readout. This check may be a simple
application of a pressure differential causes -an appropriate output of the gauge.

flow meter is used as the in-stack equipment, at least quarterly performance checks sho
paring the average velocity determined-with the acoustic flow meter to the velocity at a refg

calibration of the acoustic flownmeter, a ratio can be established between the average v
ity at the selected referenge \point. The velocity measured with the acoustic flow meter s
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J.3 Calibration

to the
atural

Measuremen{ and test \equipment should be calibrated using standards whose calibration is traceable
governing national-institute of standards and measurements or derived from accepted values of 1
physical coniEants. The principal calibration activities on a sampling system involve the verification of sample
flow rate, sampling time and effluent flow rate. The suggested calibration frequency is annually for syistems
operated under normal or controlled environmental conditions. For systems used under extreme conditions,
the calibrations should be conducted more frequently, e.g. every six months.

The methods used in calibrating all equipment and systems should be clearly described in procedures. The
results of all calibrations should be recorded. This includes flow-meter and timer calibrations. The records
should include the names of the individuals involved, times and dates, and the types and serial numbers of the
calibration equipment.

J.3.1 Calibration of sampling system flow meters

The goal of the flow-meter calibration is to help ensure that the uncertainty in the measurement of the total
volume of air sampled is £ 10 %. Annex E describes a number of considerations for uncertainty analysis. All
flow meters should be calibrated at least annually against devices that are either based on first principles
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(bubble meters or proof meters) or that are traceable to the governing national institute of standards and
measurements.

The internal sensing region of a flow meter should be inspected before calibration. If there is any indication of
surface deposits, the internal components of the flow meter should be cleaned or replaced.

Mass flow meters should be calibrated at conditions corresponding to 40 %, 70 %, 100 %, 130 % and 170 %
of the nominal flow rate in terms of standard conditions. Other values may be used; however, technical
justification should be documented to show that the use of the selected points provides calibration data of a
quality equivalent, or superior, to the recommended points. If the flow rate through the sampling system can,
under normal conditions or anticipated or accident conditions, exceed the limits recommended herein for flow
calibration, additional calibration points should be used to encompass the possible operating range.

It can|be necessary to calibrate critical venturi flow meters only at a single point that corresponds to operating
conditions with a sufficient pressure differential across the meter such that the velocity)at the throat of the
meter|is sonic. The temperature at the entrance of the critical flow meter during calibration should be within
+ 5 °{ of the average temperature anticipated at that same location during sampling)~-Fhe absolufe pressure at
the entrance of the critical flow meter should be within = 2 % of the average absolute pressure [anticipated at
that Igcation.

Rotanpeters should be calibrated at flow-rate conditions that correspond-to the average anticippted flow rate

durind sampling, and at 75 % and 125 % of the anticipated sampling flow rate.
The tqtal uncertainty in the volume of air, Eqy, can be calculated-as.given in Equation (J.2):
B3r = (Fy Eg)? + EZ + E? (J.2)
where
Fl. is a fluctuation constant, which is set at4' for a meter whose readings do not fluctuate;
NOTE 1 |If there are fluctuations, the\parameter is set as the average number of the scale unit above and below
the mean indicated value.
E|, is the uncertainty in reading the flow meter scale, which is dimensionless, and which can be
estimated by dividing ene-half the value of the smallest scale division by the indicated flpw rate;
E|. is uncertainty associated with determining the calibration factor, i.e. correcting the indicated flow, and
which is dimensionless;
NOTE 2 fAs'an approximation, the uncertainty associated with the calibration instrument can be psed.
El is uncertainty (dimensionless) associated with the measurement of the sampling time] and which is

dimensionless.

J.3.2 Calibration of effluent flow-measurement devices

An effluent flow-measurement system should be calibrated at least annually against the reference method
discussed in Annex A. The goal of the calibration is to measure flow rate relative to the Reference Method that
is accurate to within = 10 %.

J.3.3 Calibration of timing devices

Timing devices should be calibrated at least annually. The uncertainty should not be greater than 1 min per
month.
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Annex K
(informative)

Carbon-14 sampling and detection

K.1 Carbon-14 chemistry

Carbon-14 is
nuclear reac
4N(n,p)14C (
NOTE 1b
Carbon-14 is
and its ubiqu

nuclear powe
14CO or vario

a radioactive isotope of carbon with behaviour similar to that of the stable carbon isotope
ions that produce '4C in reactors with thermal neutrons are 70(n,a)™#C (o=0
= 1,82 b) and 13C(n,y)'4C (o= 0,000 9 b).

=108 m2,

of concern because of its very long half life (5 730 y), the mobility of carbon in the enviro
tous presence in biological systems. Carbon-14 has been identified\in“airborne effluent
 plants in the forms of particulate 14C, gaseous 14CO, and non-GO, gases. The latter
is organic gases, e.g. 14CHy.

K.2 Sampling considerations

When selecti
contaminants
chemical forni

hg a suitable sampling medium for 14C, it is important to consider the presence of
(both radioactive and non-radioactive) in the sampling stream in addition to the physic
s of 14C being collected. For example, if the effltient stream has high humidity, it is necess

5. The
24 b),

nment
5 from
an be

other
al and
ary to

remove the moisture before using a molecular sieve to~sample the 14CO, or the moisture will saturgte the

molecular sie
avoid interfer
substances th

K.2.1 Partic

ve. Likewise, it is necessary to remove HTO from the sample stream before collecting
bnce in the counting of 14C, unless. a;chemical step is added before counting to remo
at interfere with the 14C signal.

ulate 14C

The same requirements for samplingother particulate radioactive substance apply to particulate 14C.

include consif

K.2.2 Gase

The same red

erations of sampling-location, nozzle design and line penetration.

bus 14C

uirements.for sampling other gaseous radioactive substance apply to gaseous '4C.

K.3 Sampling-media

4C to
e the

These

K.3.1 Particulate 14C

The filters installed to collect other particulate radioactive substances should also collect particulate 14C. One
very important consideration, though, is the filter material. Because it is normally necessary to combust the
sample to separate the 14C from other radionuclides, it is advantageous to use a non-combustible filter
material, e.g. glass fibre. Furthermore, the filters sometimes collect only minute amounts of particulate carbon,
so that it is necessary to add a carbon carrier to carry out the analysis. Lampblack compressed into a pellet
has been found suitable as a carrier when glass-fibre filters are combusted in a tube furnace. Lampblack is
generally made from fossil carbon, so it contains no 4C, but this should be verified by combusting blank
pellets. The radiochemical yield can be determined by the recovery of the carbon from the lampblack carrier.
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K.3.2 Gaseous 14CO,

Sampling systems for airborne effluents normally sample at a flow rate of 25 I/min to 100 I/min. However,
sampling systems that take the gas sample by a chemical reaction generally use flow rates on the order of
1 I/min or less. This can require taking a side-stream off the line to the main monitor or installing a separate
sample line.

K.3.2.1 Collection with caustic solutions

Collection of 14002 with a caustic (NaOH or KOH) solution in a bubbler is often a convenient method. If the
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ncentration is sufficiently high, the caustic solution can be analysed directly by adding

be reld
jing acid and then concentrated by recollecting it in a smaller volume of absorbent. Suitab
bmpatible scintillation cocktails are available commercially.

ain drawback to collecting CO, in caustic solutions is in handling the corrosiveliquids and
g glassware in the field. These problems can be overcome by having Plexiglas boxes ma
brs. The bubblers can be filled in the laboratory and placed in the boxes-for transport to
las boxes can contain any spills and avoid any exposure to broken glass:

ty of the bubbler system should be considered during design and construction, and the b
e located inside a locked cabinet. All bubbler systems should/be clearly labelled and cd
b the possibility of cross-contamination between samples from individual bubbler pots whe
bubbler pot contents is performed.

ubbler pots should be constructed using plastic-coated (or glass-fibre-coated) glass. T
should be stainless steel, unless flexibility is required, in which case heat-resistant silicg
bd.

v through the bubbler system should be maintained at a suitable rate (1,0 I/min + 0,2 I/min
rs or pumps situated after the sampling equipment with a control valve between any flow
e pumping unit. The airflow should bg ' measured using a calibrated flow meter with an app
nain flow meter should be placed after the last bubbler and protected using a drying a

b checking of the flow rate_and the ready identification of any gross leakage. The pre
ity influences this decision.

h breaks should bennstalled to guard against the possibility of suck-back. These should b
set of three bubblers and be of sufficient volume to hold the liquor from the subsequent pg
nt loss of sample” and protect the furnace from liquor ingress. In certain cases, a collecti
d after the_final bubbler pot to collect entrained liquor, and any liquor collected in this pot ¢
al bubbler liquor prior to analysis. This final collection pot should be installed first and its
commissioning.
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directly before it. Installing a:second flow meter before the first bubbler should be considered to allow

sence of high
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ombined with
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Exper

ence suggests that three bubbler pots in series are usually all that is needed, but if

there is any

suggestion that other chemical forms are present (e.g. CO), then oxidation should be ensured, and the sample
gas should be passed through a furnace. In order to establish the ratio of any speciation, the existing CO, can
be captured with one set of pots before oxidizing, and other C species can be captured with a second set of
pots after oxidation. This work is normally undertaken during initial commissioning.

For each sampling period, and for the purposes of calculating '4C discharges, the following should be
recorded:

a) volume of liquor in each bubbler pot when sampled;
b) date and time for the start and end of sample taking;

c) total airflow volume through each bubbler pot over the reporting period;
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d) total discharge volume from the associated stack over the reporting period;

e) sample result from each bubbler pot.

K.3.2.2 Collection with solid caustic materials

The use of caustic solutions can be avoided by absorbing the CO, with solid caustic materials such as
Ascarite, Ascarite I ®4) and sodalime. Whereas the original Ascarite was derived from granular asbestos,
Ascarite Il is sodium-hydroxide-coated silica. It rapidly and quantitatively adsorbs CO,. Sodalime is a mixture
of sodium and calcium hydroxides. If commercial materials are used, they should be checked for CO, and 14C
backgrounds before use and care should be taken to minimize exposure to the atmosphere during storage.
After samplin : b ased—by—ascidifyi ateria d—collecting 3
absorbent suitable for determining '4C by LSC. Compatibility of this and other adsorbents with|other
chemicals in the discharge should be considered in selecting adsorbents.

K.3.2.3 Coljection with molecular sieves
Molecular sieye 4A can be used to collect CO, from the sample stream. Moisture shoutld\be removed frgm the
sample stream before it is passed through the molecular sieve, especially if HTOCis, present. The usg of a
molecular sieye avoids the use of corrosive materials, but it is necessary to release the CO, by heating the
molecular sieye in a furnace and then collecting it in a suitable absorbent for determining 14C by LSC.

K.3.3 Non-CO, gaseous 14C

Gaseous, nof-CO, 14C can be oxidized to 14CO,, which can then be collected using one of the methpds in
K.3.2. One way of doing this is to mix the sample stream with oxygen and pass it through a tube furnage with
a copper oxigle catalyst on the outlet end of the tube. The exhaust gas is then passed through thg¢ CO,
collection system. This gives a measure of the total gaseous''4C; the non-CO, '4C can be determirjed by
subtracting the 14CO,.

4) Registered trademark of Arthur H. Thomas Co. Ascarite I™ is an example of a suitable product available
commercially. This information is given for the convenience of users of this International Standard and does not constitute
an endorsement by ISO of this product.
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