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Foreword

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

This document 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 document provides performance-based criteria for the use
of air-sampling equipment, including probes, transport lines, sample collectors, sample monitoring
instruments and gas flow measuring methods. This document also provides information covering
sampling programme objectives, quality assurance, development of air monitoring control action levels,
system optimization and system performance verification.

ISO 2889 wag first published in 1975 as a guide to sampling airborne radioactive materials in the fucts,
stacks, and working environments of installations where work with radioactive materials isondycted.
Since then, ah improved technical basis has been developed for each of the major sampling specidlities.
The focus of fhis document is on the sampling of airborne radioactive materials in ducts'and stacks.

The goal of pchieving an unbiased, representative sample is best accomplished where samplg¢s are
extracted from airstreams in which potential airborne contaminants are well mixed in the airstream.
This documegnt sets forth performance criteria and recommendations to, assist in obtaining|valid
measuremerts of the concentration of airborne radioactive materials in ducts or stacks.
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bquirements and recommendations of this document are aimed at sampling that'is ¢
htory compliance and system control. If existing air-sampling systems are¢’not deg
Fmance requirements and recommendations of this document, an evalu@tion of the
system is advised. If deficiencies are discovered, a determination of whether or no
d and practicable is recommended.

be impossible to meet the requirements of this document in all eonditions with a sam
ned for normal operations only. Under off-normal condition§y the criteria or recomn;
ocument still apply. However, for accident conditions, spegcial accident air samplin
irements can be used.

Hocument does not address outdoor air sampling, radon measurements, or the su
'ne radioactive substances in the workplace of niclear facilities.

Reference [1] addresses the instrumentation that is frequently used in nuclear ai

nce [5] addresses air sampling in the workplace of nuclear facilities. References [6] and [7]
mance characteristics of air monitors.

ormative references

bllowing documents are referred to in the text in such a way that some or all of
tutes requirements of this' document. For dated references, only the edition cited
ed references, the latest€dition of the referenced document (including any amendmg

0780:1994, Statjonary source emissions — Measurement of velocity and volume flo
ns in ducts
erms and definitions

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

and stacks of

onducted for
igned to the
performance
a retrofit is

pling system
lendations of
o systems or

rveillance of

r monitoring.
| describe the

their content
applies. For
ents) applies.

wrate of gas

[SO and TEC maintain terminological databases for use in standardization at the following addresses:

3.1

ISO Online browsing platform: available at https://www.iso.org/obp

IEC Electropedia: available at https://www.electropedia.org/

abatement equipment
apparatus used to reduce contaminant concentration in the airflow exhausted through a stack or duct
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3.2
absorbent

021(E)

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 1 to entry: When a chemical reaction takes place during absorption, the process is called chemisorption.

3.3
accident (co

nditions)

any unintended event, including operating errors, equipment failures and other mishaps, the
consequences or potential consequences of which are not negligible from the point of view of protection

and safety

3.4
accuracy
closeness of

3.5

action level
threshold co
action

3.6
adsorbent

material, ger
that bind the

3.7
aerodynam]
Da

for a particle
the same sed

3.8
aerosol
dispersion o

Note 1 to entr]

39
aerosol, mo
aerosol (3.8)

Note 1 to entr
aerosol is less

hgreement between a measured quantity and the true quantity of the meastirand

hcentration of an effluent contaminant at which it is necessary to.pérform an appro

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

c diameter

of arbitrary shape and density, the dianiéter of a sphere with density 1 000 kg/m3 th
imentation velocity in quiescent air as-the arbitrary particle

solid or liquid particles in-air or other gas

y: An aerosol is not only-the’aerosol particles.

hodisperse
comprised of/{solid or liquid) particles that are all of approximately the same size

y: In general, the geometric standard deviation of the particle-size distribution of a monodi
than erequal to 1,1.

3.10

briate

forces

ht has

bperse

aerosol, polydisperse

aerosol (3.8)

comprised of particles with a range of sizes

Note 1 to entry: In general, the geometric standard deviation of the particle-size distribution of a polydisperse
aerosol is greater than 1,1.

3.11

aerosol particle
solid or liquid particle constituents of an aerosol (3.8)
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3.12

analyser

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

Note 1 to entry: 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 ratio
ratio of particle mass or number concentration in the nozzle inlet to the concentration in the free stream

3.14
bend
gradyal change in direction of a sample transport line

Note 1 to entry: The radius of curvature of a bend should be at least three times the inside‘diametey of the tubing.

3.15
bulk stream
air flgw in a stack or duct, as opposed to the sample flow rate

3.16
buridl
imbedlding of a particle into a filter medium or the masking of a particle by subsequenft deposits of
parti¢ulate matter

3.17
calibration
operdtion that, under specified conditions, initially establishes a relation between the qupntity values
with measurement uncertainties provided by~-measurement standards and corresponding indications
with pssociated measurement uncertainties‘and then uses this information to establish & relation for
obtaining a measurement result from an indication

3.18
coeffjcient of variation
Cy
quantity that is the ratio ofthe’standard deviation of a variable to the mean value of that vjariable

Note 1 to entry: It is usually-expressed as a percentage.

3.19
colleg¢tor
comppnent 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 glpha-emitting
transyranic radionuclides or other radionuclides.
3.20

conditioning system

apparatus that can be used to purposefully, in a controlled manner, change the aerosol particle (3.11)
concentration, gas composition, particle-size distribution (3.53), temperature or pressure in a sample
stream (3.68)

3.21

continuous air monitor

CAM

near-real-time sampler and associated detector that provide data on radionuclides [e.g. concentration
of alpha-emitting aerosol particle (3.11)] in a sample stream (3.68)

© IS0 2021 - All rights reserved 3
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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 1 to entry: 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
curvaturer
ratio of bend|

3.25
deposition
loss of const

Note 1 to entr]

3.26

decision thijeshold

value of the

using a givenp measurement procedure of a measurand quantifying a physical effect, is used to ¢

that the phyjq

Note 1 to ent
the decision t
probability fo

[SOURCE: IS(
to entry not

3.27

detection lignit
 value of the measurand which ensures a specified probability of being detectable by the

smallest trug
measuremen

Note 1 to entr]
for which the
value, when, i

[SOURCE: IS
included her

htio
radius to the tube diameter

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

y: See also 3.84.

stimator of the measurand, which, when exceeded by the result of an actual measur

ical effect is present

I'y: The decision threshold is defined such that ift\cases where the measurement result ej
hreshold, the probability that the true value of.tlie measurand is zero is less or equal to a d
" a wrong decision, a.

11929-1:2019, 3.12 modified - definition identical, but Note 1 to entry changed and ]
ncluded here.]

t procedure

y: With the decisign-threshold (3.26), the detection limit is the smallest true value of the meas
probability of wrongly deciding that the true value of the measurand is zero is equal to a sp4
h fact, the truevalue of the measurand is not zero.

11929-1+2019, 3.13 modified - definition identical, but last sentence of Note 1 to ent
e as,wiell as Note 2 to entry.]

bment
ecide

cceeds
hosen

Note 2

urand
ecified

Fy not

3.28

droplet
liquid aeroso

3.29

I particle (3.11)

effective dose
sum of the products of the dose absorbed by an organ or a tissue and the factors relative to the radiation
and to the organs or tissues that are irradiated

3.30
effluent

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

Note 1 to entry: This document applies to the effluent air that is discharged to the atmosphere through stacks

and ducts.
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3.31
emission
contaminants that are discharged into the environment

3.32
emit
discharge contaminants into the environment

3.33
extractive sampling
diverting a part of the airflow from a stack or duct for the purpose of the collection of a sample of the air

Note 1 to entry: See 3.69 and 3.72.

3.34
flow rate
rate at which a mass or volume of gas (air) crosses an imaginary cross-sgctional arep in either a
sampling system tube or a stack or duct

Note 1 to entry: The rate at which the volume crosses the imaginary area is called the volumetrid flow rate and
the rafe at which the mass crosses the imaginary area is called either the mass flow rate or the vglumetric flow
rate af standard conditions.

3.35
geometric mean of a variable
X
g
value|for N observations of a random variable x; given by

1 &
I x, :NZInxi
i=1

3.36
geonletric standard deviation

s
the g¢ometric standard deviation fer N observations of a random variable, x;, calculated frpm:

N
2. 1 2
s, —EZ(ln x; ~in xg)
i=1
wherg x, is the geomefric mean of the random variable

3.37
high-efficiency/particulate air filter

HEPA filter

high-efficiency filter used for removing aerosol particles (3.11) from an air stream

Note 1 to entry: A HEPA filter usually collects aerosol particles at the most penetrating particle size (between
0,1 pm and 0,3 pm 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 this document.

3.38
hydraulic diameter
type of equivalent duct diameter for ducts that do not have a round cross-section

Note 1 to entry: Generally, it is four times the cross-sectional area divided by the perimeter.
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3.39
impaction

021(E)

process by which aerosol particles (3.11) are removed from an air stream by striking an object in the air

stream

Note 1 to entry: Curvature of air streamlines, principally on the front side of the object, causes particles with

sufficient iner

3.40

tia to strike the object while the airflow passes around it.

in-line system
system where the detector assembly is adjacent to, or immersed in, the effluent (3.30) stream or stream

in the ducto

r stack

3.41
intercepti
process by
the trajector
object

3.42
isokinetic
condition thi
undisturbed

Note 1 to entr]
inlet velocity
velocity is gre

3.43

laminar floyw

flow regime

Note 1 to entr]
molecular diff

3.44

membrane 1
filter mediu
controlled cd

Note 1 to entr]

3.45
mixing elen;
device place
fluid

o
V\"ﬁiich aerosol particles (3.11) are removed from an air stream by an object in the flow, Y

y of the particle's centre of gravity misses the object but the body of the particle strik

it prevails when the velocity of air at the inlet plane of a nozzle’is equal to the veloc
air in a stack or duct at the point where the nozzle inlet isdocated

y: Anisokinetic is the antonym of isokinetic. Sub-isokinetic tefers to the condition where the

s less than the free-stream velocity. Super-isokinetic refexs’to the condition where the nozzl
ater than the free-stream velocity.

n stacks or ducts associated with Reynelds numbers less than about 2 200

y: This regime is not usually encountered in effluent air flows. Mixing in laminar flow result
usion, which is a much slower procgssithan mixing in turbulent flow.

ilter
m consisting of thin, organic-based films having a range of selectable porositie
mposition

y: Thin, porous metallic filters are sometimes also called membrane filters.

ent
l in a_stack or duct that is used to augment the mixing of the contaminant mass wi

3.46
monitoring

where
es the

ity of

hozzle
e inlet

5 from

5 and

th the

continual measurement of a quantity (e.g. activity concentration) of the airborne radioactive constituent
or the gross content of radioactive material, at a frequency that permits an evaluation of the value of
that quantity in near-real-time, or at intervals that comply with regulatory requirements

3.47
nozzle

device used to extract a sample from an effluent (3.30) stream and transfer the sample to a transport

line or collec

tion device

Note 1 to entry: Within the nozzle, there is a transition zone where the sample stream adjusts to the conditions
in the transport line.
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3.48

nozzle exit (plane)

imaginary plane across the cross-section of a transport system that divides the nozzle region from the
transport line

Note 1 to entry: The nozzle is frequently a separate component and the nozzle exit plane is clearly defined as the
downstream end of that component. If there is no separate component, the nozzle exit is the end of the transition
zone of the nozzle flow.

3.49
nozzle inlet (plane)
imaginary cross-sectional inlet plane of a nozzle where the flow first enters the transport system

Note 1 to entry: In the special case of a shrouded nozzle, the inlet is referenced to the inner nozzle rpther than the
shrougl.

3.50
number size distribution
representation of the number of particles associated with intervals of particle size, ovei| the full size
rangd encountered in a sample

Note ] to entry: For samples consisting of aerosol particles, it is a representation of the relatfjve number of
particles (measured number of particles in a size interval divided by thedotal number of particles jn the sample)
associated with intervals of aerodynamic diameter.

3.51
off-ngrmal condition
condifion that is unplanned and which presents a gap-with normal conditions

EXAMPLE Accidents and equipment failure.

3.52
particle
aggregate of molecules, forming a solidver liquid, ranging in size from a few molecular diameters to
severpl millimetres

3.53
particle-size distribution
distribution of particle (3.52) Size as a function of mass or activity rather than number

3.54
penefration
ratio pf the concentration at the outlet of the sampling system, transport lines included, fo that in the
duct ¢r at the stack

3.55

ol equipment

3.56

precision

closeness of agreement between indications obtained by replicate measurements on the same or similar
objects under specified conditions.

Note 1 to entry: A value of precision is obtained by repetitive testing of a homogenous sample under specified

conditions. The precision of a method is expressed quantitatively as either the standard deviation computed
from the results of a series of controlled determinations or as the coefficient of variation of the measurements.

© IS0 2021 - All rights reserved 7
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3.57
probe

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

Note 1 to entry: A probe usually refers to one or more nozzles and part of the transport line.

3.58
profile

distribution of air velocity, of gas concentration or of particle (3.52) concentration over the cross-

sectional are

3.59

a of the stack or duct

quality assu
QA

planned and
satisfactorily

3.60

radionuclid
unstable isof
energy state

3.61

rance

systematic actions necessary to provide confidence that a system or componéentper
rin service and that the results are both correct and traceable

h

ope of an element that decays or converts spontaneously into anather isotope or dif
emitting radiation

record sample

sample that i
Note 1 to entr]

3.62

s collected for reporting purposes

y: Record samples are often analysed off-line.

reference method

apparatus ar
Note 1 to entr]

3.63

representat
sample with
time of samp

3.64

d instructions for providing results against which other approaches may be compar

y: The application of a reference method,is assumed to define correct results.

ive sample
the same quality and chatacteristics for the material of interest as that of its source
ling

response ti

e

time requirefd after a stepvariation in the measured quantity for the output signal variation to r¢
given percenftage for thefirst time, usually 90 %, of its final value

3.65
sample

forms

Ferent

d

at the

bach a

portion of ap ‘@ir stream of interest or one or more separated constituents from a portion of

hn air

stream

3.66

sample-extraction location
location in a stack or duct that coincides with the sample (3.65) nozzle inlet (3.49)

Note 1 to entry: By extension from the nozzle inlet, the entire plane that is perpendicular to the longitudinal axis
of a stack or duct.

3.67
sampler

device that collects or analyses constituents of the air sample (3.65)
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sample stream
air that flows through a sampling system

3.69

sampling
process of removing a sample (3.65) from the free air and transporting it to a collector (3.19) or an
analyser (3.12) (monitor)

3.70

sampling environment

condi

cess

Note 1

3.71
samp
cross

3.72

samp
syste
(3.19]

Note
other
syster]

3.73
sedin

ions of the air flow and gas within a stack or duct that can influence the sampling pr

to entry: Factors to take into account include pressure, temperature and molecular comppsi

ling plane
sectional area where the sample (3.65) is extracted from the air flow

ling system
 consisting of a nozzle, an inlet, a transport line, a flow conditiening system (3.20) a
or monitor

| to entry: A flow conditioning system may be used to change concentration, temperatureg

characteristics. Depending upon the application, a flow<génditioner might not be used in
.

hentation velocity

terminal (maximum) velocity an aerosol particle’(3.11) attains in quiescent fluid (air) as a|

gravi

3.74

ational force

sensifivity

chang
the v3

Note 1
valueg

3.75
shro

riable quantity being sensed by the instrument

to entry: This is the slope of a calibration curve of an instrument, where a calibration curve
of an instrument as'@function of input values.

d

aerodynamic decelerator placed around and extending beyond a sampling nozzle to red

biase

3.76

ion of the gas.

hd a collector

, humidity, or
the sampling

result of the

e in indication of a mechanical, nuclear, optical or electronic instrument as affected Ipy changes in

shows output

ice sampling

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

Note 1 to entry: Used to convert air densities to a common basis. Other temperature and pressure conditions may
be used but should be applied consistently.

3.77

transmission ratio
ratio of the aerosol particle (3.11) concentration at the nozzle outlet to that in the free stream

Note 1 to entry: It is stated whether a mass or activity basis is used.
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3.78

021(E)

transport line
part of a transport system between the nozzle exit plane (3.48) and the entrance plane of a collector
(3.19) or analyser (3.12)

3.79

transport system
all components of a sampling system (3.72), excluding the collector (3.19) or analyser (3.12)

3.80

turbulent flow

flow regime

characterized by bulk mixing of fluid properties

Note 1 to entn
and laminar if

3.81
uncertainty
parameter c
quantity

Note 1 to entr]

3.82
uncertainty
procedure fa
variable as a

3.83

vapour
gaseous forn
condensable

Note 1 to entr]
or solids.

3.84

velocity profile

distribution

3.85

volatile
having a hig}
at the prevai

Note 1 to entr]

y: For example, in a tube, the flow is turbulent if the Reynolds number is greater than about
the Reynolds number is below about 2 200. There is little mixing in the laminar flownegime

haracterizing the dispersion of the value of a measurand, based gnythe true valu

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

analysis
r estimating the overall impact on the accuracy (34Y or precision (3.56) of a depe
result of the estimated uncertainties of the indeperident variables

1 of materials that are liquids or solids.at room temperature, as distinguished fron
gases

bf the velocity values at a given cross-section in a stack or duct

| vapour (3:83) pressure, which allows significant quantities of material to become ga
ing temperature

y: In(this document, the stack or duct temperature is generally considered as the reference.

3.86

3000

c of a

ndent

non-

y: Vapours are gases but carry the@onnotation of having been released or volatilized from liquids

seous

wall loss

loss of sample (3.65) constituents to the internal walls of a sampling system (3.72)

Note 1 to entry: Quantitatively, it is the equivalent concentration lost to the walls of a nozzle, transport line,
conditioning system, or transport system divided by the concentration at the inlet plane of the nozzle, transport
line, or transport system.

4 Symbols

For the purposes of this document, the following symbols apply.

10
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cross-sectional area of a stack or duct, (m?)

average radionuclide stack or duct emission rate over the period of integration, expressed
in in Bg-s’!

aspiration efficiency of a sampling nozzle (dimensionless)
cross-sectional area of the ith element, in m?

Cunningham's slip correction for aerosol particles (dimensionless)

cal,pt

effluent activity concentration, expressed in in Rq-m'3
Pitot calibration factor, dimensionless

activity or mass or aerosol particle concentration at the exit plane©f a trangport system,
in Bg'm3 or kg:m-3 or m-3, respectively

activity or mass or aerosol particle concentration at the eXit plane of a component j, in
Bg-m3 or kg:m-3 or m-3, respectively

activity or mass or aerosol particle concentration at the inlet plane of a transport system
component j, in Bq-m3 or kg:-m-3 or m-3, respectively

activity or mass or aerosol particle concentration in the undisturbed free §tream at the
nozzle location, in Bq:m-3 or kg-m3 or m-3, respectively

decision threshold of the activity concentration
detection limit of the activity concentration

velocity-averaging correctidn factor for a Pitot tube, dimensionless

velocity-averaging correction factor for a single point thermal anemometer, dImensionless

velocity-averaging-correction factor for a line average velocity taken with an acoustic

flow meter, dimernsionless
aerodynamic’particle diameter, expressed in um
Dean(number of a flow bend, De = Re/R,1/2 (dimensionless)

inside diameter of a transport system component (e.g. tube), expressed in n

—

ratio of the activity concentration in the sample volume to the effluent actjvity concen-
tration in the free stream, dimensionless

curvature ratio (f, = r.,/d,) (dimensionless)

fluctuation constant (dimensionless)

length of a section of tubing, expressed in m

wall losses of aerosol particles in transport system components (dimensionless)
mean molar mass of a gas, expressed in kg-mol1

mixing of radioactive 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
(dimensionless)
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Pq

Pstd

4a

Astd

12

number of points or observations

number of components in a transport system, dimensionless

overall penetration of a sample through a transport system (dimensionless)
penetration of a sample through the jth component of a transport system (dimensionless)
actual pressure in the stack or duct, expressed in Pa

standard pressure, equal to 101,325 kPa

penetration through a straight tube, dimensionless
volumetric flow rate at actual temperature and pressure conditions, expressed in j3-s-1

volumetric flow rate at standard conditions, equal to 25 °C and 101,325(kPa, exprlessed
inin m3.s1

individual gas constant for a particular gas, equal to R,/M, expréssed in ]-kg1-K-1
radius of curvature of a pipe bend, expressed in m

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

surface roughness, expressed in um

Reynolds number of flow in a tube, equal to p¥;d, /i (dimensionless)
resuspension rate, expressed in s

net count rate (gross minus backgrotind) of the sample, expressed in s-1
signal

Stokes number, equal to (Cpy,D,2U,,)/(9ud,) (dimensionless)

standard deviation

temperature, expressed in K

temperature.in stack or duct, expressed in K

standard‘temperature, equal to 298 K

time;-expressed in s

fime nnrind over Vghicl‘\ sam lir\ 1S

nanrmo DVI’\I‘DCCD!’] m.s
T oty oot

n O n
..... )l oo pit g o Tir >

uncertainty associated with determining the calibration factor (dimensionless)
total uncertainty in the volume of air (dimensionless)
standard uncertainty of the activity emission rate of a radionuclide, in Bg-s

uncertainty associated with determining the calibration factor, i.e. correcting the indicated
flow, dimensionless

standard uncertainty of the fluctuation constant, which is set at 1 for a meter whose
readings do not fluctuate, dimensionless
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standard uncertainty of the net count rate, in s’

uncertainty in reading the flow meter scale, dimensionless

standard uncertainty associated with the measurement of the sampling time, dimensionless
standard uncertainty of the total volume sampled, in m3

standard uncertainty of the calibration factor, in s'1

relative standard uncertainty of the calibration factor, dimensionless

Vaf

relative standard uncertainty of the cross-sectional area, dimensionless
relative standard uncertainty of the activity emission rate of a radionuclide, dimensionless
relative standard uncertainty of the Pitot calibration factor, dimensionless
relative standard uncertainty of the pressure, dimensionless

relative standard uncertainty of the gas density, dimensionless

relative standard uncertainty of the volume at actual conditions, dimensiorjless

relative standard uncertainty of the overall penétration in a transport system, dimensionless

relative standard uncertainty of the ratiozof the activity concentration in the sample vol-
ume to the effluent activity concentration in the free stream, dimensionless

relative standard uncertainty of\thé collection efficiency of the collection| medium, di-
mensionless

relative standard uncertainty of the detection efficiency, dimensionless

relative standard uncertainty of the activity emission rate of a radionuclide frepresenting
the coverage interval at 95 % (k = 2), dimensionless

spatial mean velocity of gas (air) in a flow tube, expressed in m-s-1
velocityexpressed in m-s1

volume of effluent that produced the sample at stream temperature, pressure, and gas
composition, expressed in m3

total volume of gas (air) sampled, expressed in m3

line-average velocity obtained from an acoustic flow meter, in m-s-1

Va,pt

Vq

velocity at actual conditions determined from use of the reference Pitot tube, in m-s-1

deposition velocity due to Brownian diffusion or turbulent inertial deposition on the wall
of a transport tube, expressed in in m-s!

effective deposition velocity of contaminant at the wall of a transport tube, expressed in
-1
m-s

sedimentation velocity of an aerosol particle, expressed in m-s!
cross-stream component of gravitational settling velocity, expressed in m-s1

velocity at the midpoint of the ith element, expressed in metres per second
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V.

std
Vstd,ta

Vstd,ta,i

equivalent velocity at standard conditions (25 °C and 101,325 kPa), expressed in m-s’

velocity obtained from a single-point thermal anemometer at standard conditions, in m-s

velocity measured with a properly calibrated thermal anemometer at the centroid
ith element of area, in m-s!

calibration factor, dimensionless

angular coordinate of a tube cross-section, expressed in degrees or radians

standard uncertainty

of the

ed

¢

€T

Pa
Pstd

Pw

5 Factors

This documg

detection efficiency, expressed in reciprocal becquerel-seconds
collection efficiency (dimensionless)

transport efficiency

decay constant, expressed in s'1

dynamic viscosity of a gas, expressed in pascal-seconds

flow angle, expressed in degrees or radians

gas density in the stack or duct, in kg-m3

gas density in the stack or duct at actual conditions, expressed in kg/m3
density of air at standard conditions of 25°C and 101,325 kPa, equal to 1,184 kg/n
density of water at 4 °C, equal to 1 000’kg/m3

standard deviation

transmission ratio of a nezzle (dimensionless)

transmission through the transport line

transmission thfeugh the nozzle

angle of inclination of a tube axis relative to horizontal, expressed in degrees or ra

} impacting the sampling program

dians

uents

nt_focuses on the mechanics of obtaining a sample of airborne radioactive constit

et and ctaclee Hovvauar thora ara tmamartant foctnrc that 1o ct tho dacign of oo

in facility d

CEo Tt St tIso U Vy OV Ot c T ool O i p o to it ot toTr oot rpac e oot acorg i or—oott

systems, in particular the following:

— the purpose of sampling;

— thetype

of conditions (normal or off-normal conditions);

— the characteristics of the air stream and radioactive constituents;

— the desired measurement sensitivity;

— the concentrations or total emissions which trigger remedial action (action levels).

pling

The impact of these factors on the sampling system should be assessed. Informative guidance
concerning the first three of these factors is given in Annexes G and L. Information relevant to the last
two is given in Annex 1.

14
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For off-normal conditions, the performance of the sampling system can be affected by the modification
of several parameters (temperature, flow rate in ducts or stacks, type of airborne particles). Thus,
acceptance criteria introduced in this document for normal conditions should be considered as

recommendations for off-normal conditions.

6 Sample extraction locations

6.1 General

The sample extraction location shall provide the possibility to extract a representative sample.

A rep
are w
given
wher
repre
Tools
Thes¢

ell mixed within the free stream. The term “well-mixed” includes the several \crit
in 6.3. In a well-mixed stream the sampling probe may contain a single nozzlesIn cj
e the well-mixed criteria are not achieved, a multi-nozzle probe maycbe’ necess
sentative sample. The design and operation of sampling probes are deseribed in 7.3 ¢
to determine if the criteria for well-mixed sample extraction locatigns are describe
tools include

— physical testing on the actual ventilation stack,

— physical tests with scale models or geometrically similar stacks, and

— numerical methods validated against physical test data:

6.2 |General requirements for sample extraction locations

The s
probe

To me
addrd

tack or duct geometry and the airflow withid should be fully understood. The sam
should be located where the potential radioactive constituents are well mixed wit
et the recommendations of the following paragraphs the accommodation for effluen
ssed early in the design of the ventilation system for discharging the airborne efflue

Usuallly, for a stack, the sample extraction location should be situated between the disc
fan(s) and the discharge to thesatmosphere, with the provision that the location shou
close [to the final exit that wind_effects can significantly influence the velocity profile at

locatipn. Typically, in a well-mixed airflow, successful sample probe locations are in the

10 hyflraulic diameters dewnstream of a flow disturbance and 3 or more hydraulic diamet
of a flow disturbance.There can be instances where greater distances are needed.

Partiqular attentign.should be given to the geometry of flow-entry conditions. Any addi
secondary air stféam close to the wall of the stack or duct should be avoided. Bends, fans,
and similar_disturbances promote mixing, but can also produce distortions in the veld
inant'concentration profile and angularity in the airflow in the first 2 to 3 hydrau
downjst¥eam. Therefore, sampling locations too close to such disturbances should be av

&

Lesentative sample is best extracted from a location where the radioactive materialls of interest

eria that are
rcumstances
ary to get a
nd Annex M.
d in Annex F.

le extraction

the airflow.
t sampling is
nt.

harge of the
Id not be so
the sampling
range of 5 to
PT'S upstream

n of a small
ctjunctions
city and the
ic diameters

olided, even at

the cast nflnngpr cnmp]lng lines

NOTE1 Features that enhance mixing do so by creating large-scale turbulence. One or more 90° turns,
converging airstreams, mixing boxes, perimeter rings and commercial static mixers all enhance mixing. On the
other hand, turning vanes and flow straighteners have the opposite effect. The generic tests of References [50],
[Z7], [80] and [100] provide tests of features that promote mixing. These are also summarized in Chapter 15 of
Reference [79]. Previously tested configurations can be used and scaled.

NOTE 2  Ifthe user is interested in adopting a previously tested configurations, there are several documented
tests in published literature and technical reports: for example References [17], [19], [46], [47] and [93], (or other
publicly available test reports such as can be found on OSTI.gov). There are the constraints in F.1.2.5 for adopting
the results of previously tested stack or duct configurations.

6.3 provides criteria which describe a satisfactorily well-mixed location in the stack or duct system.
These criteria shall be met generally in the centre two-thirds of the cross-sectional area of the duct.
Consequently, sampling probes should be located within the centre half of the cross section of the duct
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where the mixing is optimal. This enables the use of a single nozzle sampling probe, simplifying the
probe design and improved sample transport. Modern shrouded nozzles or automatic velocity matching
nozzles are accommodating of changes in free stream air velocity.

There are other considerations in locating the sample extraction 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 analysisegtipment

Following a|careful evaluation (see 7.8), one or more of the following steps should be. taken in
circumstancgs where these criteria cannot be satisfied in effluent systems designed and' ¢onstructed
prior to the publication of this document.

a) Selectarjother location for the sampling probe.
b) Install fdatures that promote mixing.

c) Perform|an in situ test demonstrating that a representative sample ig’being collected.
6.3 Criterjia for the homogeneity of the air stream at sampling locations

6.3.1 Genge¢ral

The values [of the properties that signify a well-mixéd location for sample extraction cgn be
characterizef by certain criteria which are given in 6.3:2%0 6.3.6 and in Annex F. Achieving the cyiteria
can be demonstrated using a program of physical tests and computation modelling. Measurements of
these paramgpters are made at the in the sampling plane. Physical test results on constructed sygtems
are unambiguous because all hidden construction details and their effects are accounted for. Phyysical
test results ffom scale models or computational modelling are more ambiguous without accountihg for
damper congtruction, damper settings, turning vanes, fan construction, uneven velocity profiles pt the
discharge of fans and the many hidden-epnstruction details.

6.3.2 Angular or cyclonic flow

The presencg of a swirl canCadversely affect the mixing of particles in the airflow and degrade the
performance of samplingAtozzles. The mean flow angle between the flow axis and nozzle axis should
not exceed 2{°.

6.3.3 Air velocity profile

Air velocitie$ afe measured at the grid of points described in ISO 10780. The coefficient of variation,
Cy, of the measurements is calculated. The C}, should be less than or equal to 20 % across an area that
includes at least the centre two-thirds of the area of the stack or duct.

6.3.4 Gas concentration profile

A tracer gas (e.g. alcohol, sulfur hexafluoride, nitrous oxide, helium) is introduced into the airflow
upstream of the sampling location. The tracer concentration is measured at the same grid of
measurement points used for the velocity uniformity determination. The C}, of concentration at the
measurement points is calculated. The Cy, of the tracer gas concentration should be <20 % across at
least the centre two-thirds of the cross-sectional area of the stack or duct. Also, at no measurement
point should the concentration of the tracer gas differ by more than 30 % from the mean value for all of
the points.

NOTE Reference [116] provides a comparison of the use of sulfur hexafluoride and nitrous oxide tracers.
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Suitable test aerosol particles are introduced into the airflow upstream of the sampling location. The
tracer concentration is measured using the same grid of measurement points as used for the velocity
uniformity determination. The C, of concentration at the measurement points is calculated. The Cj,
should be <20 % 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 or duct flow.

Advi

resulf in even better results with aerosol particles of smaller size. See also Annexes F and
discupsion of aerosol particles in different types of facilities.

In cades where additional data about the relevant size distribution (e.g. activity size distril
normfl, off-normal and anticipated accident conditions are available, the test@erosol part

cted accordingly.

6.3.6
stream

The recommended characteristics for locations from which toextract samples from a w
stream are summarized in Table 1.

Summary of recommendations for locations to extract samples from a well-m

Table 1 — Summary of recommendations for a sampling location

particle size
G for further

ution) under
icle size may

ixed air

ell-mixed air

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

Characteristic Methodology Recommendations
Measfirement to determine if flow |ISO 10780 The average resultant gngle should
in a of duct is cyclonic be less than 20°.

Velocjty profile Selectipnrof points across a section |C},should not exceed 20 % over the
based.on the guidance in ISO 10780 |centre region of the stdck or duct
for'the centre 2/3 of the area of the |that encompasses atlegst 2/3 of the

stack or duct cross-sec

tional area.

Tracer gas concentration profilés

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.

Cy should not exceed 2

centre region of the st3

that encompasses at le
stack or duct cross-sec

) % over the
ck or duct
hst 2/3 of the
tional area.

Maximum tracer 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 mea

grid should the tracer g

tration differ from the

turement
as concen-

mean value

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

by more than 30 %.

Aerosol particle concentration
profile

Selection of points across a section

based on the guidance in ISO 10780.

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

Cy should not exceed 20 % over the
centre region of the stack or duct
that encompasses at least 2/3 of the
stack or duct cross-sectional area.
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7 Sampling system design

7.1 General

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 document for monitoring of effluents may be considered as
recommendations for sampling systems designed for control monitoring only.

The performance of the samplmg system for aerosol partlcles shall be con51dered suff1c1ent for normal
conditions amdfe S

particles hayi
about the rel
size may be 3

The discussi
situations w
graded appr
of the nuclea

7.2 Volun

7.2.1 Geng

Accurate me
sampled sho
are introduc
on the same|
temperature
or if the sam

In calculatin

air or use measurements based on alstandard density. Typical conditions for standard density

measuremern
these condit
emission and

7.2.2 Emis

The airflow d
tovary by m
by the stand

Ir industry. However, formulating such an approach is beyond the scope of this docunj

ing a D, of 10 pm ylelds a penetratlon value above 50 % In cases Where addltlona
evant size distribution (e.g. activity size distribution) are available, the test aerdsgl'p3
elected accordingly.

pbn in 7.2 to 7.9 does not cover all possible situations and may be adjusted for part
here testing is neither appropriate nor practicable and for local regulations. A risk-
pbach may be used in the design of systems for sampling radionuclides’in stacks and

jetric flow measurement

pral

asurements of airflow in both the air sampling system and in the stack or duct
1ld be provided because they directly impactithe accuracy of emissions estimates. H
bd into the calculation of emissions if the emission and sample flow rate units are not
gas density. This becomes significant where airflow is at either elevated or depr
or pressure, for example if the facility is‘at an elevation of more than 300 m above se3

b the amount of effluent airthe user should either adjust for the density differences
ts are a pressure of 101°325 Pa and a temperature of 298 K (25 °C). Flow measurems

ons are represented'by the symbol g, 4. The use of so-called mass flow meters in bo
sampler airflows)calibrated, can eliminate the need to make density adjustments.

sion streamdlow measurement

| data
rticle

icular
based
ducts
ent.

being
rrors
based
essed
1 level

ble flow meter is on the vacuum sideof the air mover. Local regulations may specify the gas
density condjitions to use for reporting emissions.

in the
r flow
nts at
th the

f sampledemission streams should be continuously measured if the flow rate is antic
bre than 20 % per year (if historical data are available, the 20 % value can be approxir
1rd dev1at10n of the measurements) Factors suCh as fan mamtenance the opemng of

and the varid

rate is implemented.

ipated

nated

If continuous measurement of flow rate is not implemented, then measurements of flow rate should
be performed at least annually in accordance with ISO 10780. This standard method, as modified in
Annex A, is denoted hereafter as the reference method.

For stacks and ducts where continuous sampling is necessary , the flow measurement and recording
system should be capable of determining the mass or volumetric flow rate of the effluent stream with
an accuracy that is within 10 % of that measured with the reference method.

Any continuous flow measurement device should be subjected to minimum annual accuracy audits. If
the sensor of the continuous flow measurement device is based on electronic or acoustical principles,
periodic checks of the instrument zero and span (or linearity) should be made.
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7.2.3 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.

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, V, may be calculated using Formula (1):

a1 +tq

where
W is the total volume sampled, in m3;
q isthe volumetric flow rate indicated by the flow meter atthe start of the sampling perjiod, in m3-s1;
gh is the volumetric flow rate at the end of the samplitig period, in m3-s7;
tJ isthe sampling period, in s.

Contihuous flow measurement should be used if the flow rate can vary by more than 20 $% during the
sampling period. When continuous flow measutement is employed, the flow rate should|be recorded
at intgrvals not exceeding 10 min. The totalswolume of sampled air is based on integratior] of flow over
the enptire sampling period. If the time interval between recordings is At, expressed in secpnds, and the
flow tate during the interval (either the\true average in the interval, the average of the initial and final
valuep in the interval, or the value at the interval midpoint) is g; expressed in cubic metrep per second,
the tgtal volume of air sampled, Uz expressed in cubic metres, is calculated using Formula|(2):

N
Vi =249 At (2)
wher¢

W is the total'volume of air sampled, in m3;

gl is the volumetric flow rate during the ith interval, in m3-s1;

M “is the number of intervals, dimensionless;

At is the time interval between recordings, in s.

Other integration schemes may be used if the numerically induced errors do not exceed those implicit
in the Formula above. The total sample volume, V, is based on the flow rate indicated by the flow meter.

If a controller is used to maintain a constant flow rate, the controller should maintain the flow rate
within 15 % over conditions that correspond to an initial pressure drop across the collector (usually a
filter) or analyser to a value that is twice the initial pressure drop.

If the emission flow rate can vary more than 20 % over a sampling interval, automatic control of the
sample flow rate should be used and the sample flow rate should be varied in proportion to the flow
rate through the stack or duct. The ratio between sample flow rate and effluent flow rate should be
maintained within 20 % of the sample fraction at normal operating conditions.
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An exception may be made for that part of the air monitoring system containing a real-time
contamination sensor if its operation depends on a constant internal flow rate.

The flow controller should be tested at conditions similar to the operating conditions.

7.2.4 Leak checks

A leak in the sampling system or around the sample collector can cause the indicated sample flow rate
to be in error and could cause 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 a system inspection. The inspection or test methodology should be practical for
the lnstallatlﬁll Cllld ohuu}d bC dULulllCllth.

Leakage under flowing conditions into a sample collector, measured with apparatus such-a$ that
discussed in|Notes 1 or 2, below, should not exceed 1 % of the operational flow rate when.'the prgssure
level across the filter or collector is as recommended in NOTE 1.

NOTE1 Viqual inspection and the observation of foreign materials on samples can identify large leaks| If the
sampling systlem is strategically equipped with full-bore ball valves, then parts of the\system can be isplated
for vacuum o1 pressure decay measurements or by observing or measuring flow through a blocked systgm. An
explanation of the latter approach is to block flow through the nozzle(s) (or at a transport line connection close
to the samplipg probe), then apply vacuum to the transport line and measurec/theleakage rate. For example, a
mass flow meter could be attached downstream of the collector or monitor afidythe vacuum source conneqted to
downstream gide of the mass flow meter. The pressure level in the tubing between the collector or monitpr and
vacuum sourde would be adjusted to the nominal value encountered during sampling (typically about 4 KPa for
sampling systpms that involve use of collection filters) by bleeding air inito the line downstream of the flowmeter.

NOTE 2  Reference [59] illustrates the use of a chamber and tracer gas method for leak testing of filter hiolders
and continuoys monitors under flowing conditions.

NOTE3 The recommendations of this subclause do.not apply to collectors internal to continuojs air
monitoring inptruments.

7.3 Nozzle design and operation for extracting aerosol particles

7.3.1 Gene¢ral

The information in 7.3.2 to 7.3.7 ig-applicable to sampling from stacks and ducts that have the potential
to emit aeropol particles. Extrdeting the air sample with a properly designed nozzle from a lo¢ation
where the plotential contamingants are well mixed in the airflow provides a representative sample
during normpl conditions-and an adequate sample during accident conditions. Background infornpation
on the desigh parametegsiof sampling nozzles is given in Annex M. Performance recommendatiops for
nozzles are given in Z3)2 to 7.3.7.

7.3.2 Nozzleperformance

M.1 provides a discussion of the relationships of the nozzle performance factors. Performance
characteristics of sampling nozzles are tested with liquid aerosol particles with a recommended D,
of about 10 um. 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 or duct flow. Comparable behaviour should be demonstrated
to provide similar transmission values, because liquid particles adhere to walls, while solid particles
can rebound or be re-entrained from a surface.

The test aerosol D, of about 10 pm is recommended because the results should be conservative in
most situations as discussed in Annex G. Because radioactivity bearing particles commonly change
size as a facility ages or events occur, favourable test results with this particle size means even better
performance with reduced uncertainty for smaller aerosol particles size. In cases where additional
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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.

The presence of a nozzle should not disturb the aerosol particle concentration in the stack or duct.
Accordingly, the frontal area of a nozzle, including the shrouds if so equipped, should not be excessive
(e.g. not greater than 15 % of the stack or duct cross-sectional area) and the inlet diameter should not
be too small.

7.3.3 Application and performance considerations

7.3.3.1 General

The f:

ictors in 7.3.3.2 to 7.3.3.5 should be considered in the selection and use of a sampling/nozzle.

7.3.3]12 Location

Sampling should take place at a location where both the aerosol particlel,concentratipn and fluid

moméntum (velocity) are well mixed and thus meet the performance critéria of 6.3.

7.3.3]13 Orientation

For a 1] mean flow

brosol particle sampling, the nozzle axis should be aligned parallel to the tempor{
directi

10n.

4 Transmission and aspiration ratios

pling nozzle shall have a transmission ratio within the range of 0,80 to 1,30 over thg anticipated
D,. Also, the
ipated range
gn should be
nal sampling
nd the range

re additional

test aerosol
ermining the
is employed,
pd.

e should not

perfofmance to the sharp-edged nozzle. If the sampling nozzle is shrouded, the shroud sh

t or superior
uld not have

a sharpdeading edge. For sharp-edged nozzles, the leading edge of the nozzle should be ?nspected for
damage following installation and subsequent to any maintenance procedures in which the nozzle
could be damaged. Studies (e.g. References [50], [85] and [86]) have shown that single-nozzle, shrouded
probes have reduced wall losses for particles having an aerodynamic diameter, D, greater than 5 um,
in high-velocity streams (velocity greater than 10 m/s) when compared to isokinetic nozzles.

7.3.4 Sampling probes with multiple-inlet nozzles

The previous edition of this document recommended selecting a sampling location where both fluid
momentum and contaminants are well mixed with the airflow. The concept of “well mixed” was loosely
defined and the deployment of multiple nozzles in circular ducts larger than 201 mm in diameter, or
in rectangular ducts with cross-sectional areas greater than 0,093 m2, was recommended to ensure
the possibility of extracting a representative sample. However, it is now recommended that in place of
multiple-point sampling, single-point representative sampling should be used, with the requirement
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«

that potential contaminants be
performance criteria of 6.3.

‘well mixed” at the sample-extraction location, as specified in the

If the effluent stream cannot be adequately mixed and sampled at a single point, probes with multiple
inlets have been a solution in the past. Now, in this case, an in-place demonstration of the system
providing a representative sample is recommended.

Now it is required that a multi-nozzle probe be capable of the same performance as a single-nozzle
probe. A multi-nozzle probe shall, then, in principle, consist of a number of acceptable nozzles. The total
sample flow is then increased. Nozzles with an internal diameter smaller than about 10 mm are usually
not an option because they have a lower flow and higher losses. It is necessary, in fact, that a nozzle
on a multi-nqzzle probe perform as well as, or hetter than, a single nozzle because of particle losses in
additional bgnds and joints.

Multi-nozzle yide a

representati

probes may be used where they can be demonstrated, with in-place testing,to-pro
e sample. Some designs of multi-nozzle samplers are discussed in Annex M

7.3.5 Mategrials of construction

Nozzles shoy br the
vapour const
that contact
external reg
from the inle

does not excq

ld be constructed of materials that do not react with either thé\aérosol particles
ituents of the gas stream. The average surface roughness of thejinternal regions of nozzle
the sampled stream should not exceed 0,8 pm. The average surface roughness ¢f the
on of the sampling nozzle from the inlet plane to a distance’of two nozzle inlet dianpeters
t plane should not exceed 1,6 pm. A shroud should have.an average surface roughness that
bed 3,2 um.

7.3.6 Maintenance

The sampli
materials a

nozzle should be checked periodically_for alignment, presence of deposits of fc
d other factors that can degrade the performance of the sampling system. If the

reign
e are

background
does not allo
air, filtered K
visible depo;s
deposits wol

7.3.7 New|

herosol particles that can produce deposits, a cleaning schedule should be establishe
v the occlusion of over 5 % of the inlét area of a nozzle. For nozzles that are used to s
y a high efficiency particulate air filter (HEPA), the nozzle should be cleaned if the
its of material on either the.internal or external regions of the nozzle, although v
1d not be expected if the filters were performing satisfactorily.

concepts

When new approaches are developed for design and operation of nozzles, such designs may bd

in ducts and
performance
the wall loss

stacks if it-can be demonstrated experimentally that the designs meet or exceg
specificatipns given in 7.3. The test conditions should include experiments to dete
bs and aérosol particle transmission under the following conditions:

5izeS, D, of about 3 um, 10 pm and 20 um at the nominal free-stream velocity and no

)

d that
hmple
e are
isible

used
d the
‘mine

rninal

10 pm at the nominal sampling flow rate;

a) particle
flow ratg¢;

b)

0)

nominal

free-stream velocity.

7.4 Sample transport for particles

7.4.1 General

maximum and minimum operational or anticipated free-stream velocities for a particle size, D,, of

maximum and minimum anticipated sampling flow rates for a particle size, D,, of 10 pm at the

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

22
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7.4.2 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 the
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 should be
determined experimentally using test aerosol particles or by the use of documented computer codes or
documented and referenced hand calculations.

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

cases where
able, the test

AD,q
addit
aeros

f 10 um is mentioned when no information on aerosol size distribution is available. In
onal data about the relevant size distribution (e.g. activity size distribution)ar€ avai
pl particle size can be selected accordingly.

Parti
with
parti
meas
penet

les with a D, smaller than 10 pm have a higher penetration due to lower deposition rates. Particles
h D, larger than 10 pm can be expected to have smaller penetratiens. On the other hand, for dry
les, the penetration can increase with particle size due to resuspension. Therefore| penetration
irements with test aerosol particles having a D, of 10 pm can be considered to|address the
ration minimum.

es where additional data about the relevant size distribution (e.g. activity size dist|
ble, the test aerosol particle size may be selected accordingly.

In cas ribution) are

availd

on verified
pction of test
lues to other
in sampling-

Docu
exper
aeros
parti
line g

mented computer codes or documented and, referenced hand calculations, based
imental data, may also be used to assist in the design of the sampling line and selq
pl particles. The computations may be used-to extrapolate measured penetration va
le sizes, and may be used also in the case'pf a modification of the flow rate or changesg
pometry. Annex B describes such calculdtion methods.

The s
short
of the
than
shoul
diamé
fabrid

traight sections of transport tabgs, particularly horizontal tubing sections, should be kept as
as possible, and the number, 6f bends should be minimized within the geometricall constraints
application. There shoulddbe no inward-facing steps at the tubing connections thaf cause more
h 1 % reduction in tube-diameter. The tubing ends should be free of burrs and crimpping. Bends
d have a curvature ratio.of at least 3. Flattening, which is defined as the ratio of the minimum tube
ter to the originalctube diameter, should not be less than 0,85. The user should not¢ that special
ation techniques’ean be needed to meet these specifications.

7.4.3| Corrosion

The i
react

hternaliwalls of the transport system should be constructed of materials that a
veAoYinadvertently deposited aerosol particles or to reactive vapour compounds

prese

'e minimally
that can be

ntin the sample. The materials of construction for external walls and seals betwe

en sampling

system components should also be compatible with the environment to which they are exposed.
Materials recommended for the nuclear industry are stainless steel for general applications and
polytetrafluoroethylene for radioiodine.

7.4.4 Electrostatic effects and flexible tubes

If plastic is used in aerosol-particle transport systems, internal electric fields can cause particle
losses[27], In particular, plastic tubing that has been flexed can show abnormally high wall deposits
as seen in Reference [77]. A transport system should be constructed of materials, such as metals or
conductive plastics, that do not maintain internal electrostatic fields. In many applications, it is useful
or convenient to employ flexible, non-metallic tubing to connect a sampler or analyser to a transport
line, particularly if it is necessary to isolate an analyser from mechanical vibrations in the sample
transport line. The inside diameter of the plastic line should not be smaller than the inside diameter of
the components with which it is connected and the bend curvature ratio should not be less than three,
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nor may the curvature of a bend cause more than a 15 % change in the inside diameter of the tube. If
non-conductive, flexible tubing is used, the line length should be kept as short as practicable and should
not exceed 0,5 m.

Of the flexible tubes that can be categorized as non-conductors, neoprene and natural rubber are
recommended to minimize electrostatic deposition of particulate matterl[2Zl, If radioiodine is present in
the effluent stream, the materials suggested in Annex C should be used.

7.4.5 Smoothness of internal surfaces

in rfaces

To minimize aerosol-parti
of transport fires—sh otttdb ose-tohy smeoth-aspracticalk: rbing
of tubes with Ra/d, less than approximately 5 x 10-5 are acceptable, where Ra represents thesheight
of surface rqughness of the internal tube walls and d, is the tube diameter. This criterion.féqtires an
average surf;

hce roughness of approximately 1,6 um or less for tube sizes that are in the order of 2[5 mm
in diameter.

cle depositional losses and to facilitate decontamination, the internal su

Ay

7.4.6 Condlensation

Sample tran
Condensatio

saturation te

cases heat, t
sampling lin
should be co

sport lines, collectors and analysers should be designed to avoid condensation of v{
n takes place when the temperature of air in the sample transport line is less thd
mperature of the vapour of interest. It can be necessary tothermally insulate, and in
he sample transport line to prevent condensation. For Situations in which heating

e can result in unacceptably high temperatures at a colleéctor or analyser, a dilution s}
sidered. However, care should be exercised to ensure that the dilution process do

produce conglensation at the mixing location. Experimental gxnumerical analyses should be perfa
to demonstrjte the effectiveness of any design provisions that'are intended to minimize or preclu
formation of|condensation in sample transport systems.

7.4.7 Cleaping transport lines

An additiondl consideration at some facilitieg is-the necessity to clean transport lines. For applic
in which the sampled air is HEPA-filtered, cleaning might not be necessary within the expected lif
of the installation. However, for applications where background aerosol particles are present,

interval betyeen ‘¢leanings should be such that accumulations of wall losses cause a reduction

pour.
n the
some
bf the
ystem
bs not
rmed
e the

itions
etime
it can
m. If,

d. For
rtions
n the
terial
allow

ly, a eleaning schedule can be set up based on performance of the transport system. The

of no

more than 1( %.ih the overall penetration of aerosol particles with a D, of 10 pm through the sanrpling
system.

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.

In addition, if there are indications of re-entrainment of deposits from the walls of the sampling system
or if there has been sampling of easily re-entrainable aerosol particles (e.g. flakes), either of which can
cause anomalous radiological data to be gathered, the system should be cleaned. Decontamination and
waste-production should be taken into account for any cleaning procedure.
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7.5 Gas and vapour sample extraction and transport

Much of the discussion in 7.4 applies generally for sampling particles and gases. However, consideration
should be given to extracting and transporting vapour and gases to determine where special system
design can be required.

When non-reactive gases and vapour are the only species being sampled, the sampling recommendations
are considerably simpler than those for aerosol particles. The recommendations for minimizing particle
line-loss are irrelevant. Deposition in long transport lines and condensation due to temperature
changes in the line should be avoided. If the flow can contain only gaseous contaminants, the nozzle
design is not crltlcal but the sampling should take place at a location where the flow is well mixed
ated tube. The
h well-mixed
stem (except

extra t10n and transport requlrements that apply 1nclude extractmg the sample from
locatipn and avoiding water and vapour condensation in the transport and collectiontsy

wher¢ condensation is used as the collection method).

When
extra
and v
The ¢

non-reactive gases, vapour and particles are being simultaneously sanipled, the pa
Ction and transport requirements should apply, which also ensures, adequate delive
apour sample. The remaining consideration, then, is the selection-of/suitable colled
as or vapour-collection device should be located downstream of”a particle filter

potential radionuclide interferences by particulate matter. The minimium penetration for v

samp

Whern
syste
minir
separ
of the
be av
vapou
penet]
optim
shoul
trans

es from the free stream to the collector or analyser should-b€ 50 %.

working with reactive gases and vapour, particular.attention should be paid to t
n construction materials and to avoiding condensation. The construction material
hum reactivity with the gas. Consideration should be given to the advantages of
ate sampling system for the gases whenever thecgonstruction materials that are for t
particle and gas samples are incompatible. Insituations where even alow level of reag
bided, the length of the transport line should“be kept to a minimum. The penetration
Ir through the complete extraction and-transport system should be documented. T
ration for vapour or gas samples from the free stream to the collector or analys
lized, with the objective of achieving 50 %. If long transport lines are unavoidable, g
 be given to the effect of trarisport and detection delay time caused by depositi
formation and subsequent resuspension. Consideration should also be given to ho

the effect the delay has on the tisfieliness, interpretation and usefulness of the resulting d4

rticle sample
ry of the gas
tion devices.
to eliminate
apour or gas

he sampling-
should have
providing a
he transport
tivity cannot
of the gas or
he minimum
er should be
onsideration
on, chemical
v significant
ita. Although

rapid|changes in the emissionr can become attenuated over a long time interval relative to the change
in emjission, the data can gstill'be useful and quantitative when interpreted in that light. Annexes C, H
and K provide guidancecon-the sampling of radioiodine, tritium and carbon-14, respectiyely. Annex B
provifles guidance on®erifying the transport of sampled constituents.

7.6 [Collection-of particle samples

7.6.1| General

Depe lonitoring or

collecting airborne particles. Particles can be collected on filters for retrospective determination of
total mass, radionuclide activity, or chemical form, in cyclones or cascade impactors for determination of
particle size distribution, on electron microscope substrates for determination of particle morphology
or they can be observed using light-scattering or time-of-flight techniques for measuring the number,
concentration and size. Near-real-time devices, such as alpha continuous air monitors (CAMs), typically
collect particles on a filter or impaction substrate and monitor the accumulation of radioactive
substance with time. Critical issues for selection and operation of particle collection devices are as
follows:

— appropriate presentation of the sample for real-time analyses or preservation of the sample for
retrospective analyses;

— adequate flow rates and detection efficiencies to meet sensitivity requirements;
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— minimal in-leakage within the collector;

minimal particle loss within the collection zone.

7.6.2 Filter media

Selection of a 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 w1th1n 5 % of each other for the 1ntended purpose of the sample there should be a clear
means of ideptify : : : orrgenough
to maintain its 1ntegr1ty at the requlred sample flow rates and durmg handling activities.

used
quate
filter,

When filter edia are used, a backup support that produces a negligible pressure drop should b¢
behind the filter to prevent filter distortion or deterioration. The filter holder should pnovide ade
structural sypport while not damaging the filter, should prevent sampled air from bypassing the
should facilitiate changing the filter and should facilitate decontamination. If gaskets afe used to sgal the
filter to the Hacking plate, the gasket should be in contact with the filter along the-entire circumfdrence
to ensure a good fit. The gasket should be periodically inspected to detect degradation and elinpinate
build-up of dpst 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 sa

airborne rad
applicable to

If published
sizes of intef
highly efficie
penetrating {
with an effic
for efficiency
taken to mai

If penetrati

the conditions of use, for example, the collection efficiency depends on the face veloci

or manufacturer's data on filter collection efficiency are not available for the p4
est, then the efficiency should be determined by the user. This can be done by pla
nt membrane or glass fibre filter behind the'filter of interest and then comparing the
o the backup filter to the total mass collected on both filters (see Reference [51]). If 3
ency lower than 95 % is required to meet the overall sampling objectives, then a corr¢
' should be made. Because filter efficiency is a function of air flow rate, care shot
htain a sample flow rate that is ddequate to achieve the desired collection efficiency.

of radioactive material into-the collection media or self-absorption of radiation 1

material coﬂlelcted can reduce the count rate by more than 5 %, a correction factor should be

A dual filter
Evaluation o

Annex D illus

typical coarg

method can also be used to measure the absorption efficiency in the filter mediym

F self-absorption in the/material collected may require separate radiochemical analys

pling
ioactive particles should have a minimum efficiency of 95 %. Efficiency values shor{ld be

yl72],

rticle
Cing a
mass
filter
ection
1ld be

y the

used.
[51]

es.

trates the type-ofinformation that is useful in selecting an appropriate filter for sanppling
airborne radlioactive particles. This includes physical and performance characteristics of a num

e-fibre, fine*fibre and membrane-type filters.

7.7 Colledtion'ef gas and vapour samples

ber of

7.7.1 General

Airborne radioactive volatile materials and noble gases (e.g. krypton) are frequently present in nuclear
facility effluents. Their sampling and collection require techniques and methods that are different from
those used in particle sampling. This topic may be divided into two general methods of sampling:

a) sampling with retention of specific constituents of the air stream, and

b) sampling without constituent separation. Annexes C, H, K and N provide further guidance specific
to radioiodine, tritium, carbon-14 and ruthenium-106, respectively.
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7.7.2 Sampling with retention of specific constituents

Sampling with removal and collection of specific constituents requires a detailed knowledge of the
chemical and physical properties of the radioactive material of interest, including possible interfering
materials, such as particulate matter and accompanying non-radioactive gases (e.g. acids and organic
chemicals). The many possible combinations of the properties of the constituents being measured and
the accompanying airborne materials require careful study to select the optimum collector. Gases and
vapour components can be soluble in water, can be highly reactive with certain solutions, can dissolve
in specific non-aqueous solvents, or can be retained on specific solid adsorbents or other specifically
prepared media. In general, continuous or extended samples are taken when separation and removal of
a constltuent is requ1red Samplmg rates should be estabhshed to ensure adequate sen51t1v1ty for the

Avoid

and

The 1
anne;

7.7.3

In so
meas

ing sample breakthrough should also be con51dered when choosmg the sampl
duratfion. The principal collection methods include solid absorbents (such as carbon{zeolites, silica gel

etal beds), condensation, gas absorption and catalytic or chemical reaction {see Refe

etention of certain sampled gaseous or vaporous constituents are specifically add
es. Annex H discusses Tritium, Annex K discusses 1#C and Annex N cevers 106Ru.

Sampling without constituent separation

irement of the activity concentration of airborne materialsand its trend. Examples

me instances, a sample of air containing gaseous radioactive constituents can b¢

raracteristics.
ng rate and

rence [23]).

ressed in the

desired for
hire noble gas

isotopes, tritium and activated gases near a reactor. Volume-eollection and flow-through dletectors are

the tv

Becau
flow-
their
samp

o principal methods for total gas sampling or monitering.

se the constituent radioactive materials of interest might not be concentrated with

through or volumetric collection device, insufficient sensitivity of detection can limi

1se. It is necessary to evaluate each situation’individually to determine the feasibility
e measurement.

Volume collection methods include the following:

= o
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A floy
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sing an evacuated container that can be valved open to the stream of interest, the
eturned to alaboratory for measurement of all the activity or the activity of individual

pssing the stream through the sample vessel until the vessel is completely purged, thg

imlet and outlet valves;

umping the sample stream into deflated bags (of a non-adsorbing material) fof
bmpression and.analysis;

bmpressing'the sample stream into a vessel for real-time or subsequent analysis.

v-throtgh sample vessel may also be an ion chamber whose ion current reflects
ntration of material in the gas. Care should be taken to keep the gas well above its dey

a particular
t or preclude
y of the gross

n sealed and
constituents;

n closing the

subsequent

the activity
v point in the

samp
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nber 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.
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7.8 Evaluation and upgrading of existing systems

If an existing air sampling system was not designed to the performance requirements and
recommendations of this document, an evaluation of the performance of the system, including the
location of the probe, is recommended. If deficiencies are discovered, an evaluation study should be
performed to determine if a retrofit is recommended and possible. Arriving at a suitable solution
requires optimizing among competing factors. Guidance on the process of optimization for radiological
protection has been described in Reference [10]. Evaluation of existing systems should be undertaken
using proven techniques.

7.9 Summary of performance criteria and recommendations

Throughout [this document, performance criteria for various elements have been included lln the
discussion of each element. For convenience, they are summarized in Table 2. These criteria |cover
aspects of system design and operation. The approach followed in this document is to give.pérformhance
criteria and fecommendations according to guidance values when no information is ‘available qn the
type of stream being measured. When information is available on the stream béing measured (e.g.
aerosol particle size distribution), then these specific values should be used.

A facility sefs action levels for a particular radionuclide in an aerial dis¢harge in response to the
authorization discharge levels for that facility set by the regulator of that’facility. Action levels can
be either a cpntrol mechanism used by the facility itself, or levels that;if reached, necessitate official
notification fo the regulator.

Performancd criteria for the sampling and measurement of a specific radionuclide are determined by
the facility, ih consultation with the regulator and Table 2, in-0rder to provide accurate monitorjing of
the specific ffadionuclide.

Table 2 — Summary of performance-eriteria and recommendations

Performance criteria and recommendations? Reference

The performpnce of the sampling system for aeresol particles shall be considered
sufficient for[normal, off-normal and anticipated-dccidental conditions, if a test under
normal condifions with monodisperse particles with a D, of 10 pm yields a penetration
value 250 %.

The penetration of the gases and vapours.of concern from the free stream to the collector
or analyser should be considered sufficient if it is 250 %.

Clause 7 and 7.4.2

Clause 7 and 7|5

The nozzle should have a transmission ratio 280 % and <130 % for particles with a D,

of 10 pm. 132
Recommenfations for{a suitable sampling location are as follows:
a) coefficiepts of variation over the central 2/3 by area of the cross-section within

20 % fof with(a D, of 10 um, gaseous tracer, aerosol particle tracer and gas

velocity; 6.3
b) the tracer gas concentration should not vary from the mean by >30 % at any point

on the measurement grid (see 6.3.4).
c¢) Flow angle <20° relative to the long axis of the stack or duct and the nozzle inlet
Effluent flow rate continuous measurement recommended if flow variation is greater 792

than +20 % in a year.

NOTE1 AD,of10 pm 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.

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

a  Thecriteriagiveninthistableare recommendations based on user experience in actual testing. These recommendations
for individual uncertainties and biases result in a satisfactory overall uncertainty.
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Performance criteria and recommendations? Reference
Effluent and sample flow rate should be measured within +10 %. 7.2.2 and 7.2.3
Continuous sample flow rate measurement and control are recommended if the stack
or duct flow varies by more than #20 % during a sample interval. Flow control should 7.2.3

be within +15 %.

a

based|

NOTE1 AD,of10 pmis 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.

NOTE 2 This table is based on presence of aerosol particles in the stack or duct. If no particles are emitted, criteria can be

T

for in

on g4s characteristics only.

he criteria given in this table are recommendations based on user experience in actual testing. Theserecommendations
ividual uncertainties and biases result in a satisfactory overall uncertainty.

8

qQ

Every
aqu

facilify management, regulatory agencies and the public of the validity of the data from the sampling
onitoring of released radioactive substances, and to identify any deficiencies in the sampling
ent and procedures in order to take corrective actioh.”The tools used to accomplish these

and

equi

objec
progr
follow

a)

b)

0

(0]

uality assurance and quality control

ing areas:

Fganization:

- organizational responsibilities;

- administrative controls;

- reporting and notification system;
- documentation;

- personnel qualifications;

esign of the sampling system:

- source terms;

- selection of extraction locations;

- selection of sampling and monitoring devices;

facility that conducts sampling and monitoring of effluent radieactive substances| should have
ity assurance (QA) programme. The purposes of a QA programme are to provide pssurance to

fives include documentation, calibration, maintenan¢e and inspection. As a minithum, the QA
amme should address the quality aspects of the sampling of effluent radioactive subgtances in the

— Setection of cotfection procedures;

perating procedures:

— sample extraction procedures;

— sample collection procedures;

— system operation procedures;

— calibration procedures;

— data analysis;

— maintenance and check procedures;
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maintenance procedures;

check and test procedures;

status;

disposition of non-conformant items and conditions;

corrective action programme.

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

Techniques for measurement of flow rate through a stack or duct

A.1 General
The vplumetric flow rate, g, through a stack or duct is defined as given in Formula (A.1):
ql = IV-dA (A1)
A
where

q}, isthe volumetric flow rate through a stack or duct, in m3-s1;
v| isthe velocity at any location across a stack or duct, in m:s7;
Al is the cross-sectional area of the duct, in m2.

A method for determining g involves measuring the velocity at a finite number of points in a duct,
wherg¢ each point is chosen as the centroid of an area ¢lement. The relationship defining q,[is as given in

Formpla (A.2):

N

qy =D vi - A4y (A2)
i=1

wherg

q), s the volumetric flow rate‘through a stack or duct, in m3-s1;
v| isthe velocity at the ¢entroid of the ith area element, in m-s;
Al is the cross-sectional area of the ith element, in m2.

The cfoss-sectionf the stack or duct is divided into N elements. In practice, all of the N elements have
equallareas. The\approach embodied in ISO 10780 serves as the reference method for thjis document.
The rpquirements for the absence of cyclonic flow given in ISO 10780:1994, Annex C, are also included
in the referenice method.

The flow’rate, g, is associated with the air density, p, that exists in the stack or duct. The density is
calculated from the ideal gas equation for dry air as given in Formula (A.3):

(A.3)

where

p, isthe gas density in the stack or duct at actual conditions, in kg-m3;
p, isthe pressure in the stack or duct, in Pa;
R, isthe individual gas constant, here for air, equal to 287 J-kg1-K'1;

T, istheactual temperature in the stack or duct, in K.
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The volumetric flow rate at standard conditions, g4, is the parameter that is being calculated for
reporting and analysis purposes, and it is related to the actual volumetric flow rate, g,, as given in

Formula (A.4):

Pa 9a = Pstd "qstd (A4)
where

Pa is the gas density in the stack or duct at actual conditions, in kg-m3;

q, is the volumetric flow rate through a stack or duct at actual conditions, in m3-s1;

Pstd ik the gas density in the stack or duct at standard conditions, in kg-m-3;
Gstq  ip the volumetric flow rate through a stack or duct at standard conditions, inan3<s-1.
The flow ratd at standard conditions from Formula (A.4) can then be expressed as givenin Formula|(A.5):

TStd A pa (AS)

Astd =4qaf
° : Ta Pstd

where

Gsiq is the volumetric flow rate through a stack or duct at standard conditions, in m3:s1;
q, isthe volumetric flow rate through a stack or duct atdétual conditions, in m3-s1;

T.

» isthe actual temperature in the stack or duct, in-Kj

T.

sta 1s the standard temperature, equal to 298 ;

p, istheactual pressure in the stack or duct; in Pa;

Psiq IS the standard pressure, equal to 101 325 Pa.

In practice, the value of g, is determined from velocity measurements at traverse points as specified in
ISO 10780, with the value calculated\ffom Formula (A.2). The temperature and pressure in the stack or
duct are medsured in accordance‘with the requirements of ISO 10780.

A.2 Specipl considerations for use of ISO 10780 in sampling stacks and ducts|of
nuclear farilities

A.2.1 General

The referende_method for dpfprmining air flow rate fhrmlgh astack or duct as givpn in ISO 10480, is
developed for flow rate determinations in non-nuclear stacks and ducts. It is necessary to take into
consideration several differences between sampling from non-nuclear stacks and ducts and their
nuclear counterparts.

A.2.2 Pitot tubes

An S-type Pitot tube was recommended in ISO 10780 for the purpose of reducing the risk of dust
plugging the ports of the Pitot tube when measurements are made in dusty environments. However, as
dust loading during velocity mapping in a stack or duct in the nuclear industry is not usually a concern,
Prandtl-type Pitot static tubes (Type L in ISO 10780) should be considered as the reference apparatus
for sampling under the requirements of this document. However, when dust loading is of concern, an
S-type Pitot tube may be considered.
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A.2.3 Mean molar mass of the stack or duct gas

In the industrial applications for which ISO 10780 was designed, the gas being tested often contains
products of combustion or an elevated water-vapour content resulting from drying operations. In
contrast, the gas in most stacks and ducts of the nuclear industry is ventilation air. In the latter case,
it is unnecessary to determine the mean molar mass, M, for most stacks and ducts. However, if it is
anticipated that there can be more than 10 % water vapour in the stack or duct, or if there are other
gases that can change the mean molar mass by more than 4 % from the value for dry air (28,96 kg/
kmol), it is necessary to make a determination of the mean molar mass of the gas. In this case, the
resulting value is used to calculate the gas constant, R, as given in Formula (A.6):

s (A.6)

wher¢

R isthe individual gas constant, in ]-kg1-K;

R}, is the universal gas constant, equal to 8,314 J-mol1-K-1;

L

M is the molar mass of the gas, in kg-mol.

A.2.4 Thermal anemometers

If thelmean molar mass and water content of the stack ofduct gas are in accordance with the values
stated, the gas can be treated as air. If the dust loadingZin the stack or duct is such that [any deposits
on aiermal 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 wafer vapour or
other{vapour on the sensor during flow measuréments, a thermal anemometer can be used instead of a
Pitot fube.

Wher] a thermal anemometer is used fof-velocity mapping in a stack or duct, the flow rate based on
standard conditions, g4, is determinedaccording to Formula (A.7):

)

N

td zzvstd,ta,i -A4; (A7)
i=1

wher¢

Qktq is theqlMmetric flow rate through a stack or duct at standard conditions, in m3-s;

<

tdta,; 1S-the velocity measured with a properly calibrated thermal anemometer at the centroid of
the ith element of area, in m-s7;

A is the cross-sectional area of the ith element, in m2.

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

A.3.1 General

If continuous single-point velocity measurements from a Pitot tube or a thermal anemometer or line-
integral measurements from an acoustic flow meter are used to infer the total flow rate through a
stack or duct as a function of time, the resulting data should include a correction factor accounting
for the shape of the velocity profile. The correction factor is determined by comparing the flow rate
determinations from use of the single-point technique with those of the reference method defined in
ISO 10780.
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A.3.2 Pitot tube

(A.8)

The velocity-averaging correction factor for a Pitot tube, C, ;, is defined in Formula (A.8):
c,  ——Ja
v,pt —
Vpt ‘A
where
C,pt is the velocity-averaging correction factor for a Pitot tube, dimensionless;
3 L ] i £1 o i+l L + 1 A | £ ot + 1 pa R 1 laotad
qa IS IIC VUIUITICTLIU TIUVV 1T dlU LIl Uu5ll doldUNI ULl ulLtl dlt duilitudl LUIIUILIVIIO LdiItulditu ally
to[Formula (A.2), in m3-s;
Ve isfhe velocity obtained from a single-point Pitot tube, in m-s;
A is the cross-sectional area of the duct, in m2.

Usually, the
used, in whig

The velocity
performed t
more than 5
stack or duc

Kingle point is located near the centre of the duct. Multiple measurement points c
h case the value of v is the average of the values from the multiplé\points.

v, is continuously monitored during the period that the/reference method test
b establish the velocity-averaging correction factor, C, ¢ )If the value of v chang
% during the course of testing, the data should be rejected and the test repeated.

carried out at the highest flow rate (if it exceeds the base condition by more than 25 %) and the |

operational

of the veloci
factor may b
If the values
condition, th

and flow ratg.

At least two
During routi
in Formula (4

qa = Cv,pt

A.3.3 Thel

A thermal ar
total flow rat

low rate (if it deviates from the base condition{by more than 25 %) to establish ¥
Ly-averaging correction factor at those conditions. A single value of the flow corr¢
e used if the range of flow-correction-factér values is within 7 % of the base cong
of the correction factor at the extreme flow conditions are greater than 7 % of thg
en it is necessary that a relationship be\established between the velocity correction

replicate tests should be performed to establish a value of the correction factor]
he use, the flow rate, q,, is determined from readings of the single-point Pitot tube as

N.9):

Ve A

'‘mal anemometer

emomet€nylocated at a single point in a flow field provides a reading that is related
e at standard conditions, g4, through the relationship given in Formula (A.10):

Ased = Cv,tla Vitd,ta

A

rding

An be

Ing is
es by
If the

is subject to long-term flow rate variations that exceed 25 %, additional tests shoulld be

bwest
ralues
pction
lition.

base
factor

Cypt-

given

(A9)

to the

A.10)

where

Astd
C

vta

Vstd,ta

is the volumetric flow rate through a stack or duct at standard conditions, in m3-s1;

m-s1:

A

The numerical value of the velocity-averaging correction factor, C

is the cross-sectional area of the duct, in m2.

vta’

is the velocity-averaging correction factor for a single point thermal anemometer, dimensionless;

is the velocity obtained from a single-point thermal anemometer at standard conditions, in

is determined by comparing

the readings from a thermal anemometer operated at a single point with simultaneous data from the
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reference method flow rate test. It is necessary to correct the data from the reference method test to
standard conditions through use of Formula (A.5). The requirements for carrying out the tests are the
same as those for the Pitot tube correction factor as given in A.3.2.

Continuous measurements of the effluent flow rate at standard conditions can be obtained by using
a rake of parallel thermal anemometers, with the individual anemometer elements placed on an
ISO 10780 based grid of measurement points. Provided that the electronic signals are processed
properly, the output reading of such a system is the flow rate according to Formula (A.10).

A.3.4 Acoustic flow meter

ding provided by an acoustic flow meter is a distance-weighted average velocity across a line
betw¢en a sending transducer and a receiving transducer. As such, the velocity reading\is not directly
d to flow rate, even along the line, because it is necessary to base the flow rate oman’area-weighted
average velocity. To obtain the flow rate, q,, through a stack or duct from acoustic flow me¢ter readings
also requires to apply a velocity-averaging correction factor, C, ., as given in Formla (A.11):

T4td =Cy ta Vstdra A (A.11)
wher¢
qliq 1s the volumetric flow rate through a stack or duct atstandard conditions, in m3s1;

)

ta isthevelocity-averaging correction factor for a single'point thermal anemometer, djmensionless;

<

td ta is the velocity obtained from a single-point therfial anemometer at standard conditions, in m-s;

A is the cross-sectional area of the duct, in;m?.

The approach and requirements for determining C, ;¢ are the same as those for the single-point Pitot
tubejgethod.
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Annex B
(informative)

Modelling of particle losses in transport systems

B.1 General

Aerosol part

that cau

gravitationa
nslert systems, the Brownian diffusion mechanism is of significance only for @erosol pat

most tra

with sizes s
particles larg

se p

cles can be deposited on internal surfaces of transport systems as a result of meecha
articles to move transversely to air flow streamlines. This includes the phénome
settling, inertial impaction, turbulent inertial deposition and Brownian-diffusio

aller than approximately 0,3 pm, whereas the other mechanisms areyof importan
rer than this size. Turbulent deposition is of consequence for flows with Reynolds nu

e the Reynolds number, Re, is as given in Formula (B.1):
m 'dt
Ll

is the gas density in the stack or duct, in kg-m3;
is the mean (spatial) velocity at a cross-section of the transport system, in m-s-1;

is the tube diameter, in m;

>2 200, wher
where

Re isth

p

Vm

d,

U isth
For a tube

Formula (B.2

Re =

where
Re

p
4,
dy

u

4.
u-

e

s

Reynolds number of flow in a tube, dimensionless;

dynamic viscosity of a gas, in Pa-s.

of circular cross-section,/the Reynolds number can also be expressed as giv

is th

Reynolds number of flow in a tube, dimensionless;

nisms
na of
. For
ticles
e for
bers

(B.1)

en in

(B.2)

is th
isth
is th

isth

| PRI | = 1 ] PR 1 =3
C sdb uCllblLy IIT LT SUAURKR U UuUlty, 111 1\5 ar -,
e volumetric flow rate through a stack or duct, in m3-s;
e tube diameter, in m;

e dynamic viscosity of a gas, in Pa-s.

where g, is the volumetric flow rate through the tube, expressed in cubic metres per second, and is
equal to the product of the mean velocity and the cross-sectional area.

The combination of flow rate and tube diameter of most aerosol-particle sampling systems result in
turbulent flow.
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Empirical or semi-empirical models for predicting the effects of the various depositional mechanisms
exist for most components of a sampling system. For nozzles, the losses are controlled by inertial forces
including those associated with flow turbulence, the Saffman force and, occasionally, by gravitational
settling. For vertical tubes, it can be assumed that the depositional losses are controlled by turbulent,
inertial deposition, and Brownian diffusion. For horizontal tubes, the losses are caused by gravitational
settling, turbulent inertial deposition, and Brownian diffusion. In 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, [verticat Tube and bends), References (83] and [115] showed that the use of a modgl based on a
sequgntial combination of components with assumed undisturbed inlet conditions compared well with
expelfimental data.

B.2 [Aerosol particle penetration through transport system components

B.2.1] General

The penetration, P, of aerosol particles through the jth component of a transport system|is defined in

Formpila (B.3):
p=- (B.3)

where

P} is the penetration of aerosol particles.through the jth component of a transport system, dimen-
sionless;

c} : is the activity or mass or aerosol particle concentration at the exit plane of a cojnponent j, in
Bg:m3 or kg:m3 or m3;

c|; isthe activity or mass(©1aerosol particle concentration at the inlet plane of the j'} component,
in Bg'm or kg:m-3 ok_n-3.

If thdre are n componénts in a sampling system, it is assumed the overall penetratign, P, can be
calculated as if each coemponent were independent, see Formula (B.4):

Pl= ﬁpj (B.4)
j=1

wher¢

P is the overall penetration of aerosol particles in a transport system, dimensionless;

P; is the penetration of aerosol particles through the jth component of a transport system, dimen-
sionless;

n is the number of components in a transport system, dimensionless.

Estimates of particle losses in sampling systems should be calculated or determined experimentally.
Hand calculations may be performed. For example, using the methods in this annex, in References [65],
[78] or [21]. Machine computations may be performed with one of several available qualified computer
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codesl). As an example, the computer code Deposition Calculator!) calculates the losses of aerosol
particles in transport systems. It includes models for losses in certain types of nozzles, straight tubes,
bends, splitters and fittings that serve as transitions in tube diameter, either to enlarge or reduce
the diameter. Losses associated with contractions in fittings are discussed in Reference [85]. Similar

capabilities are implemented in other standards[®] and codes such as Astec/Sophaeros2)[©2][31] and
PAPAV[110][111][112],

B.2.2 Wall losses in nozzles

At the date of publication of this document, there was no general model for predicting wall losses in
nozzles. Reference [39] made an experimental correlation of wall losses as a function of design and

11
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2] is basically a nozzle fitted with a flow decelerator (see Figure B.2). It has lowe
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shrouded nozzle, the code calculates aerosol particletransmission based on the mg
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1) Contact address for Deposition Calculator:

Blunt Consulti

ng LLC

283 Heritage Rd

Williston, SC 2

9853

http://www.bluntconsulting.com

2) Contact address for Astec/Sophaeros code:
IRSN/PSN-RES/SAG

CE Cadarache
Bat 702

13115 Saint-Paul-lez-Durance CEDEX

France
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Sample flow to collector or monitor.

Figure B.2 — Shrouded'nozzle

B.2.3 Straight tubes
The plenetration of particles through a straight tube is calculated as given in Formula (B.5):

dy Ve L

Pl=e 4 (B.5)

wher¢

Pl is the penetrationthrough a straight tube, dimensionless;
d| isthe tube diameter, in m;

v} is the efféetive deposition velocity, in m-s;

L| isthélength of a section of tubing, in m;

Q@ ~isthe actual volumetric flow rate through the tube, in m3-s1,

The effective depositional velocity is the magnitude of the vector sum of the gravitational settling
terminal velocity, which is always directed downward, and the turbulent inertial deposition and
Brownian diffusion velocities, which are directed radially outward in a tube. A basic assumption when
using this model is that aerosol particles are well mixed across any cross-section of the tube.

The effective deposition velocity for an inclined tube, Figure B.3, was modelled[13] as given in

Formula (B.6):
1 2n
Ve =5 -([ (Vd —Vge -smoc)da (B.6)

where
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v, isthe effective deposition velocity for an inclined tube, in m-s;

e

v4 is the deposition velocity due to the combined effects of thermal (Brownian) diffusion and tur-
bulent inertial deposition, in m-s;

Vge is the cross-stream component of gravitational settling velocity, in m-s1,

NOTE Formula (B.6) is subject to the constraint that (vq - vy, sin a) needs to be greater than zero. If not, it is
set equal to zero. 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 horizontal plane) of a tube.

For a tube whose axis is inclined at an angle of ¢, expressed in radians, relative to the horizontal plane,

Vge Is as given in Formula (B.7):

Vge =Vg 0SQ (B.7)

where

Vge is the cross-stream component of gravitational settling velocity, in m-s;

Vg is the sedimentation velocity of an aerosol particle, in m-s;

¢ isthe inclination angle to horizontal, in rad or degrees..

If the effectg of both gravitational settling velocity in the cross-stream direction and the turlulent
inertial depdsition velocity are of consequence, there is a tube diameter that optimizes aerosol pdrticle
penetration, [because for a fixed flow rate, tube sizes smaller than the optimal value have incrgased
turbulent depositional losses and tube sizes larger thantthe optimum have enhanced gravitafional
depositionalflosses.
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Figyre B.3 — Geometric modeél-to illustrate parameters used to model particle depgpsition in a
straight tube

A particle-deposition velogity in tubes can be correlated with a particle-relaxation time. $everal semi-
analyltical models thatJead to this correlation have been proposed. However, at the date df publication
of this document,qione can predict deposition of particles in the inertial size regime (D, $ 1 um) from
basic [principles.

The deposition calculator uses several semi-analytical models to determine the depositional losses
in sample lines due to gravitational settling, diffusional deposition and turbulent inertizl} deposition.
The r;rodels used for each type of depositional loss are further refined based on laminar, turbulent and
transitional flow regimes. The laminar gravitation-settling model is based on Reference [52]. For the
case when the flow is turbulent, the model developed in References [97] and[98] is used. The turbulent
eddy model, which only applies to turbulent flow, is based on work done in References [71],[67] and
[65]. The empirical relationships for both the laminar and the turbulent diffusion models in Deposition
Calculator are given in Reference [65].

B.2.4 Bends

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

© IS0 2021 - All rights reserved 41


https://standardsiso.com/api/?name=3ba1d17443b163026958feea36fe4b90

ISO 2889:2021(E)

deposition and gravitational effects, analyses show that for two-dimensional channels, the penetration

is a function

of the Stokes number, St, as given in Formula (B.8):

2
Sto C-pyw-Dj vy
9-u-d;
where
St is the stokes number, dimensionless;

C

is the Cunningham's slip correction for aerosol particles(4%], dimensionless;

(B.8)

Py, isthe density of water at 4 °C, equal to 1 000 kg:m-3;

D, isth
The analysis
flow is three

the secondar

aerodynamic particle diameter, in pm.

for particle deposition in bends of circular cross-section is complicated-bythe fact th
dimensional. A secondary flow is established as the air passes threugh the bend,
y flow consists of a set of counter-rotating vortices in which air go€s from the inside

at the
where
of the

bend to the qutside of the bend along the tube cross-sectional radius. Formukae'\(B.9) and (B.10) hpld:
R
De=—9_ (B.9)
VA
r,
fou ="H [B.10)
dy
where
De is the Dean number of a flow bend, dimensionless;
Re is the Reynolds number of flow in a tube,dimensionless;
few 1s the curvature ratio, dimensionless;
r., isthe radius of the curvatune ¢f'a pipe bend, in m.
Reference [9)] noted that for turbulent flow, when the curvature of the bend, R, is between 2,5 apd 15,
the radius of|curvature has littleeffect on particle trajectories and the deposition depends, at mqgst, on
St and Re. Experimental data)for 90° bends with turbulent flow Reynolds numbers of 6 000 and 10 000
show that the penetration{can be correlated only with the Stokes number as given in Formula (B.]1):
P:10—0,9635t (B.11)
It should be asstimed that the uncertainty in this model increases for Reynolds numhers outside lof the

test range. For laminar flow[196], numerically modelled particle deposition in 90° bends and their results
include the effects of secondary flow. They carried out calculations over a range of curvature ratios
and Dean numbers and provided empirical correlations of the results, which show that the efficiency

depends on t

he Stokes number, the curvature ratio and the Dean number.

In the software deposition calculator, a turbulent model of Reference [90] is used for Re > 4 000 and
St > 0,1 while a curve fit of the Reference [90] data for Re = 1 000 is used for all other conditions. This
method is presented graphically as Figure B.4.
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0,01 0,1 1 X
Key
X Stokes number, stk = tU/d
Y transport efficiency, Npeng inser
1 Npend = €XP(-2,823 stk ¢)
2 Mbend = (1-stk @)
Pui et al. (1987) data
R, Ry ID
o 100 7 0,93 mm glass
O 1000 57 3,95 mm glass
\v/ 1000 57 5,03 mm ss
A 1.000 5,6 8,51 mm ss
® 6000 5,7 5,03 mm ss
v 10000 57 5,03 mm ss
A 10000 5,6 8,51 mm ss
Puietal (1 987) turbnlent fit
- oo Pui et al. (1987): fitto R, =1 000
—_— Crane and Evans (1977)
O Cheng and Wang (1981) R, =1 000,R,=8

Figure B.4 — Deposition calculator bend model data

B.3 Calculation of sample losses in a transport system

As an illustration of the calculation of particle losses in a transport system, assume the geometrical
configuration shown in Figure B.5 for a system that is designed to sample aerosol particles with a D,
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of 10 pm at a flow rate of 56,6 I/min from a free stream that has a velocity of 10 m/s. Assume that the
nozzle is a shrouded nozzle in which the velocity inside of a 52,5 mm diameter shroud is 3 m/s and the
internal 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 Calculator 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.

Key
1to6

NOTE

44

Dimensions in millimetres

see ]
colle
Flow
Flow

Fré

able B.1
ctor or monitor:

in stack or duct.
to vacuui source.

e-stream velocity, equal to 10 m/s, is reduced to 3 m/s in the shroud.

Figure B.5 — Layout of example aerosol particle transport system
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Table B.1 — Example of using the computer code (deposition calculator)
to predict aerosol particle penetration through a six-component transport system

Element Penetration through the element?
Number Description %
1 Shrouded probe (RF-2-111): 95,08 (through nozzle)
a) probe angle with free stream, 0°
2 Tube, 0,2 m long, 90° from horizontal 100,0
3 Bend, 90° 99,70
4 Tube, 2 m long, 0° from horizontal 77,78
5 Bend, 90° 99,70
6 Tube, 2 m long, 90° from horizontal 100,0
Overall penetration:. -73,51

a  Conditions:

— flow rate: 56,6 1/min

— tube diameter: 28,6 mm

— particle density: 1 g/cm3

— particle size: monodisperse, D, equal to 10 pm

— free-stream velocity: 10 m/s
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(informative)

Special considerations for the extraction, transport and sampling
of radioiodine

C.1 General

Obtaining sgdmples of airborne radioiodine is complicated because it is present in airceffluents in
several formg, specifically as particulate matter, as elemental iodine (I,), as hypoiodous@cid (HO[) and
in organic fqrm, principally as methyliodide (CH5I). The existence of the HOI form ds‘dot universally
accepted, butitis the postulated identity of an otherwise indeterminate form with a deposition vellocity
lower than that of elemental iodine that can penetrate a cadmium iodide bed hut is collected py an
iodophenol bled in a species sampler.

These chemical forms of radioiodine, particularly the elemental formy may be expected to deposit
initially in dl11cts and in sampling lines and then subsequently be resuspended and emitted as the|same
or another fgrml[22l, The organic form is the least likely to be deposited and only a small fractioh of it
is collected By some of the solid adsorbents that are used to limit\adioiodine emissions(e3], However,
it cannot be| ruled out that, during off-normal events, the major form of radioiodine is elemlental.
Therefore, eyaluations of sample transmission under off-noimal conditions should assume that|form.
Reference [4b] summarizes the most recent studies at thatitime on radioiodine sampling and trarsport
and many of [the following considerations are based on that summary.

C.2 Sample extraction and transport

The considetfations for the extraction of gases-and vapour set forth in 7.5 are applicable to radioipdine.
In view of th¢ likelihood that atleast some'ef the radioiodine in an air effluent is attached to particylates,
all of the corlsiderations applicable to(@erosol particles as set forth in the main body of this docyment
and its anneXes also apply to the exttaction and transport of radioiodine.

Laboratory studies have shownthat, in the extraction and transport of radioiodine, materials that/come
in contact with the radionuclide can interact with it (e.g. copper, PVC, Buna-N). These materials should
be avoided. Studies!>8 indicate that the preferred materials are PTFE, polyethylene, aluminium, chrbon
steel and stajnless steel;

Condensation of the-tedine and water vapour in transport lines should be avoided by heat tracing the
lines to atlegst 328 K (50 °C) and by avoiding abrupt temperature transitions.

P e—dimenstontess ratio

Formula (C.1 eeaitibritsP—the—d 6
of radioiodine in transport lines, to the

of the outlet concentration, c,, to the inlet concentration, c;,
deposition velocity and parameters of the sampling system:

vl
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P is the overall penetration in a transport system, dimensionless;

v4 isthe deposition velocity due to the combined effects of thermal (Brownian) diffusion and tur-
bulent inertial deposition, in m-s;

L  isthe length of a section of tubing, in m;

d, isthe tube diameter, in m;

v,, isthe mean velocity over the cross-section of the transport system, in m-s-1.

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

the lepgth of the transport line, L, and using the largest diameter, d,, and the highest flow velocity, v,
subjeft to external constraints (e.g. particle transport, space availability, or collectorcapatity).
Formpila (C.1) does not take into account radioactive decay or resuspension. The médel in Reference [107]
givesfan equilibrium relationship that includes these effects, see Formula (C.2};

Pl= ! (C.2)

nd, L A
1 +Vd
qa A+

Formpla (C.2) suggests that the greater the resuspension rat€, 1, the larger the penetration. This is

also i
Howe
speci
initia
obser
prolo

lustrated in Figure C.1, where penetration is shown as adfunction of time and resus
ver, Reference [45] indicates that resuspension rate pof\deposited radioiodine, for eac}
s, decreases as a function of time. Resuspension rates are also dependent on the amg
ly deposited, some of which seems to remain firmly deposited. The latter has not |
ved by laboratory studies but can be estimated on the basis of an activity balar
hged observation. Finally, Reference [45] states there is no satisfactory experiment

pension rate.
h radioiodine
unt of iodine
been directly
ce following

erification

edicted penetration factors under eithér equilibrium or transient conditions.

| v
of pr %wever, the
ing generalizations can be made from’the limited available data, principally that of[407],

follow

imary of sampling systems for péactors(42], indicates that a typical sampling system consists of
rate of about
Unrein et al.
pcted 1311 (as
penetration

A sun
a 15 gnm diameter stainless steel transport line that is about 52 m in length with a flow
57 1/1pin. Simulated sample transpart lines with a range of similar designs were tested by
(1985), who measured short-term' (on the order of 2 h) penetration factors of 0,62 for inj
I,) thfough 19 mm diameter by 48 m long tubes. Reference [45] predicted the equilibriun
factoy to be about 0,75, with)an approximate time of two weeks to reach equilibrium.

With |the caveat that“the penetration factor was not measured in the tests of(197] until 2 h after
beginning the iodine/injection (lower penetration factors might have been found for mgasurements
earligr in the test-sequence), these short-term results provide a conservative estimate of penetration
factors following 'a stepwise increase of radioiodine concentrations in conventional transpprt lines. The
equilibrium value provides a conservative estimate for longer-term sampling of normal concentrations.

Much|straller penetration factors were found for a few tests of systems with long transport|ines of 6 mm
diameter tubing when operated at flow rates of Iess than 1,7 [/min. Some accident-air sampling systems
used this design to reduce the potential dose at the sample collector by using a low sample flow rate
and a small-diameter transport line. Tests simulating such systems[107] show very poor penetration of
the radioiodine to the collector. Consequently, many of these systems were redesigned to collect a low-
flow-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 of I, 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, to
the hypoiodous iodide form. It may be expected that radioiodine in organic forms, with their much
lower deposition velocities, be transported with higher efficiencies, thus making the above estimates
additionally conservative. As summarized in Reference [45], the fraction of organic radioiodine during
normal operations appears to be quite variable from facility to facility, and there are no data based
on which an estimation of the fraction can be anticipated for the facility effluent during upset or
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accident conditions. Initially, the predominant form of radioiodine during upset or accident conditions

is elemental or particulate.

An example of a code modelling iodine losses in transport systems is Astec/Sophaeros3). It includes
models for losses due to physical phenomena (condensation, sorption), chemical reactions as well as
iodine particle losses. Models and qualification examples are described in Reference [13].

C.3 Collection media for radioiodine

While carbon is an efficient collector of I,, it is much less efficient for the organic iodines having a low
deposition velocity. Reference [64] has indicated that the removal mechanism of elemental iodine

on carbon aflsorbents is primarily by physical absorption, the removal of hydrogen iodidej(HI) by
physical abs¢rption, chemical reaction and isotopic exchange, and that the removal of orgadic.iqdides
such as CH,l is by isotopic exchange. To improve the latter process, carbon filter media freated with
potassium iddide (KI) or triethylenediamine (TEDA) should be utilized. Packages with different [types
of adsorbentf in series are available for the collection of radioiodine with separation by'chemical form.

Y A
1
\
1
01 2
/
\
3
0,01 | | ] | | | -
0 100 200 300 400 500 600 700 X
Key
X  time, expressed in h
Y ratio of ofitlet to inlet concentration
1 curve for resuspension rate'ef4,5 x 10-6
2 curve for p resuspension faté'of 1,5 x 107
3 curve for p resuspensionirate of 1,5 x 10-8

Figure'C.1 — Predicted penetration of radioiodine as a function of time
for various resuspension rates

3) Contact address for Astec/Sophaeros code:
IRSN/PSN-RES/SAG

CE Cadarache

Bat 702

13115 Saint-Paul-lez-Durance CEDEX

France
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Figure C.2 — Predicted initial radioiodine penetration through a stainless steel transport line
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Annex D
(informative)

Optimizing the selection of filters for sampling airborne

Filters are p
sectional are
particles bed
processes, |
attraction an
collection eff
filtration eff
Brownian di

A common n]
pore size of

occurs by a d
be very effic

filters show mo serious degradation of collection efficiency until the' pore diameters exceed 5 um. |

with a 5 um
pore-size filt

Many filter
References
structures o
to be selectiv

If a sample i3
a filter medi
In other cas
imbedded in
from airborry
estimating o
alpha spectr

Decisions on
continuity b
performance
documentati

radioactive particles

a normal to the flow. Filtration is the most widely used technique for collection ofia

ciency increases due to inertial impaction and below this size, efficiency increases
[fusion.

isconception is that filters act as sieves and that there is a direet'relationship betwee
h filter and the minimum particle size that can be collectedi/n reality, because collé¢
omplex combination of mechanisms, filters with nominalpore sizes larger than 1 p
ent collectors of sub-micrometer particles. As demonstrated by Reference [69] mem

pore size are often preferred because they resulpin lower pressure drops than si
ers yet retain high efficiency values

media are available for use in the collection of aerosol particles (see for ex
72] and[70]). Materials include cellulose, glass, quartz and plastic fibres. Sin
f metals or mineral particles are used for'high-temperature filtration. Users are caut
e in their choice of filter media.

being separated from the filter'for a particular analytical method, the user should
hm that can be easily dissolved by a method that does not attack the particles of inf]
s, it is imperative that_theé sample be collected on the surface of the filter rather
the filter. Reference [53] has demonstrated that absorption of alpha radiation en
e particles collected on glass-fibre filters does not constitute a major source of er
oncentrations of. airborne alpha-emitting radionuclides, but the excellent resolut
bscopy requires-the use of membrane-type filters that are front-surface collectors.

changingtthe filter media should include considerations such as the potential 1
etween-historical and future sampling results, potential impacts on vacuum-sj
, requirements for analyser retesting, requirements for revision and approv
pn, retraining requirements for workers and potential impacts on secondary uses

filter sample

orous_structures with controlled external dimensions, such as thickness and a cross-

rosol

bn the
bction
m can
brane
ilters
naller

hmple
tered
ioned

select
erest.

than
hitted
ror in
on in

bss of
ystem
ral of
bf the

5, such as periodic chemical analyses for process control. However, some filter medi

h date

back many decades and their continued use is not justified simply because of historical precedents.

Table D.1 summarizes the type of information that is useful for selecting an appropriate filter 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 218Po (a naturally-
occurring decay product of ambient 222Rn, 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 d
filtration'regimes

Filter|efficiencies range from >99,999 % at all particle sizes and flow rates for the Millip
0,8 um pore size membrane filter to >50'% for the Whatman 41 cotton cellulose filtef
rates|and small particle sizes. Typicabflow rates range from 4 1/min/cm? at 35 kPa p
for the Millipore Type AA membnrane filter to as high as 59 1/min/cm? for the Milliporg
5 um| pore-size polytetrafluoreethylene (PTFE) membrane filter. Resolution for alpha ¢
of thq 218Po alpha emission@t6,0 MeV ranges from as low as 350 keV (full width at ha
for thie Fluoropore 3 pm PTFE membrane filter to greater than 1 500 keV for the Whatm:
cellulpse fibre filter. The~poor resolution associated with the Whatman 41 filter mak
unsuitable for use in ¢entinuous air monitors that are employed to detect plutonium or ur
presence of ambient vadon decay products. In addition, although the Whatman 41 is eas
for cHemical analyses, it has a collection efficiency that decreases dramatically at low fld
Fluorppore filfers have a very low pressure drop, good collection efficiency and excelle
for alpha spectroscopy, but are not readily dissolved for radiochemistry. Selection of th
5 um [Fluéropore filter over the 3 pm pore option provides a substantial improvement in fl

ifferent

ore type AA,
at low flow
‘essure drop

Fluoropore,
pectroscopy
f maximum)
in 41 cotton-
ps that filter
anium in the
ily dissolved
w rates. The
nt resolution
e larger pore
bw rate, with

only 4 modest decrease in sampling efficiency and resolution for alpha spectroscopy. Table

D.2 provides

other information useful for the selection of sample filters.

As new filter types become available, comparisons such as these can be made by the user to ensure that

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 References [56] and [75])

Filter type Filter composition Typical | FWHMP Relative Relative Filter
and durability flow rate?| ofthe |radon prog- radon efficiency
I/min/cm?| Po-218 | eny counts progeny range®
PEAK in the Pu collection %
keV ROI® efficiencyd
Millipore type Mixed esters of cellu-
SMWP (5,0 pm lose acetate and cel- 981 to
pore size), Milli- lulose nitrate (fragile; 16 670 1 1 >9’9 99
pore Corp., Bed- electrostatic; both sides !
ford, MA identical)
Millipore typp Homogeneous, micro-
AW19 (5,0 um pore |porous polymers of
size), Millipofe cellulose esters formed 99,93|to
Corp. around a cellulose web 16 470 0,57 0,99 £ 0,06 >99,99
(rugged; both sides
identical)
Durapore (5,0 um |Polyvinyldiene fluoride
pore size), Millli- (rugged; both sides 14 790 1,55 0,67 +0,1 —
pore Corp. identical)
Fluoropore (3,0 um | Polytetrafluoroeth-
pore size), Miflli- ylene (PTFE) bonded
pore Corp. to polypropylene
high-density fibers 98,2to
(rugged; front is mem- 23 350 0,47 1,04+0,02 >99,98
brane; back is fibres;
sides barely distin-
guishable by naked eye)
Fluoropore . Polytetrafluoroethyl-
(5,0 um porelsize), ene (PTFE) — — — — —
Millipore Corp.
Versapor 3 000 Acrylic copolymer on
(3,0 um porejsize, |anylon fibre support 99,7 to
Gelman Scierjces, |(rugged; both sides 25 590 0,94 0,75 0,02 >99,99
Ann Arbor, Ml identical)
Gelman typeA/E |Borosilicate glass'fibre
(~1,0 pm por¢ size) |without binder’(break- 99,6 [to
Gelman Scienlces able during-handling; 25 21000 1,31 0,92 +0,01 >99,99
both sides’identical)
Whatman Boraosilicate glass mi-
EPM 2 000, What- |erefibre without binder
man LabSaleg, (breakable during 20 >1 000 1,48 1,00+ 0,03 —
Hillsboro, OR| handling; both sides
idpnh'r‘n])
a2 Flow rate determined under vacuum at 35 kPa.
b 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 Lovelace Biomedical
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 filter.
d  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 um to 1 pm, 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 References [72],[54] and
[55].
*  There are several trade names mentioned in Tables D.1 and D.2. This information is given for the convenience of users
of this document and does not constitute an endorsement by ISO of the products named.
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Table D.1 (continued)

Filter type Filter composition Typical | FWHMP Relative Relative Filter
and durability flow rate?| ofthe |radon prog- radon efficiency
I/min/cm?| Po-218 | eny counts progeny range®
PEAK in the Pu collection %
keV ROI¢ efficiencyd
Whatman 41, Cotton-cellulose filter
Whatman LabSales |paper (rugged; current-
ly used primarily for 25 >1 500 1,65 0,42 £ 0,01 43 to >99,5
liquid filtration; both
sides identical)
Nuclgpore (0,6 pum |Polycarbonate mem-
pore $ize), VWR brane (rugged; thin;
Scientific, Pleasan- |very electrostatic;
ton, GA currently used primar- 4 500 0,89 0,85% 0,02 ||53t0>99,5
ily for liquid filtration;
collection side recom-
mended by manufac-
turer is the shiny side)
Milligore type AA |Mixed esters of cellu-
(0,8 ym pore size), |lose 99999 to
Milligore Corp. (fragile; electrostat- 7 520 0,91 1,05+ 0,01 >é9 999
ic; collection side is ’
darker)
a2 Flow rate determined under vacuum at 35 kPa.
b FWHM is the typical full width at half maximum of the poloniuim-218 peak obtained with a 2,5 cm diamgter filter and a
2,5 cnp diameter solid state detector with a 0,5 cm separationidistance during sampling of room air at Lovelphce Biomedical
in Albpquerque, NM.
¢ Rpdon progeny background counts in the Pu ROI for the filter of interest, divided by similar cqunts obtained
simulfaneously on a Millipore SMWP filter.
d  T¢tal radon progeny background counts on.the'filter of interest, divided by similar counts obtained simultaneously on
a Milljpore SMWP filter. Mean and standard tin¢ertainty for five replicate tests.
¢ The range of filter efficiency valuestgiven generally corresponds to a particle diameter range of 0,035 um to 1 pm, a
pressiire drop of 1 cm to 30 cm Hg, and.aface velocity range of 1 cm/s to 100 cm/s. Values are from Referencqs [72],[54] and
[55].
*  There are several trade najmes.mentioned in Tables D.1 and D.2. This information is given for the convepience of users
of thi§ document and does net.constitute an endorsement by ISO of the products named.

© IS0 2021 - All rights reserved

53


https://standardsiso.com/api/?name=3ba1d17443b163026958feea36fe4b90

2021(E)

. . 1931y aJ1od
- - - - - S'66 031 €S - 0T 90 - peuoq.redf[od - £1eqqden
ans
o o o o . o {sn-1931sajod SURIAWS
Syl 00¢ 8 0L¢ S £q par1oddns 8¢ 1L qUIBIN
sfeurwel-44.Ld
— — — — — 666 — — S — Ip1sa ason(e) | 6T MV | duelquiajy
93eI3IU 3SO0[
— — — — — 86< — — g — -n[Eo pue 93} | dMINS | dUBIqUIBN
EERIEN 1 1 E)
L000 69 ST - 008§ 0L g8 0ce ) - 9son[e) v M UEIqUIB|N
‘ arentiu due.IqUId
- - - g1 059 0T 5666 ¥ - 8 - asoqn[e) 66 4V qUIBIN
_ _ _ _ _ _ 2.1q1)
(4 00§ 09¢ 9UON ojed1[IS0.10g \/£R) 1931} 21q14
(ursau 21qL)
_ _ _ « « « \% b
0S¢ 0059 6666 06 00¥ 8103%0 wﬁ___E%N ojed1[Is0.10g 06/S8 NI | 19311 21q1]
‘ 2.1q1)
G8< 0e< 01< 08T 0059 L6'66 0L 0s€ - d1uesdiQ ojed1[Is0.10g 0T 49 | 1931} =1qlq
ERG)
06< 01< G< 00§ 0002 L6'66 0L 0S¢ o druediou] Smuzm.whom 64D 193]} 21q14
2.1q1)
06< 01< P< 00§ 0002 66 SL 0S¢ - Jtued.iou] ojea1[Is0.10g 84D 193]} 21q14
. _ 2.1q1)
06< 81< 9< 00§ 000 ST L6'66 08 0s¢€ oruEgiou] ojea1[IS0.10g 94D 193]} 21q14
% edy edy o -wes-eq % -3 wr wr
A1 1M ‘Xeu s/w pen="a
JI9jowe
onpt aanssaad isang |aanjeradwa], Jue A>uspuys | M SSAUIIYL| -Ip 9aqIf juage uonesyads | npoad |adAy 1]
-S3I1 sy -1SISA.I MO[4 | UOIIIJ[[0) | EedIY : \mn_m 510 d Suipurg TR :

ISO 2889

¢SI91[1J JO SONSLIdDBIRYD I3YIQ — Z°d d[qeL

© ISO 2021 - All rights reserved

54


https://standardsiso.com/api/?name=3ba1d17443b163026958feea36fe4b90

ISO 2889:2021(E)

Annex E
(informative)

Evaluating the errors and the uncertainty for the sampling of

effluent gases

E.1

Thee
stack
sense
value

General

Fror in the determination of a quantity, such as the amount of radioactive substanee er

or duct during a certain period, can be defined as the difference between it§actual v
and the measured value. Yet the real situations in which both the actuahvalue and t

are known are typically those found when calibrating or qualifying a measurement

instryment against standards or interlaboratory comparisons, baseline data or against on

conse
possi
(Typg
uncer
and c

The c
a trar

rvation laws of engineering. In most situations, it is the limits of\uncertainty that c

A uncertainty) and systematic uncertainties such as, for_éxample, model assumpt
tainty, or bias). An estimate of the limits of uncertainty istteéded for a measurement
bmpletely combines both sources of error (see Referenges{2] and [8]).

hse of a simple stack-effluent measurement systemgsuch as a filter air sampler (FAS)
sportline to a nozzle, is used to illustrate a typical*effluent measurement process. To|

amount of radioactive substance emitted from a stagk, a sample of the effluent is extracted

toad
then
is ned
flow
penet

The s
to thd
and i

ollection medium and then collected. It is-farther necessary to quantify the collec
elate the quantified amount to the effluent. For the estimation of the effluent con
essary to know or estimate the effluent flow rate, the area of the sampling plane
rate, the nozzle transmission, the.mixing ratio of constituents in the duct, the samj
ration, the sample collection efficiency and the analysis efficiency.

nitted from a
hlue (in some
he measured
procedure or
e of the basic
in bound the

ple errors that are quantifiable[84]. Generally, the uncertainty €onsists of random lincertainties

ions (Type B
that properly

fonnected by
estimate the
transported
ted material,
centration, it
, the sample
ble transport

hmpling and analysis processés contribute both systematic uncertainty and random
e overall uncertainty in_the ‘estimated activity. In the case of the extraction-plane
hstrument calibrationsy both systematic uncertainty and type A uncertainties a

ncertainties
parameters
e combined

into ¢ne uncertainty carried into the operation phase. For example, during the calibyation of the

meas
obser

irement devices,-a known and constant input is presented and output or measurec
ved. systematicuimcertainty is evidenced by offset of the mean value from the expec

| response is
ed standard

response, and typé’Auncertainty by variation in the output. In other elements, such as th¢ nozzle inlet
or trgnsport ling/calibration is not possible, but performance in tests with standard aergsol particles
under knowm; eontrolled conditions can be conducted to establish bounds on expected performance.

Similarly, incertainty estimates can be put on parameters such as the area of the samp|e-extraction

The systematic uncertainty that remains embedded in the predetermined parameter or calibrated
device elements is not fully known in a particular application. Bounds can be placed on the embedded
uncertainties. The random 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.

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
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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, 4, expressed in becquerel per second,
being transported out of a stack or duct can be represented as given in Formula (E.1):

A=cp vy -A (E.1)

A isthe activity emission rate of a radionuclide averaged over the period of integration, in Bq-s;

¢, s thp effluent activity concentration of a radionuclide, in Bq-m™3;
is the mean axial velocity over the cross-section of the transport system, in m-s7;

A isthl cross-sectional area of a stack or duct, in m2.

The first faqtor in Formula (E.1), c,, the effluent activity concentration, is deterrmined by adtivity
measuremert, measured sample volume and constant parameters of the€-system, as given in

Formula (E.2):

rl'l
Cp = E.2
ATV P Mp g gy (E-2)

a

where

c, Is the effluent activity concentration of a radionuclide, in Bg-m3;

is the net count rate of the sample, in s;

V, is the volume of effluent that produced the sample at actual conditions, in m3;
P is the overall penetration in a transpopt system, dimensionless;

f. isthp ratio of the activity concefitration in the sample volume to the effluent activity concentra-
tion|in the free stream, dimensionless;

g is the collection efficieney.of the collection medium, dimensionless;
gq s the detection efficiency, dimensionless.

The second factor of Fépmula (E.1), v, is the average effluent flow velocity, typically determined by
pre-operatiopal measurements along traverses across the duct. Other methods and devices can b¢ used
such that negr-realstime data for v, are obtained.

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 v, at a particular location and the actual parameters measured with a
Pitot tube is as given in Formula (E.3):

2-Ap
Pa

Vip =V-€086 =Cy - COSO- (E.3)

where
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Ap

or frdm measurements across the stack or duct. That area is divided into subsections of.e
purpgses of measuring an average axial velocity.

The dtack or duct emission rate, ;1, expressed in becquerel per second, is calctilated H
Formplae (E.1), (E.2) and (E.3) as given in Formula (E.4):

ISO 2889:2021(E)

is the mean axial velocity over the cross-section of the transport system, in m-s1;

is the Pitot calibration factor, dimensionless;

is the differential pressure, in Pa;

is the gas density in the stack or duct determined from measured static pressure, molar mass

of the gas and temperature, using the equation of state, in kg-m-3;.

is the flow angle, in rad or degrees.

wher¢

o

=

[ -

Cal,pt

—

hel D

f4

/2~A
A-Cypy €OSO- 2P
. ' P

=r

n'W
Va ‘P'Mp'gf'gd

is the activity emission rate of a radionuclide averaged over the period of
in Bg-s;

is the net count rate, in s1;

is the cross-sectional area of a stack or duct, in m?;
is the Pitot calibration factor;.dimensionless;

is the differential pressure, in Pa;

is the gas densitydin,the stack or duct determined from measured static pressury
of the gas and temperature, using the equation of state, in kg-m3;.

is the flow angle, in rad or °;
is thewolume that produced the sample at actual conditions, in m3;
is\the overall penetration in a transport system, dimensionless;

is the ratio of the activity concentration in the sample volume to the effluent act

m blueprints
qual area for

y combining

(E.4)

integration,

b molar mass

ivity concen-

tration in the free stream_dimensionless:

&
&4

w

is the collection efficiency of the collection medium, dimensionless;
is the detection efficiency, dimensionless;

is the calibration factor, dimensionless.

Formula (E.4) is the mathematical model of the emission measurements.
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E.3 Quantifying uncertainty

E.3.1 Stack or duct emission measurement uncertainty analysis methods

An emission release rate is a function of a large number of measured parameters as contained in
Formula (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 uncertai 0 ASUT 3 Oohal or
operational phases has been developed. Each of the terms in the convective emission modelhag been
examined arld expanded as appropriate. This is a recommended approach rather than attemptjng to
write a singlé complex uncertainty equation. The total emission rate from the stack or duct is'calcylated
from measufements on a continuous sample extracted from a qualified sampling loc¢ation, and [other
measuremerts of parameters of the emission equation. The overall uncertainty in that number dan be
estimated by summing over each of the terms of an uncertainty equation.

E.3.3 Uncertainty associated with bias

The several [components of systematic uncertainty in an emission méasurement can be combined,
following the method given in Reference [4] into one term. These“¢omponents can be classified as
calibration, parameter estimate, and design and test systematic,uncertainties for components such as
nozzles and {ransport lines.

The calibratiion systematic uncertainty represents the gverall calibration uncertainty, combining
elements of poth systematic uncertainty and random. uncertainty, that accrue during calibratjon of
instruments|or devices. This is typically the residualisystematic uncertainty remaining after |gross
systematic ujncertainty is zeroed out (up to an acceptance limit) during calibration; In some caseg, it is
identified byjmanufacturers as the accuracy limitef the calibrated scale or readout device.

The parametler systematic uncertainty represents the overall uncertainty (again combining type |A and
type B unceftainties) that is derived from field and laboratory determinations of sample-extraction
parameters, such as the degree of pagticulate mixing, My, or mean profile velocity, v,,, that ultimately
are applied 4s a single value to estimations of stack or duct emissions. Other systematic uncerfainty
contributionp related to samplinglocation effects are treated separately below.

The design 9nd test systematic uncertainty term results from residual uncertainties in the process
of design anfl qualificatiorf.of sampling nozzles and devices that are engineered from first prinkiples
and empiricpl factors,.ahd then manufactured and tested to confirm that certain perforrpance
characteristics, such asynozzle-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 acceptande litmit on deviation between the design performance and the result of confirmatior] tests
with tracer rhaterials.

The combined systematic uncertainty limit serves the same purposes for the systematic uncertainty
as does the two-standard-deviation random uncertainty estimate. It can be combined with the 95 %
confidence limit estimate of the type A uncertainty component in calculating the overall uncertainty
of measurement. A full uncertainty analysis entails a careful consideration of the many sources of
uncertainty and proper combining of each component to generate an overall uncertainty estimate.

The Table I.1 guidance levels for acceptable accuracy and precision of measurement require evaluation
of factors that can contribute uncertainty to components of the system. Without detailed analysis, it
can be difficult to demonstrate that estimates are reasonably complete and defensible. The discussion
in the remainder of this annex is meant to provide a framework for an evaluation of uncertainty in
an effluent measurement based on an analytic expression relating radionuclide emission to variable
parameters in the measurement, and on residual systematic uncertainty and implicit uncertainty
inherent in the methodology of continuous emission monitoring from a single point.
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It is worthwhile to reflect here on what interpretation should be given to the “true value” of the
measured effluent-radioactive-substance emission rate by the single-point representative sampling
method. The fact that flow and mixing parameters are averaged over the profile implies that the
intended “true” emission rate is the “conceptual value” at the sampling location, i.e. that the area-
averaged emission rate of radioactive substance from the stack or duct based on the axial locations of
the nozzle(s), assuming that the installed instrumentation does not disturb either the concentration
or the flow distributions and that the pre-operational measurements of critical parameters, i.e. v,
P, V, and f, properly reflect sampling under operational conditions. The conceptual value shall be
distinguished from the “available value”, which is the emission rate estimated only at the axial location
of the nozzle(s), without assumptions about disturbance, mixing or how representative the parameter
estlmates are. Because itis the well mlxed mean effluent radioactive substance emission rates that are

' -distribution
factors that
"'ue emission
bly different
bntaminants.
nsiderations

shall pe added to the list of sources of uncertainties, and uncertainties in the correctlor
account for the non-uniform distribution shall be considered. The estimation of\the t
rate (the conceptual value) depends on parameters measured at other times, underposs
conditions, and with test aerosol particles and gases rather than the actual radioactive c

So it
other

s evident that the uncertainty in the result of a single-point sample depends on ca
than explicit operational or pre-operational measurement uncertainties.

E.3.4] Uncertainty associated with conceptual systematic uncertainty

E.3.4]1 introduction
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ted in E.1, a useful distinction can be made between the uncertainty of the 1

ributable to explicit performance aspects of ‘the sampling and analytic hardwa
bdology systematic uncertainty derives fromiissues related to sample extraction
d implicit factors that affect how well the:s@mple represents the true emissions fr
Ct during the period of the sample. These-are what Reference [84] terms “pattern fact
tors that describe variation in velocity and mixing in the profile and an estimat
of the emission rate at the nozzle(docation compares with the mean value. In sonj

ptual systematic uncertainty derive from assumptions about temporal variation a
eteness and accuracy of magdel assumptions.

2 Uncertainty associated with temporal variations

bes over time instream conditions following site qualification are assumed not to
nce the meastirement outcome. Yet, increases or decreases in volumetric sample f
hrge rate or.modifications in the stack or duct use can cause distortions in samp

e. Thisis why it is particularly important that those factors that are counted on

well-
antic

b

ixédfcondition at a qualified sample-extraction location be robust with respect t

sses and the uncertainty associated with the overall methodology. The measurement

neasurement
uncertainty
re. Sampling
location and
bm the stack
ors”, defined
b of how the
e situations,

nceptual systematic uncertainty can be the largest by far. Two of the more significant sorts of

nd about the

significantly
low, effluent
e extraction
ve can then
to produce a
b reasonably

ated changes in stack or duct conditions. Mechanical mixing elements or deflect

ed, 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 compatible with small
values of estimated uncertainty. A judgement is required about assigning the significance of temporal
variations and, hence, the magnitude of this uncertainty term.

E.3.4.3 Model systematic uncertainty

There are a number of simplifying model assumptions implicit in the representation of continuous
emission monitoring by extractive sampling from a single point. Among these are that the contaminant-
transport processes 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 well represented by the single-parameter sample collection and radiation-
detection efficiencies. To varying degrees, model-based assumptions might not be fully correct for a
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particular application. Again, a judgment is required to assign an estimate to this uncertainty term.
Both the temporal variation uncertainties and model systematic uncertainty can be combined with
other fixed uncertainties arising from various measurements in generating an overall systematic
uncertainty 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 deposition of highly reactive species, particle bounce or resuspension from previously deposited
materials. The same applies to models of other aspects of the sampling and measuring process. The use
of computational modelling aids should be viewed as a part of a larger process of design and evaluation
that should include data from laboratory studies, findings in the peer-reviewed literature and field
testing.

E.3.5 Des¢ribing the combined uncertainties in emission measurement

The laststepjofan uncertainty analysis is bringing together the 2o random uncertaintiesjtito a combined
estimate of qverall uncertainty stated in terms of the emission estimate, 4, the estitnated uncertainty
limit of the effluent measurement (from References [2],[3] and [8]), as given in Formulae (E.6) to [E.8):

u? (A): V2 (r)-w? +r2u? (w) (E.6)

where

u(A_) ik the standard uncertainty of the activity emission rate of a radionuclide, in Bq-s;
ry ik the net count rate, in s1;

w ik the calibration factor, in s;

u(r,) ip the standard uncertainty of the net count rate, in s1;

u(w) ip the standard uncertainty of the-calibration factor, in s

For this docyment, the calibration factorfw,‘is interpreted to include many sources of Type A erfor as

shown in Foymula (E.7).

2
2 L (w)
ur (W) = 2 =
w
2 2 2 2 2
={ir (A)+ur (Garpe ) +ur (P)+uy (p)+ur (Vo) + (E.7)
2 2 2 2
TUr (P)+ur (fc )+ur (gf)+ur (gd)
where
u. (w) 1S the relative standard uncertainty of the calibration factor, dimensionless,
u, (4) is the relative standard uncertainty of the cross-sectional area, dimensionless;

U (Ceqp) Is the relative standard uncertainty of the Pitot calibration factor, dimensionless;

u, (p) is the relative standard uncertainty of the pressure, dimensionless;

u, (p) is the relative standard uncertainty of the gas density, dimensionless;

u. (V) is the relative standard uncertainty of the volume at actual conditions, dimensionless;

u, (P) is the relative standard uncertainty of the overall penetration in a transport system,
dimensionless;

60 © IS0 2021 - All rights reserved


https://standardsiso.com/api/?name=3ba1d17443b163026958feea36fe4b90

ISO 2889:2021(E)

u. (f) is the relative standard uncertainty of the ratio of the activity concentration in the sample
volume to the effluent activity concentration in the free stream, dimensionless;

u, (&) is the relative standard uncertainty of the collection efficiency of the collection medium,
dimensionless;
u, (g4) is the relative standard uncertainty of the detection efficiency, dimensionless.

And finally, when a coverage interval is desired, the expanded relative uncertainty is given by

Formula (E.8):

A ()
u k=2 \n)—a'ur \n} (E8)
wher¢
u,,k=2(/i) is the relative standard uncertainty of the activity emission rate of a radionuclide repre-

senting the coverage interval at 95 % (k = 2), dimensionless;

u (A_) is the relative standard uncertainty of the activity emissien'rate of a radionyclide, dimen-
sionless;

E.4 |Evaluation of uncertainties

E.4.1] introduction

According to Reference [22], estimates of the magnitude of most of the uncertainty terms can be
descrfbed at least to the level of what is attainable at the 95 % confidence level (corresponding to a
20 inferval for random variables). Many of the unhcertainties considered above are relatively small and
contrpllable by good practice. Others requiresmore careful consideration.

E.4.2| Uncertainty in sample volume, stack or duct area, and transmission efficiency

Uncertainty in sample volume, J4-and stack or duct area, A, are generally small and welll understood.
Sample volume measurement-is_readily accomplished and corrected for altitude and tenjperature. As
descrjbed in ].3.3, the accuracy’of the measurement of the sample flow (and hence sample yolume) with
a flow meter should be periodically checked with a secondary standard flow meter, angl differences
maintained to less than10 % of standard. Expanded uncertainty with a factor of 2 ¢ in thejorder of 5 %
shoulfd be achievablé.

The dross-sectional area of the effluent flow at the sample-extraction location should he accurately
ascerfained from engineering drawings of the effluent stack. Systematic uncertainty asgociated with
this deterriiftation should be much less than 2 %.

because the
characteristics of the aerosol particles being sampled cannot be fully described in advance. Although
the particle-size characteristics of many types of radioactive aerosols have been studied (see Annex G
for a discussion of such studies), many possibilities for HEPA filter failure and associated unique
aerosol-particle-size distributions exist. Nonetheless, an estimate of the magnitude of uncertainty
in this parameter can be made. The estimate may be based on in-place tests with particles of either
conservative or realistic size characteristics. The estimate may also be obtained with the aid of suitable
particle-penetration models (see Annex B) and appropriately varied parameters. It is expected that a
proposed transportline for a sampling system is designed for optimal performance using a conservative
assumption, for example, 10 pm monodisperse aerosol particles. A conservative design establishes the
lower limit of penetration because polydisperse aerosol particles with an equal or smaller geometric
mean have greater transmission efficiency. So, in the case of the system analysed in Table B.1, the range
of possible transmission efficiencies for particles having a D, smaller than 10 um exceeds 74,3 %. In
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cases where additional data about the relevant size distribution (e.g. activity size distribution) are
available, the test or design aerosol particle size may be selected accordingly.

For example, assume that there is a polydisperse log-normal distribution of particle sizes with an
average activity median aerodynamic diameter (AMAD) of 1,8 pm and o, = 2,2, like that found in a
research and development facility glovebox line by Reference [38]. Furtier assume that the model
predicted transmission efficiency for the fictional sampling system is 94,2 %. For uncertainty analysis
purposes, suppose the aerosol particles actually encountered in an accident effluent is more like the
fabrication facility average size distribution reported in Reference [38] (AMAD of 4,0 um, o, = 1,7).
Then, the predicted transmission efficiency can be 85,9 %, a relative difference of 8,8 % compared with
the 94,2 % estimate. The average predicted deviation using a range of size distribution parameters
from four otherphrtonirhandhnetaciitdesinelodedinthelrstudywas A5 restimeated 95 %
confidence lgvel uncertainty relative to predicted performance and assuming a realistic aerosol'pdrticle
size distribufion appears to be attainable.

These estimdtes are summarized in Table E.1.

E.4.3 Uncertainty in velocity measurement parameters

Uncertaintiep in the determination of velocity at each equal-area location in a‘profile are summdgrized
from Referemce [22] 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 or duct area
and transmission line efficiéncy

Parameter Uncertainty
%
Sample volume 2u (J9)V x 100 % +5
Stack or duct area 2u;(A)/A x 100 % *2
Transmission line efficiency 2u,(t,)/T, x 100 % +15

Table E.2 — Velocity measurement parameter errors

Parameter Uncertainty
%
Pitot calibration 2u,(Ceqy pry/Cearpr % 100 % *1
Flow angulanity 2tan(0)ug x 100 % +8
Differential pressure 2u.(Ap)/Ap x 100 % 14

E.4.4 Uncertainty in measurement parameters

T O o c ot o oo T ot o oot

process in a laboratory. In all systems, detector efficiency and sample capture efficiency parameters can
usually be well defined. Detector efficiency is typically determined by comparison against a transfer
standard traceable to the governing national institute of standards and measurements. Uncertainty
can be held to a minimum (1 % to 2 %).

Measuremenbsiactviby inasample canbeeitheranon-line processinacontinuousmonitororanoll-line

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

In most circumstances, a 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 possible due to the unrealistically long count intervals that can result.
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E.4.5 Methodological bias

Turning now to the implicit methodological or conceptual uncertainties, there is a large 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 systematic uncertainty of

Ogrg €qual to 10 % is attainable, and in any event it should be much less than 20 %.
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irly, model assumption uncertainty, at the 95 % confidence level, on the|order of &y
o is feasible as long as proper qualifications of the sampling nozzle, sample transy
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Summary of uncertainty analysis

ated uncertainties in Tables E.1 and E.2 (or equivalent from an independent anal)
parameter uncertainty estimates can be substituted into the appropriate equation
measurement-process uncertainty estimate.

ample is given as follows. The estimated uneertainty of activity concentration, u
e volume measurement uncertainty, u(V),{5 %) and sampling plane area uncertaint
bute least to the total. The uncertainties in the sample-transport-line efficiency,
mission mean-axial-velocity, u(vm), (16,2 %) terms contribute the most. The resultg
tainty, as given in Formula (E.9), is'on the order of 23 %.

A)k , +(0,055)% +(0,05)2%(0,02)2 +(0,15)% +(0,162)% x100=+23
stimate should be understood as an indication of what can be attainable based on the
rning the measurement procedures carried through the analysis. Differences in the w
velocity is deterfmined, improvements in reducing uncertainties in volumetric flow 1
etter potentiahtransport-line-loss estimation can be possible in some cases, as can 1
certainty in‘certain profile “pattern” parameters, such as any of the statistics desct

to predict. If

g elements installed in a stack or duct are employed to ensure complete mixing;.then an estimate
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(E.9)
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at theg sampling plane.

E.6 |Correlated uncertainties

The analysis in this annex to this point has been based on the assumption that the uncertainties
are separable. The uncertainties are not separable in all cases. The transport efficiency, &1, and the
collection efficiency, &, are dependent upon the flow rate. In some cases, the detection efficiency is
dependent on the flow rate.

Based on the uncertainty analysis of the emission rate given in Formula (E.4), it may be concluded that
the intrinsic uncertainty of the flow-rate can be ignored, but not its extrinsic or correlated uncertainty.

The transport penetration is dependent upon the flow rate. If the transport penetration is high (>90 %)
for all particle sizes, flow rate changes of 10 % or less can have little effect on the transport efficiency.
When the transport penetration is lower, small changes in the flow rate can greatly affect the transport
efficiency for some particles sizes. These changes should be empirically determined or calculated using
a code, such as Deposition. A similar relationship for particle collection can be developed, for which the
same correlated uncertainty arguments apply.
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The detection efficiency can be affected by the flow rate if detection is dependent upon geometry and
the geometry is collection-dependent. A simple example is alpha-particle detection on a filter. If 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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Annex F
(informative)

Mixing demonstration and sampling system performance
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Mixing demonstration methods

Introduction

st two methods have been used to demonstrate the state of mixing of thepotential g
he effluent air stream. They are described in F.1.2 and F.1.3.

Method 1

introduction

bd 1 was developed specifically to assess conformancewith 6.3.

P Tracers

5t for contaminant mixing, the tracer should*be introduced as far upstream as pd
ing probe, yet downstream of feeder duets; fans and air-pollution-abatement equip
sary that a stack or duct be tested for bth particles and gases, the same injection lo
ed for both tracers. The gaseous tracer should be introduced at five or more locatio
section of the air stream. For aectangular duct, the injection should be at the cen
orner (at or within a distance of'25 % of a hydraulic diameter from a corner). For aro

pl particle tracer may be introduced at only one location, located at the centre of a stz

egree of mixing for(particles should be tested with particles having a diameter,
and 12 pum, or largenif there can be a significant fraction of the aerosol particle ma
jated with sizeslarger than a Da of 10 pm. In cases where additional data about the
pution (e.g. aetivity size distribution) are available, the test aerosol particle size ma
dingly.

hiny foreseeable circumstances, only gaseous contaminants can be present, it is not
r particle tracer uniformity:.
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ment. If it is
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an adequate

signal at the extraction point. The method of detection and its detection limit are the important
considerations in the amount of material introduced. Sufficient material should be introduced to
allow detection after dilution in the effluent stream. Examples of methodologies for obtaining data on
velocity, tracer gas and aerosol particle profiles are given in References [42],[47],[93] and [76].

Tracer uniformity measurements should be conducted at the location of the sampling probe using the
measurement grid developed in F.1.2.4.

F.1.2.3 Measurement conditions

The tests should be conducted while the stack or duct flow rate is approximately the same as the
expected normal flow rate. If the stack or duct flow rate is expected to vary more than 25 % from the
mean, then the tests should be conducted at the flow rate extremes.
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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 location continues to meet
the mixing-performance criteria if air flow conditions change 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 or duct . 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 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 dupthaving a very Smatt cross-Section, SUCh as a tank vent. if this 15 possibie, the flow system
should be mqdified to preclude the onset of near-laminar conditions.

F1.2.4 Measurement points

It is convenlent to use the same measurement points for the flow angle, air velocity and tracer
concentratiop tests and they should be selected in accordance with ISO 10780. {t can be necessary to
add or adjusf measurement points to achieve a suitable grid and because of the proximity of a sampling
point to a wdll.

F.1.2.5 Transference of qualification test results

It is not always necessary to perform the full qualification testyseries on all stacks or ductls if a
geometrically similar design has already been shown to meet the qualification criteria given in 63 and
provided that the following apply.

a) A geometrically similar stack or duct (one withGproportional critical dimensions) has|been
tested apd the sampling location has been found té comply with the requirements of 6.3. Critical
dimensipns are those associated with components of the effluent flow system that can influence
the degiee of contaminant mixing and theVelocity profile. The prior testing may be conducted
either or a stack or duct in the field, or itrmay be conducted on a scale model.

b) The prodluct of mean velocity [see Formula (A.2)] and hydraulic diameter of the candidate|stack
or duct is within a factor of six of that of the tested stack or duct, and the hydraulic diameter of
the candidate stack or duct is atleast 250 mm at the sampling location. The Reynolds nuinbers
based on hydraulic diameter{of both the candidate stack or duct and the tested stack or duft are
greater than 10 000 [see Formulae (B.1) and (B.2) for examples of expressions that can be usgd for
calculation of Reynoldssiumbers)].

c¢) The measured velocity profile in the actual stack or duct should meet the requirements of 6.3.
d) The diffgrence between the velocity Cy, of the two systems is not more than 5 %.

e) The samplinglocation in the candidate stack or duct is placed at a location geometrically sim]lar to

5 1 pa | 1 pa |
that in thetestedstackorduct:

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

F.1.3 Method 2

Figure F.1 shows how a number of ventilation channels come together in a chamber on top of which
stands the stack or duct. Sample extraction for effluent monitoring is done about four diameters up the
stack or duct. 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.
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Figure F.1 shows a two-stage sampler installation. The first stage brings air down to the measurement
room at a rate of 60 1/s. There, several samplers withdraw air at 0,5 1/s. The probe in the stack or duct
has four to six nozzles.

\—/\

A

Key

1 sqmple extraction location

2 samplers

3 tifacer gas detectors

4  injection level for tracer gas and particles
a

Ajr flows from reactor building, turbinébuilding.
Figure F.1 — IlluStration of the use of method 2 to determine mixing

The test is comprised of the injection of known amounts of monodisperse particles in the stack or duct
air stream at a suitable point upstream of the sampling installation. To find a suitable injectfon point, the
gas flpw is mapped byimeans of a tracer gas, ethanol, released as a spray at various points in the stack
or duft base. The gesulting concentration distributions at the sample extraction point are| observed by
meanss of an array-of gas detectors. An injection point that produces symmetrical distribution over the
stack|or ductarea, and low concentrations at the stack or duct walls, is selected for the particle tests
(Figufe F.2;key item 3). In this way the losses of tracer particles become small and limiteld to the flow
near the’stack or duct wall where the probe doesn’t sample.

Monodisperse particles nominally with a D, of 2 pm, 4 um, 8 pm, and 16 um tagged with dysprosium
are dispersed at the selected injection point. The particle concentrations at the sampler inlets are
calculated from the observed gas distribution. The amount calculated as aspirated into the sampler
piping is compared with the quantity collected by the ordinary filters of the sampling train to obtain
the sampling-line transmission efficiency.

The sample-extraction location is situated about half-way up the stack or duct. This is enough for
producing an even velocity field, but it is not enough for mixing. Figure F.2 shows the stack or duct
base as seen from above. (The cross-section at the stack or duct base is irregular because several ducts
discharge into the base of the stack or duct). 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
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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 six nozzles can be quite satisfactory with geometry as described above. Further
details about this test method are reported in Reference [104].

L
L
2
3
R
4

Key
1 to 4 gas injection points in the stack or duct base

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

NOTE The corresponding tracer distributions over the circular stack or duct section at the sampling level are

shown to the right. The area of the spot is proportional to the observed concentration. The “+” symbols indicate
where no tracer was detected.

68 © IS0 2021 - All rights reserved


https://standardsiso.com/api/?name=3ba1d17443b163026958feea36fe4b90

F.1.4

ISO 2889:2021(E)

Numerical modeling to qualify the sample extraction location

The computational fluid dynamics, CFD, model is useful in visualizing and understanding bulk stream
flow behaviour in the final exhaust system to assist in determining whether a more advantageous
sampling location is feasible.

Simulation by CFD of particle transport and deposition is generally divided into the following steps:
(1) simulation of the flow field, (2) particle tracking, and (3) post-processing to obtain particle-deposition
information119], Various models are available including FLUENT and STAR-CD. The model should use a
fully developed three-dimensional mesh of the full geometric detail and include the sections from the
last disturbance to the exhaust point of the system. The CFD model (including boundary conditions and

defin
AD jor:
CFD 4
convd

At the
and t
stack
ident
mode

prope

Examjples of methodologies for obtaining CFD data are givenby References [19],[91],[105]

F.1.5
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the following:
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ge, high and low) of the sta¢k'or duct gas.

d mnch) should inr‘nrpnrafn the apprnpriafn acpnrfc of the cycfnm (n g Reo > 1n’nn
rticles, etc.) and run enough simulation iterations to converge on a solution. Output
re directly influenced by the quality of the model inputs such as the mesh model-an
rgence.

 selected sampling extraction point, the CFD results should meet the aGeeptance c
he arithmetic difference between the CFD modeled stack or duct veloc¢ity €y, and t
or duct velocity Cy, is not more than 5 percentage points. If these requirements are 1
fied sampling extraction point in the stack or duct then is tested\in situ or with a g
|. Models are validated against a known model/measurement ifiyorder to show the n

rly.

Alternative approaches

approaches may be used to qualify a locatien for sampling provided that the acc
bdology is equal to, or exceeds, that based.of the criteria given in this annex. For e}
ation dealing with sampling of radioactiye gases, it can be possible to inject a tracel
or duct at a known mass flow rate. If the mass flow rate of tracer emitted from the
on use of a single-point sampler.-at a candidate location were to show a value wit
ass flow rate of injected tracer] the sampling location may be considered acceptal
ion, it can be necessary to demonstrate the quality of samples acquired at different fl

When to conduct sampling system performance verification

General

are instances when a performance verification of a sampling system is advisable. ]

henthe air stream being sampled is not well mixed before a new system becomes op

(10 £ 1) um
results from
d running to

iteria of 6.3,
he candidate
net, the CFD-
hysical scale
hodels works

and [108].

uracy of the
rample, in an
" gas into the
stack or duct
hin £20 % of
le. In such a
bw rates (e.g.

hese include

erational;

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

when the potential to emit contaminants through an existing system has changed significantly;

when an existing system has had significant changes, for example: changing the stream flow beyond

the original design limits; adding a new effluent stream in a manner that destroys the well mixed
state at the nozzle location; or changing system operating parameters outside of the design range;

when the supporting documentation for a newly installed system is deficient.
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F.2.2 Approaches to verification

The methods for verifying sample-transmission performance through nozzles and transport systems

fall into four

categories:

in-place testing;
laboratory simulations;
modelling based on deposition and resuspension rates determined in the laboratory;

a combination of the above.

Table 1 sumr
lines for par

harizes the requirements for qualifying sample extraction locations, nozzles and trat
icles, gases and vapour. In 7.3.2, it is recommended that nozzle performance for, paj

be tested using liquid aerosol particles. In 7.4.2, it is recommended that transport-line performar

assessed eit}
general met}
using in-plad

er through aerosol particle testing or through calculations with a verifiedymodel. In
jod is provided for use in qualifying the sampling location for particles; gases and v
e testing. Nozzle and transport-line performance methods for gases\and vapour ai

specified in this document.

Meeting the
can give the
discussion in

F2.3 In-p

F.2.3.1 Pai

References |
7. Sulfur hex
used as the t
to verify the
methods attg

using 3 |

using ur

using su

tests pe
counters

performance requirements usually involves a combination, of methods. In-place t
most unambiguous result, but it can also be difficult to implement in all situation
F.2.3 gives examples of methods in each category.

lace testing

'ticle sampling examples

12],[47] and [93] provide examples of employing the methods outlined in Clauses

afluoride or nitrous oxide gases and eleic-acid or vacuum pump oil aerosol particlg
racers to qualify the sample extractién location. Oleic-acid aerosol particles are alsa
performance of nozzles and transport lines for particles. Examples of other verifi
mpted include the following:

Im to 30 um aluminium apdiron powder aerosol particles[©8l;

hnium aerosol particles26l;

using fldorescent-dye-tagged dioctylphthalate 20 um aerosol particles[102];

b-micrometr@.aerosol particles of sodium fluoroscein dyel32];

Fformedion several stacks using polystyrene latex microspheres using optical p4
on samnples from the nozzle inlets and the exits of the transport lines[23];

sport
ticles
ice be
6.3,a
hpour
e not

psting
5. The

6 and
bs are

used
ration

rticle

tests con

ducted on sampling systems at the Waste Isolation Pilot Plant using saltaerosol particl

bs[86]

systems tested using powdered tracer aerosol particles with geometric mean diameters of 1,3 pm

and 8,5 um.[44] 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;

systems tested using powdered testaerosol particles with geometric mean diameters of 1 pm (TiO,),

3 um (SrTiOs), 8,5 pm (Mo,C), 200 um (brass) and 800 pm (WC)[1LL The test aerosol particles
had been injected into the stack as well as into some nozzles. With these tests, the concentration
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;

tracer aerosol particles[6dl,

70

using cascade impactors and optical particle counters to test several systems without employing
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These last examples might not necessarily meet the current guidelines of this document, but provide
insight into other approaches.

F.2.3.2 Radioiodine sampling examples

Sampler performance was tested[192] for radioiodine 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-collection point. The non-depositing form was
131]-tagged methyl iodide and 1311, was used as the depositing form.

Stable methyl iodide and elemental iodine were injected into the stack or duct flow upstream of the
fanl32—€el

1 fadiadi ] | | 3 ’s 43 43
GUIICTCULCU TUUITIT aouul_}lca \AAYZ 9\ >3 auou_y oCUuU ualus IcutiIvir dactivatlivll.

In Ref
sectid
were

in the cross-
article tests,

erence [68], 1311 injected into a stack or duct, which was sampled at several locations
n using charcoal traps. These data, together with velocity data and tracer aenosol |
used to determine the contaminant profiles for the stack or duct.

F.2.4| Laboratory simulation

F.2.4.1 General

Labot
syste
affect]

atory simulations are more rapid and convenient than in<place tests. It is unlikely t
ms can be simulated and the effects of surface contamigants in older systems can
real performance.

hat complete
significantly

F.2.4.2 Aerosol particle examples

Refer
condt
inlet
using|
perfo
descr]

b tests were
the nozzle
pling system
mparing the
nozzles are

ence [95] described a test of a full-scale @ampling system of simple design. Th
cted using polystyrene latex microspheres and laser particle counters sampling fr
ind from the end of the transport line. Reference [79] shows tests of a simulated sa
oleic acid aerosol particles tagged-with sodium fluorescein. Wind-tunnel tests cg
Fmance of probes using shrouded nozzles to those using tapered inlet isokinetid
ibed in Reference [43].

F.2.4.3 Radioiodine examples

Radid
are d

iodine line-loss tests/to simulate air samplers used at several nuclear generat
bscribed in Referénees [107] and [36]. The tests cover the range of air sampler ch

comnponly observedat-reactor sites. The sample transport tubes were either 304 or 316 s

as cle

an as received-from the distributor. The results from these and other tests are su

ing stations
aracteristics
fainless steel
mmarized in

Referpnce [45])

F.2.5| Modelling

F.2.5.1 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 in Reference [41] where
a three-dimensional fluid mechanics model was used to identify potential flow-measurement locations
in the off-gas ductwork of a power station. They also compared the model results with velocity-traverse
data.

F.2.5.2 Particle examples

Reference [39] provides an example of the use of the Deposition code and compares the results
against tests of a simulated air sampling system. Examples of the use of earlier models are found in
References [92],[14] and[98].
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Annex B describes most of the elements that it is necessary to take into account in a particle-loss model.
An example calculation is also given.

F.2.5.3 Radioiodine examples

Examples of modelling radioiodine transmission through several sampler-transport lines are found
in[23] and Reference [45]. See also Annex C.

72 © IS0 2021 - All rights reserved


https://standardsiso.com/api/?name=3ba1d17443b163026958feea36fe4b90

ISO 2889:2021(E)
Annex G
(informative)

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

G.1 |General

The engineering of stack or duct monitoring and sampling systems for nuclear facilities rgquires close
attenfion to the design and placement of the sample-extraction nozzle and transport line fo ensure the
most fepresentative sample possiblel81l. With respect to the physical characteristics of theeffluent that
it is nfecessary to sample under normal conditions and particularly under emergency conditions, little
has bgen said other than that the most significant accident in a facility in.terms of both an[event and its
consdquences is likely to be firel30], Fire can cause radioactive sources\fe’'release airborng radioactive
aerospls, and smoke can plug filtration systems causing the filter te-lose its integrity Hy rupture of
the nedium or seals. Therefore, while there are no definite answers concerning the aerosol particle
characteristics that a sampling nozzle and transport line should’be capable of handling,|a number of
investigations have been made of the expected filtration performance of HEPA filters unfler standard
opergting conditions. Also, a number of investigations have been made of the characteristjcs of aerosol
parti¢les present in gloveboxes or generated when containment structures, flammable liqyids or mixed
radiofictive materials are spilled and burned. Because these aerosol particles can be expected to be
present in a fire, they provide a first approximatiofitof the character of aerosol particles that it can be
necesjsary to sample in effluent stacks or ducts;Fhe discussion in this annex is meant tp place some
reasopnable bounds on the size of particles that,can typically be present in the event containment is lost
provide some perspective on the type of design and testing considerations that it isjnecessary to
apply|to sampling nozzles and transportlines.

G.2 |HEPA filtration effects

Nuclear-facility stack or duct'emissions are typically controlled by multiple stages of HEPA filters. The
HEPA|filter is designed to remove particulates from a gas stream with an efficiency of at l¢gast 99,97 %.
Selective penetration of HEPA filters by sub-micrometre particles (0,1 pm to 0,4 pm) apd negligible
penetration by othersizes of particles is predicted by filtration theory[22l. Therefore, it |s sometimes
conclyided that it i§not necessary to design sampling systems for HEPA filtered stack or dulct s that take
into account inertial effects in the sampling-nozzle inlet and transport line. However, this conclusion is
invalid.

In Referénce [87] studies at the Rocky Flats Plant of particulate emissions in stack or dpict effluents,
partitles’were sampled and sized 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 um (optical diameter). While only a small fractional percentage of particle counts correspond to
diameters greater than 5 pm, when these data are converted to a volume distribution (hence reflecting
the actual distribution of particle mass, and possibly activity, in the samples), the volume percentages
corresponding to particles with diameters greater than 5 pm are quite significant (greater than 30 %).
The authors 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 in Reference [99] 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 10-1¢ for 0,7 um particles,
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the observed penetration was approximately 10-5. Reference [99] concluded that system leakage
phenomena and the size distribution of the challenge aerosol particles can override filtration theory
considerations in predicting the size distribution of particles penetrating the HEPA filter systems.

This is consistent with studies of multiple HEPA banks[38], which 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
respective activity concentrations are very small due to the reduced challenge and narrowing spectrum
of particle size at each successive stage. At the same time, failure of earlier stages can be expected to
result in both higher release concentrations and larger quantities of particles in the inertial size range
(with a D, equal to 1 um and larger) Therefore the de51gn of extractive samphng systems in HEPA-

filtered stac
presumption

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

of normal operating condltlons and HEPA filtration.

er the

- - N i
Particle 512;3 AMAD? of chal Mean measured efficiency | Rémaining activjity?
HEPA sthge enge
% Bq/m3
pm
1 0,7to2,1,0,=2t03 99,998 76 107 to 108
2 0,45 t0 0,82, 0,=1,5to 2 99,998 17 102 to 104
3 0,37t00,70,0,=1,3t0 1,8 99,864 92 1to5
a2 AMAD is the activity median aerodynamic diameter.
b Challenge perosol particle concentration is equal to 1012 Bq/m3 to 1014Bq/m3.
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uranic aerosol particulate charactéristics under accident condition|

hilure under a variety of accident conditions adds another dimension to the conce
ed to sample particulate radioactive substances in the larger size ranges. But noy
ask, what, if a substantial HEPA/failure occurs, is the upper particle-size limit that o
is necessary to sample efficientlyin order to properly represent the majority of the adg

D, equal to 10 pm to 15'wm? It is understandably difficult to characterize aerosol paj

hge aerosol particles. The literature, derived from studies of aerosol particles asso

with acciden|

kpected as a result ofHEPA failure. As is the case with normal, intact HEPA filter bank
characteristics of the aerosolparticles penetrating a failed HEPA are determined by the charactet
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nt? In other words, can thessize distribution of effluent aerosol particles at the sanpling
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gloveboxes
cases are indicative-of what is known and expected.

a)

b)

74

al spills and{ires in nuclear facilities and of in situ dust and debris in uranium/plutq

and ductsyprovides the best indications of what to expect. The following synopses of|a few

In a stufy-of plutomum particle sizes 1n air samples taken in operational areas at the ]
Flats Plan a 3 S
containmentl®ll, it was found that operatlons such as machlnlng, 0x1de crushmg and fluorlnatlon
of plutonium produced airborne particles with mass median aerodynamic diameters (MMAD) of
2 um to 4,5 pm (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 pm. The author 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[101],

In Reference [38] the authors 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 Bq/m3
to 1 010 Bq/m3. Fabrication operations produced fairly large aerosol particles (predominant
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AMAD, D,, equal to 3 um to 5 um), while recovery operations consistently produced particles in the

sub-micron range (0,1 um to 1,0 pm). Research and development operations genera
predominantly in the intermediate range (1 pum to 4 um). The largest reported size b
log-normally distributed impactor data from all sites was a 10,9 pm bracket (normaliz
of 4 % by activity), from a research and development facility.

ted particles
racket in the
ed frequency

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. Reference [74] 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 pm to 20 pm. Ventilati

included. In Pacific Northwest Laboratory studies[4?] of burning radiedetively o
aterials, uranium was used as a surrogate for plutonium. Combustion aefos0l particl
uranium from contaminated plastics produced fairly large particles withvan MMAD e
¢ 5 pm. Compounds in glovebox gloves (polychloroprene) produced-the largest part
of 19,9 um). Burning cellulose produced particles with an MMAD fr¥om less than 1 p
ap 10,5 pm. Conversion of these numbers to aerodynamic diameter is uncertain as the
shape factors are unknown.

Alccident conditions can involve leaks or spills of liquid and‘powder forms of radioactiv
that generate airborne materials. In studies with«uranium and other surrogate
pprticles with a wide range of MMADs between 37um and 20 um were measured.
appear to produce the largest particles from splash droplets that start large but get s
liquid evaporates. The particle size distribution$‘resulting from powder spills have mo
due to agglomeration effects in the bulk state:

gglomeration in accident-generated aerosol particles has been shown to produce lar
i a polydisperse aerosol of smaller particles. However, it appears that this process d
ektraordinarily large particle-size,;modes. Using data from the Oak Ridge Nationa
nuclear safety pilot-plant experiments with burning sodium in a containmer
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Reference [57] predicted (and'confirmed with observation) a relatively stable evolution of the
ean aerodynamic diameter. Diameters remained below a D, of 5 pm for 5 days follogwing release
hd confinement.

a

some facilities, there is the potential for involvement of plutonium metal in fire scenarios. Studies
ve been made~of the release of aerosol particles under reducing and oxidizing environments.
eference [35]/found that the activity-median diameters of plutonium aerosol partic;ﬂas generated
om plutonidym metal pellets and foils were variable, but ranged from a D, of 4 pm to approximately
D um.
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G.4 Umplications for nozzle design
The available data indicate that the most common mode of particle size for plutonium and uranium
aerosol particles under a wide variety of conditions of generation is a D, of between 1 pm and 5 um
with measurable percentages of particles up to 10 um, or even 20 pum. The appearance of particles
in the inertial size range (with a D, above 1 um) 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 pm to
15 pm. 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 or duct effluent can contain a sizeable mode of very large-sized particles due to the
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nature of the materials being handled, it is not necessary to require performance testing in size ranges
beyond 15 um.

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 a review[33] of a wide range
of literature on particle-size distributions of radioactive aerosol particles measured in workplaces
throughout the nuclear industry and government laboratories, it was found that in a total of 52 papers
reportingl mea emen of narticle AMAD he mea3 emen of AMAD in the n =¥ ower
ilar to those in workplaces as a whalg, with
median valugs of about 4 um. The exception seems to be for uranium mills, where the medianiis pbout
7 um. Reference [103] reviewed the characteristics of accident-generated aerosol particles/in Swedish
power reactgrs. A large body of literature exists on aerosol particles, vapour, and gases’generated in
postulated ppwer-reactor accidents. Little is available concerning less consequential\off-normal eyents.
The implicatjon is clearly that the challenge aerosol particles presented to HEPA filtration in practically
any nuclear facility contain a significant component of particles with a D, largerthan 2 pm to 3 prh and,
thus, can be present downstream of the filtration banks where sample extraction takes place.
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Annex H
(informative)

Tritium sampling and detection

Tritium chemistry

Tritiulm, an isotope of hydrogen, generally behaves in a manner similar to hydrogen. 7]

found

a)
b)

—n

i

Itis d
some
turn 4

Also,
orgar
repla

H.2

H.2.1

The f
in the
Whern
conte|
cana
vapou

H.2.2

The {
tritiu

|

in two primary forms in the exhaust stream:
the elemental form as a gas;
the oxide form as water vapour.

f particular interest that tritium in the oxide form has a boilingpoint slightly abov|
regulatory analysis this allows the oxide form to be considered-a liquid instead of a
1llows the use of a liquid physical form factor instead of thatfera gas.

tritium is sometimes found in the exhaust stream as a“component of methane or ¢
ics, or as a component of particulate matter. One sueh*example is LiOH, where the
fed with a tritium atom, LiOT. This compound is a solid material at temperatures up t

Sampling considerations

Introduction

rst step in selecting an appropriaté:sampling system is to determine the chemical fo
exhaust stream. If it is present in-multiple forms, multiple sampling techniques may
the oxide form is present, it.is necessary to consider carefully the temperature 4
ht of the exhaust stream.(Tfjthe exhaust stream contains water in droplet form, the
so be in this form and sampling as though particles were present is recommended. S
r only is appropriat€ when the oxide is not be expected to condense.

Sampler ngzzle

m. The 10cation and nozzle configuration should conform to practices outlined elsey

docuI
H.2.

ent.

ypically, it is

e 100 °C. For
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ther volatile
hydrogen is
0400 °C.

'm of tritium
be employed.
nd moisture
h the tritium
hmpling for a

ampler nozzle should be located in the appropriate place depending on the chemical form of

where in this

Heat tracing

The use of heat tracing on sample lines designed for tritium sampling should be evaluated very carefully.
Several of the tritium sample-collection methods rely on either absorption of water vapour into 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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H.2.4 Medium location
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

H.3.1 Introduction

There are several generally acceptable methods and/or media available for sampling tritium when it is
not in the parti itisi i i iculate
matter disculssed elsewhere in this document should be used.

Although th¢re are many factors that affect the sensitivity of a method, sensitivities on(the orfler of
40 000 Bq/m}3 are possible with sampling followed by laboratory analysis. Typical factors)but cerfainly
not all possible factors, that can affect sensitivity are sample flow rate, temperature of sampling,
pressure of §ampling, analytical method and sample medium.

Often, inforn
desired. The|
only 0,004 9
Therefore, r¢
quantity of t1

hation on the concentrations of both the oxide and the elemental’gas forms of tritijum is
uptake of tritium in the oxide form is very efficient, on the otder of 99 %[11l. However,

of the elemental tritium entering the body is converted tolthe oxide form and ads¢rbed.
leases of tritium in the elemental form have a much lowér dose than that from the|same
itium oxide. Combinations of the following methods can be used to determine total tifitium
and oxide leyels, with the difference being the elemental tritium-in the stream being sampled. Direct
measuremernt is also possible by first removing the tritium oxide, then converting the elemental tyitium
to an oxide form, followed by additional sampling.

H.3.2 Silicp gel

This method
over a perio

of sampling tritium oxide is the simplestto perform. This is a continuous sample col
 of days to weeks. It involves placing a canister of silica gel in the sample strear]

absorbing thfe tritium as water vapour on the;silica gel. For sampling tritium oxide, a coloured

gel may be u
different blu
to desorb thd

If tritium in t

sed. The anhydrous silica gel.is blue. As it adsorbs moisture, the colour changes, eithe
e or to another colour. The samiple, once collected, is sent to a laboratory where itis h
tritiated water.

he elemental form jis\present, then a catalyst, such as palladium, can be installed upst

ected
n and
silica
T to a
eated

ream

of the sample chamber. The catalyst converts the elemental tritium to the oxide form, which dan be

absorbed onthe silica gel.

H.3.3 Moleécular sieves

This method|is idéntical to the silica gel method, except molecular sieves are used in place of sili
This method|has two advantages over silica gel.

ra gel.

a) The media 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.
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H.3.4 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 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.3.5 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

RS e
The spmple is routed through a mechanical cooling system and the condensate is colleeted in the liquid
state| A loss or reduction of cooling capacity of the condenser allow the tritium-containjng moisture
to esgape from the system in the exit gas. To ensure representative sampling; regular equipment
mainfenance is required.

H.3.4 Catalysts

All of| the above methods rely on the tritium being in a vapour form, generally water vppour. When
tritium is present as an elemental gas, it is then necessary to convert it, using a catalyst| to the oxide
form |before it can be sampled. Although any catalyst that cam~cenvert elemental hydrqgen into the
watei or oxide form can be used, a palladium catalyst is the most’common choice.

Wher] tritium is present as an organic chemical specie§, it is often necessary to use 4 combustion
catalyst. An example is a platinum on aluminium oxide(catalyst in a heated combustion ¢hamber. The
tritium in the organic compound is oxidized to HTO and collected using the methods desciibed above.

H.4 |On-line detection

H.4.1 Ionization detectors

This ils a very simple detector thatcan detect both elemental and oxide forms of tritium. The sensitivity
can b as low as 0,04 MBq/m3 dépending on chamber volume. The major drawback to thjs detector is
that if is sensitive to any gamma'field in the general area and to any other ionization occurring in the
champer. A second chamber, iS"sometimes used to compensate for external gamma fieldq by exposing
the s¢cond chamber onlgto’the field and not the exhaust stream. An additional chamber|with a silica
gel o1l molecular sieve“pre-treatment is sometimes used to discriminate between oxide ahd elemental
tritium.

This type of detéctor can be used when tritium is present as an organic vapour, such as tritiated
methgne.

H.4.2 (Proportional counters

This type of counter detects tritium by using a rise-time discrimination principle. Since the soft beta of

tritium has a short drift time, this detector can discriminate between tritium and other radionuclides,

such as noble gases or other gamma emitters. The sensitivity of these instruments is around 0,4 kBq/
3

m>.

© IS0 2021 - All rights reserved 79


https://standardsiso.com/api/?name=3ba1d17443b163026958feea36fe4b90

ISO 2889:2021(E)
Annex I
(informative)

Action levels

I.1 General

An action leyel is an effluent contaminant concentration threshold at which it is necessary to,pefform
an approprigte 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-intervéntion
in the process creating the contaminant. There are inevitable consequences of whatéver respopse is
taken. Some [responses are relatively minor, others are much more significant in ternis’of cost, dgmage
to equipmenf and, possibly, even human health and safety. Careful consideratiomtaking into adcount
all such congequences, should be given to the setting of an action level for an effluent sampling or
monitoring slystem. There can be not only false negative outcomes (i.e. a true release of significandge that
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gated), but also false positive outcomes (i.e. worker responges‘to alarms, risks asso
hutdown, and costs that are incurred needlessly). Both types should be anticipate
h the hazard potential of a particular effluent and othér’factors, false positive out
re consequence to facility operations and worker safety than false negative ones, ¢
be and evacuation of areas. Facility administrators shiould be cognizant of all reaso
utcomes.

involving events with significant releases apd*potential risks to members of the pub
either by the regulator or through discussions between the regulator and the licg
[ve these regulatory alarm levels requireeporting to the regulator. In addition, the lic
pwn, lower alarm levels (also calledsadministrative levels or limits). These may be

s, For example, tritium releases'from heavy water reactors may be based on the eco
5 of heavy water. There is usudlly an internal reporting procedure when administ
its are exceeded. AdminiStrative levels are usually set somewhat above normal rq
s based on increasing_pelease rates may be used in control monitoring to war

r administrative level.

bf selection ofjan appropriate action level requires a consideration of
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ht conditions have ciahged and immediate action may be required to avoid exceeding an

a) the physfical and ¢hemical characteristics of the contaminant,

b) the charfacteristics of the sampling system required to obtain a sample of the contaminapt for
analysis|and counting (e.g. the nozzle design characteristics, the transport line design or sanlxpling
location}a1d

c) thetype, intensity and variability of interference with the measurement.

Each of these three factors can contribute relative uncertainty to the contaminant-concentration
estimate and, therefore, affect the level of confidence that can be assigned to the decision. The selection
of an appropriate action level is separate from, and precedes, considerations of the required sensitivity
of the sampling and measurement systems.

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);
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— system availability: tracking sampling-system availability and response so the facility operators
are alerted if equipment failure takes a system off-line or seriously degrades performance;

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.

When determining action levels, consideration should be given to accuracy, precision and relative
uncertainty. These terms apply to both the process of sampling and the process of measurement.

The ¢

meas
proce

Statig
calcu
same
on rg
meas

ncern for accuracy is directed at the elimination of systematic uncertainty in the sampling and

irement processes. Regular calibration of sampling and measuring equipment us
dures and traceable standards is used to establish accuracy.

tical measures of the dispersion of results about a measurement-population mean
ate precision. Sampling precision can be determined by replicate samples obtain
conditions. Measurement precision is obtained from the statistics_ofirepeated m|
plicate samples and by detailed analysis and propagation of-‘uncertainties in
irements. Sampling and measuring precision are combined statistically to obtain a

overall precision.
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oncern of precision determinations is the estimation and, where possible, reductia
tainties in the sampling and measuring processes.

epartures of measured values from either the true'walues (accuracy effects) or fr
asured values (precision effects) are measures-of relative uncertainty in the s
irement system results. Contributions to relative uncertainty in sampling or meag
letermined independently and combined. by statistical propagation of relative uj
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in Annex E.

Table I.1 — Guide to standard uncertainty of sampling and measuremen

Factor or consideration Record sampling Control monitoring
Frequency of
a) sampling continuous continuous
b) measureniént weekly near real-time
Relative standard uncertainty of sampling system
a) oyerall accuracy *15% +20 %
precision *15 % +20 %
b)> sampling accuracy *10 % +10 %
precision +10 % +10 %
CJ_ Imneasurementaccuracy FI0 % T8 %
precision 10 % +18 %
System availability >90 % >95 %

Each facility should set data quality objectives for its particular sampling and measurement systems.
Guidance for recommended levels of relative uncertainty as they pertain to accuracy and precision of
sample extraction and transport, and of measurement, is given in Table [.1. Most of the recommendations
for control monitoringin Tablel.1 are notas stringentas 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 systematic uncertainty 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 [.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
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to extract and transport without significant sampling bias, leading to estimated sampling accuracy
relative uncertainties higher than 10 %. In contrast, measurement accuracy in some systems can
be easily held well below 10 %, 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 other optimization goals. The overall system-relative 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 20 % for the overall relative uncertainty in system
accuracy for continuous monltors is the square -root of the sum of squares of the samphng accuracy
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Mentioning these components separately calls attentlon to the fact that if the san
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iccuracy, and no amount of attention to measurement accuracy in the system ¢an p
om generating poor, biased data and faulty alarm responses.

h levels for control monitoring

n1siderations in the setting of appropriate action levels. Thére are no hard-and-fast
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tive uncertainty, as shown in Annex.E. If the costs of false alarms in an effluent monif
hirge, then a decision can be made te’set the alarm threshold at a relatively high lev
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The user should determine an action level that can be attained, and design and oy
p the detection limit foxthat sampling and measurement process is sufficiently belo
o avoid false alarms.

Control monjitoring, using acCAM with an alarm, does not imply that there can be a more rglaxed
attitude toward achieving a representative sample. In the case of continuous monitoring for parti¢ulate
radioactive gubstance in‘€ffluent streams, there might not always be a “sufficient” number of [small
particles in g4 releasecto ‘cause an alarm. Nor should it be assumed that, in a poorly designed sampling
system, a fey large-particles can get through to trigger an alarm. Such assumptions are ill-advised
and unaccepfable.X\The danger resulting from a 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, Tor example) can be the very component that provides 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 collection process are due 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.

1.3 Action levels for record sampling

A facility or work area that has the potential for radioactive emissions (categories 1 to 3) should 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
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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 relative 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 certaln statlstlcal tests and trendmg procedures (e.g.a control chart) are important. A
. : v o help decide
whether a datum should be regarded as belonglng to the family of normal values for'the parameter
beingl measured (e.g. the mean concentration of radioactive substance emitted during the previous
month or quarter), or belonging to a new, unidentified situation that requirestlinvedtigation and
interyention. An investigation can determine whether a systematic uncertaintychad been introduced in
the apalytical procedure for radionuclide determination, or can aid in ascertaining if a smgll leak exists
in thd filtration system of the facility stacks or ducts being sampled or monitored. The decision on the
apprdpriateness of a given multiplier defining the action level hinges on(the estimated cosfs associated
with either being wrong in concluding that an excursion beyond the dction level has occurjred, and that
contrpls in a facility are breaking down (false positive), or being/wrong about thinking that emission
contrpls and analytical procedures are normal, only to discovernylater that chronic low-lgvel releases
have peen undetected (false negative). If the achieved detection limit for a sampling system is well
below the action level, there is sufficient latitude to eliminatefalse negatives by trending.

1.4 |System sensitivity needed to achieve selected action levels

whether the
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an action level has been determined, another issue that should be addressed is
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concentration equal to gross,activity concentration minus background activity concentratjon, would be
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The decision threshold of the activity concentration, c*, is given in Formula (1.1):

C =k1—06 (11)

O

Wherl the net activity concentration exceeds the decision threshold, there is a @ % chance of making the
error of concluding that activity concentration is present when there is truly only a background level

present (a false positive). Said differently, an alarm level set at ¢ would provide a false alarm rate of
X=a %. Usually in the field of radioactivity measurements, we consider a = 2,5 % or 5 %. From Table 1.2,
if we consider a = 5 % then ¢ = 1,645-0. Considering that a real-time monitoring system provides a
measurement every minute which means there are daily 1 440 output data and if the alarm is set up at

the decision threshold level, 72 false alarms per day (X=a =5 % of 1 440) are expected and this may not
be acceptable in terms of human factor.
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Table 1.2 — Alarm setup parameter K and its associated false alarm rate X

K=ki_, X=a
%
1,282 10
1,645 5
1,960 2,5
2,327 1
3,091 101
329 5y 10-2
3,720 102
4 3,2x 103
4,075 2,3x10°3
4,267 10-3
4,756 10
5 2,9 %105
5,203 10-5
6 9,9 x 108
Key
K alarm setup parameter
ki_o Quantile of a standard normal distributignfér a probability 1 - a,
dimensionless
X false alarm rate, in %
a probability of a false positive, in %

The detectidn limit, which represents the metrplogical capability of the measuring system, |s the
smallest valle of the activity concentration detectable with a probability, 1 - f5.

The detectiop limit of the activity concentration, ¢, can be approximated by Formula (1.2):

k)

t=2.c (I.2)

considering that =«

If @ = B = 5 % is considered, then thenc* =2.¢" =3,29-0(. From Table 1.2, if the alarm level is sef up at

the detection limit yvalue, i.e K = 3,29 corresponding to a false alarm rate X =5 x 102 %, and if g daily
1 440 outpuf datajis'still considered, then about 20 false alarms per day are expected and still may not
be acceptablg¢ in terms of human factor.

If one false alarm per month (X = 2,3 x 10-3 %) is considered as acceptable then the alarm level can be
setup at 4,075-0; which corresponds to the minimum decision threshold of the activity concentration,

¢ , of the system. However, as the multiplier X is increased, the false alarm rate decreased but there is

an increased probability that low-level concentrations of contaminants do not trigger an alarm. The

upper limit, ¢y, , of the confidence interval of the c,;, for a given probability, 1 - y, expressed as,

boo=c_. +k -u(c..: ), shall be less than or equal to the regulatory activity concentration limit
min min 4 min q g y y

2
Ry .Itis preferable that the regulatory activity concentration limit, R , is much higher than ¢

c

>

min SO the

alarm level set up, Sy =c,;;, , at the value of ¢’ canbe only an administrative alarm level decided by the
licensee for operational reasons.
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Figure 1.1 summarizes all the metrological requirements previously described about the system
sensitivity needed to achieve selected action levelslel. This subject is discussed further in References [4]
[5] and[6].

é {40'- y -~~\‘: :/o" Y _~~\: )
sc Cminikl'?'u (Cmin) > SLikl'E-u (SL) ERL—SLD

i Crnin H [ |

N
Z
c

N

S0 = Crmin L
Key
¢ activity concentration, in Bq-m-3
¢ decision threshold of the activity.concentration c:; ,in Bg'm3
c* detection limit of the activity.concentration ¢ , in Bgtm-3
Cmin minimum detectable activity concentration ¢, , in Bg'm-3
range of ¢, for a given probability 1-y, in Bq-m-3
{cmin £k 3 u(Cmin )}
2
c upper limit of the confidence interval of ¢, for a given probabil-
ity 1-y,inBqm3 (c,,, <R,)
R, reguldtory activity concentration limit, in Bq-m3
So detection alarm level value related to an acceptable |evel of false

alarm rate , in Bq'm-3 (administrative alarm level defided by the
licensee for operational reasons)

SL detection alarm level value related to R, , in Bq:m-3
N upper limit of the confidence interval of the activity c¢ncentration
corresponding to S; for a given probability 1-y, in Bq{m-3
<:> range of possibility to set up action and/or alarm levels if needed

Flgurel.l — Synthesis of the metrological requirements to achieve selected actipn levels

It should also be noted that the periormance of a real-time monitoring system does not only depend on

the metrological aspect characterized by the decision threshold, the limit of detection and the ¢’ but
also on its dynamic capacity characterized by its response time when facing a released activity event
and especially in case of puff release of short time. In that situation if the response time is too long the
actual value of the activity concentration cannot be measured.

The ideal performance is to have a ¢* aslowas possible associated with a very short response time, but
unfortunately these two criteria are in opposition. It may be then necessary to find a compromise
between AMD and the response time in the choice and the settings of a real-time monitoring system in
order to take into account both the dynamic characteristics of the released activity events and the
respect of the requirements needed to achieve selected action levels.
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I.5 System performance and availability alarms

System performance and availability alarms are a separate consideration from action levels based on
effluent releases. The designer of the sampling system should consider the requirement for alarms
activated by system-component failure that results in the inability to sample properly. Such system-
failure alarms should be differentiated from alarms triggered by effluent-release action levels because a
very different response is required. Establishing system-failure alarms should be based on a statistical
evaluation and consequence analysis, considering acceptable levels of false positives and false negatives
as discussed in L.4.

System failure can take two forms The f1rst is a complete fallure Complete fallure can be a system
shutdown cag : : : ailure
should be inglicated by an alarm to ensure that actlon is taken to restore operatlon A complete-fhilure
due to the lops of a vital component can require a separate alarm for each mode of failure iecduge the
different failire modes can require different responses. The importance of the alarm and.thepriority of
response shquld be determined and entered into the facility alarm-and-response plan.

The second form is a partial failure that compromises the quality of the output, renders the dutput
unusable ani causes the system to fall below safety or regulatory requirements~This type of fhilure
should require a system alarm and a graded response because there can be differences in operation
that require[interpretation of instrumental data before activating an alarm. Two examples of partial
failure are g significantly reduced sample flow rate and a significapt.leak in the sample-trar{sport
system. Therle are many other possibilities for partial failure and it cafy b€ impractical to trigger ajJarms
for them all. Consequently, there are guidelines given for maintenanee ‘and inspections in Annex ]
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Quality assurance

General

mentation, maintenance, inspection and calibration are key components of ensuring.
mples.

Documentation

General

The quality assurance programme should ensure that the air sampling system and its con

chara

].2.2
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includ
forms
proba

].2.3
The r
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cterized and documented.

Source term

ncludes changes to the ventilation system or chatiges to processes that can affect
nt discharged. The nature of the processes serving each stack or duct should h
ling information about the identity of the radionuclides as well as their chemical
. The air-cleaning systems associated with“each stack or duct should be identified 3
ble nature of releases resulting from the possible failure of these systems.

Effluent flow characterization

esults of studies to characterize the flow conditions of the effluents should be docy
1l and temporal variations~iit velocity across the stack or duct, determination of d
ates of particle size distributions, etc.). The documentation should include or list al
yed, times and dates, -of the measurements, individuals involved, equipment u

pertiment information reégarding facility operations.

].2.4

Docu
their
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Design and.construction

mentatiofi that describes the objectives of each sampling system and lists all radig
botentialphysical and chemical forms should be available. If a particular component i
mpled, the reasons should be discussed.

he quality of

nponents are

the airborne
e identified,
and physical
s well as the

imented (e.g.
yclonic flow,
| procedures
sed and any

nuclides and
s present but

Ther

dtiomate armd any supporting evidence for sampting ata particutar focatiomr atong the

luct or stack

should be documented. Similarly, the rationale for sampling at particular point(s) within (across) the
stack or duct should be documented. Documentation that explains the rationale for the design of the
sampling system should be available. This includes documentation regarding the choice of the transport
system, the material, diameter and configuration of the sampling lines, the choice of filters or absorbers,
the selection of flow meters, 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.
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J.3 Maintenance and inspection

].3.1 General

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 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 malntenance act1v1t1es should be descrlbed in procedures Checkllsts should be
employed aspa ' - ect ' of the
record of the¢ inspection. The inspection and mamtenance records should include the nature bf the
inspection dr maintenance, reasons for the inspection or maintenance, names of the.findividuals
involved, timjes and dates, identity of the equipment employed and a description of any réplac¢ment
parts or matprials. All deficiencies identified during scheduled and unscheduled inspe¢tions shouyld be
recorded. Regcommended maintenance and inspection guidelines are given below. Regularly schelduled
inspections ghould 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.3.2 Inspections

Inspections should be performed routinely, quarterly or annuallyhas” appropriate and practicable,
possibly confurrent with other maintenance. Inspections should-include, but are not limited tp, the
following:

— position|and orientation of sampling nozzles or inlets;

— conditioh of nozzle or inlet openings;

— dust acchmulation in the sampling nozzles, inlets'and transport lines;

— corrosiop, physical damage or dust loadingto the transport lines and equipment;
— filter-holder gaskets;

— leakage |n the overall sample-transport system;

— tightnes} of all fittings and connections;

— condition of flow sensors;

— calibratipn of flow.nieters (the value of the flow rate determined by the test should not deviatg from
the nom|nal valuegnore than 10 %).

J.3.3 Sampling system flow meter inspections
P gsy

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 can be 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, g4, 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
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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 rotameters 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
rotameter 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
rotameter should be removed from service, cleaned and re-calibrated.

].3.4 Continuous effluent flow measurement apparatus

On a‘rj annual basis, response checks should be made of the flow-rate readings from installgd equipment
throulgh use of a reference Prandtl-type Pitot tube. If a thermal anemometer or Pitottube |s used in the
stack|or duct, the reference Pitot tube should be placed in the vicinity of the installed devjice at a point
wherg, based on previous measurements (see Annex A), the velocity reading isceither the|same as that
of theinstalled device or a known correction factor can be applied to providesalpatio of thel two velocity
readings. If the installed sensor is a Pitot tube, the velocities calculated fromyuse of the twojtubes should
be within +10 % (after taking into account any correction factors). If the installed sensoi] is a thermal
anempmeter, the velocity, V, determined from use of the reference Pitet tube should be conjverted to the
equivplent velocity, V4, at standard conditions as given in Formula (J/1):

Tstd Pa
Vitd, ta = Vapt - T : (J.9)
a Pstd
wher¢

Vitd ta is the velocity obtained from a singl¢-point thermal anemometer at standar(d conditions,
in m-s;

Vot is the velocity at actual conditions determined from use of the referende Pitot tube,
inm-s?;

11 is the actual temperature in the stack or duct, in K;

Tiiq is the standard temperature, equal to 298 K;

pl is the actualpressure in the stack or duct, in Pa;

Phig is thestandard pressure, equal to 101 325 Pa.

The rfatio of the\velocity at standard conditions indicated by the installed sensor and the reference
sensor shouldbe within 10 %.

If the velOcity value from either an installed Pitot tube or thermal anemometer is outside of|the specified
range, the cause of the difference should be determined. It can be necessary to recalibrate the device.
Also, if a sensor requires maintenance that can affect the calibration, the device should be recalibrated.

If the flow sensor is a Pitot tube, response checks should be made at least quarterly to verify the
functionality of any pressure gauges used in conjunction with the Pitot-tube readout. This check may
be a simple test to show that the application of a pressure differential causes an appropriate output of
the gauge.

If an acoustic flow meter is used as the installed equipment, at least quarterly performance checks
should be made by comparing the average velocity determined with the acoustic flow meter to
the velocity at a reference point determined with a Prandtl-type Pitot tube. Based on the reference-
method measurements (see Annex A) taken during calibration of the acoustic flow meter, a ratio can be
established between the average velocity and the velocity at the selected reference point. The velocity
measured with the acoustic flow meter should agree within 10 % of the single-point Pitot-tube
measurement when the latter is corrected with the velocity ratio.
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J.4 Calibration

J].4.1 Introduction

Measurement and test equipment should be calibrated using standards whose calibration is traceable
to the governing national institute of standards and measurements or derived from accepted values
of natural physical constants. 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 systems 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
The results d
records shoy
numbers of t

f all calibrations should be recorded. This includes flow-meter and timer calibration
ld include the names of the individuals involved, times and dates, and the types and
he calibration equipment.

J.4.2 Calibration of sampling system flow meters

The goal of t
total volume
analysis. All

first principl
of standards

The internal
indication of

he flow-meter calibration is to help ensure that the uncertainty in the measurement
of air sampled is +10 %. Annex E describes a number of considerations for uncer
flow meters should be calibrated at least annually against«devices that are either bas
es (bubble meters or proof meters) or that are traceable te the governing national ins
and measurements.

sensing region of a flow meter should be inspected before calibration. If there i
surface deposits, the internal components of the'flow meter should be cleaned or rep

Mass flow miters should be calibrated at conditions corresponding to 40 %, 70 %, 100 %, 130 ¢

170 % of thd
technical jug
calibration d
through the
exceed the li
to encompas

It can be ne
to operating
at the throat
calibration s
sampling. Th
average abso

Rotameters
flow rate dui

nominal flow rate in terms of standardyconditions. Other values may be used. Hoy
tification should be documented to show that the use of the selected points prq
ata of a quality equivalent, or superior, to the recommended points. If the flow
sampling system can, under normal conditions or anticipated or accident condj
mits recommended herein fox flow calibration, additional calibration points should be
5 the possible operating range.

fessary to calibrate critical Venturi flow meters only at a single point that corres
conditions with a sufficient pressure differential across the meter such that the ve
of the meter is¢sonic. The temperature at the entrance of the critical flow meter d
hould be withifi ¥5 °C of the average temperature anticipated at that same location d
e absolute préssure pat the entrance of the critical flow meter should be within 2 %
lute pressure anticipated at that location.

ing Sampling, and at 75 % and 125 % of the anticipated sampling flow rate.

used in calibrating all equipment and systems should be clearly described in proce‘liures.

5. The
serial

of the
fainty
ed on
titute

S any
laced.

o and
vever,
vides
¢ rate
tions,
used

bonds
locity
uring
uring
of the

Should~be calibrated at flow-rate conditions that correspond to the average anticipated

J.4.3 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.4.4 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

Carbgn-14 is a radioactive isotope of carbon with behaviour similar to that of the stable-carpon isotopes.
The nuclear reactions that produce 14C in reactors with thermal neutrons are 170(n,@) %( (o = 0,24 b),
14N(n|p)14C (0 = 1,82 b) and 13C(n,y)14C (0 = 0,000 9 b).

NOTE 1b=1028 m2

Carbdn-14 is of concern because of its very long half-life (5 730 y), the/ mobility of cprbon in the
envirpnment and its ubiquitous presence in biological systems. Carbon-14 has been [identified in
airbofne effluents from nuclear power plants in the forms of particutate 14C, gaseous 1#€0, and non-
CO, ghses. The latter can be 1#CO or various organic gases, e.g. 14CH,.

K.2 |Sampling considerations

K.2.1 Introduction

Wher] selecting a suitable sampling medium for.#*C, it is important to consider the pres¢nce of other
contajminants (both radioactive and non-radipactive) in the sampling stream in addition tq the physical
and chemical forms of 14C being collected, For example, if the effluent stream has high humidity, it is
necessary to remove the moisture before ising a molecular sieve to sample the 1#CO, , otherwise the
moistlure will saturate the molecularn(sieve. Likewise, it is necessary to remove HTO from the sample
stream before collecting 14C to avqid interference in the counting of 14C, unless a chemical gtep is added
beforg counting to remove the substances that interfere with the 14C signal.

K.2.2 Particulate 14C

The spme requirements\for sampling other particulate radioactive substance apply to pafticulate 14C.
Thesg include considerdtions of sampling location, nozzle design and line penetration.

K.2.3 Gaseous 14C

The shme fequirements for sampling other gaseous radioactive substance apply to gaseouf 14C.

K.3 Sampling media

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 14C, 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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