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ABSTRACT

The need for upgrading the effluent monitoring systems at commercial nuclear
power plants was recognized following the TMI-2 accident in 1979 (NUREG-0737,
Clarification of TM!I Action Plan Requirements) Improvements have been made to
these systems since then, but not all problems dealing with the measurement of radio-
active releases during severe accident scenarios have been addressed. This report dis-
cusses some of the generic issues associated with the transport and subsequent
sampling of noble gases, particulates, and iodine species that utilities musi conside: to
ensure accurate reporting during severe accident conditions. In light of these gene ic
concerns, a specific postaccident upgrade is discussed, major measurement uncertain-
ties are identified, and recommendations are made. The focus of these recommenda-
tions is the transport behavior of iodine; sampie-line losses may result in an order of
magnitude error for near-real-time measurements. Finally, a recommendation tor a
laboratory sample-line test program is made. The laboratory effort would betrer
defire the uncertainty of the commercial measurements and also provide data for the
improvement of line-loss algorithms.

FIN No. A6832



SUMMARY

The research branch of the Nuclear Regulatory Commission (NRC) has chartered
the idaho National Engineering Laboratory (INEL) to evaluate the effectiveness of
nuclear power plant effluent radioactivity monitoring systems, and subsequently
determine areas of high measurement uncertainty during severe accident conditions.
The effort is an activity of the “Performance Evaluation of Electrical Equipment
During Severe Accident States™ Program, funded under FIN No. A68132,

The emergency action plan for a severe accident in a commercial nuclear power
plant requires that plant monitors quantitatively measure and alarm (in near-real-
time) the combination of nuchdes present in the main exhaust stack. Unfortunately,
transport of samples of radioactive materials (including particulates, various iodine
species, and noble gases released from the main exhaust stack to the environment)
may distort both the measurement of composition and real-time concentrations. Dis-
tortion of composition is primarily the result of iodine transport behavior leading to
line losses; distortion of real-time concentration is primarily the result of iodine
deposition/ resuspension phenomena. Theoretically, the uncertamnty of line losses can
be minimized by applyving a correction factor based on diameter and length of the
transport tubing, sample flow rate, and empirical data. Unfortunately, there are no
correction factors for the response t'me issue, and particularly for the varying stack
release concentration conditions. These problems are a major concern, because
uncertainty of concentration measurements of iodine species (including elemental
iodine, as well as iodine-containing particulates) impact critical offsite bodv dose
calculations during and after a severe accident. As an example, laboratory analyses in
near-real-time of collected samples can have more than a factor of 10 difference
between indicated and actual concentrations. Based on the work presented in this
report, it is recommended that two sizes of sample lines be tested in the laboratory to
define the uncertainties of the transmission line-loss correction factors and transmis-
sion line response times. Data obtained from these laboratory tests would then be used
to determine the effectiveness of existing system models and to make recommenda-
tions for their potential improvement.
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PRELIMINARY EVALUATION OF
EFFLUENT RADIOACTIVITY VIONITORING SYSTEMS
FOR BWR PLANTS

1. INTRODUCTION

The research branch of the Nuclear Regulatory
Commussion (NRC) has chartzred the Idaho
Nationz  Engineering Laboratory (INEL) to evalu-
ate nuciear power plant effluent radioactivity mon-
itoring systems. This work is an activity of the
“Performance Evaluation of Electrical Equipment
during Severe Accident States” Program, funded
under FIN No. A6832.

This report discusses the effectiveness of nuclear
power plant effluent monitoring systems! and uses
the existing Browns Ferry plant installation as the
basis for conclusions and recommendations deal-
ing with this particular measuring system
Although the report is “plant specific,” many of
the conceras brought o hight by tius study are
generic and apply to a greater or lesser degree to all
Boiling Water Reactor (BWR) nuclear power
plants,

Regulatory Guide .97, Instrumentation for
Light-Water-Cooled Nuclear Power Plants to Assess
Pilant and Environs Conditions During and Follow-

ing an Accident (R.G. 1.972 and NUREG-0737,
Clarification of TMI Action Plan Requirements,
Part 11.F.1-6,} provide the basis for design consid-
erations, requirements, and recommendations for
measurement ranges and capabilities.

Section 2 of this report provides sufficient back-
ground matenal to understand the recent history ol
effluent monitors, including TMI-2, and the result-
ing requirements. Section 3 describes effluent
monitoring systems that are installed at BWR
nuclear power plants and includes a brief descrip-
tion of the effluent monitors at the Browus Ferry
facibty. Section 4 presents the concerns associated
with the performance of effluent radioactivity
monitors during severe accident conditions, and
Section § recommends additional studies including
testing of sample lines to determine the accuracy of
predicting losses and response times of a line, Sec-
tion 6 summarizes the conclusions of this prelimi-
nary evaluation,



2. BACKGROUND

This section provides background information
on the pre- and post-TMI design criteria, perform-
ance of the radioactive effluent monitors during
the TMI accident, and current requirements for
SMErgency response actions.

2.1 Sampling and Detection
Considerations

Effluent radicactivity monitors instalied betore
the TMI accident were designed to detect and mea-
sure only releases associated with normal reactor
operations and anticipated operational occur-
rences.4 Such monitors were required to measure
concentrations of radioactivity approaching the
minimum amount detectable, with the then state-
of-the-art sample coilection and detection meth-
ods. In general, the monitors complied with the
criteria of Regulatory Guide 1.215 with respect to
releases from norma! operations and anticipated
operational occurrences, but did not have suffic-
ient dynamic range to function durmng the release
conditions associated with some severe accidents.

The effluent radioactivity monitors at TMI were
no exception; they failed to perform properly dur-
ing the initial phases of the accident. Specifically:

® The plant vent gas effluent radioactivity
monitor gave erroneous indication of high
radioiodine content in releases from the
stack vent.® The erroneous indication was
caused by concentrations of short-lived
noble gases being retained in the charcoal
iodine adsorption tilter cartridge, and
being indicated as radioiodine by the mon
itor readout system.

®  The plant vent ¢ffluent radioactivity moni-
tor which was designed to detect and mea-
sure the presence of particulate radioactive
material in the plant had similar problems.

* The plant air effluent monitor for noble
gas sampling in the auxiliary building vent
went offscale at 10-2 uCi‘ee. Estimates of
actual release concentrations were calou-
lated to be on the order of 107! 4Ci/ce to
1 uCisee,

e Samples taken in the field could not be
analyzed after the onsite laboratory was
disabled because of contamination from
high airborne activity. The source of the
contamination was a primary coolant sam-
ple being analyzed at the time.

The measurement problems of the TMI effluent
radioactivity monitoring system were considered
generic and | to other plants. As a result,
NUREG-0737,7 1LF1, Attachments 1, 2 and 3
and Regulatory Guide 1972 were published to pro-
vide guidance for the specification of systems that
would help ensure that accident-momtoring instru-
ments have sufficient operating range to vield
onscale readings under accident conditions.

NRC Regulatory Guide 1.97, Instrumentation
Jor Light-Water-Cooled Nuclear Fower Plants (o
Assess Plant and Environs Conditions During and
Fodowing an Accident,? increased the upper limit
of the detection sensitivity for particulates, halo-
gens, and noble gases in airborne releases 1o
100 wCi/ce for particulates and halogens, and
100,000 wCi/cc for noble gases (see Table 1), These
higher range severe accident requirements have
made past effluent monitoring equipment inappro-
priate because of detector saturation. In addition,
radiation damage may occur at the required mea-
surement and working conditions. Therefore, a
new generation of effluent radioactivity monitors 18
now being installed in many plants. Retrofitting of
these instruments to existing plant sample lines,
and sample points, leaves some doubt about mea-
suremeni accuracy during a severe accident; this
will be discussed in Section 4.

NUREG-0737, Clartfication of TMI Action Plan
Requirement, specifically states in 11.F.1, Astach
ment 2, “Sampling and Analysis of Plant Efflu-
ents,” that “iodine gaseous effluent monitors for
the accident condition are not considered to be
practical at this time. Capability for effluent mom-
toring of radiwiodines for (he accident condition
shall be provided with samplicg conducted b
adsorption on charcoal or other media, followed by
onsite laboratory analysis.” It also states that
“samphling of particulates and iodines should pro-
vide for sample nozzle entry velocities which are
approximately isokinetic with expected in-duct or
in-stack air velocities™ per ANSI NI3.1-1969.7



Table 1. NUREG 0737 upgrade monitor range guidelines

2.2 Plant Emergency Response
Considerations
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radioactivity monitoring systems giving alarms ar
preset levels, in conjunction with other “general
emergency” imtiating criterta. Stack alarms are
usually triggered by noble gas detectors; because
noble gas detectors provide real time information.
Initial emergency action requires real iime informa-
tion about releases to the environment in order to
notify state and local government organizations in
less than 15 minutes (the time is site specific) of the
first indication of an emergency. The immediate
action for this class is sheltering rather than evacu-
ating people until an assessment can be made that
(a) an evacuation i1s indicated and (b) an evacua-
tion can be completed before significant release
and transport of radioactive material to the
affected areas.

Provision must be made to send a follow-up mes-
sage from the facility to offsite authorities within
30 minutes of reporting the emergency. The mes-
sage should contain the following information
about the potential human exposure dose calcu-
lated from the radioactivity measurements:

¢  Type of actual or projected release (air-
borne, waterborne, or surface spill), and
the estimated duration’ impact times

e Estimate of the quantity of radioactive
material released or being released, and
the points and height of release

¢ Chemical and physical form of released
material, including estimates of the rela-
tive quantities and concentration of noble
gases, iodines, and particulates

R — N R RSN RRNNRN WS, Sl

®  Meteorological condinions

®  Actual or projected dose rates at the site
boundary, and the projected integrated
dose at site boundary

*  Projected dose rate and integrated dose at
the projected peak at 2, 5, and 10 miles
from the site boundary

In agditton to initial emergency declaration
information, the effluent radiwactivity monitoring
system must provide ongomg and postaccident
quantitative data for monitoring actual or potential
offsite consequences.? Effluent monitor measure-
ments are used in conjunction with containment
radiation monitor measurements and n-plant
todine instrumentation measurements to determine
source term releases. Also, effluent monitor mea-
surements are used in conjunction with meteoro-
logical information and field monitoring
equipment to determine offsite exposures and
contaminanon.

Thus, effluent radioactivity monitors must provide
the following:

®  Part of the informanion used to determine
when a “general emergency”™ should be
declared

¢ Initial data to decide on appropriate
offsite emergency action

*  Postacuident data for calculating potential
offsite human exposure consequences.



3. DESCRIPTION OF EFFLUENT RADIOACTIVITY
MONITORING SYSTEMS

This section provides an in-depth description of
the subsystems that compose most effluent radio-
activity monitoring systems instalied at BWR
nuclear power plants, and also a brief description
of the Browns Ferry Plant monitoring systems.

3.1 Description of a Generic

Effluent Radioactivity
Monitor

Figures | anc 2 show simplified piping and
mstrumentation diagrams of effluent radioactivity
monitoring systems hke those used for monitoring
plant ventilation exhaust and main stack exhaust
radioactivity in real time. The four major subsys-
tems which typically comprise effluent radioactiv-
ity monitoring systems are described below.

311 Sampling Pickup Duct Section The
pickup point for sampling the duct effluent 15 con-
figured in a special duct section designed for the

particular sample location, and typically contains
the following:

¢ Flow straighteners
¢ lsokinetic sampling manifold
¢ Absolute pressure transmitter
¢ Temperature transmitter
®  Total pressure (high) manifold
¢ Static pressure (low) manifold
¢ Protective purging air lilter/regulator
*  Pueumatic differential pressure transmitter
Figure 3 is a diagram of a typical pickup duct
section. A brief description of the duct section
hardware follows.
Flow Straighteners - A low straightener 1s
mounted ahead of the flow sample tubes and pitot
tubes. The flow straightener is a 4-in.-thick honey-

comb structure with a 1/16<in. hex to a |/24n,
modified hex cross section.

Sampile Pickup Probes - Sampic pickup probes in
the exhaust ducts are designed 1o operate under 1so-
kinetic conditions per ANSINIZ L, “Guide to
Sampling Alrbomc Radioactive Materials in
Nuclear Facilities.™” This means that the sampie¢
flow velocity must be controlled so that particu-
lates in the duct are sampled without disturbing
their velocity or direction of travel at the entrance
into the sample probe. Some isokinetic designs use
multipie probes and connect all the probes into a
larger diameter manifold. This design assumes tur-
bulent flow conditicns in the exhaust duct (the
same flow velocity across the duct). In reality, there
is some degree of particle stratification. In addi-
ton, there are variations in the velocity profile
caused by less-than-ideal duct geometry, and the
relatively iow flow rates expected during severe
accidents.

Duct Prassure and Tamperature - Absolute pressure
and temperature sensors located in the duct, with
the isokinetic sampling probes, are used (o provide
temperature and pressure data to the microproces-
sor for the purpose of calculating density correc-
tions between the sample probe and the detector
gas volumes. These sensors have associated trans-
mitters mounted on the sample duct section.

Pitot Tube Mardware and Differential Pressure
Transmitters - A rake of pitot tubes in the same sam-
ple configuration as the sample pickup probes mea-
sures the duct air flow velocity. This velocity
measurement is used to control the sample velocity
so that sokinetic conditions exist at the sample
probe inlet. The pitot tubes' impact pressure (high)
is connected into a total pressure mamfold. The
static pressure (low) at each impact pressure point
connects into a low-pressure manifold. The delta
pressure between these high and lew pressures is
measured with a three-stage pneumatic amplifier
The rugged amplifier, and associated pressure
transmitter, are located in a housing mounted near
the duct. This housing also contains a clean, dry.
air purge system to keep the pitot tube inlet ports
free of condensation and particulates that could
cause measurement errors

3.1.2 Collection and Detection of Particulates,
lodine, and Noble Gases Sample inputs from
ventilation exhaust ducts go to the effluent
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3.2 Description of the Browns

Ferry Power Plant Effluent
Radioactivity Monitoring
Systems
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accident. The reactor building ventilation monitor-
ing system provides gross counts of all radivactive
materials for alarm and action purposes.

The following subsections give a brief functional
description of the systems taken from the Browns
Ferry Final Safety Analysis Report ! | and from dis-
cussions with Browns Ferry personnel, These sys-
tems are composed of subsystems previously
described in Section 3.1,

3.21 Main Stack Radiation Monitoring
System. The main stack radiation monitoring sys-
tem provides an indication (o operations personnel
of when the radioactive matenals released to the
environment have reached or exceed specified lim-
its. The system consists of two individual channels
so that maintenance can be performed on one
channel without losing the alarm capability of the
system. Each channel consists of a gamma-
sensitive detector, a check source, a log count rate
maonitor (including a power supply and meter), and
a strip chart pen recorder (see Figure 2). The moni-
tors and the two-pen recorder are located in the
control room.

Each monitor has two upscale trips and one
downscale trip, each of which imitiates an alarm in
the control room, but does not control action, The
upscale alarms are triggered at different high-
radiation levels; the downscale alarm indicates
instrument trouble. The main stack gas stream is
sampled with an isokinetic probe located high in
the vent stream. A sample of the effluent is then
transported to the monitoring equipment through a
2133 ¢m long, 1.27 ¢m diameter sample line with a
flow rate of 2360 cc.sec. Twno shielded chambers
connected in series house scintillation detectors
which measure the radioactivity of the gas sample
passing through the chambers.

lodine and particulates are captured in an
adsorption filter connected in series with the gas
sample monitoring stream. 1he filters are changed
weekly during normal plant operation, and ana-
lyzed in the laboratory.

3.2.2 Plant Ventilation Exhaust Radiation Moni-
toring Systems. The plant ventlation exhaust
radiation monitoring system monitors composite
samples of ventilation exhaust from the (a) turbine

N —
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building, (b) reactor zone, and (¢) refueling zone
during normal operating conditions. The system
uses three separate detectors to measure and record
particulate, iodine, and noble gas radioactivity (see
Figure 1). The release raie 1s recorded by three sepa-
rate pens on a strip chart recorder located with the
monitor. The alarm for high activity, or monitor
malfunction, sounds in the main control room.
Sample lines, electrical power, and signal leads are
connected so that a spare unit can be quickly
installed if required. The particulate, iodine, and
total gas detectors each include a built-in check
source.

During a severe accident, the plant ventilation
exhaust isolation valves should close. With no flow
in the exhaust duct the effluent monitor indications
become ineaningless; periodic flow measurements
at selected points in the system are made to venify
that there is no flow in the exhaust ducts.

3.2.3 Reactor Building Ventilation Exhaust
Effluent Radiation Monitoring Systems [
reactor building ventilation system uses Geiger-
Miiller type detectors (mounted in the exhaust
ducts of the reactor building and refueling floor) to
transmit measured gross radiation level signals 1o
indicators and trip units in the control room. The
system consists of two individual channels that
share a two-pen strip chart recorder (Figure 4); it
functions as a process safely system in montoring
the reactor building atmosphere for abnormal
radioactivity (resulting trom nuclear system leak-
age) during normal operations.

High radioactivity from a refuehng accident or
severe accident results in automatic isolation of the
primary and secondary containment through clo-
sure of solation valves. The Standby Gas Treat-
ment System (SBGTS) is initiated at the same time
to maintain a controlled release to the environment
through the main stack  Radioactive materials are
then measured by the mam stack monitoring sys-
tein, Unth normal heating and ventilation flow
conditions return, the reactor building process con-
trol effluent measurement systemm output has no
meaning.

e e

e



P

=

b
I
[

1
*——-

115 Vac from
Two-pen .'- A%
| 115 Vac rom
I mwam
L-‘---Q . l
Power
| | supply |um

iy l
-------4--;-----,--L

Two-pen
recorder

—--J

|
‘

11 L T |
Indicator and indicator and ingicator and Indwcator and
trip unit trip unit P umt wip unit
4 decades 4 dacades 4 decades 4 decades
| ' ! {

Sensor ang
| yohidh-co | | |
| |
: |
Retueling floor zone : Sensor and convertor . |
ventdabion exhaust

system radiabon monitors

{Unit 1 shown typical for 2 and 3)

Figure 4. Reactor building ventilation exhaust radiation monitors

Reactor zone ventilation
eshaus! system montors

(unit 1 shown typical for 2 and 3)
LR LA



4. EVALUATION OF EFFLUENT RADIOACTIVITY MONITORING
SYSTEMS

This section presents a discussion of the generic
concerns related to effluent radioactivity monitor-
ing systems, and the results of an miual evaluation
of the Browns Ferry main stack monmitoring system.

4.1 Generic Sampling Concerns

Ideally, an effluent radioactivity monitoring sys-
tem must withdraw a representative sample at a
known flow rate from the exhaust duct and trans-
port it through sample lines unchanged (or com-
pensate for the change) to the remotely located
particulate, iodine, and noble gas collectors and. or
detectors. This requirement is relatively simple for
the noble gases, but difficult for particulates and
wodine. The inertial properties o1 the particles, and
the deposition characteristics of the iodine, cause
adherence 1o the surfaces inside the sampiing sys-
tem which, in turn, causes sample losses and con-
tamination of the sample system. Sample loss and
system contamination degencrate the system’s per-
formance and give nse to the genenic concerns
expressed in Sections 4.1.) through 4.1 4 under the
following headings:

®  Position of the withdrawal tube

¢ Withdrawing a representative sample with
a tube

e Sample transport including

condensation

vapor

e Sample collection and detection

4.1.1 Position of the Withdrawal Tube 1he
design of a system which will obtain a representa-
tive sample of particulates in a large duct is a very
difficult task, requiring knowledge of maximum
particle size, mean size, standard deviation of the
dispersion of sizes, and density of the particles. In
the absence of specific particulate data for a severe
accident, the pessimistic prediction of large parti-
cles being present must be used, since large parti-
cles are more likely to be stratified.

In addition, the design of the exhaust duct sam
ple withdrawal point should consider the following:

®  The velocity profile of the flow

®  The need for five or more duct diameters
of straight section before the sample point
(to establish stable flow condinons)

®  The need to be as near to the exhaust point
as practicable to ensure a true exhaust

sample.

Most of the time, these ideal conditions are sacri-
ficed for safety or for convenience of installation.

Uneven distributions (stratification) of radioac-
tive matertals and gases in large exhaust ducts and
stacks can cause sampling errors if pot enough
sample probes are used (o obtain a representative
sample. Error can also be caused by stratification
of particle concentrations tf withdrawal points are
100 near centrifugal exbaust fans, in the vicinity of
bends, or 10O near (ransitions,

Most ventilation systems are designed for turbu-
lent flow during normal operating conditions,
however, sample points need to be five duct diame-
ters or more downstream from flow injection
points to ensure good mixing, cven for turbulent
flow conditions. Under severe accident conditions,
flow reduction or diversion of the exhaust systems
can cause laminar flow conditions. In this case,
multiple withdrawal points must be used (o ensure
an average representative sample from the velocity
profile in the duct. Sample systems designed for
normal operation flow conditions may have only
one sample probe in a duct, i ¢, the designers may
ha# assumed turbulent flow conditions.

In summary, utiiit'*s that have designed effluem
radioactivity momitor sample pickup hardware for
normal turbulent flow conditions and then attempt
to use the same sample pickup design to satisty sys
tem upgrades to meet the gudance of NUREG
07377 might not obtain a representative sample
under severe accident conditions, During an aco
dent, lower than normal Mows could require more
sample points than exist across the duct, to obtain a
representative sample. The calculated radioactivity
concentration could have an order of magmitude
error if the sample withdrawal design does not con-
sider complicated low fow velocity profiles. Using



models to calculate average sample concentration
from limited sample probes in the exhaust duct
works well for flat turbulent velocity profiles but is
difficult otheraise. Verification of representative
sample withdrawal accuracy can best be obtained
by testing at both normal and accident flow condi-

412 Withdrawing a Representative Sample
With a Tube. ldeally. the probe and sampling rate
should not distort the flow and particle stream-
lines. When sampling only gases, the withdrawal
probe can be of any configuration and need not
face directly into the gas stream. However, sam-
pling an exhaust duct containing particulates
requires the probe to have an inlet flow area, and
flow rate, such that the inlet velocity and direction
nearly matches the average flow of the duct. This
condition is known as isokinetic sampling.

Several other critical system performance char-
acteristics depend on sample flow rate besides i1so-
kinetic sampling. For example:

& Sensitivity of the counting system
¢ Collector characteristics

¢ Sampling duration
*  Maximum sample concentration

®  The settling rate of the particulates i the
sample line

¢ lodine deposition and resuspension rates
in the sample line.

Deciding on the appropriate sample flow rate for
any given stack flow is an iterative process, with the
final sample flow rate somewhat different than
ideal isokinetic conditions. This is in order to opti-
mize other flow dependant characteristics.

Errors introduced by deviations from true iso-
kinetic sampling are a function of the particle size
and density. * Table 2 lists the errors caused by vari-
ous sampling rates. If the sampling probe inlet
velocity is only 50" of the duct velocity, and all the
large particles in the projected area of the probe
inlet enter into the probe, the concentration of
large particles will be twice as high as it should be.
Similarly, should the sampling probe inlet velocity
be twice the duct velocity, and particle inertia be
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such that only those large particles approaching the
projected area of the probe are collected, then the
observed concentration of large particles will be
one-half the actual concentration. Specifically,
when the probe velocity is different from duct
velocity by a factor of two, the sampling error can
vary from 6 to 14% for 4 micron average diameter
particles, and 14 to 40% for 12 micron average

In summary, true isokinetic sample withdrawal
conditions do not exist in many designs. The degree
of variation from isokinetic conditions »w a func-
tion of the specific flow profiles at the location of
sampling, the design of the withdrawal probe con-
figuration, and sample Mow rates. The sampling
errors caused by a sample flow velocity differing
from the duct flow velocity by a factor of two can
approach S0% if particles larger than 12 microns
are being sampled. Quantitative definition of
errors during a severe accident s difficult without a
knowledge of particle size distribution, mean parti-
cle size, deviation from mean size, and particle den-
sity for the accident seguence being considered.
Even if the errors could be quantified, the iso-
kinetic flow control might not be able to follow the
full range of acaident flow conditions, resulting in
errors for smaller or larger flow rates. The ertors
introduced by anisokinetic flow are relatively small
(010 14%) for particulates less than 4 microns in
diameter.

413 Sample Transport Considerations (iases
and particles must be transported in the sample
lines to the collector and detector within a range of
acceptable loss. Losses as a result of deposition,
chemical reactions and condensation in the hoe can
be significant (a tactor of 10 or greater) and are
discussed below

Vapor Condensation Errors— || gases condense in
the sample line during transport, the radioactivity
measurement will be in error. Condensation of
nonradioactive gases such as water vapor can act as
a catalyst for collecting radioactive and
solids. For example, PRI studies! 31 show the
iodine deposition velocity increases by a factor of
six on aluminum surfaces with a change from low
to high humidity. The same data show resuspension
rate increases of approximately a factor of 3 from
low to high hamidity. Water vapor, which would
likely be present in a severe accident, can easily con-
dense out in a sample line, adsorbing the wodine in
transport and react with it 1o produce hypoiodouos

R R— E— —-l--——_-—1




Table 2. Ratio of observed to actual concentration of particles when sampled at various
fractions and multiples of isokinetic flow

, Observed Concentration in :_.M
r E -
N S SCSU UGS, TSP st SR mminam=IN N S N
U g'!li::!l mit for
U‘ ’, éﬂ 2 ‘_": dﬂ o dﬁ - :T. dLT.’lf_m_ ‘.‘2:_32“' ‘:gf'_'ih
0.5 1.06 114 1.20 1.23 | 46 20
06 1o 1.09 11 L2 141 1.67
0.7 102 108 108 1.14 12 .44
08 101 102 1.04 1.06 116 1.2%
09 1.00 1.01 101 1.m 107 1.1
1.0 100 L0 1.00 100 100 1.00
11 0.99 098 0.9% 0.9¢ 0.9 0.9
1.2 098 0.96 095 0.92 0.87 0.8
1.3 097 094 094 095 0.84 0.7
1.4 09 0.92 093 08 0.81 0.72
1.5 0.96 089 09 - 0.7% 067
16 0.9% 083 - —a 07 063
1.7 .94 078 — B 0.7 0.59
1.8 0.92 0.72 ~0 —B 0.68 0.55
19 0.90 0.68 -8 —a 0 66 0.3
2.0 0.86 ~.a ~8 - 0.64 0.5

a. Data does not cover this range.

acid and organic iodide. However, water sapor will
not condense and will, therefore, have minimum
affect on the sample transmission factor—if the
sample lines are heat traced to a high enough

temperature.

Some species of iodine have a high enough con-
densation temperature to condense inside the sam-
ple line at ambient temperature conditions,
resulting in a greatly reduced transmission factor.
Fission gases with very low condensing tempera.
tures, such as argon and krypton, do not have sain-
ple line condensation or other transport problems.

Purticle Depasition—An estimate of particle losses
can be made by considering several fluid-particle
surface interactions that result in deposition of patr-
ticles moving through a sample line. Particle
deposition mechanisms are Browmian diffusion,
gravitational settling, and inertial effects; these are
briefly described below.

Very small particles are subject to Brownian dif-
fusion, with changes in the flow rate making the
biggest difference in deposition. They move from
point to point in a flowing gas, eventually reaching

& wall, where they plate out. In sample lines with
small laminar flows. only & small fraction of parti-
cles ever reach the detector.”

All particles carried by flow in a horizontal tube
will tend to settle to the bottom of the tube because
of the influence of gravity. The degree to which par:
ticles settle out in 2 horizontal tube is a function of
size and density of the particles, sample flow veloc-
ity, tube diameter and length, and sample media
viscosity and density.

Airborne particles in motion tend to travel in
straight lines unless acted upon by acrodynamic
forces of sufficient magnitude to change the parti
cle direction. Because of inertia, particles larger
than about | micron in diameter tend not to follow
the change in flow direction of the sample gas.
Anything in the sample line that causes additional
turbulence or change of flow direction can cause
additional deposition, for example, couplings,
reducers, expansions, dents, constrictions, rotame-
ters, tees, eibows, etc. From the standpoint of iner
tia, large, laminar flow rates in the sample line are
optimum, Very little experimental data are
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are important transport processes to consider in a
sample line. Sample lines of 1 4 inch diameter,
with a length greater than 30 feeir, have very high
losses. Sample lines 100 feet long, with a | inch
diameter, have significantly lower losses; the losses
might be acceptable in 1 inch pipes up to twice this
length. However, standards 10 give gwdance for
designing sample transport fines (to minimize
iodine deposition) do not evist, and data on the
transport of other iodine chemical species do not
exist.

For long sample lines, calculation of actual
exhaust duct radioactive jodine concentration
requires a sample line rransmission correction fac-
tor to be appilied to the indicated value. This factor
corrects for the change in concentration during
transmission to the detector and or collector. This
correction factor can be the source of large errors in
calculated radioactivity doses if obtaired from data
for other sample lines, or transmission of other
similar materials. Even though the transmission
factor could be in error, the worst case would be not
using any transmission correction factor when the
sample line has large losse: Testing (to determine
transmission factors for wdine) is an acceprable
way of justifying a given sample line configuration
and correction factor.

Some investigators have speculated that elemen-
tal iodine is the most reactive and, therefore, the
gaseous species of greatest interest. P 1 Unren,
et al., have stated that:

“Transmission of radiiodine through a
sampling hne depends upon the character
istics of the line and on the radioiodine
species present. Early measurements in
operating power plants showed that depo-
sitton and subsequent resuspension of
radhoiodine were important processes and
that changes in chemical form probably
occurred while the material resided on the
surface. Previous measurements of deposi-
tion of 1odine species onto test coupon sur-
faces in the laboratory and onto vegetation

_ have shown that elemental iodine (13) is the
most reactive of the gaseous species. The
deposition velocity of hyporodous acid
(HON is < 5% of that for 13, Deposition
velooities of organic iodides, such as
meth | jodide (CH3gl), are even smaller,
~ 0.1% of the deposition velocity of Iy
Thus the species of greatest inter-
estis 1= "
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This is one of the reasons tests on mockups of
nuciear power plant sample lines have unilized ele-
mental 1odine. However, it should not be assumed
from this that 13 is the only species or form of
ixdine of concern during a severe acaident. Some
investigators have suggested that most of the odine
may be in the form of cesium iodide wulatey or
hydrogen iodine (usually a gas), 14:13

Fxperimenters? have conducted tests in the labo-
ratory on transport line mockups 1o obtain trans-
mission factors for ¢lemental 1odine. The
characteristics of the specific transport lines tested
with elemental iodine are shown in Table 4. Table §
shows the radioactive elemental iodine injection
periods, measured transmission fractions, and the
average estimated deposition velocities for the spec-
ified lines. Tables 6 and 7 show the measured resus-
pension rates using filtered clean air flowing
through the same sample lines. These data support
the conclusions that, though not well understood,
the mechanisms of gaseous iodine (ransport in
sample lines are the following:

*  Deposition of reactive species on surfaces
®  Species transformation on the surfaces
*  Resuspension of deposited radioiodine.

Including resuspension, as well as deposition, in
current models greatly improves calculated trans-
mission factors for normal, steady state opera-
tional conditions. However, it is even more
important for time varying releases that would
likely be present during a severe acoident. This is
trie because the deposition and resuspension
mechanisms delay the delivery of the iodine to the
detectors, thereby masking the concentration
changes taking place in the duct. lodine transport
delays for long, smail-diameter sample lines can
result in a much smaller-than-actual measurement
of iodine release during the initial hours of an acer
dent; and (possibly) a much greater-than-actual
wodine concentration measurement later on in the
accident, when the released iodine concentration
decreases but resuspension in the sample line
continues.

Summary of Sample Transport Concerns 1 he prio
mary concerns (with respect 1o transporting a sam-
ple through a sample line) are vapor condensation
errors, particle deposition and 1odine deposition,
Vapor condensation errors affect both paiticle




Characteristic_ Linel Line 2
Inside diameter 2.22 2.22
(cm)

Length 3048.0 1524.0
(cm)

Flow rate, Q 1416.0 1416.0
Ratio AV 1.80 1.80
tem-)

Line 3 Line 4 Line §
1.9 0.64 2.2
42930 4267.0 7803.0
944.0 283 944 .0
2.10 6.30 181

!.ipg 6

e
—
L]

7498 .0

13210

1.89

a. All lines tested were of Type 316 or 304 stainless steel; table courtesy of Science Applications, Inc.,
Reference 9.

a. Table courtesy of Science Applications, Inc.

Experimental Results for
Elemental lodine (1)

12 Average
Injection Measured Deposition
Period Transmission Velocity
by - Fraction _fem/s)
1.2 0.7% 0.020
L 0.78 0.032
0.5 0.23 0.054
2.1 062 0.018
0.5 00013 0.027
2.1 0.0045 0.021
4.3 0.58 0.0098
4.3 0.712 0.008%

Reference 9.
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Table 6 Measured resuspension rates?®

Total
Number of Duration

Line Measurements  (hr)
| 4 455
2 4 455
L} 9 742
1 5. 904
4 9 742
4 15 904
b 9 282
6 9 282

Average
Resuspension
Rateb
(rx s ')

6x 106
Sx 106
7 x 106

I xtof

I x 100
I x 100
7% 106
1 x1ors

a. Table courtesy of Science Applications, Inc.,

Reference 9

b. Resuspension rate decreased with time; multi-

ple component
representative,

parameter would be more
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Table 7. Measured distributions of

resuspended radioiodine
species (%)@
Organic
Line Particulates® 13 HOI  lodides
1€ 15.1 8.8 1.0 2.4
x 10.4 858 1.3 26
3 9.2 793 7.0 4.5
3 2.8 858 8.0 40
4 ~J2d 53 23 A2
4 0.4¢ 1) 6 25
5 n8 819 56 3.7
" 49 859 5.8 38

a. Table courtesy of Science Applications, Inc.,
Reference 9.

b. Radioiodine associated with particulates.

¢. Laboratory air drawn through the line was not
filtered.

d. Species concentrations variable; one or more
components were below detectable levels during
some sampling periods.

e. Radiiodine species measurements made dur-
ing first resuspension period: total '3 activity
measured during the other 14 periods.

deposition and iodine deposition. However, this
error can be reduced to a very low level if the sample
line is | cat traced to a temperature higher than the
condensation temperatures of the vapors. Noble
gases normally do not present transport problems
and their errors are essentially zero. The two areas
of greatest concern are deposition of particles and
deposition of iodine, with deposition of iodine
being the least understood.

The mechanisms for particle deposition are pri-
marily Brownian diffusion, gravitational settling,
and inertial effects. Brownian diffusion is a factor
for very small particles and small laminar flows.
Gravitational settling and inertial effects are a con-
cern for larger, more dense particles; gravitational
settling occurs in laminar flows and inertial effects

are more significant in turbulent flows. Small parti-
cle (less than | micron diameter) deposition can be
less than 10% in a larger diameter tube (2.54 cm),
3048 ¢m fong with turbulent flows. However,
nearly 100% of a group of large particles (10 mic-
ron diameter or greater) being transported in the
same tube with the same flow, could be lost due to
deposition.

The radioiodine present in exhaust ducts is usu-
ally a mixture of several iwodine chemical species.
Elemental iodine is very chemically active and can
have significant plate out as it flows through a sam-
ple hine. The length and diameter of the sample
lines, the tlow rate of the sample, and the amount
of cach chemical species affect the amount of
iodine deposition. Measured clemental 1odine
transmission fractions in laboratory mockups of
sample lines (Tables 4 and ) range from 0.001 3 for
long, small diameter lines (4267 cm long, V.64 ¢m
diameter) to 0.78 for shorter, larger diameter lines
(1524 cm long, 2.22 cm diameter). The models
used to predict the transmission fraction of a sam-
ple line for 1odine, which consider both deposition
and resuspension, are an improvement over the
models which only consider deposition ¥ However,
these improvements might not be as applicable .0
the initial transient phase of a severe accident as
they are to steady state operations.

414 Sample Collection and Detection. Most,
but not all, ¢ffluen’ radioactivii; monitoring svs-
tems have a three-stage detection configuration
that first collects the particulates with a filter, then
collects the iodines with an adsorber, and finally,
detects the noble gases in real time, as described in
Section 3.1.2. Errors introduced by the detection
equipment are usually small, when compared to the
errors related to withdrawing the sample and then
transporting it to the detectors through a sample
line. INEL personnel experienced with detection
equipment located at nuclear power plants, indi
cate that during normal plant operation this equip-
ment is usually accurate to within a factor of two
tincluding sample collection, equip ment calibra-
tion and counting accuracy).

The integrated concentrations on the particulate
filter and the iodine filter are measured with scintil-
lation detectors matched to the expected disintegra-
tion energies as follows:
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4.2 Initial Evaluation of Browns
Ferry Effluent Radioactivity
Monitoring System
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Table 8. Fraction of entering particles which deposit in a vertical sampling line

S U, —

p=® p=a p - &0 p=®
Tube Tube Length Tabe | ength Tube | ength Tube | ength
Particle Tube Reynolds  Flow - ATROE e D=t __ gy SLER S, ... =) .
Drameter  Diameter  Number Rate
wm em} Me) cose) 00 N0 M0 0 M0 N0 M0 N6 N0 X0 S0 0
1 0s W M oot 00 0 e oM om
Lo L ™ . nee O 002 008 001 08
Less than 0.0 L G
20 s 1928 e . ahar 000 000 00 000 00 00l
4.0 10000 R cn oM oMM 000 S0 O
. 0.8 Ry 241 oD D8 0% O GI9 O0FT G 0N oM
10 oo m Less than 0.01 001 V04 D)4 O 0OR 0N 008 014 a8
0 OG0 19 G oo 00 001 am 008 602 oM 0as
490 106000 4820 e oM oM o o0 0 00 o oam
6 ns oo M1 a1 0 sy ow B L0 a0 100 10 1w e
0 a0 m 001 00l a6 0N 10 0N 1 i 89T 1 1w
20 w00 1928 oM o - 02 o8t 0% 045 07T 0% esd o9t 0w
49 000 4820 o o -~ 006 O14 G 012 62T AT 08 04l bss
10 0s w0 241 e Lo - 0 L 0 1Lee 108 100 10 1 1
10 A m 0% W -~ o0 100 10 1L 1w 100 e 1 100
20 K00 1928 0w o 0ns 09 100 098 1 14 6% 1m Iw
40 10000 4820 e oM - CW 0% 0% o0& 0% 09 O 0w 1

a Expenmentally derived data for monoduperse uranine-methylene blue particles (Data of Sehmel. Pouma, Sch ‘

b Experimentaily derived data from several particle sizes und densities

NOTE : Numbers in bold repy short extrapok

Rl b e

1w be p

from experumental data (L G Schwendiman, G A Sehmed, and A K Postina, “Radioactive

Particie Retention 0 Acrosol Transport Systems. ™ Proceedings of the [nternational ( onference on Radioactive Pollution of Caseous Medis,

Sociay, Framce, November 1963, Nol 11, p 371
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Figure 5. Elemental iodine transmission through a stainless steel sampling line (31 m length, 0.62 cm diameter,

54 cc/sec flow rate; table courtesy of 1. 7. James, Reference 16).
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Browns Ferry line is 1.27 em in diameter, 2133 ¢m
long, with a flow rate of 2360 ¢c/sec. Extrapolating
the experimental data to the Browns Ferry sample
line, one mighi estimate that the transmission frac-
tion for elemental iodine in the main stack sample
line could be 0.5, or less, during the first 30 min-
utes of a severe accident. Quantitative definition of

21

the sample line transmission ,esponse characteris-
tics is limited to the available data for iodine trans-
port. Since the Browns Ferry sample line is much
diffeient from those in Tables 4 and $, there is a
large uncertainty in the estimated transmission
fraction.

e



5. RECOMMENDATIONS FOR DETAILED
SYSTEM EVALUATION STUDIES

Recommendations for detailed studies of efflu-
ent radioactivity monitoring systems are based on
the larges: severe accident measurement uncer-
tainty findings in this report. Singe snvironmental
release during a severe accident 1s monitored by the
main stack exhaust system, and the samples can
have unpredictable losses of a factor of 10 (or
greater) in transport, recommendations center on
sample line losses. This section recommends meth-
ods to obtain data that will help quaitify these
losses and identify how to minimize them.

Evaluation of effluent radinactivity monitoring
systems, as described in Section 4, has shown that
the loss of both particulates and iodine in the sam-
ple line {fron: the exhaust duct sample probe to the
sample coliection cartridges) 1s a major source of
error. The extent of the losses, especially the wdine
losses, is not known and the uncertainty of the cor-
rection factor for these losses is not established. In
addition, the sample line transmission response
time during the initial phases of a severe accident is
unknown. Therefore, it is recommended that quan-
titative 1odine and particulate transport losses, and

22

transmission response times® be measured in
sample-line mock-up laboratory tests which
include typical elbows, bends, and othier flow
disturbances.

It is also recommended that 1odine, and particu-
late transport models, be evaluated to determine
the accuracy of predicting losses and the transmis-
sion response times of a line. This can be done by
comparing line mock-up loss data to mode! calcu-
lations. It is doubtful that existing models include
all the varables that are significant to determining
the transanssion factor.

These data will help provide a basis for evaluat-
ing sample line designs and will facilitate the devel-
opment of mechods to check the losses and
transmission response times of sample lines. It s
expected that appropriate empirical transport
parameters can be defined for typical sample lines,
and specific sample line loss and transmission
response time calculations can be made with the
help of a generic transport model.

a. Transmission response time— The tme for the sample line
outlet 1o come to equilibrium conditions with a change at the
nlet.
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6. CONCLUSIONS

This report contains an evaluation of commer-
cial nuclear power plant effluent radioactivity
ThONItoring  measurement uncerfainties during a
severe accident. The accuracy of projected offsite
radioactivity dose calculations during a severe acci-
dent depends on the accuracy of the radioactive
gas, particulate, and iodine release measurements.
Upgrades since the TMI accident have increased the
range of the monitors and, in general, have solved
the problem of radioactive noble gas release con-
centrations, saturating the detectors during a severe
accident, Improved handhng and shielding proce-
dures have also solved the problem of measuring
low level radioactive iodine in the presence of high
background radioactivity.

However, the problem of radicactive particulate
and iodine sample line transport loss in long stack
sample lines remains. Recommendations for
acceptable sample line designs are needed. It
appears that some utilities may have minimized the
problem by increasing the size of the sample line
and the sample flow rate. Even though some sam-
ple line mockup data have been taken to identify
elemental iodine transmission fractions, justifica-
tion of these desiguis remains a concern.

lodine and par:iculate transport models for sam-
ple lines are needed. It is recommended that some
laboratory tests be performed on typical sample
lines to define the extent of the elemental iodine
and particulate transmission response erfors for
different sizes and geometries of sample lines. Tests
are also recommended to define the ability of exist-
ing models to predict those crrors,

Some of the more significant design consider-
ations affecting the accuracy of an effluent radio-
activity measurement, during a severe accident, are
outlined below.

Isokinetic sampling of the exhaust duct 15 a
source of error in obtaining good particulate sam-
ples. These sampling errors are small, compared 1o
elemental iodine transport errors in long tubes.
Sampling with a factor of iwo variation in sample
probe flow velocity, from isokinetic duct exhaust
velocity, kas less than 15% loss for a sample with
smaller than 4-micron average particle diameter;
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there is a 15 to 40% loss for a sample with less than
12-micron average particle diameter,

Particulate transport errors in long stack saraple
lines can be significant for particulates with diame-
ters larger than 2 microns. Particulate concentra-
tion loss factors, for known mean particulate size
and size distribution, can be calculated quite accu-
rately for simple geometries. Many tests have been
conducted to verify the models used to make the
loss calculations. The most concern comes from
predicting what the particulate size will be during a
severe accident, and in determining how to account
for complex geometries (elbows, etc.).

Measurement of radioactive elemental i1odine
releases to the environment {(during a severe acci-
dent) can have errors as large as a factor of ten from
the actual concentration released. For a system
with post-TMI upgrades, an error this large is pos-
sible because of the following reasons:

* Elemental iodine deposits very rapidly on
surfaces. During transport in the long
stack sample lines, most of the elemental
1odine being transported can be adsorbed.

* Elemental iodine does resuspend after
being deposited, allowing the iodine to
eventually escape from the end of the ine.
However, th2 amount of iodine subject to
radioactive decay while being held up. is
hard to predict. This is because the length
of hold time depends on accurate analyti-
cal knowledge of deposition and resuspen-
sion rates, which does not exist.

* Elemental iodine transmission delays in
the sample line can introduce large errors
when measuring in near-real-time large
changes in 1odine concentration during a
severe accident. Penodic sample collection
and analysis in the laboratory can be done
with delays as short as 30 minutes,
whereas it is not uncommon for the
sample-line elemental 1odine transport
delays to be days.
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