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FOREWORD

The recent surge in the building of large nuclear power plants, par-
ticularly with the projected desirability of using urban sites for such
installations, has focused attention on many aspects of the AEC's respon-
sibilities for licensing reactors and insuring the public safety. Since
the industry is "young," meaningful, long-term operating experience is
sparse and the definition of the possible accident. spectrum, as well as
a set of firm design requirements, is subject to a largely analytical
approach that necessarily involves conservative judgments. As planf de-
signs become standardized and operating experience on the newer large re-
actors is gained, the inevitable process of refinement and of acquiring
confidence in the operation of the plants will occur. This relatively
slow evolutionary approach to acquiring firm design standards and criteria
is not felt to be conducive to achieving the great national benefits of
atomic energy within a reasonable time, in terms of the conservation of
resources, combating air pollution, and the multitude of gains resulting
from low-cost electricity. | ; ‘ »

As part of the effort to improve on this approach, the Reguiatory
Review (Mitchell) Panel recommended the formation by the AEC of a Steer-
ing Committee on Reactor Safety Research to coordinate the needs of the
Regulatory Program with the direction of the safety research and develop-
ment programs. This committee, 'in turn, recommended that several studies
be undertaken to provide guidance for the research and development pro-
jects, and this was, in turn, implemented by the AEC Division of Reactor
Development'énd Technology into the series of discussion reports herein
described. It was intended that these reports provide a comprehensive as-
sessment of the present status of specific aspects of nuclear safety and,-
by identifying accepted technology and the technology needing further
experimental verification, that they enhance the understanding and con-
fidence in this new industr&.

Accordingly a number of the safety aspects of large light-water power

reactors were selected by the AEC* as subjects for detailed study to

¥Letter from Milton Shaw (Director, AEC Division of Reactor Develop-
ment and Technology) to ORNL, March 28, 1966.
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ascertain whether gaps in knowledge exist and where a research and develop-
ment program could be .of benefit. The subjects selected cover many of

the areas for which- inadequate factuai bases exist and in which research

that duplicates expected conditions is wvery difficult to perform. 1In o
general the subjects are in areas considered critical in the safety
analysis of power reactor installations. Eight subjects'were identified
and a state-of-technology type of discussion report was prepared on each.
The reports, which are directed primarily toward a technical-management
audience, generally compare existing or planned plant applications with
what is capable of being done at this time. Such comparisons have helped
to identify inadequacies in assumptions, available data, or general basic
knowledge so that, together with the opinions of experts in a particular
field, areas of meaningful research and development have been identified.
This report is one of the series of eight companion reports listed
below: .
ORNL-NSIC
Title _ Author , No. .
Missile Generation and Protection in R. C. Gwaltney 22 é
Light-Water-Cooled Power Reactor ‘
Plants
Potenpial Metal-Water Reactions in H. A. McLain : 23
Light-Water-Cooled Power Reactors :
Emergency Core-Cooling Systems for C. G. Lawson 24
Light-Water-Cooled Power Reactors :
Air Cleaning as an Engineered Safety G. W. Keilholtz, 25
Feature in Light-Water-Cooled Pawer C. E. Guthrie, and
Reactors G. C. Battle, Jr.
Testing of Containment Systems Used F. C. Zapp 26
with Light-Water-Cooled Power Reac-
tors ‘ .
Reviéw of Methods of Mitigating Spread R. C. Robertson 27
of Radioactivity from a Failed Con- '
tainment System :
Earthquakes and Nuclear Power Plant - T. F. Lomenick and 28 o
Design . : : C. G. Bell ' \
Protection Instrumentation Systems in C. S. Walker 29 P

Light-Water-Cooled Power Reactor
Plants
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Although not specifically one of this series, a related discussion .
report on reactor pressure vessels, ORNL-NSIC-él, edited By G. D. Whitman,
G. C. Robinson, and A. W. Savolainen,'has also been prepared af ORNL.

The general approach in the preparation of these reports was to select
a primary author-investigator knowledgeable in the subject area and td
establish committees of experts to review the work at several stages during
its preparation. Review groups were formed both from within ORNL and
outside. The external review committeé members were drawn principally
from other.national laboratories, universities, and private research in-

stitutes — in all, 52 individuals participated and are identified in the

reports. In some cases, part of the material used was developed and/or

written by & subcontractor, who is similarly identified. 1In all cases,

correspondence and/or visits were made to many sources of information,

-particularly to reactor operators, suppliers, architect-engineers, and

public utilities, as well as to the appropriate national laboratories.
This wide use of acknowledged ekperts was made in an attempt to include
their opinions and knowledge toward the ultimate goal of achieving, through
intensive research and development programs, well-defined design criteria
to insure the public health and safety and to maintain a viable nuclear
power inaustry. However, in all instances the authors have expressed con-
clusions and recommendations that reflect their own judgment and not that
of any particular group, such as the AEC, reactor designers, or utilities.

In most subject areas more information was developed than it has been
possible to include in the body of the reports prepared in this series.
In some instances, such information has been included in the appendices
and in other instances this information will be included in more techni-
cally oriented reports to be published in the near futufe.’ In additidn,
it is expected that additional discussion reports will be written on -some
of the many other safety aspects of large water-cooled reactoré, as well
as other types of reactors as they come into wider usége.

J. W, Michel

Coordinator, Discussion Papers
Oak Ridge National Laboratory

Wm. B. Cottrell
Director, Nuclear Safety Program
Oak Ridge National Laboratory
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PREFACE

' The Nuclear Safety Information Center was established in March 1963

‘at the Oak Ridge National LébOratory under the sponsorship of the U.S.

Atomic Energy Commission to serve as a focal point for the collection,
storage, evéluation, and dissemination of nuciear safety information.

A sysfem of keywords is used to index the information cataloged by the
Center. The title, aﬁthor, installation, abstract, and keywords for each
document reviewed is recorded on magnetic tape at the central computer
facility in Oak Ridge. The references are cataloged according to_the'
following categories:

1l. General Safety Criteria

2. Siting of Nuclear Facilities

3. Transportation and Handling of Radioactive Materials
4. Aerospace Safety :

5. Accident Analysis

6. Reactor Transients, Kinetics, and Stability

7. Fission Product Release, Transport, and Removal

8. Sources of Energy Release Under Accident Conditions
9. Nuclear Instrumentation, Control, and Safety Systems
10. Electrical Power Systems
11. Containment of Nuclear Facilities
12. Plant Safety Features
13. Radiochemical Plant Safety
14. Radionuclide Release and Movement in“the Environment
15. Environmental Surveys, Monitoring and Radiation Exposure of Man
16. Meteorological Considerations:
17. Operational Safety and Experience
18. Safety Analysis and Design Reports
19. Bibliographies -

Computer programs have.been developed that enable NSIC to (1) pro-
duce a quarterly indexed bibliography of its accessions (issued with

ORNL-NSIC report numbers); (2) operate a routine program of Selective

Dissemination of Information (SDI) to individuals according to their par-

ticular profile of interest; and (3) make retrospective searches of the
references on the tapes. '

Other services of the Center include principally (1) preparation of
state-of-the-art reports (issued with ORNL-NSIC report numbers); (2) co-
operation in the preparation of the bimonthly technical progress review,

Nuclear Safety; (3) answering technical inguiries as time is available,

and (4) providing counsel and guidance on nuclear safety problems.
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Services of the NSIC are available without charge to government
agencies, research and educational institutions, and the nuclear indus-
try.  Under no circumstances do these serv1ces include furnlshlng copies

of any documents (except NSIC reports), although all documents may be

examlned at the Center by qualified personnel. Inqu1r1es concernlng ‘the

capabilities and operation of the Center may be addressed to

J. R. Buchanan, Assistant Director
Nuclear Safety Information Center
Oak Ridge National Laboratory

Post Office Box Y -

Oak Ridge, Tennessee 37830

Phone 615-483-8611, Ext. 3-7253
FTS 615-483-7253
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ABSTRACT

The safety features of air-cleaning systems for use after postulated
lose-of-coolant accidents or other design-basis accidents in water-cooled
power reactors are discussed. The capabilities and limitations of high-
efficienc& air filters and charcoal adsorbers both in recirculating systems
(for reducing the concentration of radioiodine and particulate fission
products in the atmosphere within the containment shell after an accident)
and in once-through systems (for removing fission products from the sec-
ondary containment structure surrounding the containment shell) are re-
viewed. The air-cleaning potentials of containment-cooling sprays and '
pressuré-suppression pools are also discussed. Important considerations
in the use of air cleaning systems as engineered safety features are their
effectiveness and their performance under accident conditions, including
radiation, thermal transients, abnormal pressures, pressure surges, mis-
siles, and corrosion. To be effective as an engineered safety feaﬁure,
an air-cleaning system must either rapidly reduce the fission-product
concentration in the containment shell (to significantly reduce the amount
of fission-product leakage) or efficiently trap fission products that have’
leaked from the containment shell into the secondary container (to'prevent
their release to the environment). The most widely used methods provided

for treating fission products after an accident are trapping of particu-

" lates by prefilters and HEPA filters, trapping of iodine by activated

charcoal, and retention of noble gases‘until they have decayed to accept-
able levels, followed by gradual, controlled release from a tall stack.

At the present time filter systems are further developed and more geherally
accepted as an engineered safety feature than containment sprays, but cur-
rent research may' show that sprays may be more desiraﬁle, especially for

iodine removal.,



1. INTRODUCTION

Siting of nuclear power reactors is influenced by the potential
hazard of released fission products. The containment of these radio-
active particulates and gases is essential to the safe operation of such
installations. ,

Air cleaning is used in two ways as an engineered safety feature in
water-cooled reactors: (1) recirculating systems in.thé containment
shell are used to reduce the concentration of airborne fission products
in the containment atmosphere after an accident and thereby reduce fis-
sion-product leakage from the containment sysfem, and (2) once-through
(single-pass) systems in the secondary containment building or volume
are used fp collect and retain any fission products that have leaked
from the containment shell (or directly- from the primary cooling system
in some possible accidents in boiling-water reactors). Use of the once-
through system reduces dispersal of fission products to the environment
and simultaneously relieves pressure buildup in the secondary contain-‘
ment structﬁre by releasing the air or other gas to the atmosphere,

For the design of air-cleaning systems as engineered safety features:,
a loss-of-coolant accidént followed by at least partial core meltdown has
been widely used as the design-basis accident, although other types of
accidents are also considered. Important considerations in the use of air-
cleaning systegs.as engineered safety features that mitigate the con-
sequences of  such accidents are their effectiveness, their reliability,
and their resistance to radiation, thermal transients, abnormal pressures,
pressure’ surges, missiles, and corrosion under the accident conditions.

The design of the air-cleaning system or systems for a given reactor
"is integrally related to the design of its containment system. The con-
tainment system can be defined as the reactor containment structure and
associated engineered safety systems and components that are provided to
maintain its integrity. The basic envelope that surrounds a reactor may;
be one of many types. Those predominate in the'power reactor field in
the United States are steel pressure sﬁells and various types of concréte

structures with steel liners. -These structures are provided with various
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penetrations, including’equipmént and personnel air locks, electrical
and instrument penetrations, and piping'penetrafions, together with their
associated isolation valves. The_penetrations are carefully designed to
maintain the integrity of the system. . ’ ‘ %
"Two basic containment concepts héve been used predominantly with
water-cooled power reactors in the United States: pressure containment
and pressure-suppression containment. A modification of pressure con-
tainment is multiple-barrier containment. Pressure containment , which
utilizes a single-barrier steel shell to enclose the reactor vessel and
piping'and frequently many of the auxiliary systems, has been used for
the majority of nuclear power plants built to date. Pressure-suppression
containment is based on ducting thé reactor coolant discharges from a
hypothetical loss-of-coolant accident info a heat sink (usu@lly,a pool
~of water) to reduce the pressure and temperature inside the containment
shell by condensing the steam-water mixture; a large percentage of the
entrained fission products may be also removed in the pool water.
Multiple barriers, combined with the pressure-containment concept, -
have.beén proposed for containing power reactors to be located in urban
areaé. These concepts offer greater control of leakage than the single -
containment shell; further, they may have advantages in  improved accuracy .
~of leakage;féte testing and ease in performing continuous monitoring of
the leakage rate. In the multiple-barrier concept, leakage past the first
barrier (the containment shell) is collected within a reduced-pressure
zone between the first and second barriers and is either exhausted through
a. filter system and stack or pumped back inside the containment shell.
In water-cooled power reactors %he brimary cooling'water is at high
pressure and tempefature; that is, about lOOO psi. and.500°F in boiling-
water reactors and as high as about 2200 psi and 600°F in pressurized-
water reactors. A loss-of-coolant accident is usually considergd the
most serious design-basis accident. In this postulated accident, a large
- pipe in the primary cooling system would rupture completely, the high- .
pressure hot cooling water would be rapidly and freely discharged from
both ends and flash into steam in the containment shell, and the sudden ' &

depressurization of the core would cause mechanical failure of fuel-



element cladding-and rapid release of fission products into the c¢ontain-
ment shell. If the emergency core-cooling system could not maintain
enough core cooling, partial meltdown of fuel in the core would release
more fission products and more energy into the containment shell. The
resulting containment atmosphere is typically assumed to consist of
steam, air, and fission products at about 40 to 50 psig and about 275°F. -

While other éngineered séfety features are provided to reduce the
pressure to atmospheric as rapidly as possible, and even though the design
leakage rates of containment shells are low, air-cleaning systems are
needed to minimize fission-product escape. If other engineered safety
features were only partially effective, or if the containment leakage
rate were higher than the design value, it would be especially important
for the air-cleaning systems to function.

‘Spray éooling systems, recirculatihg air-cooling systems, and other
heat-removal systems included as engineered safety features in containment
shells ére designed to reduce the pressure and temperature of the postacci-
dent containment atmosphere as quickly as possible and thus minimize the
release of fission products to the environment. Currently designed systems
for removing fission products from the atmosphere of the containment shell
are in most cases combined with the containment shell cooling systems by
the addition of filters and adsorbers to the recirculating airZcooling
systems and/or the addition of a chemical to the containment spray cooling
system. | |

The fission products in the containment atmosphere following an acci-
dent can Be divided primarily into three groups with respect to air
cleaning: particulates, iodine and other chemically reactive gases, and
noble gases. Methods of removing the fission products in each group from
reactor containment atmospheres must take advantage of one or more physical
or chemical properties of the group. The methods — either in use or under
development — for handling each'group of fission products are discussed in
this report. Also, the available information on performance and integrity
of the various systems and components is discussed in its relationship to

reactor siting,



2. THE ROLE OF AIR CLEANING IN REACTOR SITING

~ Several power reactors with outputs of over 1000 Mw(e) each are
scheduled for startup in 1970-71, and reactors of about 1500 Mw(e) are
being designed. The increase in numbers is increasing the probability
that ‘a major accident might dccur, the increase in size is increasing
the fission-product inventory in the average power reactor, and increases
in both number and size are increasing the total.amount of fission prod-
ucts that must be contained, within reason, to prevent excessive con-
tamination of the earth's afmosphere. . ,

With present technology it must be assumed that there will be re-
leases of fission products from fuel elements; that these fission prod-
ucts may escape from the primary cooling system into the containment
shell, and that the containment shell will have at least a small.leak.
After a major accident in a typical boiling-water reactor enclosed in a
pressure;suppression containment system surrounded by a secondary con-
téinment structure (the refueling buiiding), most of the airborne fission
products released into the secon&ary containment building would be removed
by a bnce—through air-cleaning system through which the air would be ex-
hausted to a stack. Once-through air-cleaning systems are also provided
Tor pressurized-water reactors with secondary containment volumes, such
as Indian Point 1 and the Oconee reactors, and for reactors having pro;
vision for slow purge of the containment atmospheré, such as Turkey Point
Units 3 and 4 and the proposed Malibu reactor (whiéh has double contain-
ment with pumpback into the inner containment shell).

After a major accident ‘in -a typical pressurized-water reactor with a
single pressure-containment shell, the fission-product concentration of
the atmosphere within the. containment shell would be effectively reduced
by a .recirculating air-cleaning syétem, provided the accident or the post-
accident environment within the containment system had not reduced its
gleaning capability below an acceptable level. Chemical spray systems,
which are being investigated as alternatives to reécirculating filter-
adsorber systems, should be very reliable, bﬁt their effectiveness has -

not yet been fully evaluated.



All these reactor containment systems are designed so that, if neces-
sary, the ‘containment shell could be kept sealed indefinitely if contain-
ment integrity were not breached and if the design pressure and leakage
rate were not exceeded. However, the possibility of the pressure exceed-
ing theA&esigﬁ pressure and of the leakage exceeding the design rate must
be guarded against by air-cleaning systems} Furthermore, the closer a
reactor is to a population center, the larger the center, and the higher
the population density, the more restrictive must be the limité on the
amount of fission ﬁroducts that could bé released ffom’the containment
system. This applies not only to design-basis and other major agcidents
but also to lesser accidents and to réleases small enough to be considered
operational in nature. in order to comply with these restrictions, air-
cleaning systems muét be designed, constructed, inspected, tested, and
maintained so that they will perform effectively and reliably under any
conditions to which they might be éubjected.

Air-cleaning systems must be capable of effective and reliable opera-

tion both during the high-pressure high-temperature postaccident period

and after pressure and temperature have returned to normal. As conse-
quence-limiting engineered safety features, air-cleaning systems must
assure continuing protection of the public regardless of whether it was
found necessary to keep fhe containment sealed and the power plant shut
down for a number of yéars or whether it was found that decontaminétion,
repairs, and necessary replacements could be effected:“In the latter
case, cleaning of containment air would be necessary after most or all
accidents, even if fission-product release had been held within accept-
able limits by the sealed containment shell without the use of the air-

cleaning system.

2.1 Application of Air-Cleaning Methods to Particulates,.
Iodine, and Noble Gases

' Fission products can be divided primarily into three groups with
respect to air cleaning: particulates, iodine and other chemically

reactive gases and vapors, and noble gases.



2.1.1 PFiltration of Particulates

Particulates include aerosols, which may be suspended in the con-
tainment atmosphere, and iarger particles, which may be entrained in air
or steam flowingrat high velocity. The larger particles aré usually Q
trapped by screens and relatively  coarse prefiiters."These particles,
which may contain various amounts of fiésionbpfoducts, must be removed
even if:nonradioactive to prevent élogging of high—efficieﬂ%y filters
or charcoal adsdfbers or other demage. Aerosols range in size from.clus—
ters of a few molecules to partiéles about SO u in diameter. Aerosols
produced in a postulated loss-of-coolant accident may be largely composed
of fission products, U0z, and cladding materials that have volatilized
from melting fuel and subsequently condensed and agglomerated in the con-
tainment atmosphere. They will probably carry water and reactive gases
sorbed on theif surfaces. The rate of agglomeration depends largely on
particle concentration, particle size, humidity, and electrostatic charges.

In reactor applications, particulates are removed predominantly by pre-
filters and HEPA filters. The abilities of containment atmospﬁere cooling B
sprays and pressure-suppression pools: to collect partlculate materials A

are currently being studied (see Chap 7). ‘ ¥

2.1'.2 Sorption and Solution of’ Todine and Other Reactive Gases

The most important reactive gases are molecular iodine (Io) and two
of its gaseoﬁs compounds;‘hydrogen iodide (HI) and methyl iodide (CHaI).
The relative production of these three forms of iodine in an accident
cannot yet be quantitatively predicted'.l-5 When fuel meltdown occurs in
an oxidizing atmosphere the iodine is primarily Io; in a reducing atmo-
sphere it is primarily HI (or solid compounds, such as CsI). Investiga-
tions indicate that CHaI is formed not during meltdown but by subsequent
chemical reaétions within the containment shell., The relative amounts
of the three forms of iodine will depend on ‘the containment atmosphere
(air versus inert gas), the amount.of hydrogen produced from metal- L
water reactions, traces of organics in the fuel, and the amounts and types
of organics in the containment shell., Methyl iodide and other organic -

iodine compounds.are not likely to constitute more than a few percent of

o



the total.-* Nevertheless, all three airborne forms of iodine must be
femoved as efficiently as possible. Other, much less important reactive
gases are bromine énd trace amounts of other fission-product compounds
with vapor pressures high enough to volatilize them under accident con-
ditions. ' )

Since iodine and its gaseous compounds are reactive they can be re-
moved by a variety Qf physical and chemical processes: adsorption,
absorption, chemisorption, solution, etc. The processes that have proved
most practical and are a part of current reactor plant design are sorption °
on activated charcoal‘(fbr CHsI, impregnated charcoal) and scrubbing with
a reactive solutionf Jodine attached to particulate material can be re-

moved by HEPA filters.

2.1.3 Treatment of Noble Gases

Because of their lack of chemical reactivity and their gaseous form,
the noble gases xenon and krypton cannot cufrently be removed, in a
pféctical way, from the containment shell atmosphere of a commercial
reactor during the ﬁigh-pressure high-temperature stage of a loss-of-
coolant accident, Their complcte removal from the secondary containment
atmosphere would also be impractical at present because of their low
concentrations and the large volume of air.6 The only currently practical
method of minimizing the discharge of noble gases to the environment
during the early stéges of an accident is to retain them in a-low-leakage
containment system., However, the effect of their release can be minimized
by holdup for radioactive decay, followed by controlled discharge through
8 high stack., The methods described below would be applicable only tb
cleaning the containment atmosphere over several days following an acci-
dent . '

The simplest proven method for the removal of xenon and krypton is
adsorption on charcoal at room temperature. This requires a very large
volume of charcoal. .Adsorption on charcoal at or below the temperature

of liquid nitfogen requires complex equipment of relatively small vol-

7,8
ume ., ’ In most cases, the main function of adsorption on charcoal is

to delay the release of noble gas fission products long enough for them

B



to decay to accéptable'levels. Krypton-85, which has a half-life of
about 10.3 years, is an exception; it is usually treated by high dilution
and gradual or continuous release from a high stack in small quantities.
Removal by solution in'liquids9 has the advantages of a continuous
process but requires large -and complex equipment. Separation by selective
permeability in a cascade of membraneslo shows promise but has not yet
been proven'economiéally feasible, Both absorptioﬁ in a liquid fluoro-
carbon and‘concéntration in a cascade of membranes are being evaluated

. . : o Y. . 11,12
for large-scale application and economic optimization. ™’

2.2 Credit Assumptions for Current Reactors

From efficiencies assumed by the Division of Reactoi Licensihg (DRL)
in the computation of radiation doses. in the accident analysis portions of
safety evaluations and analyses for a number of current reactors, it may
be inferred that credit is given in various amounts for the removal of
iodine and particulates. . In some cases the accident analyses state that
DRL assumed certain efficiencieé; in others they state that DRL considered
certain assumptions by the applicant to be reasonable or conservative, 1In
at least one case, the work credit was used. In a number of cases, it was
stated that the potential consequences . of accidents would bhe within 10
CFR 100 guidelines (the AEC site criteria) with the ef'ficiencies assumed.
For one reactor system, it was stated that iodine-removal equipment might
be needed in order to assure that 10 CFR 100 guidelines are met.

In 13 accident analyses cited in this report, reference was found
to efficiency for the removal of solids in only two cases. Eleven reports
contained references to efficiency for the rémoval of iodine or halogens.
Of the two remaining reports, one assumed a removal factor for iodine and

the other stated that iodine-removal equipment might be necessary.

2.2.1 Efficieﬁcies of Once-Through Filter-Adsorber Systems
in Secondary Containment Exhaust Lines

A haldgen-removal efficiency of 90% was assumed for the standby gas-
treatment system in the secondary containment building in five accident

analyses (Dresden 2, Dresden 3, Millstone Point, Browns Ferry 1 and 2,
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13-17 '
The applicant assumed 99% removal efficiencies

and Vermont Yankee).
for both halogens and solids for the Vermont Yankee reactor, but DRL as- -
sumed 90% for halogens and 95% for solids to make allowance for poor in-
stallation, deterioration of filter media and seals, accidental damage,
accident conditions, etc.1® An efficiency of 95% was assumed for the re-
moval of halogens and solids by high-efficiency filters and charcoal beds
in the reacfor building of the Oyster Creek reactor.*® A solids-removal -
efficiency of 95% was assumed for the standby gas-treatment system in the
secondary containment building of the Vermont Yankee reactor. The safety
evaluation for the Vermont Yankee reactor includes the reactors discussed
in this paragraph in a listing of‘the current generation of General
Electric Company boiling-water reactors.zo »

The standby gas-treatment system in the secondary containment build-
ings of Peach Bottom Units 2 and 3 was assumed to retain 90% of the
elemental iodine.21 Elemental iodine was assumed to constitute 80% of
the iodine leaking from the drywell; the other 20% was assumed to be in
the organic form and not susceptible to retention by the gas-treatment
system. ‘

A halogen-removal efficiency of 90% was assumed for the penetration-
room filters of Oconee Units 1, 2, and 3. One-half the containment shell

. 22
leakage was assumed to pass through these filters,

2.2.2 Efficiencies of Recirculating Filter-Adsorber Systems
Within the Containment Shell

An achievablé efficiency of 80 to 90% for the removél of organic
iodides by impregnated charcoal beds in the containment atmosphere re-
circulating system of the Conneéticut Yankee reactor was stated to have
been demonstrated by the applicant, and the charcoal chosen was also
stated to be well known to have excellent efficiency for the removal of )
elemental (molecular)‘iodine from atmospheres with relative humidities
of lOO%.23 An efficiency of 90% for elemental iodine was considered
reasonaﬁle for charcoal beds in the recirculating system of the Indian
Point 2 reactor, but zero efficiency was assumed for the removal of organic
iodine.24 However, the accident analyses stated that 10 CFR 100 guide-

lines could be satisfied under the assumed conditions with an efficiency
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of 45% in the case of Indian Point 2 (Ref. 24) and could be satisfied
with only one of the four charcoal units operating and with an efficiency

of less than 50% in the case of Connecticut Yankee. 2

The accident analy-
sis for the Palisades reactor stated that iodine-removal equipment (char-
coal system or thiosulfate spray system) might be needed in order to as-

sure that 10 CFR 100 guidelines are met. 26

2.2.3 Efficiencies of Chemical Spray Systems

The removal of elemental iodine by a factor of 8.8 per hour by the
sodium thiosulfate spray system in the H. B. Robinson 2 reactor was con-
sidered conservative, but the analysis also stated that it was expected
‘that experiments to be performed on the iodine—rembval system would demon-
strate than an adequate removal rate is achievable.?? As noted in Section
2.2.2, above, it was stated for the Palisades reactor that iodineQremovgl
equipment (charcoal or thiosulfate spray) might be needed. For the Indian.
Point 2 reactor, no credit was given for the containment spray system,

into which sodium thiosulfate was to be injected.2
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3. RELATIONSHIP OF AIR-CLEANING SYSTEMS TO CONTAINMENT
STRUCTURES AND COOLING SYSTEMS

In water-cooled power reactors, the principal governing factor in the
selection of the type of air-cleaning system to be used for a specific re-
actor has been the type of containment selected for that reactor. Once-
through air-cleaning systems have, with a few very recent exceptiods, been
apblied only to reactors that have a secondary containment structure en-
closing most or all of the containment shell. Air-cleaning systems within
the containment shell have almost all been combined with the containment
cooling systems.

Containment structures and their cooling systems have, in recent
years, become rather standardized. However, the economic desirability of
increasing the power of reactors, lengthening their fuel cycles, and locat-
ing them closer to metropolitan power consumers has accelerated the con-
tinuing nuclear safety research and development directed toward further
increases in the effectiveness and.reliability of engineered safety fea-
tures. This trend has generated new containment designs and concepts, has
produced at least one new system for the feduction 6f postaccident pres-
sure and temperature, and has emphasized the increasing need for air-
cleaning systems and for improvements in their performance and reliability.
The relationship of containment structures and cooling systems to air-
cleaning systems used as engineered safety features and the influence of

recent trends in reactor design and. siting are examined in this chapter.

¢

3.1 Containment Systems

In current practice in the United States, two basic types of contain-
ment ‘systems are applied to water-cooled power reactors. Pressure con-
tainment is used for pressurized-water reactors and a few boiling-water
reactors, and pressure-suppression containment with secondary containment
is used exclusively for direct-cycle boiling-water reactors. Recently,
however, an ice condenser containment system was developed, and double

containment with pumpback is again under consideration.
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The order of presentation in this section is by containment type,
rather than frequency of use. A discussion of simple pressure containment
is followed by discussions of two contaiﬁment systems that include pressure
containment. Pressure-suppression containment is discussed next, and a
discussion of iée-condenser containment follows; the ice condenser is ex-
pected to be capable, in a very high degree, of the rapid reduction of
containment pressure and temperature characteristic'qf pféssure-suppression

systems.

3.1.1 Pressure Containment

Pressuré containment shells afe usually spherical steel pressure
shells 6r domed cylinders of reinforced cqncrete'with steel liners. Both
types are designed to withsfand the temperature and pressure (about 40 to
50 psig) resulting from the flashing of all fhe primary coolant into the
containment shell. '

Pressure containment is used for some boiling-water powerlreactors
(such as Dresden 1 and Big Rock Pointl’zj aﬁd is currently applied to
pressurized-water power reactors in general. The cohtainment shell of the
Yankee Reactor,? one of the early (1960 startup) power reactors, is an ex- L
ample of the spherical steel shell type. The containment shells of the
Turkey Point 3 and 4 reactors* (1971-1972 startup) and the Indian Point 2
'reactor'5 (1969 startup) are examples of the steel-lined concrete cylinder
type. The Indian Point 2 containment shell provides pressurization of
welds and penetrations to assure a low leakage rate. .

For pressurized-water reactors, a maximum acceptable design-basis-
accident leakage rate'(usually 0.1 wt % of the contained volume per 24 hr)
is specified for the shell at the maximum design-basis-accident tempera-

ture and pressure.8

3.1)2 Pressure Containment with Secondary Containment

In a modification of the pressure containment system, a secondary en-
closure is placed entirely or partially around the containment shell. The
containment shell serves the same purpose as in simple pressure contain- ° =

ment; however, any leakage from it is to the volume between the two
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structures, in which fission products can be held up for radiocactive decay,
dilufed with outside air from secondary containment inleakage or supply
fans, cleaned by a filter-adsorber system, and exhausted through a high
stack. This tyﬁe of containment is not yet in wide usage for water-cooled
power reactors.

The Indian Point 1 reactor’ (1962 startup) has a spherical steel pres-
sure containment shell completely surrounded by a domed reinforced-concrete
cylinder, with an annular space between the two. The annulus was provided-
for concrete forming, and its capability for retention of leakage was not
exploited or required to meet initial siting requirements. It is, however,
vented through HEPA filters to the stack and thus provides secondary con-
tainment.®

Each of the Oconee reactors® (1971-1972 startup) also has a.spherical‘
stéel containment shell, but the secondary containment is a penetration
room attached to the outside of the containment shell.in a position to en-

close many of the containment sheil penetrations.

3.1.3 Proposed Double Containment with Pumpback

Another modification of pressure containment, once proposed for the
Ravenswood reactor and now proposed for.the Malibu reactor,10 is double
Qontainﬁent with pumpback. This containment system will have two domed
steel cylinders separated by a 20-in.-thick annulus filled with porous: con-
crete. The annulus will be kept at a pressure slightly lower than that of
the outside air, and any leakage will be pumped back into the inner con-
tainment shell. If it were necessary to vent the inner shell to the out-
side almusphere, the alr could be cleaned, monitored, and exhausted through
the stack. However, if the concentration of fission products exceeded per-

missible limits for release to unrestricted areas, any atmosphere removed

"from the inner containment shell would be transferred into special mobile

containers for disposal at a remote location.'?

3.1.4 Pressure-Suppression Containment with Secondary Containment

Pressure-suppression containment shells are divided into two compart-

ments. The reactor and most of the primary coolant system are enclosed in
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a pressure shell shabed like a light bulb with the base upward. This
shell, conventionally referred to és the drywell, is designed to withstand
a pressure of about 60 psig from flashing of the primary coolant. The
drywell is surrounded by a toroidal (doughnut-shaped) suppression chamber
with its horizontal center line a little below the bottom of the drywell.
The suppression chamber, often called the wetwell or the torus, is about
half full'of water, is subject to lower postulated accident pressures, and
is designed to withstand a préésure of about 35 psig.

The drywell is connected to the suppression chamber by.large vent
pipes that discharge 3 or 4 ft under the surface of the water. In case of
a rupture of the primary system in the drywell, thé flashing‘coolant‘is
released underwater in the suppression pool and is almost immediately con-
densed. The water in the suppression chamber thus serves as a heat sink
for the almost immediate absorption of most of the energy in the released
primary coolant. 1In addition the pool may absorb a large fraction of the
fission products that might be transferred to the suppression chamber with
the flashing primary coolant water.

Pressure suppression has been applied exclusively to direct-cycle
boiling—waﬁer reactors. In these systems, an integral part'of the contain- @
ment concept is quick-acting isolation valves on the primary steam line to
the turbine and the condensate return line, which extend the primary cool-
ing system outside the drywell. C

The maximum acceptable design-basis-accident leakage rate for the dfy-
well and the pressure-suppression chamber is usually 0.5 wt % of the con-
tained volume per 24 hr.sv This is five times the corresponding leakage
rate for the pressure containment of pressurized-water reactors, but the
. volume of leakage enters a secondary containment structure (the refueling
_building), from which it is exhausted through a high-efficiency air-
cleaning system. 1In the 1727-Mw(th) Millstone Point reactor,'® a typical
pressure-suppression system, the drywell has 128,000 ft3 of freé volume and
the pressure-suppression chamber has 110,000 ft2 ot free volume and 94,000 -

ft> of water, for a total containment volume of 332,000 ft®. This can be

compared with the 2,232,000 ft> of free volume in the pressure containment ¥
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vessel of the 1473-Mw(th) Connecticut Yankeereactor;3 which has pressure
containment.

Pressure-suppréssion systems have a refuéling building surrounding
the contéinment shell, which acts as a secondary containment structure.
Provi;ion for removal of fission products from the atmosphere within this
secondary containment building is essential. If a pipe ruptured in the
part of the primary cooling system outside the containment shell, some
primary coolant would leak into the secondary containment building. The
isolation valves would. close rapidly, but if the coolant contained fission
products at the time of rupture, some would be discharged into the atmo-
sphere within the secondary containment building.

Double pressure suppression has Been proposed for metropolitan siting

in one case.'®

3.1.5 Proposed Ice Condenser Containment

In a promising type of containment,developed by Westinghouse for

% an insulated blanket of millicns of hollow

pressurized-water reactors,®
cylinders of ice forms a massive heat sink around the inside of the con-
tainment shell. The system, known as the ice condensef reactor contain-
ment system, has been extensively tested, including subjecting a full-
scale segment to steam at accident temperature and preséure. The insu-
lated ice is kept frozen by sfandard refrigeration equipment. In an
accident, insulated panels would automatically spring open to provide a
path for,steam 10 reach the ice,

The system is reported to be capable of reducing the pressure to
normal in a few minutes. In one Westinghouse test'* the steam pressure
was reduced to a safe level in 30 sec, and not over 2-psig pressure was
built up in the containment shell. In the ice condenser containment de-

sign, the design pressure requirement is reduced from about 45 psig to

about 10 psig, and containment shell volume is reduced by half.

3.2 Containment Shell Cooling Systems

Where recirculating air-cleaning systems are used as engineered

safety features within the containment shells .of currenf water-cooled
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power- reactors, these systems have, in almost all cases, been provided by
the addition of HEPA filters and charcoal adsorbers (usually preceded by
moisture deehtrainers_and prefilters) to the recirculating containment at-
mosphere cooling systems. Removal of iodine from containment atmospheres
by addition of a chemical to the containment cooling sprays has been pro-
posed for several new reactors. Because air cleaning within the contain-
ment shell is closely related to containment cooling systems, these systems
are discussed briefly in this section.

Cooling of the atmosphere within the containment shell is necessary
during normal operation of water-cooled power reactors and is a vital
engineered safety feature to prevent containment pressure from exceeding
the design limit in the event of a postulated accident. Emergency core-
cooling systems'® are provided to remove postaccident decay heat, to mini-
mize fuel melting and cladding rupture, and to thereby minimize the re-
lease of fission products from the core, the reaction of cladding metal
with water, and the buildup of témperature and pressure within the con-
tainment shell. Containment'atmosphere cooling systems are pfovided not
only to minimize but also to reduce temperature and pressure in order to

reduce leakage of fission products from the containment vessel. ' @

3.2.1 Cooling Coll Lyotcmo

During normal operation, cooling must be provided in the containment
shell; otherwise, excessive temperatures (from.heat leakage from the re-
actor system) might damage electrical insulation and instruments. Opera-
tionsl cooling is normally provided by recirculgting the containment at-
mosphere over water-cooled coils with a fan. Several parallel systems are
usually provided. These systéms can, of course, also function -to remove
heat after an accident. If the system is to be depended upon for this
.purpose;lthe fan and its motor must be designéd for postaccident con-

ditions (air-steam mixtures at 40 to 50 psig and about 275°F).

3.2.2 BSpray Cooling Systems

Almost all water-cooled power reactors have provision for cooling the ) ®

containment atmosphere in the event of a loss-of-coolant accident by
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spraying-cold water directly intoc the containment shell. These sprays are
normally supplied from a tank, pool, or préséure—suppression pool, with
subsequent recycle of the water from the containment sump (or pressure-

suppression pool), through coolers, and back to the spray header.

3.3 AAir-Cleaning Systems Predominating in Current Designs

Two types of air-cleaning systems are widely'included as engineered
safety featﬁres in current water-cooled power reactors: .once-through
filter-adsorber systems in secondary containment exhaust lines and re-
circuiating filter-adsorber systems within the containment shell. Both
types have the same basic components: moisture deentrainers, prefilters,

HEPA filters, and charcoal adsorbers.

3.3.1 Once-Through Filter-Adsorber Systems in Secondary Contain-
ment Exhaust Lines

\ .

Once-through (single-pass) systems exhaust air from the secondary
containment building or volume, through filters and adsorbers, to the out-
sidelatmosphere. The input flow consists of a large volume of leakage
from the outside into the secondary containment building, which is main-
tained at a negative pressure by the air-cleaning system, and a small
volume of leakage from the containment shell. The system therefore oper-
ates at essentiglly ambient conditions with a low fission product load.
Some of the design characteristics of several secondary containment air-
cleaning systems are given in Table 3.1 and Fig. 3.1. Note in Fig. 3.1
that all these systems include HEPA filters, all except the system for the.
early (1962 startup) Indian Point 1 reactor’ include charcoal adsorbers,
and those for pressure-suppression plants include high-efficiency moisture
deentraine?s. "

Most secéndary containment structuresAon water-cooled power'reactors
are the refueling building surrounding pressure-suppression contginment
system. The air-cleaning system for the penetration rooms attached to the

pressure containment shells of the QOconee reéctoré’ is shown in Fig. 3.2.



Table 3.1. -Once-Tarough Air-Cleaning. Syssems in the Secondary Containment Exhaust Lines of Pressure
Containment Systems for PWR's and Pressure-Suppression'Containment Systems for BWR's

v

Design Contain- Flow Through

Electrical Completi Air-Cleans
Designer - Power omp on ment Shell 1r=vLCanlng  poference
‘me) . Date Leakage Rate System
: (cfm) (cfm)
Pressure containment
system- '
~
Indian Point 1 Babcock & Wilcox 255 1962 ‘ ' 7
Oconee 1 and 2 Babcock & Wilcox 250 each 1971-72 7.1 20002 -9
Pressure-suppression —
containment system ' . _
‘Oyster Creek General Electric 640 1967 "1 16
Millstone Point General Electric 650 1969 0.82 » 20002 . 12
Dresden 3 " General Electric 809 1969 1 20002 17
Browns Ferry 1 General Electric 2075 each 1970-71 0.97 4000% 18
and 2 '

%0ne spare system is provided.

oc
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ORNL-DWG 68-9269

Indian Point I

Oconee 1 and 2

Millstone POint eee—

Browns Ferry 1 and 2

Fig. 3.1. ‘'l'ypical Componcnt Arrangements f'or Once-Through Air Clean-
ing Systems in Secondary Containment Exhaust Lines (d = high-efficiency
moisture deentrainer; af = HEPA filter; c¢ = charcoal adsorber; rf = rough-
ing filter or prefilter; f = fan; s = stack; h = heater).

3.3.2 Recirculating Air Filter-Adsorber Systems Within the
Containment Shell

Moisture deentrainers, prefilters, HEPA filters, and charcoal ad-
sorbers are sometimes added to the recirculating air-cooling system in the
containment shell. Because of possible charcoal degradation from contami-
nants, the charcoal beds (and sometimes other components in the system) are
~ usually bypassed during normal operation.- In an emérgency, dampers are
switched to direct the air flow thirough the charcoal. These systems must
be designea to withstand the temperatures and pressures resulting from a
loss-of-coolant accident and must be protected against possible missilés.

Some of the design characteristics of typical installations are shown

in Teble 3.2 and Fig. 3.3. Note that recirculating air-cleaning systems
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Table 3.2. Rzacirculating Air-Cleaning Systems Within the Containment Shells
of Pressure Containment Systems for PWR's

Reactor? El;g;Zical Completion Air Changes Parallel Fé;:tz;r Reference
(M 3 . Date per ngr} Systems (cfm) :
Yankee 175 1960 0.77 3 4,000 o3
San Onofre 428 1966 (Hazards report not explicit) 19
Connecticus Yankee 562 1967 5.37 4 50,000 20
Ginna 479 1969 9.3 y 38,000 21
‘Indian Point 2 1033 1969 7.4 5 65,000 - . 5
H. B. Robinson 2 ~750 1970 11.4 4y 100,000 22
Diablo Canyon 106D 1971 7.5 5 65,000 23

"aWestinghouse Electric Zorporation was the designer of these reactors.

€z
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rf’ af £

Connecticut Yankee

a | rf

co af f ¢
— e
. - 4 co rf © af £ 1 d <
Indian Point 2 — M&Q ‘ ‘ l

4 Dd co: Haf £

.

H. B. Robinson 2

i co d rf af £

Fig. 3.3. Typical Component Arrangements for Recirculating Air-Clean-
ing Systems Within Containment Shells (d = high-efficiency moisture de-
entrainer; rf = roughing filter or prefilter; af = HEPA filter; c = char-
coal adsorber; co = cooler; f = fan; solid lines indicate normal flow;
dashed lines indicate accident flow).

are shown only for reactors with pressure containment (secondary contain-
ment air-cleaning systems for several pressure-suppression plants are shown
in Table 3.1). All the recirculating air-cleaning systems shown are com-
bined with containment cooling-coil systems. As shown in Fig. 3.3, all

these systems contain HEPA filters, all except the system for the early
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(1960 startup) Yankee reactor® include high-efficiency moisture deen-
trainers, most contain prefilters, and charcoal adsorbers are usually by-

passed during normal flow.

3.4 New Applications and Proposed Air-Cleaning Systems

3.4.1 Once-Through Systems in Containment Shell Exhaust Lihes

Although recirculating filter-adsorber systems within the containment
shell predominate in current pressure containment designs, cleanup of air
exhausted directly from the containment shell.by oncé—through high-
effieiency filtér systems has been proposed for at least two installatioﬁs,
Turkey Point 3 and 4 (Ref. 4) and Malibu.l°

Turkey Point 3 and 4 [760 Mw(e) each;ll97l-72 startup] have pres-
surized-water reactors with pressure containment shells. In the event
of a .loss-of-codlant accident, the containment atmosphere would be cleaned
to some extent by moisture deentrainers and prefilters in recirculating
containment-air-cooling systems.d After the postaccident pressure had
been reduced; the containment air could be slowly purged through high-
etticiency filters and then released to the stack.?%*

In the Malibu system (described in Sect. 3.1.3), after a poétulated
accident, air leakage into the annulus between the two pressure containment
shells would be pumped back into the inner shell to provide maximum con-
tainment. If it were necessary to vent the inner shell to the outside at-
.mosphere for reduction of pressure buildup or for postaccident cleanup, air
would be slowly purged from within the inner shell, through filters, and
exhausted through the sfack. Figure 3.4 is a schematic diagram of the air-
cleaning system for the double containment system once proposed for the
Ra#enswood reactor,25 which is essentially the same design. Note the
variable-to-large flow under, normal conditions and the small flow through
the purge system. (Concrete thicknesses in relation to the size of the
containment shells have been greatly exaggerated in the diagram in order to

show the porous concrete and the valves within the annulus.)
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3.4.2 Chemical Spray Systems and Pressure-Suppression Pools

To insure that recirculating filter-adsorber systems will perform re-
liably and adequately in the removal of fission products under postaccident
conditions, these'sysfems must be protected from pressure surges, possible
missiles, and the high pressures, temperatures, and humidities that would
exist within the containment shell after a postulated loss-of-coolant acci-
dent. Such protection is very exﬁensive. In an effort to develop a system
that would be less expensive and yet reliable and adequate for postaccident
fission-product removal within the containment shell, much attention has
been directed to examination of the adaptability of containment atmosphere
cooling sprays and pressure-suppression pools for f1$Slon—product removal-
Chemical additives to react with iodine and methyl iddide are under

-investigation, and the ;ddition of sodium thiosulfate to the water in the
containment atmosphere spray cooling system has been proposed for at least
four reactors with pressure containment systems (Indian Point 2, Ref. 53
Palisades, Ref. 26; H. B. Robinson 2, Ref. 22; and Diablo Canyon, Ref. 23).
A schematic diagram of the Indian Point 2 safety injection system, which
includes the containment spray system, is shoﬁn in Fig. 3.5. DNote that
the reactor containment spray header and nozzles (left center) within the
containment shell are fed by the containment spray pumps (near the right
in the diagram). The sodium thiosulfate is to be stored as a 30% solution
in an addition tank. - When the sprays are activated, valves will open and
a small Lypass flow wiil be directed from the spray pump discharge through
the sodium thiosulfate tank and back to the pump suction. In this manner’
Asodium thiosulfate will be introduced up to a final concentration of 2 wt %
by meuns of a sealed (nonvented) system that provides for minimum possi-
bility of fission-product leakage on recycle through the system.

If chemical sprays are shown to be effective, reliable, and pldbtlca-
ble engineered safety features, they may be included in the designs of
future water-cooled power reactors and perhaps added to some existing ones.
Flow diagrams for typical pressure containment and pressure-suppression
containment systems are shown in Figs. 3.6 and 3.7. The pumps, coolers,
and most of the valves are usually located outside the containment shell;

where they are less subject to possible accident damage and more accessible
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for maintenance and testing (they must be shielded and there must bé a

positive means of containing leakage). The pumps are normally tested with

water through a recirculating loop up to an isolation valve; beyond the

valve the system is tested with air to be sure that the spréy nozzles are

not plugged. Entire spray systems cannot be operationally tested without

taking extraordinary measures to protect nonwaterproofed electrical and

other equipment in the containment shell. (In some plants, such equipment

is already designed with protection for necessary operation under wet acci-

dent conditions; such plants may be amenable to occasional spray testing

with plain water).
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L. PERFORMANCE AND TESTING OF HEPA FILTERS

The efficiency of new HEPA filter units for the removal of the
standard test aerosol recommended by the USAEC is specified as not lesé
than 99.97% ﬁnder the standard test conditions. Where it can be assured
that filter media,.separators, gaskets, seals, frames, and other components
in a filter system will be intact and will not have significantly deterio-
rated up to the time of a postulated accident, and where it can be assured
-that during and after the accident the system would prevent damage to the
filters and would adequately pretreat the air before it reached the
filters, confidence in the efficiency of HEPA filters during postaccident
operétion will be very high. '

In practice, however, filter integrity and optimum postaccident oper-
ating conditions for HEPA filters are difficult to insure. Damage to
filter media during handling, improper installation, deterioratioﬁ of
media, separators, and seals, and excessive leakage that bypasses the
filters are not always detected and corrected by inspection, testing, and
mainténance. Housings, ducts, dampers, -and other filter system components
are often not designed, fabricated, installed, inspected, and maintained in
a manner that guarantees postaccident system integrity and protection of
the filters. Moisture removal devices in some systems are not capable of
insuring that the humidity of the air that reached the filters after an .
accident would be low enough for optimum filter efficiency. '

' A manual entitled "Design and Construction of High-Efficiency Air-
Filtration Systems" is being prepared at ORNL by C. A. Burchsted and A. B.
Fuller as a guide for designers of air:cleaning systems for nuclear appli-
cations. The manual is written primarily with operating, maintenance, and
hazards control in mind and attempts to answer the question: "What from
the standpoint of mechanical design is required for a reliable, economic
system?" Problem areas or factors that often compromise operations are
identified, énd mechanical, structural, and layout requirements are dis-
cussed in detail, aé well as the perférmance and limitations of major
system components. Reliability and total cost, rather than first cost,

are stressed. There is also a separate chapter on the special problems
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of remotely maintained and nuclear reactor postaccident cleanup filter
systems.

Drafts of the manual have been reviewed in detail by users and hazards
control personnel of the major AEC contractors and are being reviewed at
AEC Headquarters. The comments received will be considered in the final
issue as an AEC-TID handbook.

Each HEPA filter must beltested and inspected before installatioﬂ and
must be packaged, shipped, handled,. and installed with care. HEPA filters
must be routinely tested in place as part of the filter system, and indi-
vidually when necessary, throughout their service life. Also, system
leakage that bypasses air around the filters must be very low. HEPA filter
systems must be designed, tested, inspected, and maintained so that the
conditions under which the filters themselves operate are good. The
filters must be protected from shock waves,'pressure surges, high pressure

differentials, excessive moisture and particulate loadings, and fire.

4.1 Efficiency and Testing

There has been continuing interest in determining, as accurately as
possibie, the ability of HEPA filters to remove real accident-produced
aerosols under real postaccident conditions. Also, the increasing number
of water-cooled power reactors and the trend toward urban siting have
Brought increased emphasis on the establishment of routine efficienéy tests
that will accurately predict postaccident filter efficiency. For research
purposes this problem has been divided into a number of quesfions. Can the
efficiency of HEPA filters for the rcmoval of the standard test aerosol
under standard test conditions be adequately. correlated with efficiency for
the removal of aerosols under simulated postaccident conditions? How accu-
rately does the filtration of simulated accident-produced aerosols under
simulated postaccident conditions represent the filtration of real
accident-produced aerosols under real postaccident conditions? Do we need
a new test aerosol for testing HEPA filters that are to be depended on as
components of engineered safety features? Do we need to test with simu-
lated accident-produced aerosols? Do we need more realistic test humidi-

ties, tcmperatures, flow rates, -and pressure differentials? Are the

i
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dioctyl phthalate<(DOP) aerosol and test conditions now used for routine
testing applicable to the accurate prediction of postaccident filter ef-
ficiency?

These questions have been partially resolved., Testing of new HEPA
filter units with the standard DOP test (in-place testing of filter systems
is discussed in Chapter 6) and the effects of moisture and flow rate on the
efficiency of HEPA filters for the removal. of simulated accident-produced
aerosols containing fissién products, as well as fuel and cladding
~materials, are described in the following subsections.

International agreement on a standard efficiency test for filters has
not yet been reached. 1In each of several countries in which HEPA or '
similar filters are widely used, authorities on filter-efficiency testing
feel thét their standard method has advantages over the others. For
example, British standards specify tests with particles of sodium chloridet
or methylene blue,® and the Dust Research Institute in Bonn, West Germany,
uses a combination test with three kinds of solid and liquid particles.®
Much of the world, however, seems to be adopting the test with monodisperse

0.3-p dioctyl phthalate, which is standard in the United States.*

4.1.1 Preinstallation Efficiency Testing of HEPA Filter Units

In the United States the efficiency of new HEPA [1lterg tfor reactor
installations is determined with thermally generated dloctyl phthalate
(DOP) of 0.3-up particle diameter, by the manufacturer, following Edge- .
wood Arsenal préced.ures.4 In addition, as mentioned above, there are two
USAEC Quality Assurance Stations (filter testing facilities) for verifying
the efficiency of new filters by following the same test procedures. This
service is available on request or when specified by the purchaser.®

‘The filter to be tested is installed in a duct, flowing air and the
test‘aerosol are introduced upstream, and the concentrations of the aerosol
in air samples from the duct'upstfeam and downstream of the filter are
measured. Efficiency is calculated by dividing the downstream concen-
tration by the upstream concentration, which gives the penetration as a
decimal fraction; multiplying by 100 to convert to percentage; and sub- .

tracting the percentage penetration from 100 fo give the percentage re-
moved by the filter, which is conventionally referred to as efficiency.
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‘Delivery of HEPA filter units should not be accepted by USAEC offices,
contractors, or licensees until each unit has been inspected and tested by
one of the two USAEC Quality Assurance Service filter testing facilities.
Each filter is required to meet the specification of 99.97% for the removal
of the standard monodisperse 0.3-p DOP aerosol. The value 99.97% is a
reasonable compromise between necessary manufacturing tolerance and pro- -
tection for. the user. Most HEPA filters test at substantially higher
values.® HEPA filters are delicate and should be shipped, handled, and
installed with care.

Testing at two flow rates, 100 and 20% of rated flow, is recommended
by the AEC to disclose pinholes and leaks that cannot be found by testing
at rated flow alone or by visual inspection.” Two-flow testing is based
on the pinhole effect.® According to theoretical analyses®;10 of this
effect, airflow through the intact part of the filter is essentially
streamiine, and the flow rate is direétly proportional to pressure drop.
Airflow through the pinhole (or other small defect) is turbulent, and the
flow rate is proportional to the square root of pressure drop. Therefore,
with an increase in overall air flow through filters containing such
defects, and a corresponding increase in pressure drop, proportionately
less air passes through the defect. The net effect is an increase in
filtration efficiency with increasing flow rate. The pinhole effect would
not apply, of course, in cases where‘the size of the leakage path in-
creased with increasing flow.

Whatever the actual mechanism, the pinhole effect 1s well established

expe»rimentally.8’12

A statistical analysis of filter test results showed
a 95% probability of significant pinholing if the difference in pene-
tration between the full-flow test and a 20% flow test exceeded 0.01%.'2

This is borne out by other work.l%s13

It has been recommended’® that
specifications for the procurement of HEPA filters include a requifement
for two-flow testing, at rated flow and at 20% of rated flow, with a maxi-
mum permissible penetration difference of 0.01% between the two f;ows for
500-cfm and larger filter units. Testing of smaller units at 20% of rated
flow is not considered practical because of questionable results at the

low flow velocities.
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h.1.2- Effiéiency of HEPA Filter Media Under ‘Simulated Post-
accident Conditions

After a postulated loss-of-coolant accident. in a light-water power
reactor, the HEPA filters in the air-cleaning systemé might be-subjectedA
to an aerosol composed largely of oxides of,uraﬁium and cladding (Zircaloy
or stainless sﬁeel) produced by overheating of reactor .fuel. Also, the
atmosphere introduced into a recirculating aif-cleaning system.within.the
containment structure would .be saturated with water at a relatively'high
temperature (about 275°F). In the highly unlikely event of a breach in
the containment.system, a'once-through air-cleaning system in the exhaust
of a secondary containment structure would be subjected to a hot, very
humid atmosphere. The polydisperse, largely solid aerosol and the wet
high-temperature postaccident atmosphere would be quite different from the
monodisperse liquid DOP and the dry air at ambient temperature with which
new filter units are generally tested.

In a continuing program at ORNL, the characteristics, agglomeration,
filtration, and settling of realistic oxide aerosols are being studied
under simulated éccident conditions. As part of this program, the ef- '
ficiencies of a number of commercially ‘available HEPA filter media for
aerosols of the type expected from the melting of light-water-cooled power
reactor fueis are being measured as a function of velocity and humidity of
. the air and the amount of water in the filter media.l?"'® The aerosols
are oxides of stainless steel and ﬁranium generated from U0z and stainless
steel by an electric arc. These are laboratory-scale studies on assem-
blies of thfee 1.5-in.-diam disks of HEPA filter media hounted in series.
Full-size HEPA filter units have not been tested, and the test loop does
not contain moisture-removal devices upstream of the disks of filter media.

Eight HEPA filter media have been tested in this study. Six of these
are waterproofed: Flanders 700, Flanders 800, AAF type A57, AAF1l, MSA
UltraHEPA, and Cambridgé 115EWP. Two of the media tested are nonwatér-
‘proofed: Flanders 600 and Cambridge 115E. At 5 ft/min (the approximate.
linear velocity equivalent to the rated volumetric test flow for DOP test-
ing) at-room temperature in a dry atmosphere (about 2% relative humidity),

the measured efficiency of the Flénders 700 media for the aerosol of.
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stainless steel and uranium oxides was 99.97%, with an average deviation of
iQ.Ol% in 15 measurements. 1In a water-saturated atmosphere at 5 ft/ﬁin,

the two nonwaterproofed HEPA media had efficiencies of 99.84 and 99.80%;

also, two of the waterproofed media, Cambridge 115EWP and AAF1l, were sig- |
nificantly less efficient (99.93 and 99.92%) than the others tested. The i
efficiencies of the other four media were between 99.97 and 99.98%. Each |
of'these efficiencies under humid conditions is an average of three or
four measurements.

Tests of these eight HEPA media in a water-saturated atmosphére were |
also run at 3.5, 7.5, and 10 ft/min. The results of these tests are shown |
in Fig. 4.1. The efficiencies for the test aerosol at 3.5 and 7.5 ft/min |
were not very different from their efficiencies at 5 ft/min, but their
efficiencies at 10 ft/min were significantly lower.

In the same study, the effects of long-term exposure of HEPA filter
media to water-saturated atmospheres before testing and of accelerated
short-term exposure to water-saturated atmospheres or to water before
testing were investigated. Two of the waterproofed media, Flanders 800
and MSA UltraHEPA, which had measured efficiencies of 99.97+% for the test
aerosol when dry, had average efficiencies of 99.79 and 99.91% after
storage in'lOO%-humidity air at room temperature for 12 to 13 days, average
efficiencies of 99.31 and 99.46% after storagé under the same conditions
for 43 to 45 days, and efficiencies of 99.79 and 99.(2% after storage in
lOO%—humidity air at 80°C for 24 to 28 hr. Samples of one of the nonwater-
proofed media, Flanders 600, had an average efficiency of 98.89% after one
drop of water was put on each 1.5-cm disk just before testing. Measure-
ments of fiber diameter distributions on four of the eight HEPA filter
media showed two ranges of fiber diameter, one at about 2 u and the other
at about 0.15u . ‘It was postulated that the deleterious effect of moisture
on filtration efficiency may be caused by condensation of water on and be-
tween the 0.15-u fibers and a consequent increase in apparent fiber di-
ameter. This hypothesis was found by calculations to be reasonable in re-
lation to filtration theory (see also Sect. 6.3.1, which discusses re-

“duction of agglomerate size by high relative humidity).
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L.2 Filter Performande Under Operating Conditions

4.2.1 Protection of HEPA Filters from Moisture Damage

~ High moisture loadings can damage HEPA filters, either by plugging or
by deterioration of fhe fiiter media. Moisture deentrainers must be pro-
vided upstream of HEPA filters that are depended on to perform under wet
postaccident conditions.

h:2.l.l Tests of Moisture Deentrainers and HEPA Filters by the

- Savannah River Laboratory. Extensive tests have been made of the ability

of moisture deentrainers to protect HEPA filters and activated charcoal

beds after a postulated loss-of-coolant accident in the activity-
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confinement system of the Savannah River Plant reactors. Descriptions and
results of the tests, as well as specifications for moisture separators,
water-repellent HEPA filters, and activated charcoal beds for use in the
Savannsh River Plant system, have been published.?0" 22 ‘

The .filtration-adsorption system in the ventilation exhaust of each
reactor building at the Savannah Rivér Plant has five filter compartments,
each of which contains a bank of moisture separators, a bank of HEPA A
rilters, and a bank of activated charcoal beds. The banks of HEPA filters,
preceded by moisture separators, are designed to remove more than 99% of
all airborne radioactive particles 0.3 p in diameter and larger, even if
the particles are carried in a fog stream after a loss-of-coolant accident.
The moisture.separators (York M321 Déﬁisters), which are mats of DuPont
Teflon yarn woven on stainless steel wire and wrapped with stainless steel
reinforcing wire, are 2 ft x 2 f£t X 2 in. thick and £ated for 1600-scfm
air‘at 0.95 in. H:0. The filters are 1000-cfm open-face steel-cased HEPA
filters, 2 x 24 x 11 1/2 in. ‘

Tests at the Savannaﬁ River Laborafory showed that when moisture sepa-
rators were provided, the HEPA filters successfully passed flows of wet
steam and fog mixtures for ten days, even when the filters contained normal
dust equivalent to 18 months of exposure to flowing air.®® The tests simu-
lated a power-surge accident that did not breach the reactor building,'fol—
lowed by evaporation of the coolant. In a simulation of failure to re-
establish coolant flow, wet steam was emitted for 30 sec/at 7000 scfm per
filter, and the subsequent evaporation caused mixtures of steam, air, and
entrained water to be evolved at rates up to 1 lb of water per minute per:
filter for 10 days.21 In a typical test, partial plugging of the dusty
filters by water particles that initially escaped the separator reduced
the mixed flow to a minimum of 60% of the rated filter flow (lOOO-§cfm air)'
6 hr after the test started; however, the flow gradually increased to over
900 scfm at the end of the test. The HEPA filters exceeded their ef-
ficiency requirement after the test. Filters tested without moisture sepa-
rators upstream were .almost completely plugged with liquid water, and some

ruptured during the fog test.
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Tests of long-term exposure of moisture separator filter assemblies to
flowing air containing normal dust are being continued to determine the
" service life of 'the filters. A service life of about two years is indi-
cated for the particulate filters. An-indefinite service life is indicated
for the moisture separators, which are cleaned periodically (about once a
year ) with steam to restore flow and pressure-drop characteristics to
values equal to those of new units.2°

4.2.1.2 Tests of a Proposed Moistﬁre Separator for the Connecticut

Yankee Atomic Power Plant. Tests were conducted by the Clean Air Group

Research Laboratory, American Air Filter Company, fof the Connecticut
Yankee Atomic Power Company, to determine the effect of entrained water
from containment atmosphere cooling sprays of a proposed moisture sepa-
rator, which consisted of wave-plate steel baffles followed by three 2-in.-
thick fiber-glass pads, with a space of about 1 in. between the second and
third pad.®® The test facility used was capable of circulating 1000 cfm
of saturated air-steam mixtures at as high as 40 psig and 261°F, the maxi-
mum predicted conditions. Water sprays simulated the droﬁlet cloud ex-
pected. The moistureAseparator removed essentially all droplets from the
air stream under six test conditioné with pressures ranging from 10 to 4O
Ppsi. HEPA filters downstream of the separator (1000-cfm filters, tested
one at a time) withstood test periods of up to 24 hr at predicted maximum

conditions without measurable loss of performance.

4.,2.2 Resistance to Fire and Hot Air

A fire in a filter system can reduce or destroy the ability of the
system to remove and contain-radioactiﬁe materials. Filter systems pro-
vided as engineered safety features must be adequately protected against
fire, and their components, including HEPA filters, must be fire resistant.

Fire-resistant HEPA filter units are qualified by Underwriters' Labo-:
ratorieg for resistance to fire and hot air, in accordance with the Labo-
ratories' standard UL—S86.24 Among the qualification tests are a hot air
test, in which air at 700 + 50°F is passed through the filter for 5 min at
rated air flow, and a spot flame test, in which a 1750 + 50°F flame is
directed against each of several points on the upstream face of the filter

for 5 min, also at rated air flow. The hot air test determines the effect
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of hot air on filter performance, and the spot flame test is a test of
com.bustibility.16 Only UL-labeled filters should be used in reactor ap-
plications.

Unlike DOP efficiency tests and other nondestructive tests performed
on all filter units when specified, these destructive qualification tests
are performed only on sample filter units, not on units intended for actual
use after testing. When samples have passed the tests, all units made by
the manufacturer of the samples to the same specifications of design, ma-
terials, and construction are thereby qualified under UL-586, subject to
spot checking by Underwriters' Laboratories of units from production runs.

The protection of installed HEPA filters and filter systems from fire

is discussed in Chapter 6.

4.,2.3 Resistance to Shock Waves

HEPA filters must be protected against shock waves from possible ex-
plosions. In order to design systems that Will provide adequate pro-
tection, it is necessary to know the shock wave overpressure that would
cause significant reduction in the efficiency of unprotected HEPA filters .
of the size to be used and to know the overpressures that would cause more
extensive damage.

In tests conducted by the Naval Research Laboratory and the Naval
Ordnance Laboratory (NRL-NOL), HEPA filters of the sizes commonly used in
the AEC program were subjected to shock waves that produced a range of
overpressures.?®> The purpoce was to determine the shock overpressure that
caused the efficiency . of filters of each size fo fall below the 99.97%
specification and the overpressures at which various degrees of visible
damage occurred. A

Small test charges were exploded in the chamber of a 6-in. gun. The
muzzle of the gun was fastened to one end of a tube 180 ft long, which
tapered uniformly from o diameter of 6 in. at the gun muzzle to a diameter
of 30 in. at the other end. Each filter to be tested was mounted in the
center of a heavy steel plate that covered the 30-in. end of the tube.
Since the total forge of each explosion was directed toward the filter,

the shock waves simulated those from the explosion of large, unconfined
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"spherical charges about 200 ft from the filter. The most significant dif-

ference between the test shock waves and those from large spherical charges
was that the positive duration (time for overpressure to decay from peak to
zero) at the large end of the tube was about 50 msec and was almost inde-
pendent;of charge size, whereas the positive. duration of the shock wave
from a spherical charge increases with charge size and would be longer (of
the order>of 100 to 200 msec) in a reactor acciden@.

The filters in the NRL-NOL tests were open-face rectangular fire-
resistant HEPA filters, and all were obtained from the_séme manufacturer.
Thé media from which they were fabricated and the filter units were tested
after fabrication to assure that they met all specifications, including the
standard DOP efficiency test. Each filter‘was subjected to shock overpres-
sures of increasing inténsity‘and was inspected for visible damage after
each exposure to a shock wave. If no visible damage was found, the DOP ef-
ficiency of the filter was measured.

Clean filters failed (DOP efficiency fell below.99.97%) at the shock
overpressures tabulated below. (The thicknesses given are slightly modi-
fied to specification thicknesses; thicknesses given in Ref. 25 are rounded

off to 3, 6, and 12 in.)

Filter Size Overpressure at Failure
) (in.) , (psi) ‘
"8 x 8x 31/16 | 3.6
8x 8x 5 7/8 k.5
12x 12x 5 7/8 : - 3.6
o X. 24k X 5 7/8 2.2
2h x 2k x 11 1/2 ' 3.2

The ability to withstand shock increased with decreasing face area for a
given thickness and increased with increasing thickness for a giveﬁ face
area. - Pressures near the failure pressures caused cracks in the adhesive
or small leaks at the.media—adhesive bond. Pressures 0.5 to 1 psi greater
than the failure pressures caused blowout slits in the .downstream folds of
the pleats. Preésﬁres more than 2 psi greater than failure pressures

caused extensive damage, including very long cracks perpendicular to the



pleats. Very high overpressures (over 5 psi greater than failure pressure)
caused gross damage. In some cases essentially all media and separators
were removed from the frame.

To determine the shock-wave resistance of filters nearing the end of
their useful service life, a number of units were loaded with a test dust
that had a number median diameter of about 0.5 p and a mass median diameter
of about 1.8 . Each unit was loaded to a pressure drop of 4 in. Hz0 at’
rated flow. When tested with the dust-loaded side toward the explosive
charge, an 8 x 8 x 5 7/8-in. filter failed at 3.9-psi overpressure (com-
pared with 4.5 psi for a clean filter) and a 24 x 24 X 11 1/2-in. filter
failed at 2.9-psi overpressure (compared with 3.2 psi for a clean filter).25
These values represent decreases of about 12% in resistance to shock wavés,
as a result of the dust loading used. 1In practice, filters may be loaded
to pressure drops considerably higher than 4 in. H:O0.

Several 24 x 24 x 5 7/8-in. filter units were obtained without the
standard wire hardware cloth (1/4-in. wire mesh) face guards. These failed
at overpressures of about 1.4 psi (compared with 2.2 psi for a 2k x 24 X
5 7/8-in. filter with a face guard), a decrease of about 40% in resistance
to shock waves.

From the NRL-NOL studies it was concluded that the longer and thinner
the unsupported span of filter media, the lower ié the resistance to shock,
that the wiré hardware cloth materially increases resistance to shock, and
that methods of support for the center areas of the larger units would
markedly improve shochk-wave rcaistancc;

Burchsted®® plotted shock.overpressure resistance of clean HEPA
filters without face guards as a function of the ratio of thickness (depth)
of filter to face area. For three thicknesses, 3 1/16, 5 7/8, and 11 1/2
in., he plotted a family of three straight-line curves of essentially
identical slope, which graphically illustrated the need for face guards and
perhaps center support for filter units that have large face areas, small
thicknesses, or both. Burchsted®’ recommended a similar plot for dirty
filters, which would be more directly applicable to design for operating

conditions.
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L.2.4 Resistance to Accident-Produced Pressure Differentials

‘During a postulated loss-of—coolant accident, the pressure of the con-
taiﬁment atmosphere of a water-cooled reactor might rise to about 40 to 50
psig in a few seconds and impose a transient, but heavy,’preSSure differ-
ential on filters within the containmént‘shell, especially filters whose
upstream faces were directly exposed td the peak pressure. As part of the
AEC's Air Filter Development Program, headed by Humphrey Gilbert (AEC-COS)
and C. A. Burchsted (ORNL), tests of the resistance of HEPA filters to
velocity-induced overpressures‘are being conducted.®” Results of these
tests should permit a more quantitative assessment of the degree of pro-
tection needed by HEPA filters in the event of severe pressure transients.

Means of protecting filters and other system components against severe

'prgssure differentials are mentioned in Chapter 6.
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- 5. PERFORMANCE AND-TESTING OF CHARCOAL ADSORBERS

Beds of activated charcoal have high efficiency for the trapping of
radioactive molecular iodine (131I,) if (1) the charcoal has not lost ef-
ficiency from long exposure to moisture or impurities in the air, (2) it
is not ignited, (3) it has not settled to the extent that air bypasses
the charcoal through leakage paths, and (4) waterlogging (extensive flood-
ing of the beds) is prevented. Conventional (unimpregnated) activated
charcoals, however, do not'efficiently remove methyl iodide or other or-
ganic iodides.

At present, the only effective means of preventing the reléase of
radiocactive methyl iodide (CH3'?lI) through recirculating air-cleaning
systems after a postulated loss-of-coolant accident in a water-cooled
power reactor is removal of the radiocactive iodine from the methyl iodide
by isotopic exchange. For this purpose, activated charcoal is impregnated
with one or more substances containing nonradioactive iodine (1271), which
exchanges with the radioactive 1311 in the methyl iodide as the air being
cleaned passes through the charcoal bed. In this manner the impregnated
charcoal. removes and traps the radioactive 1211 and releases nonradio-
active CH3127I. Some methyl iodide, as such, may be trapped by the im-
pregnated charcoal, but the main trapping mechanism is the isotopic ex-
change. Five commercially available impregnated charcoals have been shown
to be effective at humidities as high as 70% and possibly higher if water-
logging is prevented. '

Beds of activated charcoal must be designed to prevent or counteract
settling. Leaks that bypass air around the charcoal can drastically re-
duce or destroy the capability of charcoal beds,_ This 1s also true bf
leakage caused by channeling in charcoal beds extensiyely flooded with
water. Activated charcoals, particularly impregnated charcoéls, must
be protected against ignition by fissioﬁ-product decay heat. Furthermore,
impregnated charcoal will release some of its impregnant and may release
trapped fission-product iodine and iodine compounds if subjected to ex-
cessiVe heat well below its ignition temperature. . Long-term exposure to
flowing humid air causes a gradual decrease in efficiency, and this de-

crease is arcelerated if the air contains significant amounts of impurities.
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For the reasons outlined above, charcoal beds that are depended on to
perform reliably after a postulated accident must, like HEPA filters,
be protected against damage or loss of function by well-designed and
carefully maintained systems. ‘

With the identification of methyl iodide (and smaller amdunts of
other organic iodides) as the fraction of fission-product iodine that
was penetrating charcoal adsorbers and the development of impregnated
charcgals capable of efficiently removing organic iodides at hiéh hu-
midities, the simulation of accident-produced fission products for the
tésting of charcoal adSOrbefs has become, in most respects, a simpler
problem than the simulation of fission products for the testing of HEPA
filters. There are two reasons for this. First, HEPA filters are pro-
vided fbr the removal of all particulate fission products and other
particulate radicactive material from the air being cleaned by them,
whereas charcoal beds are provided primarily to remove iodine and its
gaseous compounds, although they do remove very small amounts of other
chemically active fission-product gases and can serve to hold up noble
gases for radioactive decay. Second, HEPA filters must be capable of
more or less simultaneously removing particulate materials in a wide
spectrum of particle sizes and of various shapes, whereas charcoal beds,
which are almost invariably protected by HEPA filters upstream, are faced
only with gases, some vapors, and the very small amount of particulates
that pass through the HEPA filters. ‘ ' - » :

In at least two ways, the similation of.accident-produced fission-
product iodine and iodides is quite complex}' First, the simulant gases
should represent those that Would actually be released froﬁ high-burnup
fuel elements, escape sorption and plateout within the containment struc-
ture, and reach the charcoal under postaccident conditions. Second, the
amount of iodine that would reach the charcoal in the form of organic
iodides is still far from being kﬁowh definitively, although it has been
tentatively established as a small fraction of the total amount of iodine
that reaches the charcoal beds. A

No -standard quaiity—assurance test of the efficiency of charcoal

‘beds for reactor installations has yet been adopted on a USAEC-wide scale.
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However, a standard set of tests will quite possibly be adopted in the

near future, as discussed in Section 5.1.1.

5.1 Efficiency Testing of New and Recharged Charcoal Beds

Standard testing of the efficiency of new and recharged charcoal
beds may include a test for efficiency in removing moleculér iodine, a
test for efficiency in removinhg methyl iodide, and perhaps a leak test
with\a gas other than iodine. Qualification tests will also include a
test of the total capacity of representative samples for iodine and
methyl iodide. Alﬁhough a standard set of tests has not yet been adopted
on an AEC-wide scale, the tests that will probably comprise the set have
" been used for several years. o

Standard efficiency tests may be based on the two tests with small
amounts of radioactive *31I, and CH313lI that are used as in-place tests
of beds of impregnated charcoal at the Oak Ridge National Laboratory.l
Alternatively, if acceptable the tests may be a combination of the ORNL
efficiency tests and a leak test with DuPont Freon-112, which waslde—
veloped by the Savannah River Laboratory and is used routinely at the
Savannah River Plant.?,3 1In the latter case, all beds, whether new or
recharged with new charcoal, could be subjected fo quality-assurance leak
tests with Freon-112, and representatiﬁe beds and/or representative sam-
ples of impregnated charcoal from production runs could be tested for
iodine-removal efficiency and capacity with small amounts of radioactive
131I2 in a nonradioactive 12712 carrier and with small amounts of CH313lI
in CH31?71.

_ Unlike the test of HEPA filters with thermally generated monodisperse
0.3-1 DOP, which is widely accepted as a test of the efficiency of the
filters for removal of particulates, the test of charcoal beds with Freon-
112 is not considered a test.of the efficiency of the beds for the removal
of iodine and its gaseous compounds. It is considered a véry useful leak
test, as is the in-place test of HEPA filters with compressed-air-generated
polydisperse DOP.

Fortunately, it is both technologically and economically practical

to test the efficiency of at least representative éamples of charcoal
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with the very materials for which charcoal beds ‘are provided, '31I, and
CH3131I. A number of methods of testing the efficiency of charcoal beds
with iodine but without using 1311 as a tracer have been ﬁsed or tried.
Among these methods are neutron activation of stable iodine,4 catalytic

reduction of ceric ions by iodine,?

and detection of iodine as an oxi-
dant.6 However, the efficiency of impregngted charcoal for removal .of
methyl iodide and other organic iodides can only be tested with an ‘or-
ganic compound of radioactivé iodine which, as a compound, penetrates‘
activated charcoal as easily as methyl iodide does. The reason for this
is that impregnated charcoai is specific for the remoﬁal of radiocactive
iodine from methyl iodide by isotopic exchange, as discussed in the in-
troductory part of this chapter. ) '

The probable standard efficiency tests outlined in this section would
not differ basically from the in-place iodine tests discussed in Chépter 6.
The Freon-112 leak test would differ from in-place tests of used charcoal-
beds-in that the test conditions of air velocity and amount of sorbed
water are less restrictive for new beds (also'diécuSSed in Chapter 6).

A facility for .testing charcoal beds, trained personnel to operate
it, full laboratory services, and evaluation of the data in ‘accordance
‘with customer requirements are available at the Westinghouse Atomic Power
Division. The facility, known as the WAPD Filter Test Facility,7 can be
transported for on-site testing of charcoal units with test gases in air-
‘steam mixtures at a maximum velocity of 1000 cfm and a maximum tempera-
ture of 320°F. The facility can be used ﬁith radioactive or nonradioac-
tive I,, HI, or CH3I or with Freon or -other compounds and is equipped
for tracer aésay and gas chromatography.

5.2 Efficiency for Molecular Iodine Removal Under
Simulated Postaccident Conditions

Although molecular iodine is expected to constituﬁe the largest frac-
tion of’fissién-produet iodine that would reach charcoal beds after a pos-
tulated reactor accident, it is effectively removed by either conventional
activated charcoals or impregnated activated charcoals, subject to the

restrictions that the charcoal must not have excessively deteriorated or
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settled or have become waterlogged. Conventional (unimpregnated) char-
coals are still in use in some reactor air-cleaning systems. (The limited
applicability of unimpregnated charcoals to methyl iodide removal is dis-
cussed in Sect. 5.3.1.)

Tests of charcoal efficiencies under simulated accident conditions
have been concentrated on impregnated charcoals during the past three
years, and it is during this time that tests have simulated the postulated
temperatures and pressures (about 275°F and 40 to 50 psig) under which
charcoal beds would operate in recirculatihg filter-adsorber systems within
the containment shell. Unimpregnated charcoals have not been tested at
these temperatures and pressures, but they have been tested with'air 80 to
90% saturated with steam at 95 to 100°C (203 to 212°F). These humidities
and temperatures do simulate certain postulated accident conditions and
may'be more severe than the postaccident conditions -under which charcoal
beds would operate in once-through filter-adsorber systems in secondary.
~ containment buildings (or in slow purges of diluted air from within con-
tainment shells). Tests of unimpregnated charcoal under accident condi-
tions were performed during 1961-196é4 for the N.S. SAVANNAH Project8 and
during 1964—1965 for the evaluation of charcoal adsorbers as engineered
safety features.®

In the N.S. SAVANNAH studies, laboratory tests were made on charcoal
units 11 in. square and 1 1/8 in. thick containing 12/30 mesh Pittsburgh
BPL charcoal. Iodine vapor (12?7I labeled with 131I) in the concentration
expected in a postulated reactor accident on the N.S. SAVANNAH (lO‘2 mng
per cubic meter of steam-air) was continuously injected into air that was
80 to‘90% saturated with steam at 96 to 100°C, and the mixture was passed
through the charcoal units at 4.3 to 5.0 ft/min to give a residence time
of about 1.0 to 1.1 sec. The efficiency of the charcoal for the removal
of iodine under these conditions was 99.86 = 0.07% at the 95% confidence
level.® It was discovered during subsequent tests in the N.S. SAVANNAH
studies that what 1s now known to bée methyl iodide may have constituted
part of the iodine, and the actual efficiency for molecular iodine may

have been higher than the value reported.lO
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During -1964~1965, just before commercial impregnated charcoals were -
shown to be superior for radiocactive methyl iodide removal, studies were
conducted at ORNL for the evaluation of unimpregnated charcoal adsorbers

9 (One of the charcoals was Whetlerite, a

as engineered safety features.
charcoal impfegnated with salts of silver, copper, and chromium, -but it
did not contain the impregnants now used.) 1In these_stgdies, four char-
coals were tested in 1.5-in.-deep beds for their'efficiency for the re-
moval of molecular iodine (and methyl.iodide) from .steam-air systems.
Steam saturation of thé air in eight molecular iodine removal tests
ranged from 56.3 to 90.7%, temperatures ranged from 95 to 180°C, and
linear gés velocities ranged from 27.9 to 39.6 ft/min. These velocities
were much closer to the velocities in power reactors of current design
(60 to 70 ft/min) than were those in the N.S. SAVANNAH studies. However,
there was ho apparent correlation between velocityland'efficiency in the
range -of velocities used. ‘

The average measured efficiency for the removal of molecular .iodine
in the eighﬁ tests was about 98%, but the actual efficiency for molecular
.iodine removal per se may have been much higher. These studies involved
eafly attempts to fractionate iodine sources. The more'YQlatile‘ﬁractioﬁ
(organic iodides; mainly methyl iodide) from a palladium iodide source
maintained at —70°C. was removed by passing air for 10 min through a tube
containing the source. The remaining} less volatile fractiﬁn was used
in the tests. of molecular iodine removal efficiency. . This fraction, which
was mainly‘moleéqlar iodide, was known to contain some compounds of'io-
dine, and it is now believed!! that it probably contained a considerable
amount of methyl iodide and that the average measured efficiency of 98%

was. much lower than the actual efficiency.

5.3 Efticiency for Methyl Iodide Removal Under
Simulated Postaccident Conditions

The formation, réactions, and transport of methyl iodide and other
organic-iodides within the containment system of a water-cooled power re-
actor during and after a loss-of-coolant accident would depend on many

parameters, such as containment atmosphere, bare or painted surfaces,
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temperatures, iodine concentrations, and surface-to-volume ratios. The
amount of iodine that would reach the charcoal beds in the form of methyl
iodide or other organic iodides cannot yet be quantitatively pfedicted,
but it is considered to be a small percentage of the tptal_iodine inven-

12-16

tory and a somewhat larger percentage of the airborne iodine. How-

ever, it is generally assumed that the amount of methyl ilodide will be

t.l7-19

significan For siting in or near population centers, assurance

of a high efficiency for the removal of methyl iodide may be required.

5.3.1 Conventional Activated Charcoals

Conventional activated charcoals are not adequate for the postac-
cident removal of methyl iodide in recirculating air-cleaning systems
within the containment shell of water-cooled power reactors. Conven-
tional coconut-base actiﬁated charcoals have adequate efficiencies for
the removal of methyl iodide in filter-adsorber systems in the exhaust
of secondary céntainment structures, but only if it can be assured that
humidity can be reduced to very low levels.

In laboratory studies of an unimpregnated coconut charcoal at room
temperature, efficiency for the removal and retention of methyl iodide
was drastically redgced as the relative humidity of the air was increased;
efficiency also tended to vary inversely with air velocity. Time periods
over which removal efficiencies greater than 90% were observed varied
from about 100 hr at less than 3% relative humidity, 10-ft/min air ve-
locity, and a charcoal bed depth of 3 in. to less than 0.2 hr at near
100% relative humidity, 100 ft/min, and a bed depth of 1 in.?° The ef-
ficiency of a 2-in.-deep bed at 60% relative humidity and 10 ft/min fell
below 90% in about 2 hr. The conditions of these tests did not simulate
the high temperatures and pressures typical of the atmosphere within the
containment shell after a postulated loss-of-coolant accident. The tests
ot various humidities were sufficient to show that conventiona; activated
charcoals are.not‘adequate for methyl iodide for useful lengths of time
unless the humidity of the air passing through the charcoal beds can be
kept low. _ ‘ 4

The Vermont Yankee reactor plant design and analysis report states

that the charcoal unit on the EVESR at Vallecitos Atomic Power Laboratory



56

has been retaining organic halogens pro@uced during power operation with
an efficiency'of 99.8 to 99.9% at a relative humidity of 10 to 15%.°!
This charcoal is not impregnated, but the low humidities at which these
removal efficiencies are reported must be noted. In a small‘system of

this type, low humidities can be easily achieved.

5.3.2 Commercial impregnated Charcoals

Activated coconut charcoals impregnated with one or more substances
containing nonradioactive iodine have been known for over two years to
have very good efficiencies for the removal of radiocactive iodine from
methyl iodide at fairly high humidities, ambient pressure, and{ambient
or moderately high temperatures (up to 115°F).14,15,20 1p regenf
tests,22’23 five coﬁmercial impregnated charcoals have been shown to be
effective for methyl iodide removal at the teﬁperature, pressure, and hu-
’ midity predicted for- the atmosphere within the containment shell of a
water-cooled power reactor after.a loss-of-coolant accident, provided
extensive flooding of the charcoal beds can be prevented. and, -preferably,
humidity within the charcoal beds does‘not'exceed 90%. -

These five charcoals are MSA 85851 and MSA 24207 (Mine Safety Appli-
ances Company), BC-727 and BC-239 (Barnebey-Cheney), and G601 (North
American Carbon, Inc.). The impregnants of these commercial charcoals
are proprietary and therefore are not precisely specified in Refs. 22
‘and 23. It can be said that the impregnants are one or more substances
cohtaining nonradioactive'127I, which removes radioactive 131I from
CH31311 by isotopic exchange and releases nonradioactive CH3127I.

At about 270°F and 55 psia, with 50 ft/min steam-air velocity and
3.5 mg of CH3I injected per gram of charcoal, 2-in.-deep beds of each of
the five commercial charcoals tested had efficiencies of 90% or higher
for the removal of 1311 from'CH31311, provided the prevailing relative
humidity of the charcoal did not greatly exceed 90% (Fig. 5.1). At 80
to 85% relative humidity, efficiencies of‘98% or higher were typicél.23

At indicated relative humidities of or near 100%, under which con-
dition extensive flooding (waterlogging) of the carbon beds can be caused

by condensation of the steam, efficiencies dropped to low or very low
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Fig. 5.1. Effect of Relative Humidity on the Removdl of 31T from
CH3;311 in Flowing Steam-Air by Commercial Iodized Charcoals at Tempera-
tures and Prcssures Around 270°F and 60 psia. Bed depth, 2 in. (From
Ref. 22) .

levels. Although it was stated that useful efficiency ﬁight possibly be
attainable at relative humidities approaching 100%, it was recommended
that opération in the 90 to 100% relative humidity range be_avoided.24
It was also commented that these results were obtained on a single-pass
(once-through) system and that higher total efficiencies would probably
be achieved in a recirculating system; however, it was stated that
weathering and poisoning of the charcoal (see Sect. 5.2) should be con-

sidered in operating off-gas systems.
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5.3.3 Differences Between U.S. Recommended Charcoals and Those
. Recommended by the UKAEA Reactor Development Laboratory

The impregnated charcoals used in the containment systems of water-
cooled power reactors in the United States differ in several respects
from those recommended by investigators at the UKAEA Reactor Develoﬁment
Léboratory'at Windscale. In intensive studies at Windscale, including
tests of a number of inorganic and organic impregnants, two impregnated
charcoals gave the best results. Both of these were prepared from the
same coal-base charcoal (Sutcliffe~$§eakman and Company, Ltd., Type 207B).
One, designated 0.5% KI/207B, is impregnated with 0.5 wt % potassium
iodide; the other, designated 5% TEDA/207B, is impregnated with 5 wt %
triethylenediamine. Findings that each had advantages over the other

led to the recommendation25

of a mixture of the two for use in reactor
containment systems. ' |

For KI-impregnated charcoal, the best performance in the Windscale
tests was considered to be in the range 0.1 to 1 wt % KI, and 0.5 wt %

26  However, the per-

was selected as being in the middle of that range.
formance curve was stated to be virtualiy flat over an impregnant concen-
tration range of almosf two orders of'magnitude. On the KI curve in
Fig. 6 of Ref. 25, this would extend from about 0.05 to 5.0'wt % on the -
logarithmic abscissa scale. The oclectiovin ul 0.5 wt % rather than a
higher concentration of impregnant may have been governed largely by find-
ings?® that 0.5 wt % KI lowered the ignition point of 207B charcoal (about
500°C) to approximately that of unimpregnated charcoal (about 350°C).
(Coconuf charcoals, both unimpregnated and impregnated, with ignition
points close to those of coal-base charcoals, have been under investiga-
tion in the United States for some time, as discussed in Sect. 5.2.)

The 0;5% KI/207B chosen was found to have an acceptable CH3I loading
of only slightly over 100 ug/g,’whereas serious overloading of the 5%
TEDA/207B did not occur until it was loaded with well over 1 mg/g.?” Be-
cause of the far greater total capacity of 5% TEDA/207B (and for other
reasons of lesser importance), a mixture. of the twoiimpregnated charcoals
was recommended, although tests indicated28 that TEDA was much more sub-

. Ject to loss by volatilization at high temperatures than was KI.
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The charcoals recommended for use in the United States contain about
5 wt % impregnant, compared with 0.5 wt % in the 0.5% KI/207B. Although
the proprietary impregnants cannot be specified here, they are known to
contain iodine and to function prlmarllv by -isotopic exchange, and they
have useful efficiencies for CH3I at loadings of about 3.5 mg of CH3I
per gram of charcoal (Sect. 5.1) compared with only about 100 ug quoted
(under different conditions) for 0.5% KI/207B. Thefefore, the addition
of a complementary charcoal, such as 6ne impregnated with triethylene-
diamine, is not recommended. Despite the restrictions (Sect. 5.2) on
the conditions under which they must be used in order to be effective,
it is emphasized that these commercial impregnated charcoals are strongly

recommended for water-cooled power reactors in the United States.

5.3.4 . Use of Unimpregnated Charcoals at the Savannah
River Plant

Unimpregnated charcoal is presently specified for the activity con-

29

finement system of the Savannah River Plant reactors. Under the as-

sumed accident conditions. for these reactors, the production of methyl

29,30 For the removal of

iodide has been considered to be negligible.
molecular 1od1ne, the unimpregnated charcoal used in the SRP reactors

has certain advantages over impregnated charcoals; notably, a hlgher ig-
nition point and the questionable advantage that, having no impregnant,
it cannot lose impregnant by volatilization on heating. Where provision
for methyl iodide removal must be made, however, this charcoal is not °
recommended. It is inadequate for the removal of methyl iodide in re-
circulating systemé within the containment atmosphere, and it is adequate
in once-through systems provided to clean up the less humid atmosphere of
a refueling building or other secondary containment structure only if
very low humidity can be assured and if the amount used is much larger

than the amount of impregnated charcoal required for the same application.

5.4 Prevention of Charcoal Ignition

Adsorption systems must be designed so that the decay heat of col-

lected fission products will not cause combustion of their media or
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result in overheating to a temperature at which collected fission prod-
ucts will be redispersed. ‘Heat-resistant prefilters should.be used. to
collect the initial load of fission products that generate excessive .-
fission heat. Normal air cooling of the filter usually holds the tem-
perature of the‘charcoal bélow its ignition temperature (250 to 300°C).
Once ignition starts, however, air flow accelerates the combustion pro-
cess. ‘Small fires may be extinguished by cutting off the air- (oxygen)
supply. Larger fires may requireé water fog sprays and continued air
‘flow to cool down the system and prevent reignition of the charcoal.

The Savannah River Laboratorj (SRL) is studying adsorbers that will
reduce‘the possibility of igniting existing types of coconut-shell carbon
ih some reactor containment systems. In .addition, a standardized pro-
cedure is being developed to measure the ignition temperature, to evalu-

" ate promising new types of carbon, and to evaluate the effects of such
variables as air flow, particle size, internal surface area, and catalysts
_on the ignition temperature.3?l ‘ ‘

A small-scale apparatus waSAdeveloped at SRL for measuring ignition
temperatures of carbon beds with diaméters and depths of up to 3 in. The
3-in. diameter was choéen to simulate a full-sized bed. An ignition fem-
peraturé of 340 to 350°C was measured for a l-in.-thick bed packed with
a sample of ﬁhg(unimpregnated activatedAcocohut carbon (Barnebey¥0heney .
type 416) now used in the Savannah River Plént,(SRP) confinement system.3?!
Air vglocities from 10 to-125 ft/min had little effect on the ignition
temperatufe. Exposufe in the confinement systems for about two years in-
creased the ignition temperature about 80°C. Ignition tests on carbon
with about 3 1/2 years of éxﬁosure were in progress at the time of report-
ing. An ignition temperature of approximately 530°C was measured at a
velpdity of.lO5 ft/min for samples of a new typé of high-temperature co--
¢conut carbon (Barnebey-Cheney type 592) packedAin a l-in.-thick bed.31
Detailed evaluation of the iodine'adsorption and- the ignition character-
istics of this promising new carbon is in progress at SRL. Preliminary

tests indicate that the new carbon meets SRP specifications.32

The ig-
‘nition temperatures of several other commercial carbons were also mea-

sured. Activated -carbon prepared from bituminous coal ignited at 480°C
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and coconut carbon ighited at 340°C. An ignition temperature of only
250°C was measured for Whetlerite carbon.

The possibility exists that decay heat from adsorbed iodine might
lower the bulk temperature for ignition of charcoal by producing hot
spots as a result of nonuniform'distribution of the adsorbed iodine.
This possibility has been investigated at ORNL by generating short-lived
iodine isotopes in overheated UO, and blowing them into a charcoal ad-
sorber. Preliminary results of these studies indicate that the charcoal
ignition temperature is not greatly affected by the decay heat of the
adsorbed fission products. -The results of this first series of experi-
ments indicate that the experimental apparatus is capable of producing .
the desired ignition data and that the decay heat loading of the char-
coal is adequate. 33,34

Ignition temperatures of 340°C for type 416 carbon and 530°C for
type 592 carbon were measured in tests at the Lawrence Radiation Labofa—
tory on a full-size prototype of the new SRP beds framed with stainless

steel.31,35

. This value was in good agreement with that obtained from

the small-scaie apparatus at SRL. The air flow during the test was main-
tained at 1000 cfm, corresponding to a face velocity of 70 ft/min. At
ignition, glowing particles of cérbon were swept from the bed. Simul-
taneously, thermocouples in .the bed suddenly indicated temperatures

higher than the 540°C 1limit of the recorder. The burners and air flow
were stopped'immediately after the carbon ignited. Cafbon dioxide sprayed
on. the upstream face did not extinguish the fire, which was extinguished
by restoring .the air flow and spraying water on both faces of the bed for

about 15 min.

References

1. J. H. Swanks, In-Place Iodine Filter Testing, pp. 1092-1104 in
Proceedings of Ninth AEC Air Cleaning Conference, Boston, Mass.,
September 13-16, 1966, USAEC Report CONF-660904, Vol. 2, January
1967.

2. W. S. Durant et al., Activity Confinement System of the Savannah
River Plant Reactors, USAEC Report DP-1071, Savannah River Plant,
August 1966.



10.

11.

12.

13.

62

D. R. Muhlbaier, Standardized Nondestructive Test of Carbon Beds
for Reactor Confinement Applications, Final Progress Report,
February to June 1966, USAEC Report DP-1082, Savannah River Plant,
July 1967.

C. A. Gukeisen and K. L. Malaby, In-Place Testing of Charcoal Filter
Banks at Ames Laboratory Research Center (ALRR), pp. 1063—1068 in
Proceedings of Ninth AEC Air Cleaning Conference, Boston, Mass:,
September 13-16, 1966, USAEC Report CONF-660904, Vol. 2, January

1967.

F. J. Viles, Jr., and L. Silverman, In-Place Iodine Removal Effi-
ciency Test, pp. 1108-1132 in Proceedings of Ninth AEC Air Cleaning
Conference, Boston, Mass., September 13-16, 1966, USAEC Report CONF-
660904, Vol. 2, January 1967.

W. G. Thomson and R. E. Grossman, In-Place Testing for Iodine Removal
Efficiency Using an Electronic Detector, pp. 1134-1149 in Proceedings
of Ninth AEC Air Cleaning Conference, Boston, Mass., September 1316,
1966, USAEC Report CONF-660904, Vol. 2, January 1967.

WAPD Filter Test Facility and Services, Westinghouse Atomic Power
Division, Pittsburgh, Penna. (Details on the facility, related ser-
vices, and arrangements can be obtained from D. C. Beatty, Manager
of Nuclear Power Service, Westinghouse Atomic Power Division,

P.0. Box 355, Pittsburgh, Penna. 15230.)

R. E. Adams and W. E. Browning, Jr., Iodine Vapor Adsorption Studies
for the N.S. Savannah Project, pp. 310 in USAEC Report ORNL-3726,
Oak Ridge National Laboratory, February 1965.

R. E. Adams and W. E. Browning, Jr., Removal of Iodine and Volatile_
Iodine Compounds from Air Systems by Activated Charcoal, pp. 869-884
in International Symposium on Fission Product Release and Transport
Under Accident Conditions, Oak Rldge, Tennessee, April 5-7, 1965,
USAEC Report CONF- 650407, Vol. 2.

R. E. Adams and W. E. Browning, Jr., Iodine Vapor Adsorption Studies
for the N.S. Savannah Project, pp. 25-30 in USAEC Report ORNL-3726,
Oak Ridge National Laboratory, February 1965.

R. E. Adams, Oak Ridge National Laboratory, personal communication.

J. Mishima, Methyl Iodide Behavior in Systems Containing Airborne
Radioiodine, Nucl. Safety, 9(1): 3542 (1968); esp. p. 40.

W. E. Browning, Jr., comment on p. 1191 in Discussion, pp. 1175-1193
in Proceedings of Ninth AEC Air Cleaning Conference, Boston, Mass.,
September 13-16, 1966 USAEC Report CONF-660904, Vol. 2, January
1967.



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

%

25.

63

R. E. Adams, W. E. Browning, Jr., W. B. Cottrell, and G. W. Parker,
The Release and Adsorption of Methyl Iodide in the HFIR Maximum
Credible Accident, USAEC Report ORNL-TM-1291, Oak Ridge National
Laboratory, October 1965.

G. W. Keilholtz, Filters, Sorbents, and Air Cleaning Systems as
Engineered Safeguards in Nuclear Installations, USAEC Report ORNL-
NSIC-13, Oak Ridge National Laboratory, October 1966. )

J. Mishima, Review of Methyl Iodide Behavior in Systems Containing
Airborne Radioiodine, USAEC Report BNWL-319, Pacific Northwest Labo-
ratory, June 1966.

R. D. Ackley and R. E. Adams, Removal of Radioactive Methyl Iodide
from Steam-Air Systems (Test Series II), USAEC Report ORNL-4180,
Oak Ridge National Laboratory, October 1967.

Safety Evaluation by the Division of Reactor Licensing, USAEC, in
the Matter of Consolidated Edison Company of New York, Inc., Indian
Point Nuclear Generating Unit No. 2, Peekskill, New York, Docket No.
50-247, Aug. 25, 1966, p. 64.

Safety Evaluation by the Division of Reactor Licensing, USAEC, in the
Matter of Philadelphia Electric Company, Peach Bottom Atomic Power
Station Unit Nos. 2 and 3, Peach Bottom Township, York County,
Pennsylvania, Docket Nos. 50-277 and 50-278, Nov. 7, 1967, p. 34.

R. D. Ackley et al., Retention of Methyl Iodide by Charcoal Under
Accident Conditions, pp. 61—80, in Nuclear Safety Program Semiann.
Progr. Rept. Dec. 31, 1965, USAEC Report ORNL-3915, Oak Ridge Na-
tional Laboratory.

Vermont Yankee Nuclear Power Station Plant Design and Analy51s Re-

port, Docket No.'50 271, p. XIV-3- ?Q 1966.

R. E. Adams, R. D. Ackley, and W. E. Browning, Jr., Removal of Radio-
active Methyl Iodide from Steam-Air Systems, USAEC Report ORNL-4040,
Oak Ridge National Laboratory, January 1967.

R. D. Ackley and R. E. Adams, Removal of Radioactive Methyl Iodide
from Steam-Air Systems (Test Series II), USAEC Report ORNL-4180,
Qak Ridge Natinnal Taboratory, October 1967.

R+ D. Ackley and R. E. Adams, Removal of Radioactive Methyl Iodide
from Steam-Air Systems (Test Series II), p. 14 in USAEC Report ORNL-

4180, Oak Ridge National Laboratory, October 1967.

D. A. Collins, L. R. Taylor, and R. Taylor, The Development of
Impregnated Charcoals for Trapping Methyl Iodide at High Humidity,
British TRG Report 1300(W), p. 12, paragraph 65, 1967.



26.
7.
28.
29.
30.
31.

32.

33.

34.

35.

64

Ibid., p. 5, paragraph 24, Fig. 6.
Ibid., p. 5, paragraph 25.
Ibid., p. 7, paragraph 36.

W. S. Durant et al., Activity Confinement System of the Savannah
River Plant Reactor, USAEC Report DP-1071, Savannah River Plant,
August 1966.

Comments by G. W. Parker and A. H. Peters in Discussion, p. 370 in
Proceedings of Ninth AEC Air Cleaning Conference, Boston, Mass.,
September 1316, 1966, USAEC Report CONF-660904, Vol. 1, January
1967.

R. C. Milham, High Temperature Adsorbents for TIodine, Progress Re-
port: January 1965—September 1966, USAEC Report DP—lO?), Savannah
River Laboratory, December 1966.

W. 8. Durant, Performance of Activated Carbon Beds in SRP Reactor
Confinement Facilities, Progress Report: September 1962-September
1965, USAEC Report DP-1028, Savannah River Laboratory, January 1966.

W. E. Browning, Jr., et al., Ignition of Charcoal Adsorbers by
Fission-Product Decay Heat, pp. 156-167 in Nuclear Safety Program
Semiann. Progr. Rept. June 30, 1965, USAEC Report ORNL-3843, Oak
Ridge National Laboratory, September 1965.

W. E. Browning, Jr., et al., Ignition of Charcoal Adsorbers by
Fission-Product Decay Heat, pp. 81-85 in Nuclear Safety Program
Semiann. Progr. Rept. Dec. 31, 1965, USAEC Report ORNL- 3911, Oak
Ridge National Laboratory, March 1966

W. S. Durant et al., Activity Confinement System of the Savannah
River Plant Reactors, USAEC Report DP-1071, Savannah River Labora-
tory, August 1966. ' -



65
6. PERFORMANCE AND TESTING OF FILTER-ADSORBER SYSTEMS

Under optimum conditions, the gfficiencies of HEPA filters fdr the
removal of parficulate fission products and of any one of several impreg-
nated charcoals for the rémoval of 1311 and its gaseous compounds are '
excellent. The most critical factors in the adeqﬁacy of filter—adsofbe;
systems as engineered safety. features are matters of adequate funds and
space allocation, meticulous design, thoroughgoing operational procedures,
administrative control, and compliance. Filters and charcoal must be pro-
tected from damage and deterioration, particularly during and after an
accident, and the integrity of the system and all of its components must -
be maintained. The air must be pretreated to minimize the reduction of -
filter and charcoal efficiency by excessive moisture and clogging by
" large particles. In-service testing, inspection, and maintenance of the
system and its components must be effective. Any component subject to
deterioration or loss of function must be replaced, when necessary, well

in advance of the end of its safe service life.

6.1 In-Place Testing of Filter-Adsorber Systems

The pefformance of a once-through filter-adsorber system depends
almost ehtirely on its efficiency and integrity. These systems generally
exhaust cleaned air (after holdup time for decay of noble gases) through
a high stack into the outside atmosphere. Therefore they must, and do,
have high efficiencies for the removal of barticulate and gaseous fission
products during a single pass through the system.

The performance of a recirculating filter-adsorber system depends
not only on the efficiency and integrity of the system, but also on the
duration of the releaée of fission produéis into the containmentlshell,
the degree of mixing within the containment shell, and the.number of air
changes per hour. (Air changes per hour is the conventional way of ex-
pressing the ratio of the volume of containment air that passes through
the filter-adsorber system per unit time to the total volume of éir within
the containment shell.) Efficiency per pass in a recirculating systemv

is far less important than the totul effiuiency of the syatcm.
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6.1.1 In-Place Testing of HEPA Filter Systems

Experience has shown that a system containing HEPA filtefs_(and/or 3 .
charcoél adsorbers) should be considered to have an unacceptable effi-
ciency until an in-place test shows otherwise. Minor damage to a filter . | *
during installation, for example, may bypass significant quantities of
uncleaned air through an operating filter system. Leakage has been found |
to be caused by a number of system defects, as well as by damage to or
deterioration of filter units and media. Among the causes of leakage are
damaged or improperly seated gaskets; rough or warped frame surfaces;
clamps that are too loose, too few, or incofrectly positioned; lack of
enough framg mémbers; unwelded joints at corners and sides of frames;
deterioration of filter media; damage to filter media during installation
or other handling;'and filters that sag because they were installed with
_ pleats horizontal instead of vertical.?l

In the past, the greatest effort in designing HEPA filter systems.
has been directed toward providing a system of adequate capacity. With
some exceptions, less attention has been given to adequate structural . -
and functionai design of the System, and little consideration has been
given to providing means for initially and periodically verifying the
integrity of the installation. Recently, however, there has been aﬁ iﬁ-
creaéing awareness of the importance of in-place testing of high-effi-
)ciency filter systems. In addition to the initial in-place test, it is
very important that each syétem be tested periodically and, also, after
every filter change and whenever there is reason to suspect fhat effi-
ciency has decreased. _

In-place tests of filter systems are proof tests, with a twofold
purpose. The total penetration of the system by the test aerosol is
" measured to establish either that the system has excessive‘leakage‘or
that it meets the low leakage specification. If leakage is excéssive,
leaks are located by probing the system, and the defects are plugged or
repaired as necessary until the system meets the specification.

In the in-place test used by the 0Oak Ridge Natioﬁal Iaboratory,1'3
polydisperse DOP, produced by atomization with compressed air, is. intro- N

duced into any convenient air intake that enables thorough mixing with

N
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the air stream ahead of the filter bank being tested. The concgntration
of the unfiltered aerosol is measured on a sample drawn from a point

ahead of the filter bank and that of the aerosol in the filtered air is
measured on a sample taken downstream of the filter bank. Frequently,

the downstream sample is taken after the exhaust blower to insure a thor-
oughly mixed, representative sample. Use of this location is subjecﬁ to
the provision that blower-shaft-seal leakage must be negligible. Sampling
lines should not be too long, since losé of sample by deposition within
long lines can be severe. The 2-in.-thick charcdal beds used.in commer -
cial reactor practice are not expected to cause any bias in measurements,
however. In in-place DOP tests at ORNL, no difference was found in th¢
measured efficiency of a HEPA filter system when the same sysﬁem was
tested with and without approximately 2 1/4 in. of charcoal (two 1 l/8-in.
beds in series) between the HEPA filters and the downstream sampling
point.4 In another in-place DOP test, the measured efficiency for a char-
coal bed alone was zero.

In calculating system efficiency from the measured concentrations,
the downstream concentration is divided by the upstream concentration;
multiplication of the quotient by 100 gives the percentage penetration;
this is subtracted from 100 to give the percentage removed by the system,
which is referred to as the cfficiency of the system. To meet the speci-
fication of the in-place test at ORNL, the system must have a m;nimum
efficiency of 99595% for the removal of the polydisperse DOP. When an
in-placc test shows an unacceptable efficiency, leakage paths can usually
be detected readily by passing the aerosol into the system and probing |
the downstream side of the bank of filters and the filter mounting frame
with a probe connected directly to the photometer.

A proposed standard based on the foregoing test method has been pre-
pared. This proposed standard, j@fficiency Testing of Air-Cleaning Sys-
tems Containing Devices for Remaval of Part;culates," which was drafted
by USASI Task Group N5.2.11, has been recommended for ballot actionvby
the USASTI Nuclear Standards Board and approval as a USA Standard. y

In-place testing of future installations can be simplified by careful

planning in the design stage. Design of a filter installation should



68

include builtin facilities for conducting in-place testing and access
into the duct for sampling instrumentation. '

The parallels in method, calculation, and expression of result be-
tween tests of new filters and- tests of insﬁalled systems have caused
some ambiguity and misinterpretation. Although the total penetration
through the system is a measure of system efficiency, it is not a quanti-
tative measure of the efficiency of the filters themselves, for two rea-
'sons. First, the system is usually tested with a compressed-air-generated
polydisperse DOP aerosol wifh a number median diameter of about 0.7 W,
‘which is not intended as'a substitute for the thermally generated mono-
disperse 0.3-K DOP specified for testing new filters. Second, the total
penetration through the system includes not only penetration through the
filters but also penétration through.leaks.that bypass the filters.

The differences between thermally generated and compressed-air-gen-
erated DOP have -no practical‘effectlon the detection of leaks or on the
efficiency of the system as determined by an in-place test. Most of the
particles detected in a system downstream of the. high-efficiency filter
pass through holes or other continuous leakage paths that are larger by

several orders of magnitude than the test particles.

6.1.2 In-Place Testing of Adsorber Systems

The charcoal impregnants used in the United States for reactor con-
tainment air-cleaning systems are specific for the removal of rédioactive
iodine from methyl iodide by isotopic exchange. Therefore, the efficiency
of impregnated charcoals in the United States should be tested by an iso-
topic-éxchange method, preferably with CH3131I (diluted with CH;127I).

A proof test for leaks with a nonradiocactive gas (DuPont Freon-112) has
been developed, however. In-place leak testing of charcoal bcds in fil-
ter-adsorber systems, combined with tests of representative samples of
charcoal from the beds with CH3*31I and 31, should be adequate. This
combination would have the advantage of avoiding testing of the whole
system with radioactive material. | |

At ORNL, charcoal .beds are tested in place with smali amounts of .
1317, and CH3Y3'I (in 127I, and CH3127I as carriers).’ This method is

being widely adopted in the United States.
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At the Savannah River Plant, charcoal beds are routinely leak tested
in place with DuPont Freoﬁ-112.6:7 This method was developed by the Sa-
vannah River Laboratory under the sponsorship of the USAEC's Division of
Operational Safety. The SRL leak tests are backed up by small-scale
laboratory'tests of the efficiency and capacity of the activated charcoal
for removing molecular iodine by using small amounts of 131I,. Testing
of the efficiency of the beds for CH3*3!I removed is in progress at SRL.
The SRL tests for-molecular iodine removal have been standardized for

general application. 85 7

6.2 Operating Conditions

Both the reliability of filter-adsorber systems under pdstulated
accident conditions and the ability to test these systems in a manner
that will assure their adequate performance and reliability under acci-
dent conditioﬁs are strongly affected by the location of the system and
" by economic considerations. Once-through filter-adsorber systems in
secondary containment exhaust lines would function after an accident in
an envifonment very similar to their normgl environment. These s&stems,
however, must have far greater integrity than that of ordinary air-con-
ditioning system§ and must be designed and constructed with builtin capa-
bilities for adequate tesfing, inspection, and maintenance. Comporent
efficiency is less critical in recirculating systems, but they must be
designed, fabricated, installed, inspected, and maintained for high com-
ponent integrity and high system integrity. In order to qualify as engi-
neered safety features, recirculatiﬁg systems must withstand the initial
effects of the accident within the containment shell and must thereafter
perform adequately and reliably in the hot, wet, high-pressure postacci-
dent containmept atmosphere. Recirculating systems must be rugged; this

cannot be overemphasized.

6.2.1 Once-Through Systems in Secondary Containment
Exhaust Lines ) :

If the integrity of the .containment shell is maintained after a

major reactor accident, a once-through filter-adsorber system in the
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secondéry containment exhaust line would be required to treat only a
small volume of leakage from within the containment shell that would be
highly diluted with air from the secondary containﬁent structure atmo-
éphere. The temperature, pressﬁre, and humidity of the air passing
through the system would be essentially ambient, and the fission-product
loading would be very low compared with the postaccident loading on a re-
circulating filter-adsorber system within a containment shell.

| An air-cleaning system of this type can be routinely tested in its
entiretf at ambient temperature,’ﬁressure, and humidity. Accident con-
ditions would not differ materially from the test conditions, except for
the fission-product loading. If the system is adequately engineered,
constructed; and mainﬁained, and it is frequently tested, it should prove
reliable under accident conditions.

Except for a few special applications, such as those of the Indian
Point 1 and Oconee reactors, the secondary.containment structures in
whichQOnce-through filter-adsorber systems are provided as engineered -
safety features are the refﬁeling buiidings surrounding the pressure-
suppression containments of tfﬁical boiling-water reacﬁors. A contain-
ment shell leakage of 0.5% per day in a'pressure—suppression system
represents only about 0.1% of the design flow through the emergénéy air-
cleaning system in the secondary containment structure. Therefore, éven
if the leakage were 100% steam, it would not greatly increase the humidity
of the air passing through the air-cleaning éystem.

Air to be cleaned by HEPA filters and charcoal adsorbers should be
passed through moisture deentrainers, even in air-cleaning systems in
the exhaust lines of secondary containment structureé, For highest effi-
ciency, the relative humidity of the air should be'reduced“ﬁo about 90%
(preferably lower) before the air passes through filters and charcoal,
particularly because of the deleterious effect of high humidity on the

retention of methyl iodide by impregnated charcoals.

6.2.2 Once-Through Systems in Containment Shell Exhaust Lines

The protection afforded once-through filter-adsorber systems in the

exhaust lines of secondary containment structures by the containment.
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shell and by dilution of the containment air that passes through them

also applies to once-through filter-adsorber systems directly attached

to the outside of the shell, if provision is made to dilute the atmosphere
from within the containment shell with outside air before it passes through
the air-cleaning system. If the containment atmosphere were allowed to
pass through the air-cleanihg system without dilution, the system would

be subjected to an air-steam mixture which, under accident conditions,
would be at anuﬁ the same temperatures, pressures, and humidities as

those to which recirculating filter—adsorber systems within the contain-

ment shell would be subjected.

6.2.3 Recirculating Systems Within the Containment Shell

Recirculating filter-adsorber systems within the containment shell
mist be able to perform reliably in the postaccident atmosphere within
the containment shell, where temperature, pressure, humidity, and par-
ticulate concentration would be high. These systems must be protected
from accident-produced pressure surges, shock waves, and missiles. They
must also be protected from heavy laédings of moisture and particulate
materials from the postaccident atmosphere. . Prefilters are used to pre-
vent clogging of HEPA filters by heavy particulate‘loadings. Moisture
deentrainers are used to protect HEPA filters from moisture damage (see
Sect. 4:2.1) and to reduce the amount of moisture that passes through

charcoal beds.

6.3 Performance of System Components

6.3.1 Effect of Humidity on Agglomerate Siée and Filterability

High relative humidity has been shown to decfease the size ol agglom-
erates of the aerosols of uranium and stainless steel oxides by at least |
an order of magnitude and thus make them more difficult to filter. 8- 1%
Moisture waé shown to affect both siie and shape of the agglomerates,
probably by adsorption of water on particles and subsequent changes in
surface tension forces. Particle sizes were measured indirectly with

12

fibrous-filter analyzers and by electron-microscope examination of
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samples obtained with thermal preéipitators. The dry-agglomerates were
~chains, a few microns ‘in length, of primary particles; at high aerosol
concentrations there was a high proportion (almost 80%) of agglomerates
greater than 10 W in diameter. Aerdsols generated in air at 80 to 90%
relative humidity contained compact, aﬁproximately spherical agglomerates
predominantly 2 to 3 M in diameter, and paséage of . either wet- or dry-
generated‘aerosols through water reduced the size to diameters of 0.1 to
1 w10

The possibility that thé changes in size .and shape of the agglomer-
ates were the result of neutralization of electrical charges bn the par-
ticles by water vapor was investigated. 1In onevexperiment, a sample of
dry charged aerosol was ndt changed in appearance when neutralized by '
passage over a source of alpha activity; another sample was markedly
changed in appearance by passage through water, although wafer has little
charge-neutralizing potential. It was therefore considered'impfobable‘
that water changes the‘aerosol'by chargelneutralization,.

The dry serosol was:filtered with a relatively high efficiency by
filter packs of Dacron mais (fiber diameter about 11 ) in series; 80 to
90% was retained on the first two mats. Efficiency of the filter packs
for the aerosol in:a humid atmosphere was much lower. Often: over 50% of.
the aerosol.penetrated.completely through.a pack of € to 12 mats.. iﬁ
-was’ concluded that roughing filters (pfefilters) would not be efficienf _
toward an aerosol of stainless steel-uranium oxides in a postaccident
reactor atmosphere of high relative humidity, and there may be some'danger
of -overloading HEPA filfers in the &air-cleaning system.10

The possibility that water affected the filtering action of the 1l-p
Dacron fibers was investigated by comparing the gfficiencies of two filter
packs, one of which had been prewetted by_equilibratioﬁ in a humid atmo—'A
sphere, for removal of the dry aerosol. No essential difference iﬁ effi-
ciency was fouwdd. In another test, no difference in effiéiency for a
wet aerosol was found between two filter packs, one of which-was:képt

artificially dry by external trace heating.
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6.3.2 Use of Heater to Reduce Humidity in Charcoal Beds

- A heater has been added to the design of the Browns Ferry system to
insure low humidity in the charcoal beds.l3 The Browns Ferry reactors
are boiling-water reactors with pressure-suppression containment.1%
Assuming perfect mixing, the humldlty of air at ambient temperature
(about 80°F) could be reduced from 100% to léss than "70% by raising the
- temperature 10°F. With the imperfect mixing expected in practice, a
somewhat higher gross increase in temperature would probably be required
to insure that this reduction in humidity was achieved across the whole
face of the charcoal bed. The amount of heating necessary would depend
on system configuration, flow patterns, and other parameters. 1In systems
with relatively low volumetric flow rates, which are typical in pressure-
suppression containment, heaters should be a practical and reliable means

of maintaiﬁing an adequately low relative humidity.
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7. AIR CLEANUP POTENTIAL OF.CHEMICAL SPRAY SYSTEMS.

An extensive research and developmenﬁ program on spray Ssystems is.
being coordinated at ORNL. This program includes searches for better
solutions, single-drop parameter studies, radiolytic decomposition and
hydrogen production investigations, corrosion tests, and scaleup and
modeling experiments on both sprays and pressure-suppression systems.
Almost all water-cooled power reactors have frovision for cooling the
containment atmosphere in the event of a loss-of-coolant accident by
spraying cold water directly into the containment shell. Spray cooling
systems, adopted for iodine removal by a chemical additive, are being
investigated as means of postaccident containment atmosphere cleanup
that may be much more reliable than any economically feasible recircu-
lating filter-adsorber systems. The design and testing of chemical
spray systems are discussed briefly in Section 3.4.2.

In pressure-suppression containment systems, which have a low ratio
of free volume to water volume, plain water sprays can, in theory, sig-
nificantly reduce the iodine concentration in the containment atmosphere.
This capability would be lower in pressure containment systems. For more
efficient removal in either type of containment, however, a chemical may
be added to the spray water. The chemical solution would have to be
analyzed periodically to be sure no degradation or precipitation had taken
place. The addition of either borated basic (pH, ~9.0) sodium thiosulfate
(Na2S203) or borated sodium hydroxide (NaOH) to the containment spray
cooling water has been proposed for or included in the design of several
reactors with pressure containment.. The use of hydrazine (N,H,) for
methyl iodide removal has been invest-igated,l but the toxicity of hydra-
zine, its possible radiolytic decomposition to form hydrogen, and the po-
tential explosion hazard of its vapor preclude its use in reactor spray
solutions. ‘

A program at ORNL was established to make a thorough investigation
of the various solutions suggested for use in a spray system from the

consideration of efficiency in removing contaminants. 3

The major por-
tion of the effort has been devoted to collecting information about spray

pyoteme proposed for use by industry in the immediate future. Close



76

liaison with industry has been maintained so thaf the data generated are
directly applicable to systems now being designed. The long-range objec-
tive of the program is to evaluate a large number of spray-solution ad-
ditives and their characteristics so that the resuits of the program can
be applied to future plants with different requirements. The gas-liquid

systems ihvolved are Being investigated to evaluate the degfee'of removal
‘ of fission_products that may be expeéted during the operation of a épfay

system. ‘

In laboratory-scalé investiggtions a large number of solutions are
‘being examined for use as additives to the spray. The next step is to
use a wihd tunnel to determine mass transfer from a contaminated gas
stream into a single drop of $olution under various conditions. Engi-
neering-scale tests of the solutions are then made in the Nuclear Safety
Pilot Plant.at ORNL and the Containment Systéms EXperiment at BatteIle}s
Pacific Northwest Laboratory. In additioﬂ,_corrosion-teéting facilities
are now being used to determine compatibility of the various solutions
with the reactor materials they would contact. The thermal and radiation
stability of the solutions is a matter of_concern, and the latter tests
have revealed that most solutions release more hydrogen than is generated

in the design-basis accident from the metal-water reaction.

7.1 Screening of Potential Additives

In the spray-solution search at ORNL*~¢ a gas-titration method -is
employed for experimentally determining the capacity of aqueous solutions
for removal of iodine from air streams. The onset of escape of measur-
able iodine is found to be dependent on the rate of transfer from gas to
solution and hence upon efficiency of the dispersion and the contact time.
The capacity, expressed as a distribution coefficient,jis linear in the
amount of reactive additive (thiosulfate or base) used.

The first step in the investigation of the various possible spray
solutions involves small laboratory experiments in which\a large number,
of solufions can be evalﬁated quickly before being tested in larger fa-
cilities. The principal objectives originally set for this wdrk were

(1) to develop a method and technique for measuring distribution
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. coefficients of I, and CH3I between air and aqueous soluﬁions at equilib-
rium, (2) to use the method to screen potential additives for spray solu-
tions, (3) to study rates of approach to equilibrium distribution, and
(4) to study the effects of other variables (such as side reactions with
air or other gases, temperature, and additive concentrations) on relative
scrubbing efficiencies for additives. ' ﬂ )

The carrier gas is bubbled through scrubber solutions. In most-
studies to date, nitrogen has been used as the carrier gas in order to
limit the number of experimental variables. Some work has been done on
the effects of varying the cover gas, particularly the possible regeneraQ

tion of fixed iodine by air oxidation.

7.1.1 Theoretical Examination of Iodine-Water Partition
Coefficients

Examination of the various reactions of iodine in water leads to the
selection of four fast reactions that control the equilibrium between ele-
mental iodine and its hydfolysis products.” On the assumption that ele-
mental iodine is the only volatile species, water-gas phase partition co-
efficients have been calculated from the equilibrium constants. At 25°C
the value increases from a minimum of 83 at high iodine concentrations
and low pH to values in excess of 10,000 at high pH and low iodine concen-
trations. The values for 100°C are smaller than the 25°C values at high
iodine concentration but increase more rapidly as the pH is raised and
the iodine concentration lowered. The slow reaction leading to iodate
formation is found to be of importance only at pH values greater than 7,
both on equilibrium and rate grounds.

The effects of traces of oxidizing and reducing agents have been as-
sessed on the basis of the redox potential of the final solution. For
each pH valuc there is a corresponding value of the redox potential that
gives minimum values of the partition coefficient at all iodine concen-
trations. Departures from this optimum in either direction cause a marked
increase. This effect is particularly important with very dilute iodine
solutions and may explain the anomalous experimental values in the litera-

ture.
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The‘study-has indicated areas where experimental data are sparse.

In particular, the equilibrium constants of a number of reactions are
not well established at temperatures other than 25°C, and the partition
coefficient of HIO in water is unknown.

In-this treatment, aceount has been taken of all the known reactions
of elemental‘iodine with water over a wide range of -pH. Sheuid there be
further reactions taking place at low iodine concentrations, as has been
suggested, these will almost certainly yield iodine -speciés more water
soluble_ﬁhan ipdine itsélf and lead to partition coefficients larger than
those calculated. Errors due to omission of activity coefficient cor-
rections, which will be small at the iodine concentrations of practical
interest, will also have the same effect.

The error in the values ealculated for 100°C is likely to be greater
than the error in those calculated for 25°C because of the extrapolation
'necessary to estlmate values of the equlllbrlum constants at the higher
.temperature. ‘Experlmental confirmation is clearly required.

Oxidizing and reducihg agente always iﬁcrease the partition coeffi-
cient above the values calculated in their absence, sb calculations based
on the latter values of the amount'of elemental iodinetremaining in the
gas phase following a reactor accident ﬁiil generally err on the pessi-
mistic side unless the partition coefficient of hypoiodous acid should
turn eut to be unexpeetedly small. Account must also be taken of 1od1ne
present in partlculate form or as volatlle compounds, such as methyl io-
dide.

7.1.2 Measurement of Distribution Coefflclents for
Varlous Additives . .

The initial WOrk4 consisted principally of develobing a technique
for studying the partitiening process under flow conditions (gas through
liqﬁid) and comparing NagSéO3 and NaOH by.means of the procedures de-. -
veloped. In order to evaluate additives as chemical scrubbers; a thHorough
study was started not only of the additives themselves but of solutions
containing the producﬁs‘of reaction of iodine with thesé additives. Dis-

tribution coefficients and elapsed times before first observation of
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iodine penetration are shown in Table 7.1 for the solutions initially

investigated at 25°C and a gas-phase iodine concentration of about 107° M.

With respect to the work completed in the first half of the program,

the f'ollowing conclusions were drawn.
water agree reasonably well with the lowest literature values available
and are reproducible to within *+2%.
dition of substances reactive toward iodine.

between thiosulfate and base in this respect.

Distribution coefficients for

7,8

Capacity increases sharply with ad-

There is little difference’

Both exceed their stoichio-

metrically predicted capacity. Extra capacity is showh to result from

the reaction with iodide ion to produce triiodide ion.

Boric acid in-

creases the capacity of water for iodine, and excess boric acid destroys

the capacity of the base. The time at which iodine begins to escape

Table 7.1.

Penetration Times for Various Test Solutions

Todine Distribution Coefficients and Initial

Additive K/ ty, Initial
s ’ . I
Test Solution - Concentration Distribution Pene?ratlon
(molar, except T a Time
. Coefficient
as noted) (sec)
Pure H»0 92 180
H3BO5; in H0 3000 ppm B _85 165
NazS203 in Ha0 0.921 x 1073 150 551
~ 2.31 x 1073 250 1029
, S 4.62 X 1073 380 1883
Nas8303 in standard H3BOj 2,31 x 10-3, 237 1022
NaOH in Hs0 1.012 x 10-3 155 562
2.52 x 10-3 250 996
_ 5.05 x 1072 400 1784
WaOH in standerd’ HBOs 2.52 % 1073 83 218
Na;5203 in Hp0P - 2.31 x 1073 249 4O
KI in H»0 ~0.1 - 145 253
KI in standard H3BOj ~0.1 157 230

/ = is
aKd = Cs/C s Where Cs is the

is the gas iodine concentration.

bAn inefficient scrubber was used.

1

scrubber iodine concentration and C
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depends on the way the scrubbing is done (bubbling rate, .dispersing effi-
ciency, etc.), but capacities calculated by extrapolation to infinite

time are independent of these variables.

7.1.3 Work on Additional Compounds, Reaction Products, and
‘ Temperature Effects .

Work on the distribution of iodine between nitrogen streams and aque-
ous solutions has been extended®’® in the following areas: survey of po-
tential additives, study of capacities of primary reaction products for
- principal additives, and examination of the temperature effects on the
capacity coefficient for principal additives. Because of some confusion
that surrounded previous reference to Ké as a-'distribution coefficient,”’
K4 is now referred to as a "capacity coefficient," since.all dissolved
iodine species are included in the solution concentraﬁion term.

Table 7.2 lists values of Ké at 25°C for the second group of com-
pounds surveyed. Data on water, sodium thiosulfate, and sodium hydroxide
from prévious work are included for compariéon.~ Piperidine, morpholine,

and resorcinol produced solid products.  The high capacity of NpH,

Table 7.2. Survey of Potential Additives to
Sprays (or Pressure-Suppression Pools)

Concentration
Additive (molar, except K/ at 25°C
4 ) a
as noted)

H20 . _ 92
Na S 203 2.31 x 103 250
NaOH 2.52 x 1073 250
KOH 2.39 x 1073 202
Piperidine ~2.5 x 1073 369
Morpholine ~2,5 x 1073 . 277
NoHy 2.32 x 1073 618
Ethylene glycol 10 vol % 151

45 vol % 428

vResorcinol ~2.5 x 1073 728
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(hydrazine) was consistent with the quantitative reaction expected. The
high affinities of ethylene glycol solutions are consistent with solu-
bility data,” which suggest ext#emely large Ké values for high concentra-
tions.

A quantitative reaction model® used to interpret thiosulfate and
base capacities attributed additional capacity to the products of the
initial reactions. Several compounds were studied to check the validity
of this assumption, with the results given in Table 7.3. '

Potassium iodate (KIO3), as expected, shows only a very small salt-
ing effect. The surprising effect of tetrathionate may confirm suggés-
tions!® that iodine reacts slowly with 8402‘. The method of analysis
used in these studies (extrapolation to infinite time) should reflect
this contribution even if the reaction is'quite slow. The significant
capacity of I was confirmed by the result for NaI. The contribution of
I” is consistent with tﬁe solubility data®l and with the efficiency re-
quired to explain the S,05  and OH™ results. Sodium sulfate (Na»S0.),
used as a model compound for "unreactive sodium thiosulfate," behaves
éimilarly. This salting-out behavior agrees well with solubility data.ll

Table 7.4 shows the variation of Ké of some of the more important
systems with temperature. Although only a very limited amount of data

has been collected so far, it seems that there is. a significant increase

Table 7.3. Secondary Capacities
of Additiwves

Concentration

. 03 y / N o

Additive (molar) Kd ét 25°C

"KIO; ‘ 0.1 ° f 110

Na»S$,0¢ 0.1 - 348

Nal: . 2.32 x 1073 179

Na,S0, 0.1 86

: 0.2 80

0.3 73 )
0.4 67 . o
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Table 7.4. Variation of K{ with Temperature

~

K4 at Specified

Additi Concentration Pemperature
dditive (molar, except . ~ .

' as n°teé) 25°C  45°C  66.2°C
H20 - ~ 92 87 72
H3BO3* 3000 ppm B ‘ 85 72
NaoS503 2.31 x 1072 | 250 288 345
NaOH 2.53 x 1073 250 219 155
Na S »03-NaOH 2.42 x.1073 (total: 261 B 221

in 50:50 mixture)

in the iodine capacity of SgO%' but a &ecrease for OH™ with increasing
temperature. ‘This effect will be examined in more detail. |

Data were also obtained for aqueous solutions of hydrezine,.various
amines, and ethylene glycol as primary additives. These include com-
pounds similar in structure to those ‘already studied and a variety of

6 The data here were collected at 25°C and an iodine

other systems.
-gas- phase concentration of 1.20 x 107° mole/liter. In Table 7.5, Kd
are given for some of the acids, bases, and salts examined. The data
for the nonreactive salts are ‘in good agreement with solubility data.ll
Lithium-h&droxide has a greater iodine capacity than some of the other
bases investigated. This increase might be explained by the "structure
making property of the lithium ion. 12

Table 7.6 contains -data for some solvent additives. These data are
also in agreement with solubility data in those cases where data are
available. The Ké's reported for the two egcol systems are not very
large, but the solubility of iodine increases exponentially with increas-
ing glycol concentration and the Ké's wouid increase accordingly.

Some compounds that react with iodine are listed in Table 7.7.  The
extremely large value for p&rrole is supported by the fact. that the tet-

rahalogenated product is reportedly formed if excess halogen is present.13
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Tdble 7.5. Iodine-Capacity Coefficients for
the Acids, Bases, and Salts Examined

Compound Concentration (molar) K4
NaNO3 ©9.56 X 107° 103
CH3COOH ' 2.56 x 10-3 109

. NaC10, 9.8 x 1072 112
H2S0, 2.252 x 1073 117
Na3C gH507 2.41 x 1073 122
NH,, OH o 1.775 x 10~% 131
LiOH 2.755 x 1073 - 313
Na B, 07 * 10H20 0.1 874

Table 7.6. Iodine-Capacity Coefficients
for Solvent Additives

Compound Con?sgir%gionv K4
Glycerine 30 173
Ethyl alcohol 30 203
Dipropylene glycol 20 215
Dioxane 20 235
Dimethylformide 20 278
Triethylene glycol 30 342

As shown in Table 7.7, amines react with iodine and yield substantial Ké
values, but in most cases the solid product is undesirable.

Since sulfides and hydrazine react with iodine, compounds containing
one or both of these components were investigated. The data collected
for these systems are given in Table 7.8. Sodium thiosulfate and hydra-

zine were included for comparison. The literature indicates that the
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* Table 7.7. Capacity Coefficients of Compounds
That React with Iodine

- , Concentration ’
Compound (molar) ' Kd
X 1073 ‘

Creatinine 2.52 114
Glycine 2.37 125
Pyridine 2.5 -1978
AgNO3 2.255 24,08
4-Aminopyridine 2.5 3912
Quinoline = - 2.5 4508
Piperazine 2.5 5178
1,4-Trihydroxybenzene 2.32 8172
Pyrrole’ 2.5 11002

8301id product.

Table 7.8. Resulﬁs of Methyl Iodide Removal Runs in NSPP

'Spray nozzles: three No. 7G3 from Spraying
. Systems Company -

Initial MCV Half-Life (min).

Run : . . -
No. Solution Tem?sg?ture From MCV  From Iodide
Gamma- Data Balance

398 Borated NaOHP 130 42 52

40% Borated alkaline thiosulfate® 30 87 25

412 Borated NaOHP 30 360 : 59

43  Borated NaOHP»@ 30 Infinity . (e)

44f  Borated alkaline thiosulfate 130 35 . (&)

with surfactant

211 runs 39, 40, and 41 there was a short half-life when the sprays
started that was attributed to thermal decomposition of the methyl io-
dide.

o

Contained 1 wt % NaS203, 3000 ppm B, and 0.153 M NaOH.

Contained 3000 ppm B and 0.153 M NaOH.

o

Borated NaOH plus 1077 M cetyl trimethylammonium bromide.
®overall decontamination factor was 1.03 in 3 hr.

: .fThe interior of the MCV was illuminated by four 150-w incandescent
lamps during the last 2 hr of the run.

gAnalysis incomplete.
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reactions for thiourea and thiosemicarbazide with iodine are the follow-

ing:14

HoNCSNH» + 4I, + 4Hp0 — HLNCN + HpSO, + 8HI ,
HoNCSNHNH, + 6I, + 5H,0 — No + HONO + 12HI + HpSO,

In spite of the fact that the above reactions are used for a'quantitative
determination of these compounds, the data in Table 7.8 illustrate that
the system is not quantitative under these conditions. However, the re-
actions may be slow at the temperature used, and the equilibrium may be
suppressed by the large quantities of acid produced. Therefore it is
planned to investigate the temperature and pH dependence.

The data confirm that the addition of an S°7 or hydrazine function_
in a molecule produces Ké values comparable with those of S2” ion and
NH,-NH, themselves. It may'well be that some compound containing these
structures will be found to have storage and performance properties su-
perior to those bf the parent compounds. Therefore, it was suggested
that pyrolytic and radiolytic stability be investigated for some of these
compounds and that, since thiourea and sodium thiocyanate are common
chemicals, they might very well be preferable to sodium thiosulfate, even

on an economic basis.

7.2 Uptake of I, and CHsI by Single Drops of Water
Solution Suspended in a Wind Tunnel

The mass transport of méthyl iodide into a water drop is being de-
termined at ORNL by suspending drops of various solutions in a wind tun-
nel through which an air stream containing methyl iodide is directed.15~17
Specific emphasis has been focused on the role of additives on both the
kinetics and thermodynamics of methyl iodide removal by aqueous solutions.
At low concentrations (~0.2 wt %) such diverse addifives as NH,-NHp,

(NH, )2S, and NasS,03 enhance the mass transport of CH3I in a common man-
ner, with the differences in the specific effectiveness becoming apparent
at higher additive concentrations. Drop size studies indicate that the
CH3I transport process is controlled by a combination of surface effects,

ac well as the circulation of the solution in the interior of the drop.
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There is a pronounced effect of pH and relative humidity on both the
mass-transport coefficients and the solution affinity for methyl iodide
in.Na28203. The decrease in the mass-transport values (~5 X 1072 em/sec)
at about 25°C on the acidic side is characterized by an activation energy
of approximately 10,000 cal/mole. At a pH of 7 or higher, the transport
coefficients (3.6 X 10-2 cm/sec) are approximately independent of tem-
peréture. The mass transport of CH3I in water appears to be accelerated

by photolysis; that is
CH3I + y + Hp0 — CH30H + H + 10 .

The efficiency'pf CH3I removal by aqueous spray systems can be en-

hanced by buffering the additive solution in order to maintain basicity.

" 7.3 Spray Tests in the Nuclear Safety Pilot Plant

Engineering-scale experimehts on the'performance of sprays are
carried out in the Nuclear Safety Pilot Plant at ORNL to demonstrate the
performance under simulated accident conditidns of solutions for the re-
moval of molecular iodine (I,) and methyl iodide (CH3I) and equipment
that might be used in reactor containment build.'ings.lg"19 Results of
tests. of various solutions in the NSPP exhibit no significant difference
in the half-life for iodine removal — the half-life is small in all cases
and indicates that the solubility of iodine in water predominates. On
the'other hand, methyl iodide is much more difficult to remove. Table
7.8 summarizes experimental results of several runs. It is concluded
that there is no significant effect associated with the spray being at a
higher temperature than the containment vessel. The fact that contact
with metal surfaces at temperatures in the range 130 to 175°C was suffi-
cient to decompose a significant part of the methyl iodide indicates a
possible natural mechanism for methyl iodide removal.

In one run, 43, a borated sodium hydrokide at. room temperature was
used as the spray solution for removing methyl ‘iodide from the model con-
tainment vessel (MCV) atmosphere. During this test the inside of the
vessel was illuminated (four 150-w incandescent lamps) during the last.

2 ‘hr of spraying to test the hypothesis that a photocatalyzéd reaction
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may be taking place. However, the gamma data indicated no measurable
reduction in airborne iodine. The work of Schwendiman and his associates®
indicates that the reaction between hydroxyl ion and methyl iodide should
be expected to be very slow at room temperature, especially when the hy-
droxyl ion concentration is suppressed by tﬁe boric acid in the spray
solution.

An alkaline borated thiosulfate solution containing 1077 moles/liter
of a surfactant proposed by Soldano and Ward?%-was tested (run 44). The
MCV atmbsphere was an air-steam mixture at 130°C and 45 psig at the sﬁart
of the run, and the temperature decreased to 120°C during the run. The
gamma data indicate that eieméntal iodine was present when the sprays
were turned on because of a very rapid removal half-life for the first
20 to 30 sec, but it was in quantities substantially less than in runs
39, 40, and 41. The half-life for methyl iodide removal was 35 min, and
the overall decontamination factor was 50. The solution containing sur-’
factant appeared to perform appreciably better than alkaline borated
thiosulfate alone. ‘

7.4 Analytical Models of Iodine Removal by Sprays

In order to assist in planning experiments and in interpreting the
results, theoretical studies and computer program development are also
being carried out at ORNL.1° The first model developed was an extension
of that proposed by Griffiths?® for gas-film-controlled absorption. For
this model it is assumed that all drops are the same size and are all
falling at their terminal velocity. A program was written for the CDC
1604 to calculate'(l) the physical properties of the air-steam atmo-
sphere expected to result from a loss-of-coolant accident, (2) the ter-
minal velocities of drops -in that atmosphere, and (3) the mass-transfer
coefficients.

Later it was also desired to know the liquid distribution from a
particular nozzle and how this distribution might be affected by the
containment vessei atmosphere conditions. A computer program was then
written to calculate drop trajeétories. For this program, a hollow-cone

pressure nozzle was assumed. In a nozzle of this type, the liquid is
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given rotational motion in a swirl chamber and then leaves the nozzle
through an orifice. The center of the orifice is occupied by an air
core, which normally fills 60 to 80% of thé orifice diameter. The 1lig-
uid flows through an annulus outside the air core and forms a conical
sheet that breaks into drops a short distance from the nozzle.

The computer program was tested on data from the NSPP by uéing spray-‘
drop size data measured by Westinghouse Eleétric Corporation'.21 It was
also tested against data from the first spray performance test in the
CSE2? and data from tests at NRIS reported by Maekawa and his associ-

’ ates.??. For the CSE, the predicted half-life was 202 sec and the observed
half-life was 310 sec. Preaicted and observed results for the NSPP are
compared in Table 7.9 and for the experiments of Maekawa and his associ-

ates in Table 7.10. The agreement is fair to good, except in the case

Table 7.9. Comparisoh of Expefimental Results
in NSPP with Predictions of NSPP Model

R Flow Mgan Drop Hglf-Life (sec)
No. (epm) Diameter ) : »
(n) - Predicted  Observed?®

21 0.57 100 . 3 37-67
22 0.52 100 3 3540
26 10.3 900 . 98 . 31-58
27 9.9 920 107 4857
28 10.1 910 102 44—69
30 15.5 670 36 24—69
31 15.3 680 37 32-179
32 10.3 900 _ 98 40-92
-33 10.6 890 94 21-136

 ®Extremes of observed half-lives were cal-

culated from three or more of the following:
(1) MCV gamma-ray intensity, (2) samples of
spray solution.versus time, (3) gas samples be-
fore and after spraying, (4) total activity
picked up by solution versus activity left in

gas, as shown by purge samples, and (5) rate
of gamma buildup in solution in bottom of ves-
sel. )
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Table 7.10. Comparison of Results of Maekawa and his
Associates?? with Predictions of NSPP Model@

' . - . l C
Flow Mean Drop Half-Life for I, Removal (sec)

b ;
. Nozzle™ . Diameter -
(Liters/nr) (1) At 25°C° At 50°C At 80°C
25 1/8 G-1 g70 1310 1390 1000
1600 1560 1600
50 1/8 G-1 570 860
400
50 1/8 G-3 1380 660 640 800
' 1680 1660 . 1740
100 1/8 G-1.5 . 550 360
200
100 1/8 G-3 1450 . 300 310 450
1120 - 1100 1130
200 - 1/8 g-3 - 720 - 230 230 200
190 190 180

%Tests run in 1 1/2 X 3-m vessel.

bSpray Systems Co., Bellwood, Ill., catalog nozzle identifica-
tion. :

cUnderlined values are calculated.

of the NSPP low-flow experiments, in which there were leaks in the spray
manifold. It has been possible to show that if 0.15% of the drops were
2000 K in diameter, with the remainder following a log-normal distribu-
tion having a geometric mean of 100 u and a geometric-standard deviation
of 1.5, the half-1ife would be of the magnitude observed.

The ORNL program appears to predict too short a half-life for very
fine drops and too long a half-life for coarse drops, but for drop di-
ameters in the range of 600 to 1000 u, the prediction is close to being
correct. In view of the sensitivity of the calcﬁlation to drop size and
size distribution, the assumptions about distribution as the probable

cause of the discrepancies should be examined.
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It is prematﬁre to draw firm conclusions at this time; The observed
* . half-lives are short enough to affirm that a significant dose-reduction
fector can be- obtained by using sprays to reduce the airborne elemental
ibdine concentration. It is believed that these results can be applied
directly in-larger vessels if the same solutions, nozzles, and flows (per
nozzle and.per unit area) are used. The computation model developed gives
reeults of the same order as found experimentally. Further improvements
are béing made to the model to produce a satisfactory routine for predict-

ing gas film coefficients.

7.5 Radiation Stability of Spray Solutions

A program was initiated for measuring the stability-of the various
proposed spray solutiohe under a variety of conditions:?% . (1) 1wt &
Na»S203, 3000 ppm B, and 0.153 M NaOH in H20; (2) 3000 ppm B and 0:153 M-
NaOH in Hz0; (3) distilled Hz0; (4), 3000 ppm B irn Hz0; and (5) 1 wt %
‘Na»S203 and 3000 ppm B in H»O.

7.5.1 Effect of Radiation on pH, I, Equlvalence, and
Solids ‘Formation

The initial study illustrated the effect of 6000 gamma radiation on
the pH of all solutions and the iodine reaction capabilitieé of the
. NayS203 solutions. The data obtained are presented in Table 7.11.

The pH of each solutlon studied decreased as a function of radlatlon
dose. Solution 5 (acidic thiosulfate) showed the greatest effect and
thus indicated the largest amount of radiolytic reaction. On comparing
"~ solutions 1 and 5 (basic and acidic thiosulfate) it-is also noted that
the degradation of the thiosulfate, as measﬁred_by its ability to react.
with iodine, is much more severe in the acidic eolution. No deposition
of solids was noted in the basic thiosulfate,'while fairiy substantial
amourits were formed in the acid solution on irradiation. This indicates
that the reactive routes of the two solutions with the radiolytic reac-

tive entities are entirely dlfferent
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Table 7.11. Effect of $%Co Gamma Radiation on pH, I, Equivalence, and Solids Formation

: . . I, Equivalents b Solids
I
Solution Dose D I> Equivalents Destroyed G, 2 ( per ml of

No. (r) i per Liter@ (%) Equivalents solution)

1 Unirradiated
9 x 10°
1 x 107
2 x 107
5 x 107
1 x 108

107° -0.1 None detected
10-3 —2.6 . - None detected
None detected
None detected
None detected -
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2 Unirradiated
9 x 10°
1 x 107
2 x 107
5 x 107

3 Unirradiated
5 x 10°
1 x 107
2 x 107
5 x 107

4 Unirradiated
9 x 103
1 x 107
2 x 107
5 x 107

5 Unirradiated
x 107
x 107
x 107
x 107
x 10°

None detected
None detected
0.16
0.46
1.65
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A negative value indicates an increase of I equivalence upon irradiation.

bMolecules changed per 100 ev of energy.

7.5.2 Radlolytic Hydrogen Production

The amount of radiolytic hydrogen that might be produced from the
spray solutions has been of prime interest. The data of Table'7.12 shows
the relative amounts of radiolytic hydrogen produced in each of the five
teet golutions and indicate that the amount is a function of the solution
composition. However, later studies indicate that this is only one aspect

"of the real case. The total amount of oxygen available in the system, as .
expressed by the gas-to-liquid ratio, is also of great importance. The
magnitude of the effect is shown in Table 7.13. (The gas in each case

was air.) The data imply that the oxygen in the cover gas enters into
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Table 7.12. Radiolytic Hydrogen‘
Production in Spray Solutions

Total radiation dose, all
samples: 1 X 10" r
Gas-to-liquid ratio: ~0.9

Solution Ho Evolved a
No. (ce/m1) G(Hz)
1 2.3 x 1071 1.0

2 1.1 x 10-1 0.48

3 3.2 x 10”2 0.14

A 4.9 x 10-° 0.21

5 1.3 x 107% 0.57

8Molecules changed per 100 ev
of energy.

Table 7.13. Effect of Gas-to-Liquid
Ratio on Radiolytic Hydrogen Pro-
duction in Test Solution 1

Total radiation dose, all samples:
4 x 107 r

Test conditions: all sample cap-
-sules sealed with gas-to-liquid
ratio shown :

Gas-to-Liquid Hz Evolved o(H )a
Ratio (ce/ml) 2
50 0.16 0.2
- 25 0.26 0.3
8 0.41 0.4
3 . , 0.57 0.6
0.8 0.92 1.0

aMolecules changed per 100 ev of
energy.

regctioh with either the radiolytic water products or with the radio-
lytically produced products of the thiosulfate to cause a change in re-

_action route'and/or rate. Other studies, as yet incomplefe, indicate
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that the radiolytic hydrogen production is more severe after the avail-
able oxygen is depleted. This being the case, the dose required to de-
piete the oxygen in each of the test solutions in Table 7.12 would vary,
and the results given are more a function of rate and route of oxygen
depletion than of solution~ﬁakeup, with the rate of oxygen depletion de-
pending on oxygen solubility in any given solution, mode of oxygen reac-
tién, etc. '

In order to clarify the situation, a study was carried out with the
gas-to-liquid ratio being such that the oxygen was not entirely depleted
in any case. This study was also used to establish the radiolytic hydro-
gen versus total dose relationship. The results are given in Table 7.1l4.
The data indicate that the radiolytic hydrogen production is essentially
a linear function of total dose and that the available oxygen does play
'anvimportant.role. The three solutions studied showed essentially the
same radiolytic hydrogen versus total dose relationship; whereas, when
the Oé was depleted (Table 7.13), they showed entirely different amounts
of radiolytic hydrogen production.

The question arose as to whether the radiolytic hydrogen production
is a function of dose rate over those ranges of dose rate expected to oc-

cur in actual use. The results of a study carried out to clarify this

Table 7114. Radiolytic Hydrogen Production as a
Function of Total Dose

Gas-to-liquid ratio, all samples: 25

Radiolytic Hp Produced (cc/ml) |

Dose (r)
Solution 1 Solution 2 Solution 3

x 107

1.0 0.5 0.6 0.06
1.87 0.14 0.15 0.12
2.81 0.27 0.23 0.27

4 .74 0.36 0.42 0.37
9.46 0.69 0.69 0.73
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point are given in Table 7.15. The data of Table 7.15 indicate essen-
tially no effect of dose rate on radiolytic hydrogen production.

- The results obtainéd to date in the study of the various proposed
ispray solutions' indicate that radiolytic hydrogen is produced in quan-
tities sufficient to be of concern in the proposed spray system. There-
fore, another study has been initiated to determine the feasibility of
other additives to decrease the radiolytic hydrogen production. Such
additives may react with either the radioiytic hydrogen or with its pre-
cursor, the hydrogen .free radical. The nitrate ion is known to lower
the radiblytic hydrogen yié}d by scavenging the hydrogen afqm. There-
fore, a brief study of the effects of such added nitrate was made. The
results are given in Table 7.16. The data show a definite decrease in
radiolytic hydrogen production with increasihg NO3 concentration. How-
ever, while these data indiéate that the radiolytic hydrogen production
may be reduced by addition.of "scavengers,' the question of the compat-
ibility of such additives wifh fhe usage and purpose of the spray solu-

tions must be studied in detail.

Table 7.15. Radiolytic Hydrogen
Production of Solution 1 as a
Function of Dose Rate.

Total dose, all samples:
1x 107 r
Gas-to-liquid ratio: 25

Radiolytic Hp

D?ijmiige Produced
(cc/ml)
1.0 x 103 0.05
4.8 x 103 0.05
7.0 x 10% 0.06
1.6 x 104 0.06 -
1.0 x 105  0.06
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Table 7.16. Effect of NO3 on
Radiolytic Hydrogen Pro-
duction in Solution 1

Radiation dose, all samples:
1 %107 r
Gas-to-liquid ratio: ~10,

Radiolytic Hp

N?itA%?ed _ Produced
(ce/ml)
0.0 0.09
0.05 0.09
0.10 0.08
0.25 0.07
0.50 0.06
0.75 : 0.06 ’
1.00 0.05 '

7.5.3 Diécussion>

The radiqutic'reactions that spray solutions undergo are of inter-
est and importance. Accordingly, the radiolytic behavior of theithio-
sulfate ion under various conditions of acidity gnd oxygen availability
is under study. The following reactions are proposed as those fﬁat may
occur hetween the radiolytic water products (H, OH, and Hgog) and the
thiosulfate ion;. |

28,0527 + 20H + 2H' — 8,042 + 2H0. -
28,032 +VH202 + 2H' o 8,062 + 2H20
2850327 + 80H — £304°" + 80,2 + 4H0
$504537 1 40H — 25632' + Ha0 + 2HT |
zs;ogé;'+ 120H + 4QH™ —7.4303?"+ 8H,0 . 05
S503%" + 8H — 2527 + 3Hy0 + 2H'

S303%" + 20H — SO0,3~ + S + Hz0
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Each of the sulfur-containing reaction products shown was found to be
formed to some degree in the radiolytic decomposition of thiosulfate
under differing conditions. Obviously, the problem of clearly defining
the exact route of reaction is a complex and difficult one, and it will
be carried out only so far as is necessary to the spray program.

The work to this point has dealt with only the radiation stability
of the proposed thiosulfate spraYs. Further work is Being carried out
to clearly define the thermal and chemical stability of these sprays.
Additional work is contemplated'on the radiation, thermal, and chemical
stability of other proposed spray additives, such as hydrazine, cyclo-

hexane, etc.
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8. AIR CLEANUP POTENTIAL OF PRESSURE-SUPPRESSION POOLS

Pressure-suppressidn containment in specifiq reactor systems was
described in Section 3.1.4. A comprehensive literature review on pool
suppression literature is appendéd to this report (sée App. A). A more
extensive report that also includes all spray literature will be prepared
as part of the ORNL Spray Technology Program. Much of the more relevant
literature in these bibliographies is referenced in the various chapters
of this report. This chapter is concerned with program,planning and re-
cent experiments related to the scavenging of fission products by sup-
pression pools.

The pressure-suppression type of containment is an integral emergency
safety feature in General Electric Company boiling-water reactors. This
containment system consists of the following: a primary fission-product
barrier, the pressure-suppression system; a secondary barrier, the reactor
building; and a standby gas treatment system to insure only inleakage to
the reactor building in case of accident conditions.. Although some state-
ments were made in connection with the Humboldt Bay Nuclear Power Units
regarding the iodine-scrubbing potential of the suppression pool, there
was little supporting experimental evidence of the decontamination factors
claimed. However, in view of the increased incentives for fission-product
removal the cleanup potential of suppression pools is now being reassessed
by both the AEC and the General Electric Company.

The.pressure—suppression system éonsists of the drywell in which the
reactor vessel is located, a pressure-suppression chamber that stores a
large volume of water, a connecting vent system between the drywell and
the water pool, isolation valves, containment cooling systems, and other
scrvice equipment. In the event of a process system piping failure within
the drywell, reactor water and steam would be released into the drywell.
The resulting increased drywell pressure would then force a mixture of
drywell gases, steam, .and water through the vents into the pool of water
stored in the suppression chamber. Some of the fission products released
by fuel-rod perforations would also be forced through the vents into the

suppression chamber. The steam would condense in the suppression pool,
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and ‘a rapid pressure reduction in the drywéll would result. Gases trans-
. ferred to the suppression chamber would pressurize the chémber and subse-
quently be vented to the drywell to équalize the pressures between the
two vessels. The cooling systems provided would remove heat from the
reactor core, the drywell,iand the-water in the suppression chamber and
thus provide continuous cooling of the primaryvcontainment system under
accident conditions. Appropriate isolation valves would be actuated dur-
ing this period to insure contéinment of" the radioactive materials that
might be released from the reactor during the course of the accident within
the primary containment system. One of the more unfamiliar events that
occurs during a loss-of-coolant accident is the transport of fission prod-
ucts, and the pressure-suppression chamber pool is an important barrier
in reducing the transport of these fission products through the contain-
ment systems.

| Since most of the work on the scavenging of fission products has
ohly recently been initiated, there is little of significance to reléte.
‘Hence the following summaries of current research and development consist
principally of brief statements of the objectives of the several relevant

activities.

8.1 Scavenging of Fission Products by Suppression Pools

Work was begun at ORNL in September 1967 on a modest exploratory
program established for the purpose of gaining an understanding of the
quantitative aspects of thé basic mechanisms that control energy dissi-
pation in pressure-suppression'systems. The initial proposal contem-
plated investigation of the phenomena resulting from the injection of
-steam and steam-gas mixtures into water. The ﬁrimary purpose of the
_present work is to obtain sufficient infofmationlto rermit confident

extrapolation of resulfs obtained in small experimental equipment and

to provide adequate design information for engineering application. 1In
.particular, it is hoped that appropriaﬁe scaling laws can be developed to
permit prediection of the behavior of full-size systems from studies of

fission-product transport in small models.
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It has been shown that the generation of gas bubbles associated with
the injection of steam into nondegassed water interferes with the deter-
mination of the true nature of the steam jet—water interaction. However,
such profuse bubble production implies that this phenomenon méy be highly
éignificant in transport of fission products in real systems. Observa-
tions indicate that little of the gas from the bubbles redissolves in the
water. It is therefore probable that these bubbles could enclose fission
products and transport them to the atmésphere above the water. It is
well known that bubbling gas through a liquid provides a rather efficient
scrubbing action. Therefore, fission-product transport to the surface of
Pressure-suppression pools may be materially increased by bubble formation
upon injection of steam into the nondegassed water used in these systems.
This effect will be in addition to those factors previously considered
important. ' _

It is thought that the production of bubbles upon the injection of ~
steam into nondegassed water may be a significant factor ih the transport
of fission products in pressure-suppression systems and that the magnitude
"of this effect must be determined, in addition to those factors previously
considered important. It is also clear ‘from observations to date that
pure steam is completely condensed within a few pipe diameters of pipe
discharge. This, of course, varles with steam conditions and velocity,
as well as water conditions.» Quantitative evaluation of the steam jet
size and configuration as a function of the influential variables is now //“*
in progress. Foture work will, of course, utilize steam-gas mixtures

and water having various concentrations of dissolved gas.

8.2 Model Tests of Scavenging by Pressure-Suppression Pools

It io proposed that the scrubbing mechanism as understood analyti-
cally from the preceding study be incorporated into an analytical model
to be evaluated against a scale model of a suppression pool al the General

Electric Company.* Tt is the purpose of the GE program to experimentally

*Work performed under subcontract.
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demonstrate a model of the fission-product accident behavier directly re-
lated to the pressure-suppression pools. The prospective advantages of
this study are the increased confidence offered in future reactor designs,
as well as reduced restrictions on other portions of the fission-product
barrier system, such, as ‘the gas-treafment system.

The basis for the scale-model design is a standerd General -Electric
boiling-water reactor (BWR) with an apbroximately 2400-Mw (th) rating.
The volumes and areas for both the prototype and the proposed l/iO,QOO-

scale model are given below:

Prototype Model
Pressure vessel volume, ft?3 15,800 1.58
Drywell volume, ft3 149,700 15.0
Suppression chamber Volume, ft3 216, 500 21.6 -
Maximum break size, ft? 5.5 . 5.5 X 1074
Downcomer area, ft2 } 289 . 2.89 x 1072

. The blowdown time for a vessel of volume V through a break of area A
is proportional to V/A, and therefore the above_l/l0,000-scale model pre-
serves the prototype blowdown time. Since the medium-size standard BWR
has 96 downcomers, the model could also be censidered a small-scale seg-
ment of the prototype, and in this way it could be thought of asva 1/96
segment of & DWR wllh volimes and flow areas scaled down by an additional
factor of}approximately lOO,

-Analysis-of-variance and multiple-regression techniques will be‘uti-
lized to examine the effects of the following eight parameters:

1. fission-product concentration, ’
2. pool temperature,
" 3. downcomer radial locafion,
4. air-to-steam ratio,
5 depth of dowhcomer submersion,
6. coﬁtainment spray cooling,
7. suppression-pool chemical additives,
8. suppression-pool scaleup factor from 1/10,000 to. l/lOOO
The work was just getting under way in the spring of 1968.
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8.3 Pressure-Suppression Tests in the CSE

Program objectives, philosophy, and test plans. of the Containment
‘Systems Experiment were outlined by Rogers.l The CSE program is designed
td evaluate the effectiveness of natural processes and engineered safety -
features 1n limiting fission-product release following reactor accidents
on a reasonable scale and to investigate engineering aspects of contained
coolant-loss accidents in pressurized- or boiling-water reactors'fueled
with UO,. Test results from the CSE program Qill permit improvement in
the design of engineered safety features. Included in the CSE program
are tests of the pressure-suppression containment system. These tests.

will attempt to verify the ORNL and GE results in large-scale equipment.

Reference
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9. SUMMARY AND CONCLUSIONS

The capabilities and limitations of existing and proposed types of
air-cleaning systems in minimizing'the release of radioactive fissioﬁ
products to the environment after postulated major accidenfs in light-
water péwer réactors_aré discussed in this report, current research and
development programs are summarized, and areas in which additional work
is needed are identified. If an accident in the containment shell could
result in leakage of fission products into a secondary container, high-
efficiency filters and charcoal adsorbers would be required in the sec-
ondary container to minimize release to the environment. Such air-clean-
ing systems can significantly reduce the environmental hazard. Avcombi-
nation of filter-adsorber systems and/dr spray systems in the containment
shell backed up by high-efficiency filter-adsorber systems in the sec-
ondary container appears to be a very effective arrangement; variations
can be justified under specified conditions. 4

Once-through filter-adsorber systems that clean and exhaust the air
from secondary containment buildings or volumes are'pécommended as engi-
neered safety features, provided their effective and reliable postacci-
dent performance is assured by proper design, construction, testing, in-
spection, and maintéhahce; thesé systems are widely-used inlboiling-water‘
reactors with pressure-suppression containment. A once-through system
directly attached to the outside of the containment shell of a pressurized-
water reactor should also be adequate iprrotected from the postaccident
conﬁainment environment. Because of the high cost of insuring the ade-
quacy of recirculating filter-adsorber systems as, engineered safety feé;
tures, they are more suitable for containment atmosphere cleanup after
minor-accidents; these systems are combined with containment cooling sys-
tems in many pressurized-water reactors. ) ' .

' High-efficiency particulate (HEPA) filters and charcoal adsorbers
are used, often with additional components, such as high-efficiency mois-
ture deentraiﬁment dévices (Demisters), coolers, and roughing filters,
both in recirculating systems in the containment shell and in once-through

systems in secondary containment ventilation. Much of the research and
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development on air-cleaning systems for reactors has been and ié.directed
toward the minimization of failure and the effects of accident environ-
ment on the filter. The efficiency of HEPA filters for the removal of
aeroéols and the efficiency’of any one of several impregnated charcoals
for thé removal of 13I and its gaseous compounds are excellent under
controlled conditions, but much lower efficiencies are normally‘assumed
because of allowances for improper installation, deterioration, damage,
accident conditions, etc. '

Because of their lack of chemical reactivity and their gaseous forms,
the noble gases xenon and krypton cannot currently be removed (in a prac-
tiéal way) from the containment shell atmosphere of a commeréial reactor
during the high-pressure high-temperature stage of a loss-of;coolant ac-
cident. Their complete removal from the secondary containment atmosphere
is also impractical at present because of their low concentrations and
the large air flow. Although noble gases are not presently considered
a major hazard when dispersed into the atmosphere, particular attention
must be directed to the possible exposure of operating personnel -on the
reactor site if a major accident occurs. In addition, the disposal of
85Kr (10.3-year half-life), although not now a problem, will require the
development of special handling procedures. The only currently practical
method of minimizing the discharge of noble gases to the environment
during the early stages of an accident is to retain them in a low-leak-
.age containment.system. However, the effect of their release can be ‘
minimized by discharge through a high stack. The methods described herein
would be applicable only to the cleanup of the containment atmosphere over
a several day period following an acc1denL

Spray cooling systems, adapted for 1od1ne removal by a chemical ad-
ditive, are being investigated as an alternative to re01rculat1ng filter-
adsorber systems for postaccident air cleanup within containment systems,
and the potential of pressure-suppression pools for postaccident air.
cleanup has been under investigation for some time. Both these systems
" should be very reliable, but both are generally in the research and de-
velopment stage, and their effectiveness has not yet been fully evaluated.

Spray systems are required in most reactor plants for cooling the

containment. shell atmosphere, so incorporation of the additional function



a

106

of iodine removal by the.addition of a chemical to the spray water does
not represent a major investment. On the other hand, spray systems de-
signed expressly for fission-product control would not be subject to the
possible compromises in efficiency that'may_arise in dual-purpose spray
sYstems in which the water is also used for core cooling. Some proposed
containment cooling systems will use cooling methods other than sprays

(e.g., ice condensers or fan coolers). In the design of sprays for fis-

,sion-product removal in such systems, consideration of any spray cooling

function would probably be secondary and might even be unnecessary.

The spray and pool-suppression technology program now includes work
on literature reviews, a survey of additives for possible use as sprays,
corrosion tests, single-drop wind-tunnel studies, scale-model engineer-
ing tests, a study on removal of>fission products in a pressure-suppres-
sion type of containment, and radiation stability of solutions. Close
liaison is maintained with the nuclear industry so that the program will
cover the practical engineering aspects of the application of spray tech-
nology to nuclear facilities. ) '

The rate at which *?'I can be removed by liquid sprays depends on
the physical form of the fission product and whether the spray combines
chemically withlthe form in ﬁhich fission products are released. The -
relatively low removal efficiency of caustic scrubbers for what was pre-
sumed to be elemental iodine was an eariy evidence of the presence of
felatively nonreactive compounds that were later identified as aklyl io-
dides (primarily methyl iodide). In water reactors a considerable por-
tion of the iodine may be released in a molecular form if the fuel melts.

Bésic studies on the retention of iodine in water were completed,
and the results indicate that steam-air bubbles matefially reduce the
éfficiency‘for iodine femoval in the water. The effect of surfactant ad-
ditives on iodiné'removal is ‘second order, as determined by the wind-tun-
nel work. Four methyl iodide experiments and an experiment with iodine
Vapor_have been performed in the Nuclear Safety Pilot Plant at ORNL. The
most interesting of these experiments involved CH3I reﬁoval by a spray

with a surfactant in one of the suggested industrial spray éolutions. The
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resulting removal half-life and overall decontamination factor appéear to
suggest that significant CH3I removal by sprays can be accomplished.

Radiolysis studies on hydrazine have been completed. The results
indicate that the stability is poor and that the radiolytic hydrogeh gen-
eraticn rate is greater than that of previously tested solutions. Work
on hydrogen production. by solutibns of inter@st is continuing. Thermal
stability studies of a thiosulfate system have been completed. Radiation
stability of surfactants is being investigated, and some have been shown
to have good radiation-damage resistance. '

Although spray systems may be expected to be inherently more reliable
under accident conditions than filter-adsorber systems, their performance
as iodine (CH3I as well as I) scrubbers is not as well understood as that
for filter-adsorber systems. A substantial research and devélopment pro-
gram is now under way to assess the performance of sprays as engineered
safety features. This progfam is rapidly bringing the level of under-
.standing of sprays up to that of filters for lodine removal under accident
conditions. This is not intended tb imply that everything that needs to
be known about filters has been determined, since that is not the case,
and continued filter research and development is anticipatéd. However,
filter-adsorber systems are better understood and have been accepted by
the AEC licensing authorities. as engineered safety features for some time,
whereas sprays are just now being evaluated for iodine removal.

It may well be that both filter systems and spray systems will be
used in conjunction on the same nuclear facility at least in the primary
containment enclosure,.with the spray system being used during the early
stages of the accident transient when the humidity is high and 6ther tran-
sient conditions most severe and the filter system being used when the
accident transients héve largely subsided and the humidity is much less
than 100%. In any event, it appears likely that filter systems will con-'
tinue to be the preferable choice in secondary containment enclosures,

particularly where a negative-pressure atmosphere is maintained.
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10. RECOMMENDATIONS

10.1 HEPA Filters

The performance of HEPA filters in the removal of test aerosols
(e.g., DOP) must be correlated with their-performance in the removal of
s1mulated ac01dent produced aerosols in simulated accident environments
1f the standard test aerosols are to be considered adequatée for the evalua-

tion of air-cleaning systems as engineered safety features.

10.2 Activated Charcoal and Chemical Adsorbers

"Tests of commercial impregnated charcoals for methyl iodide removal-
efficiency and tests of loss of impregnant and re- release‘of adsorbed
fission products by 1mpregnated charcoals at elevated temperatures are
needed. Also efforts should be made to find or develop a noncombustlble
Vagent that will effectively trap methyl iodide in a humid atmosphere.
Rates of degradation of ‘¢harcoal under various service conditions should
be established,. and replacement schedules based on these analyses should
be ‘adhered to conscientiously. _

Airrcleaning systems should be designed to reduce the relative
humidity of containment air below lOO% before the air-reaches charcoal
beds to prevent waterlogglng of the charcoal and consequent reduction of

efficiency for the removal of both methyl iodide and elemental iodine.

10.3 Orice-Through Filter-Adsorber Systems

All containment systems should have once-through high-efficiency
‘air—cleahing systems to provide controlled release.of»cleaned containment
‘air to the environment. Even if methods of minimizing pressure and tem-
perature ris€, such as the ice condeﬁser, are shown to be sufficient for
siting, onceAthrough.airfcleaning systems will be needed in the event of

a major accident.
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10.4 Recirculating Filter-Adsorber Systems

Testing, inspection, and ﬁaintenance of recirculating systems within
the containment shell present sbecial problems. Visual inspection, direct
maintenance, and perhaps certain tests can be accomplished only when the
reactor is shut down, and remote testing and inspection may necessitate
additional or larger penetrations. Also, because moisture separators,
HEPA filters, charcoal adsorbers, and other components may become ex-
tremely radioactive in operation after a reactor accident, means for re-

moving and handling them remotely must be considered.

10.5 Standby Filter-Adsorber Systems

Whether air-cleaning systems are operated continuously or held in
standby, regular inspection and testing are essential. Filter elements
and adsorbers can and do deteriorate, even when not exposed to flowing

air.

10.6 Moisture Removal

Designs of filter-adsorber systems for use as engineered safety fea-
tures should include adequate moisture-removal devices and prefilters up-
stream of high-efficiency air-cleaning components. .Additional research
is needed to develop means for reducing the moisture content of air to a
minimum well before the air reaches high-efficiency air-cleaning compo-
'nents. Moisture has a deleterious effect on the ability of high-efficiency
filters to.withstand pressure differenﬁials, and it reduces the agglomera- -
tion of fine aerosols into filterable particles and the ability of acti-

vated charcoal to sorb methyl icdide.

10.7 Chemical Sprays and Spray Systems

Research and development on spray solutions, nozzles, and systems
should be oriented not only toward dual-purpose systems for both contain-
ment cooling and fission-product removal but also toward spray systems

designed specifically for fission-product removal. Chemical sprays should
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not be added to existing systems without careful adaptations to minimize
permanent contamination of surfaces by corrosion, deep penetration of
fission products into porous materials, washing of radiocactive pérticles
info crevices and into drains not designed to remove high-level radio-
active waste, and damage to electricél equipment.

The effects of high radiation fields on promising spray solutions
should be determined, with particular reference to radiolytic hydrogen
production, formation.of pfecipitates, and effect on ability to react |
with fission products. The ﬁossible accelerative effect of high radia-
tion intensities on fhe reaction of chemical sprays with methyl iodide

.should be investigated further.

10.8 Pressure-Suppression Pools

The potential'ofvpressure-suppreSSion pools for removal of fission
products should be developed further. Notable lines of research in this
area.are chemical additives to the pool water, transport of fissidn prod¥
ucts to the pool, and control of fhe amount of time during which unreacted
gaseous fission products are retained in the pool (residence time) in

order to react with the pool solution and become permanently held.

10.9 Treatment of Noble Gases

Practical methods for the retention, storage, ana/or disposal of
krypton and xenon in lafge Quantities'undér péstaccident conditions should
be develdped. "Research and development on methdds of noble gas remoyalv
should be continued.: Possible methods are ronAtemperqture and low-
temperature adsorption on charcoal, cryogenic enridhment, separatibn by
permselective membranes, solution in liquids, and underground disposal.

.
10.10 " Reliability of Air-Cleaning Systems

"~ All components of air-cleaning systems for use as engineered safety
features must be designed, constructed, and maintained for reliable per-'

formance under accident conditions. Housings, gaskets, mounting frames,
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ducts, and dampers, for example, must be as reliable as filter units,
charcoal, water deentrainers, motors, and fans.

Standards should be established for the design, construction, in-
stallation, and testing of air-cleaning systems for use as engineered
safety features in water-cooled power reactors. These systems should be
designed with builtin capabilities for convenient in-place testing to the
maximum.practiaable extent.  Thorough maintenance and testing of air-
cleaning systéms and components should be emphasized and should be re-
gquired through administrative control.. Proper design alone is not ade-

quate to insure reliable function under accident conditions.

10.11 Simulation, Characterization, and Transport
of Airborne Fission Products

Research in the production of simulated accident-produced fission-
product aerosols and gases should be extended and refined to simulate
fission products from meltdown and loss of coolant as accurately as

possible.

10.12 Analytical Models and. Applications of Theory

As more data become available from laboratory experiments and par-
ticularly from piiot—plant experiments, such as thosa in the NSPP, and
large-scale experiments, such as those in the CSE and LOFT, analytical
models of fission-product release and transport during design-basis acci-
dénts should be further developed and refined, to be able to predict
fission-product behavior more realistically, if possible, than can be

presently done.
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Appendix A

BIBLIOGRAPHY OF SUBJECTS RELATED TO FISSION-PRODUCT
TRAPPING IN PRESSURE-SUPPRESSTION POOLS

1. Pressure Suppression

The pressure-suppression literature cites primarily work on steam
condensation and pressure-temperature behavior following blowdown. Para-
metrie fission-product trapping studies at the British Atomic Energy
Research Establishment, as well as work concerned with metal-water reac-

tions and condensing steam enviromments, are included.
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