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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 plant 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 benef~ts 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 Regulatory 

Review (Mitchell) Panel recommended the formation by the AEC of a Steer­

ing Committee on Rea.~tor Safety Research to coordinate the needs of the 

Regulatory Program with the direction of the safety research and develop­

ment progra!Tls. This committe.e, 'in turn, recommended that several studies 

be und~rtaken to provide guidance for the research and development pro­

jects, and this was, in turn, implemented by the AEC Division of Reactor 

Development and 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 industry. 

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 Mn.ton Shaw (Director, AEC Division of Reactor Develop­
ment and 'l'echnology) to ORIITL, 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 factual bases exist and in which research 

that duplicates expected conditions is very difficult to perform. In 

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 comJ?are existing or planned plant applications with 

what is capable of being done at this time. Such comparisons have helped 

to identif'y inadequacies in assumptions, available da~a, or general basic 

knowleqge so that, together with the opinions of experts in ~particular 

field, areas of meaningful research and development have been identified. 

This report is one of the series of eight companion reports listed 

below: 

Title 

Missile Generation and Protection in 
Light-Water-Cooled Power Reactor 
Plants 

Potential Metal-Water Reactions in 
Light-Water-Cooled Power Reactors 

Emergency Core-Cooling Systems for 
Light-Water-Cooled Power Reactors 

Air Cleaning as an Engineered Safety 
Feature in Light-Water-Cooled Pqwer 
Reactors 

Testing of Containment Systems Used 
with Light-Water-Cooled Power Reac­
tors 

Review 01' Methods of Mitigating Spread 
of Radioactivity from a Failed Con­
tainment System 

Earthquakes and Nuclear Power Plant 
Design, 

Protection Instrumentation Systems in 
Light-Water-Cooled Power Reactor 
Plants 

Author 

R. C. Gwaltney 

H. A. McLain 

C. G. Lawson 

G. W. Keilholtz, 
C. E. Guthrie, and 
G. C. Battle, Jr. 

F. C. Zapp 

R. C. Robertson 

T. F. Lomenick and 
C. G. Bell 

C. S. Walker 

ORNL-NSIC 
No. 

22 

23 

24 

25 

26 

Z7 

28 

29 
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Although not specifically one of this series, a related discussion 

report on reactor pressure vessels, ORNL-NSIC-21, edited by G. D. Whitman, 

G. C. Robinson, and A. W. Savolainen, has also been prepared at ORNL. 

The general approach in the preparation of these reports was to select 

a primary author-investigator knowledgeable in the subject area and to 

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 committee members were drawn principally 

from other national laboratories, universities, and private research in­

stitutes in all, ~2 individuals participated· and are identified in the 

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

written by a subcontractor, who is similarly identified. In 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 experts was made in an attempt to include 

their opinions and knowledge toward the ultimate goal of achieving, through 

intensive research and de.velopment programs, well-defined design criteria 

to insure the public health and safety and to maintain a viable nuclear 

power industry. 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 future. In addition, 

it is expected that additional discussion reports will be written on ·some 

of the many other safety aspects of large water-cooled reactors, as well 

a::; nthP.r tyJ>P.S of reactors as thP.y crnnP. ·into wj.der usage. 

,J. W. Michel 
Coordin.ator, 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 Laboratory under the sponsorship of the U.S. 

Atomic ·Energy Commission to .serve as a focal point for the collection, 

storage, evaluation, and dissemination of nuclear safety information. 

A system of keywords is used to index the information cataloged by the. 

Center. The title, author, 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 

followin~ categories: 

1. 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 Consideratiqns· 
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) p'reparation 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 inquiries as time is available, 

and (4) providin~ 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 servic.es include furnishing copies 

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

examined at the Center by qualified personnel. Inquiries concerning'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 6i5-483-8611, Ext. 3-7253 
FTS 615..:.483-7253 
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ABSTRACT 

The safety features of air-cleaning systems for use a~er postulated 

loss-of-coolant accidents or other design-basis accidents in water-cooled 

power reactors are discussed. The capabilities and limitations of high­

efficiency 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 a~er _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 

pressure-suppression pools are also discussed. Important considerations 

in the use of air cleaning systems as engineered safety features are their 

eff~8tiveness 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 feature, 

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·a~er an accident are trapping of particu­

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

r.harcoal, 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 generally 

accepted as an engineered safety feature than containment sprays, but cur­

ren~ research may· show that sprays may be more desirable, especially for 

iodine removal. 
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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 

installation.s. 

Air cleaning is used in two ways as an engineered safety feature in 

water-cooled reactors: (1) recirculating systems in the 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 system, and (2) once-through 

(single-pass) systems in the secondary containment building or volume 

are used to collect and retain any fission products that have leaked 

from the containment shell (or directly-from the primary cooling system 

in some pqssible 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 structure 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 accident followed by at least partial core meltdown has 

been widely used as thP. design-basis accident; although other types of 

accidents are also considered. ~mportant considerations in the use of air-

cleaning systems as engineered safety features that mitigate the con-

8P.<J.11P.nces 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 · 

assorc~i.ated engineered safety systems a.nn 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 shells and various types of concrete 

structures with steel liners. These structures are provided with various 
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penetrati?ns, inciuding equipment and personnel air locks, electrical 

and instrument penetrations, and piping penetrations, together with their 

associated isolation valves. The penetrations are carefully designed to 

maintain the integrity of the system. . 

Two basic containment concepts have been used predominantly with 

water-cool.ed 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 a.rid 

piping and frequently many of the auxiliary systems, has been used for 

the majority of nuclear power plants built to date. Pressure-suppresston 

containment is based on ducting the reactor coolant discharges from a 

hypothetical loss-of-coolant accident into 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 been proposed for containing power reactors to be located in urban 

areas. These concepts offer greater control of leakage than the single 

cont.ainment shell; further, they may have advantages in improved accuracy. 

of leakage-rate testing and ease in performing cont"inuous monitoring of 

the leakag·e rate. In the mUltiple-barrier concept, leakage past the first 

barrier (the containment shell) is collected within a reduced-pressure 

zone between the f~r~t 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 the primary cooling water is at high 

pressure and temperature; that is, about 1000 psi. and.500°F in boiling­

water reactors and as hfgh as about 2200 psi and 600°F in pressurized­

water reactors. A loss-of-coolant accident is usually considered the 

most serious design-basis acc.ident. In this postulated accident, a large 

pipe in the primary cooling system would rupture completely, the high­

pressure hot cooling water would he rapidly and freely discha;rged from 

both ends and flash into steam in the containment shell, and the sudden 

depressurization of the core would cause mechanical failure of fuel-
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element cladding.and rapid release of fission products into the contain­

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 engineered safety 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 wouid be especially important 

for the air-cleaning systems to function. 

'Spray cooling systems, recirculating air-cooling systems, and other 

heat-removal systems included as engineered safety features in containment 

shells are 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 ~ystems by 

the addition of filters and adsorbers to the recirculating air..'..cooling 

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. 
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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 occur, 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 pro.d­

ucts that must be contained, within reason, to prevent excessive con­

tamination of the earth's atmosphere. 

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

tainment structure (the refueling buiiding), most of· the airborne fission 

products released into the secondary containment building would be removed 

by a once-through air-cleaning system through which the air would be ex­

hausted to a. stack. Once-through air-cleaning systems are also provided 

f'or pressurized-:-water reactors with secondary containment volumes, such 

as Indian ~oint 1 and the Oconee reactors, and for reactors having pro­

vision for slow purge of the containment atmosphere, such as Turkey Point 

Units 3 and 4 and the proposed Malibu reactor (which has double contain­

ment with pumpback into the inner containment .shell)~ 

A~er 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 effectj.vAly reduced 

by a recirculating air-·cleaning system, provided the accident or the post­

accident environment within the containment system had not reduced its 

cleaning capability below an acceptable level. Chemical.spray systems, 

which are being investigated as alternatives to recirculating filter­

adsorber systems, should be very reliable, but their effectiveness has 

not yet been fully evaluated. 

·.; 
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All these reactor containment systems are designed so that, if neces­

sary, the bontainment shell could be kept sealed indefinitely if contain­

ment integrity were not breached and if the design pressure and leakage 

rate were not exceeded. Howev.er, the possibility of the press.ur.e exceed­

ing thed:esign 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 la!ger the center, and ~he higher 

the population density, the more restrictive must be the limits on the 

amount of fission products that could be released from the containment 

system. This applies not only to design-·basis and other major accidents 

but also to lesser accidents and to releases small enough to be considered 

operational in nature. In order to comply with these restrictions, air­

cleaning systems must be designed, constructed, inspected, tested, and 

maintained so that they will perform effectively and reliably under any 

conditions to which they might be subjected. 

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

tion both during the high-pressur~ 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 the containment sealed and the power plant shut 

down for a number of years or whether it was found that decontamination, 

repairs, and necessary replacements could be effected. In the.latter 

case, cleaning of containment air would be necessary a~er 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.l.l Filtration of Particulates 

Particulates include aerosols, which may be suspended in the con~ 

tainment atmosphere, and larger particles, which may be entrained in air 

or steam flowing at high velocity. The larger particles are usually 

trapped by screens and relativelyrcoarse prefilters. These particles; 

which may contain various amounts of fission products, must be removed 

even if nonradioactive to prevent clogging of high-efficienvcy filters 

or charcoal adsorbers or other damage. Aerosols range in size from cius­

ters of a few molecules to particles about 50 µ in diameter. Aerosols 

produced in a postulated loss-of-coolant accident may be· largely composed 

of fission products, U02, 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 their 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 atmosphere cooling 

sprays and pressure-suppression pools to co~lect particulate materials 

are currently being studie~ (see Chap. 7). 

2.l.2 Sorption and Solution of Iodine and Other Reactive Gases 

The most important reactive gases are molecular iodine (!2 ) and two 

of its gaseous compounds, hydrogen iodide (HI) and methyl iodide (CHsI). 

The relative production of these three forms of iodine in an accident 
. 1-5 . 

cannot yet be quantitatively predicted. When fuel meltdown occurs in 

an oxidizing atmosphere the iodine is primarily ! 2 ; in a reducing atmo­

sphere it is primarily HI (or solid compounds, such as· Cs!) • Investiga.­

ti9ns indicate that CH~! is formed not during meltdown but by subsequent 

chemical reactions 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-. 

water reactions, traces of organics in the f'uel, and the amounts and ty:pes 

of organics in the containment shell. Methyl iodide and other organic 

iodine compounds are not likely to constitute more than a few percent of 
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the tota1.1 - 4 Nevertheless, all three airborne forms of iodine must be 

removed as efficiently as possible. Other, much less important reactive 

gases are bromine and 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 of 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 (for Cli3I, impregnated charcoal) and scrubbing with 

a reactive solution. Iodine 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 currently be removed, in a 

practical way, from the containment shell atmosphere of a commercial 

reactor during the high-pressure high-temperature stage of a loss-of­

coolant accident. Their complete removal from the secondary containment 

atmosphere would also be impractical at present because of their low 
6 

concentrations and the large volume of air. 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-leakage 

containment system. However, the effect of their release can be minimized 

by holdup for_ radioactive decay, followed by controlled discharge through 

a high sta.ck. · Tlle methods described below would be applicable only to 

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 nitrogen 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 
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to decay to acceptable· levels. Krypton...:85, which lias 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 liquids
9 

has the advantages of a continuous 

process but requires large -and compiex equipment. Separation by selective 

permeability in a cascade of membranes 10 shows promise but has.not yet 

been proven economically feasible. Both absorption in a liquid fluoro­

carbon and concentration in a cascade of membranes are being evaluated 

f ' d . . t.. . t. ll J J.2 or large-scale app+ication an economic op imiza ion. 

2.2 Credit Assumptions for Current Reactors 

From efficiencies assumed by the Division of Reactor Licensing (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 i:i.mounts for the removal of 

iodine and particulates •. In some cases the accident ,analyses state that 

DRL assumed certain efficiencies; in others they state that· DRL considered 

certain assumptions by the applicant to be reasonable or conservative. In 

at least one case, the work credit was used. In a number of cases, it was 

stated that the potential consequences.of accidents would be within 10 

C:FR 100 guidelines (the AEC site crite:d.a) with ·the efficiencies assumed. 

For one reactor system, it was stated that iodine-removal eq~ipment might 

be needed in order to assure that 10 CFR 100 ~uidelines are met. 

In 13 accident analyses cited in this report, reference was found 

to efficiency for. the removal of sol:Lds in only two cases . Eleven reports 

contained references to efficiency for the removal 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 Efficiencies of Once-Through Filter7Adsorber Systems 
in Secondary Containment Exhaust Lines 

A halogen-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 and Vermont Yankee). 

9 

The applicant assumed 99% removal efficiencies 

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, d.etP-rioration of filter media and seals, accidental damage, 

accident conditions, etc. 18 An efficiency of 95% was assumed for the re-. 

moval of halogens and solids by high-efficiency .filters and charcoal beds 

in the reactor building of the Oyster Creek reactor. 19 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 
20 

Electric Company boiling-water reactors. 

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 
2 J. 

elemental iodine. 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 achievable efficiency of 80 to 90% for the removal of organic 

iodides by impregnated charcoal beds in the containment atmosphere re­

circulating system of the Connecticut Yankee reactor was stated to have 

been demonstrated by the applicant, and the charcoal chosen was also 

stated to oe well known to have excellent efficiency for the removal of 

elemental (molecular) 'iodine from atmospheres with relative humidities 
2J 

of 100%. An efficiency of 90% for elemental iodine was considered 

reasonable for charcoal beds in the recirculating system of the Indian 

Point 2 reactor, but zero efficiency was assumed for the removal of organic 
24 

iodine. 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. 25 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-removal system would demon­

strate than an adequate removal rate is achievable. 27 As noted in Section 

2.2.2, above, it was stated for the Palisades reactor that iodine-removal 
,-

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 4 
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J. RELATIONSHIP OF AIR-CLEANING SYSTEMS TO CONTAINMENT 
STRUCTURES AND COOLING SYSTEMS 

In water-cooled power reactors, the principal govern:\.ng factor in the 

selection of the type of air-cleaning system to be used for a spe~ific re­

actor has been the type of containment selected for that reactor. Once­

through air-cleaning systems have, with a few very recent exceptions, been 

applied 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 reduction of postaccident pres­

sure and temperature, and has emphasized the increasing need for air­

cleaning systems and fo'r 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. 

J.l 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 fol~owed by discussions of two containment systems that include pressure 

containment. Pressure-suppression containment is discussed next, and a 

discussion of ice-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 of pressure-suppression 

systems. 

3.1.1 Pressure Containment 

Pressure containment shells are usually spherical steel pressure 

shells or domed cylinders of reinforced concrete with steel liners. Both 

types are designed to withstand the temperature and pressure (about 40 to 

50 psig) resulting from the flashing of all the primary coolant into the 

containment shell. 

Pressure containment is used for some boiling-water power reactors 

(such as Dresden 1 and Big Rock Point 1 ' 2 ) and is currently applied to 

pressurized-water power reactors in general. The containment shell of the 

Yankee Reactor, 3 one of the early (1960 startup) power reactors, is an ex­

ample Qf the spherical steel shell type. The containment shells of the 

Turkey Point ) and 4 reactors'± ( 1971-197.2 startup) and the .Indian 'Point 2 

reactor5 (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 des°ign-basis-accident tempera­

ture and pressure .6 

3.1.2 Pressure Containment with Secondary Containment 

In a modification of the pressure containment system, a secon.dary 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 radioactive decay, 

diluted with outside air from secondary containment inleakage or supply 

fans, cleaned by a filter-adsorber system, and exhausted through a high 

stack. This type of containment is not yet in wide usage for water-cooled 

J?Ower reactors. 

The Indian Point 1 reactor7 (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 it$ 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 .8 

Each of the Oconee reactors9 
( 1971-1972 startup) also has a. spherical 

steel 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 shell penetrations. 

3.i.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 

containment 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 cor+­

tainment shell. If it were necessary to vent the inner shell to the out­

side o.Lmu::>JJhere, the air 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.11 

3 .1.4 Pressure-Suppression Containment with Secondary Containment 

Pressure-suppression containment shells are divided into two ?ompart­

ments. The reactor and most of·the primary coolant system are enclosed in 
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a pressure shell shaped like a light bulb with the base upward. This 

shell, conventionally referred to as 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, o·ften 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 pressure 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, the 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. In 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-water 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. 

The maximum acceptable design-basis-accident leakage rate for the dry­

well and the pr~ssure-suppression chamber is usually 0.5 wt % of the con­

tained volume per 24 hr.6 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 thrpugh a high-efficiency air­

cleaning system. In the 1727-Mw(th) Millstone Point reactor,12 a typical 

pressure-suppression system, the drywell has 128,ooo ft3 of free volume and 

the pressure-suppression chamber has 110,000 ft3 ot' free volume and 94,000 

ft3 of water, for .a total containment volume of 332, 000 ft3 . This can be 

compared with the 2,232,000 ft3 of free volume in the pressure containment 
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vessel of the 1473-Mw(th) Connecticut Yankee reactor,3 which.has pressure 

containment. 

Pressure-suppression systems have a refueling building surrounding 

the containment shell, which acts as a secondary containment structure. 

Provision for removal of fission products from the atmosphere within this 

secondary containment building is essential. If a pipe ruptured in the 

part of the prim~ry 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.13 

3.1.'5 Proposed Ice Condenser Containment 

In a promising type of containment 0 developed by Westinghouse for 

pressurized-water reactors,14 an insulated blanket of millicns of hollow 

cylinders of ice forms a massive heat sink around the inside of the con­

tainment shell. The system, known as the ice condenser reactor contain­

ment. system, has been extensively tested, including subjecting a full­

scale segment to steam at accident temperature and pressure. The insu­

lated ice is kept frozen by standard refrigeration equipment. In an 

accident, insulated panels would automatically spring open to provide a 

path for steam to reach the ice. 
/ 

The system is reported to be capable of reducing the pressure to 

normal in a few mi:n,.utes. In one Westinghouse testL 4 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 ha~f. 

3.2 Containment Shell Cooling Systems 

Where recircul_ating air-cleaning systems are used as engineered 

saf.ety features within the containment shells of current 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 preced~d by 

moisture deentrainers 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 system~ 5 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 wat"er, and the buildup of temperature and pressure within· the con­

tainment shell. Containment atmosphere cooling systems are provided not 

only to minimize but also to reduce temperature and pressure in order to 

r~duce leakage of fission products from the containment vessel. 

J,2.1 Cooling Coil Cyotcmo 

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

tional cooling is normally provided by recircul~ting the containment at­

mosphere over water-cooled coils with a fan. Several parallel systems are 

usually provided. These systems can, of course, also function to remove 

heat after an accident. If the system is to be depended upon for this 

. purpose, the fan and its motor must be designed for postaccident con­

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

3.2.2 Spray Cooling Systems 

Alm~st all water-cooled power reactors have provision for cooling the 

containment atmosphere in the event of a loss-of-coolant accident by 



. · 

J9 

spraying·cold water directly into the containment shell. These sprays are 

normally supplied from a tank, pool, or pressure-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 Air-Cleaning Systems Predominating in Current Designs 

Two types of air-cleaning systems are widely included as engineered 

safety features in current water-cooled power reactors: once-through 

filter-adsorber systems in secondary containment exhaust lines and re­

circulating 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

Ride atmosphere. 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 essentially 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 reactor7 include charcoal adsorbers, 

and those for pressu+e-suppression plants include high-efficiency moisture 

deentrainers. 

Most secondary containment structures on water-cooled power reactors 

are the refueling building surrounding pressure-suppression containment 

system. The air-cleaning system for the penetration rooms attached to the 

pressure containment shells of the Oconee reactors9 is shown in Fig. 3.2. 

) 



Table 3 .1. ·. Once-T~'1rough Air-Cleaning. Sys-:; ems in the Secondary Containment Exhaust Lines of Pressure 
Containment Systems for JWR's and Pressure-Suppression.Containment Systems for BWR's · 

Pressure ·:::ontainment 
system· 

'-... 

Indian Point 1 
Oconee 1 and 2 

Pressure-suppression 
containment system 

·oyster Creek 
Millstone Point 
Dresden 3 
Browns Ferry 1 

and 2 

Designer 

. Babcock & Wilcox 
Babcock & Wilcox 

General Electric 
General Electric 
General Electric 
General Electric 

a One spare system is provided. 

Ele•:!trical 
Power 

:Mvf) 

255 
250 each 

-
640 
650 
809 

--075 each 

Completion 
Date 

1962 
1971-72 

1967 
1969 
1969 
1970-71 

Design Contain­
ment Shell 

Leakage Rate 
(cfm) 

1 
0.82 
1 
0.97 

Flow Through 
Air-Cleaning 

System 
( cf'rn) 

2oooa 
2oooa 
40008. 

Reference 

7 
9 

16 
12 
17 
18 

I\) 
0 
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ORNL-DWG 68""'.9269 

. s 

Indian Point I 

Oconee 1 and 2 

s 

Millstone Point 

s 

Browns Ferry 1 and 2 

Fig. 3 .1. 'l'ypical Component Arrangements for 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 Filier-Adsorber. Systems Within the 
Containment Shell 

Moisture deentra:i.ners, 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 iri the system) are 

usually bypassed during normal operation.· In an emergency, dampers are 

switched to direct the air flow through the charcoal. These systems must 

be designed to withstand tbe temperatures and pressures resulting from a 

loss-of-coolant accident and mus~ be protected against possible missiles. 

Some of the design character.istics of typical installations are shown 

in Table 3.2 and Fig. 3.3. Note that recirculating air-cleaning systems 
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Table 3. 2. Recirculating Air-Cleaning Systems Within the Containmen.t Shells 
of Pressure Containment Systems for IWR's 

ElectriCal Completion Air Changes Parallel Flow per 
Reactora Power System 

(Mw) . Date per Hour Systems ( cfm) / 

Yankee 175 1960 0.77 3 4,ooo 
San Onofre 433 1966 (Hazards report not explicit) 

Connecticu:; Yankee 562 1967 5.37 4 50,000 
Ginn'a 470 1969 9.3 4 38 ,ooo. 
Indian Point 2 1033 1969 7.4 5 65,000 
H. B. Robi:ison 2 ..J?50 1970 11.4 4 100,000 
Diablo Canyon 106) 1971 7.5 5 65,000 

· a.,.N'estinghouse Electric ::;orporation was the designer of these reactors. 

Reference 

3 

19 
20 
21 

5 
22 

23 
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Yankee 

Connecticut Yankee 

c 

Ginna !-Q----

d rf af 

f j-c---o---Indian Point 2 

H. B. Robinson 2 

d rf af 

Diablo Canyon 

Fig. 3.3. Typical Component Arrangements for Recirculating Air-Clean­
ing Systems Within Containment Shells :c 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-cieaning 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 reactor3 include high-efficiency moisture deen­

trainers, most contain prefilters, and charcoal adsorbers are usually by­

pa~sed during normal ·flow. 

3.4 New Applications and Proposed Air-Cleaning Systems 

3.4.1 Once-Through Systems in Containment Shell Exhaust Lines 

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 once-through high­

effieiency filter systems has been proposed for at least two installations, 

Turkey Point 3 and 4 (Ref. 4) and Malibu.10 

Turkey Point 3 and 4 [760 Mw(e) each; 1971-72 startup] have pres­

surized-water reactors with pressure containment shells. In the event 

of a .loss-of-coolant accident, the containment atmosphere would be cleaned 

to some extent by moisture deentrainers and prefilters in recirculating 

containment-air-cooling systems. After the postaccident pressure had 

been reduced, the containment air could be slowly purged through high­

efficiency filters and then released to the stack. 24 

In the Malibu system (described in Sect. 3.1.3), after a postulated 

accident, air ~eakage 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 stack. Figure 3.4 is a schematic diagram of the air­

cleaning system for the double containment system once proposed for the 

Ravenswood 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 

~how 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 systems 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 expensive. 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 fission-product removal·. 

Chemical additives to react with iodine and methyl iodide are under 

·investigation, and the addition 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. 5; 
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 shown in Fig. 3.5. Note that 

the reactor containment spray header and nozzles (left cente:r·) within the 

containment shell are fed by th~ 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 :;mall bypass flow will be directed f:r.nm t.he s:pray pump discharge through 

the sodilun thi osulfate tank and back to the pump suction. In this manner 

sodium thiosulfate will.be introduced up to a final concentration of' 2 wt % 
by rnea:ns of a sealed (nonvented) system tha.t provides for minimum possi­

bility of fission-product leakage on recycle through the system. 

If chemical sprays are shown to be effective, reliable, and pTactica­

ble enginee1~ed safety features, they may he 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, 

o.nd most of the valves are usually located outside the containment shell, 

where they are less subject to possible accident damage and more accessible 

I 
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·u 
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for maintenance and testing (they must be shielded and there must be a 

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

water through a recirculating loop up to an isolation valve; b~yond the 

valve the system is tested with air to be sure that the spray 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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4 • 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 less 

than 99.97% under 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 

operation will be very high. 

In practice, however, filter integrity and optimum post.accident oper­

ating conditions· for HEPA filters are difficuit to in~sure. Damage to 

filter media during handling, improper installation, deterioration of 

media, separators, and seals, and.excessive leakage that bypasses the 

filters are not always detected and corrected by inspection, testing, and 

maintenance. 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 gU.ide 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 quest.ion: "What from 

the standpoint of mechanical design is required for a reliable, economic 

system?" Problem areas or factors that often compromise operations are 

identified, and mechanical, structural, and layout requirements are dis­

cussed in detail, as well as the performance 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 ~onsidered in the final 

issue as an AEC-TID handbook. 

Each HEPA filter must be tested and inspected before installation and 

must be packaged, shipped, handled, and installed with care. HEPA filters 

nmst be routinely tested in pl A.Ce as part of the fi·lter 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, aR accurately as 

possible, 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 efficiency tests 

that will accurately predict postaccident filter efficiency. For research 

purposee this problem has been divided into a number of questions. Can the 

efficiency of HEPA filt.P.rs for the removal of the stancfa.rd test aerosol 

under standard test COnditionR be adequately. Correlated with efficiency for 

the removal of aerosols under simulated postaccident conditions? How accu­

ra.tely 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 realisti·c test hwnidi­

ties, temperatures, flow J'A.t.f!s, and p;ressure differentials? Are the 
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dioctyl phthalate (DOP) aerosol and test conditions now used for routine 

test.ing applicable to the accurate prediction of postaccident filter ef­

ficiency? 

These questions ~ave been partially resolved., Testing of new HEPA 

filter units with th~ stand~rd 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 fissi_on products, as w.ell 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. In each of several countries in which HEPA or 

similar filters are widely used, authorities on filter-efficiency testing 

feel that their standard method has advantages over the others. For 

example, British standards specify tests wtth particles of sodium chloride1 

or methylene blue,2 and the Dust Research· Institute in Bonn, West Germany, 

uses a combination test with three kinds of solin and liquid particles.3 

Much of the world, however, seems to be adopting the test with monodisperse 

0.3-µ dioctyl phthalate, which is standard in the United States. 4 

4.1.1 Preinstallation Efficiency Testing of HEPA Filter Units 

In the United fit.ates -f:.h8 liffioicncy of new HEPA filte~s 1·or reactor 

installations is determined with thermally generated dioctyl phthalate 

(DOP) of 0.3-µ particle diameter, by the manufacturer, following Edge­

wood Arsenal procedures.4 In addition, as mentioned above, there are two 

USAEC Quality Assurance Stations ( filier testing facilities) for ve:d.fying 

the efficiency of new filters by following the same test procectures. This 

service is available on request or when specified by the purchaser.5 

'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 upstream 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 to 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°/o for the removal 

of the standard monodisperse 0.3-µ DOP aerosol. The value 99.97% is a 

reasonable compromise between necessary manufacturing tolerance and pro- · 

tection for the user. Most HEPA f~lters test at substantially higher 

values.6 HEPA filters are delicate and should be shipped, handled, and 

installed ow,i th care. 

Testing at two flnw :r.B.tes, 100 and 20°/o 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.7 Two-flow testing is based 

on the pinhole effect. 8 According to theoretical analyses 9 , 1 0 of this 

effect, airflow through the intact part of the filter is essentially 

streamline, B.nd the flow rate is directly 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 case's where the size of the leakage path in­

creased with increasing flow. 

Whatever the actual mechanism, the pinhole effect is well established 

experimentally. 8 - 12 A statistical analysis of filter test results showed 

a 95°/o probability of significant pinholing if the difference in ·pene­

tration between the full-flow test and .a 20°/o flow test exceeded 0.01°/o.13 

This is borne out by other work. 14 , 15 It has been recommended16 that 

specifications for the procurement of HEPA filters include a requirement 

for two-flow testing, at rated flow B.nd at 20°/o of rated flow, with a maxi­

mum permissible penetration difference of 0.01°/o between the two flows for 

500-cfm and larger filter units. Testing of smaller units at 20°/o of rated 

flow is not considered practical because of questionable results at the 

low flow velocities. 
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4 .1. 2 · Efficiency 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 systems might be subjected 

to an aerosol composed largely of oxides of uranium and cladding (Zircaloy 

or stainless steel) prodl,lced by overheating of reactor. fuel. Also, the 

atmosphere introduced into a recirculating air-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 whic~ 

new filter units are generally tested. 

In a continuing program at ORNL, the characteristi~s, agglomeration, 

filtration, and settling of realistic oxide aerosols are being ~tu.died 

under simulated accident 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 fuels are being mea.sured as a function of velocity and humidity· of 

. the air and the amount of water in the filter media. 17 - 19 The aerosols 

are oxides of stainless steel and uranium generated from U02 and stainless 

steel by an electric arc. Th.ese are laboratory-scale studfes on assem­

blies of three l.·5-in.-diam disks of HEPA filter media mounted in series. 

Full-size HEPA filter units have not been tested, and the test loop does 

not contain moisture-removal devi~es 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, A.AF type A57, A.AFl, MSA 

Ultra.HEPA, and Cambridge 115EWP. Two of the media tested are nonwater­

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°/o relative humidity), 

the measured efficiency of the Flanders 700 media for the aerosol of. 

.. 
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stainless steel and uranium oxides was 99.97%, with an average deviation of 

~0.01% in 15 measurements. In a water-saturated atmosphere at 5 ft/min, 

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

also, t.wo of the waterproqfed media., Cambridge 115EWP and AAFl, were sig­

nificantly less efficient (99.93 and 99.92%) than the others tested. The 

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 atmosphere 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 Boo 
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. 100%-humidity air at room temperature for 12 to 13 days, average 

efficiencies of 99.31 and 99.4&/o after storage under the same conditions 

for 43 to 45 days, and efficiencies of 99.79 and 99.·r2°/o after storage in 

100%-humidity air at 80°c for 24 to 28 hr. Samples of one of the nonwater­

proof'P.n mP.cha, 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 Rhowed two ranges of fiber diameter, one at about 2 µ, and the other 

at about 0.15 µ,. It was postulated that the deleterious effect of moisture 

on filtration efficiency may be caused by condensation of water on and be­

tween the O.J5-µ 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.j.l, which discusses re­

duction of agglomerat.P. size by high relative humidity). 
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Fig. 4.1. · Penetration of ViJ,ter Media by Stainless Steel-U02 Aerosols 
Under Dry and Humid Condi tfons. · (From Ref.- 17) 

4.2 Filter Performance Under Operating Conditions 

4.2.l Protection of HEPA Filters from Moisture Damage 

High moisture loadings can damage HEPA filters, either by plugging or 

by deterioration of the filter media. Moisture deentrainers must be pro­

vided upstream of HEPA filters that are depended on to perform under wet 

postaccident conditions. 

4.2.1.1 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. Description~ and 

results of the tests, as well as specifications for moisture separators, 

water-repellent HEPA filters, and activated charcoal beds for use in the 

Savannah River Plant Gystcm, have been published. 20-
22 

The.filtration-adsorption system in the ventilation exhaust of each 
-

reactor building at the Savannah River Plant has five filter compartments, 

each of which .contains a bank of moisture separators, a bank of HEPA 

filters, 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 ra.dioacti ve particles 0. 3 µ 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 Demisters), which are mats of DuPont 

Teflon yarn woven on stainless steel wire and wrapped with stainless steel 
I 

reinforcing wire, are 2 ft x 2 ft x 2 in. thick and rated for 1600-scfm 

air at 0.95 in. :H20. The filters are 1000-cfm open-face steel-cased HEPA 

filters, 24 x 24 x 11 1/2 in. 

Tests at the Savannah River Laboratory 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. 20 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-
I 

establish coolant flow, wet steam was emitted for JO sec at 7000 _scfm per 

filter, and the subReqnent ~va.poration 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 in,itially escaped the separator reduced 

the mixed flow to a minimum of 60% of the rated filter flow (1000-scfm air) 

6 hr after the test started; however, the flow gradually increased to over 

900 scfm at the end of tbP. teRt. 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 ~o 

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.20 

4.2.1.2 Tests of a Proposed Moisture Separator for the Connecticut 

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

Research Laboratory, American Air Filter. Company, for the Connecticut 

Yankee Atomic Power Company, to determine the effect of entrained water 

from containment atmosphere cooling sprays of a proposed mo~$ture 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.23 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 droplet cloud ex­

pected. The moisture separator removed essentially all droplets from the 

air stream under six test conditions with pressures ranging from 10 to 40 

psi. HEPA fiiters downstream of the separator (1000-cfm filters, tested 

one at ~ 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·radioactive materials. Filter systems pro­

vided as engineered safety features must be adequately protected against 

fire, and their components" inclu¢iing HEPA filters, must be fire resist.ant. 

Fire-resistant HEPA filter units are qualified by Underwriters' Labo-· 

ratories. for resistance to fire and hot air, in accordance with the Labo­

ratories' standard UL-586. 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 tne upstream face of the filter 

for 5 min, also at rated air flow. The hot air test determines the effect 



of hot air on filter performance, and the spot flame test is a test of 

combustibility.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 dis.cussed 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 signifi.cant 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 .25 The purpoEe was to determine. thP. shock overpressure that 

caused the effjciency.of filters of each size to fall below the 99.97% 
specification and the overpressures at which various degrees of visible 

damage occurred. 

· Sma~l 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 

ta!Jt=1·t=U. uniformly from a di run.et er of 6 in. Rt. t.h e 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 force of each explosion was directed toward the filter, 

the shock waves si.m1.il R.t.ed 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 ~f the i;;hock 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 same manufacturer. 

The 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 intensity.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. 99.9'(°/o) 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 8 x 3 1/16 3.6 

8 x 8 x 5 7/8 4.5 

12 x 12 x 5 7/8 3.6 

24 x 24 x 5 7/8 2.2 

24 x 24 x 11 1/2 3.2 

The ability to withstand shock .increased with decrea.sjong face area for a 

given thickness and increased with increasing thickness for a given 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. Pressures more than 2 psi greater than failure pressures 

caused extensive damage, including very long cracks perpendicular to the 
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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 µ and a mass median diameter 

of about 1.8 µ. Each unit was loaded to a pressure drop of 4 in. ~Oat· 

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 J.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 J.2 psi for a clean filter). 25 

These values represent decreases of about 12% in resistance to shock waves, 

as a result of the dust loading used. In practice, filters may be loaded 

to pressure drops considerably higher than 4 in. HzO. 

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 24 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 is the resistance to shock, 

that the wire hardware cloth materially increases resistance to shock, and 

that methods of support for the center areas of the .larger units would 

markedly improve shock-wave resistance. 

Bnrchst.P.n26 plotted shock overpressure resistance of clean HEPA 

filters without face guards as a function of the rat·io 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 

perhap·s center support for filter uni ts that have iarge f'ace areas, small 

thicknesses, or both. Burchsted2 : recommended a similar plot for dirty 

filters, which would be more directly applicable to design for operating 

conditions. 
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4.2.4 Resistance to .Accident-Produced Pressure Differentials 

During a postulated loss-of-coolant accident, the pressure of the con­

tainment atmosphere of a water-cooled reactor might rise to about 40 to 50 

psig in a few second·s and impose a transient, but heavy, pressure differ­

ential on filters within the containment shell, especially filters whose 

upstream faces were directly exposed to the peak pressure. As part of the 

AEC's Air Filter Development Program; headed by.Humphrey Gilbert (AEC-COS) 

and C. A. B~chsted (ORNL), tests of the resistance of HEPA filters to 

velocity-induced overpressures are being conducted.27 Results of these 

tests sh0uld 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 

pre.ssure 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 ( 131I2) if (1) the charcoal has not lost ef­

ficiency from long exposu:re to moisture or impurities in'the ai·r, (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 rele.ase of 

radioactive methyl iodide (CH3131I) through recirculating air-cleaning 

systems after a postulated loss-of-coolant accident in a water-cooled 

power reactor is removal of the radioactive iodine from the methyl iodide 

by isotopic exchange. For this purpose, activated charcoal is impregnated 

with one or more substances containing nonradioactive iodine ( 127 I), which 

exchanges with the radioactive 131I 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 131I and releases nonradio­

active CH3127 I. 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°/o and possibly higher .if water­

logging is prevented. 

Beds of activated charcoRl must be designed to prevent or counteract 

settline. Leaks that bypass air around the charcoal can drastically re­

duce or destroy the capability of charcoal beds. This is also true of 

leakage caused by channeling in charcoal beds extensively flooded witr1 

water: Activated charcoals, particularly impregnated charcoals, must 

be protected against ignition by fission-product decay heat. Fur~hermore, 

impregnated charcoal will release some of its irnpregnant 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 8.r.r.F!J.P.rated 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 amounts of 

other organic iodides) as the fraction of fission-product iodine that 

was penetrating charcoal adsorbers and the development of impregnated 

charcoals. capable of efficiently removing organic iodides at high hu­

midities, the simulation of accident-produced fission products for the 

testing of charcoal adsorber·s 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 for the removal of all particulate fission products and other 

particulate radioactive 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 fj.lters 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 simulation of accident-produced fission­

product iodine and iodides is quite complex. First, the simulant gases 

should represent those that would actually be released from 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 known definitively, although it has been 

tentatively established as a small fraction of the total amount of iodine 

that reaches the charcoal beds. 

No ·standard quality-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 molecular iodine, a 

test for efficiency in removing 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. Although 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. 

Standard efficiency tests may be based on the two tests with small 

amounts of radioactive 131I2 and CH3
131I that are used as in-place tests 

of beds of impregnated charcoal at the Oak Ridge National Laboratory. 1 

Alternatively, if acceptable the tests may be a combination of the ORNL 

efficiency tests and a leak test with DuPont Freon-112, which was de­

veloped by the Savannah River Laboratory and_ is used routinely at the 

Savannah River Plant. 2, 3 In the latter case, all beds, whether new or 

recharged with new charcoal, could be subjected to quality-assurance leak 

tests with Freon-112, and representative 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 127 I2 carrier and with small amounts of CH3

131I 

in CH3
127I. 

Unlike the test of HEPA filters with thermally generated monodisperse 

0.3-µ DOP, which is widely accepted as a test of the efficiency of the 

filters for removal of particulates, th~ 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 very 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 samples of charcoal 
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with the very materials for which charcoal beds are provided, 131I2 and 

CH3131I. A number of methods of testing· the efficiency of charcoal beds 

with iodine but without using 131I as a tracer have been used or tried. 

Among these methods are neutron activation of stable iodine, 4 catalytic 

reduction of eerie ions by iodine, 5 and detection of iodine as an oxi­

dant.6 However, the efficiency of impregnated charcoal for removal of 

methyl iodide and other organic iodides can only be tested with an·or­

ganic compound of radioactive iodine which, as a compound, penetrates 

activated charcoal as easily as methyl iodide does. The reason for this 

is that impregnated charcoal is specific for the removal of radioactive 

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 Chapter 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 discussed 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 

Divisi'on. 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 oe used with radioactive or nonradioac­

tive I2, HI, or CH3I or with Freon or ·other compounds and is equipped 

for tracer assay and gas chromatography. 

5.2 Efficiency for Molecular Iodine Removal Under 
Simulated Postaccident Conditions 

A~though molecular iodine is expected to constitute the largest frac­

tion of fission-product 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 recirculating 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 1961-1964- for the N.S. SAVANNAH Project8 and 

during 1964--1965 for the evaluation of charcoal adsorbers as engineered 

safety features. 9 

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 ( 127 I labeled with 131I) in the concentration 

expected in a postulated reactor accident on the N.S. SAVANNAH (10- 2 mg 

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 pacsed 

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. 8 It was discovered during subsequent tests in the N.S. SAVANNAH 

studies that what is now known to be methyl iodide may have constituted 

part of the.iodine, and the actual efficiency for molecular iodine may 

have been higher than the value reported. 10 
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Dl,lring-1964.,-l965, just before commercial impregnated char~9als were 

shown to. be superior for radi~acttve methyl iodide removal, studies were 

conducted at ORNL for the evaluation of unimpregnated charcoal adsorbers 

as engineered safety features. 9 (One o:f the charcoals was Whetlerite, a 

charc.oal impregnated with salts _of silver, copper., and chromium, but it 

did not contain the impregnant.s now used.) In the_se _st~dies, four char­

coals were tested in 1.5-in.-deep beds for their efficiency for'the re­

moval of molecular iodine (and methyl irn;lide) from .steam-air systems. 

Steam saturation of the air in eight molecular iodine removal tests 

ranged from 56.3 to 90.7%, temperatures ranged from 95 ·to 180°C, and 

linear gas velocities ranged from 27.9 to 39.6 ft/~n. These velocities 

were much closer to the velocities in power reactors of current d~sign 

(60 to 70 ft/min) than were those in the N.S. SAVANNAH studies. However, 

there was ho apparent correlation between velocity and efficiency in the 

range ·of velocities used. 

The average.measured efficiency for the removal of molecular .iodine 

in the eight tests was about 98%, but t:t;i.e actual effic;:ie.Qcy for molecular 

iodine removal per se may have b~e.n much higher. These studies involved 

early attempts to fractionate iodine sources. The more volatile. fraction 
'"' . 

(organic iodides; mainly methyl iodide) from a palladium iodide source 

maintained at -70°C was removed by p1;tssing air for 10 min through a tube 

containing the sou!'.ce. The remaining~ less volatile fraction was used 

in the tests. of molecular iodine removal· efficiency. This fraction, which 

was mainly molecular iodide, was known to contain some compounds of io­

dine, and it is now believed11 that it probably contained a COJ'.lSiderable 

amount of methyl iodide and that the average measurea efficiency of 98% 

was much lower than the actual efficiency. 

5.3 Efficiency for Methyl Iodide Removal Under 
Simulated Postaccident Conditions 

The formation, reactions, and· transp'ort of methyl· iodide and other 

organic i'odides 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 predicted, 

but it is considered· to be a small percentage of the total iodine inven­

tory and a somewhat larger percentage of the airborne iodine. 12 - 16 How­

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

significant. 17 - 19 For siting in or near population centers, assurance 

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

5.J.l Conventional Activated Charcoals 

Conventional activated charcoals are not adequate for the postac­

cident removal of methyl iodide in recirculating air-cleanin$ systems 

within the containment shell 1of water-cooled power reactors. Conven­

tional coconut-base activated charcoals have adequate efficiencies for 

the removal of methyl iodide in filter-adsorber systems in the exhaust 

of secondary containment 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 

tempe~ature, efficiency for the removal and retention of methyl iodide 

was drastically reduced 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. 8. <:>hArr.oal bed depth of 3 in. to less than O. 2 hr at near 
I 

100% relative humidity, 100 ft/min, and a bed depth of 1 in. 20 The ef-

ficiency of a 2-in.-deep bed at 60% relative humidity and. 10 ft/rnin fell 

below 90% in about ?. 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 

at various humidities were sufficient to show that conventional actiyated 

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. 

The Vermont Yankee reactor plant design and analysis report states 

that the charcoal unit on the EVESR at Vallecitos Atomic Power Laboratory 
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has been retaining organic halogens produced during power operation with 
I 

a:n efficiency of 99.8 to 99.9% at a relative humidity of 10 to 15%. 21 

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 radioactive iodine from 

methyl iodide at fairly high humidities, ambient pressure, and ambient 

or moderately high temperatures (up to 115°F). 14 , 15 , 2 o In recent 

tests, 22 , 23 five commercial impregnated charcoals have been shown to be 

effective for methyl iodide removal at the temperature, pressure, and hu­

midity predicted for·the atmosphere within the containment shell of a 

water-cooled power reactor after.a loss-of-coolant ~ccident, 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 8585~ and MSA 24207 (Mine Safety Appli­

ances Company), BC-727 and BC-239 (Barnebey-Cheney), and G601 (North 

American.Carbon, Inc.). The impree;nants of these commercial charcoals 

are proprietary and therefore ~re not precisely specified in Refs. 22 

·and 23. It canoe .said.that the impregnants are one or more substances 

containing nonradioactive· 127 I, which removes radioactive 131I from 

CH3
131I by isotopic exchange and releases nonradioactive CH3

127 I. 

At about 270°F and 55 psia, with 50 ft/min s_team:-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 131I from CH3
131I, provided the prevailing relative 

humidity of the charcoal did not greatly exceed 90% (Fig. 5.1). At 80 

to 85% relative humidity, e.fficiencies of 98% or higher were typic~l. 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 Remov~l of 131I from 
CH3

131I in Flowing 8team-Air by Commercial Iodized Charcoals at Tempera­
tures and Pressures Around. 270°F and 60 psia. Bed depth, 2 in. (From 
Ref. 22) 

levels. Although it was stated that useful efficiency might possibly -be 

attainable at relati~e humidities approaching 100%, it was recorrnnended 

tha.t operation 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 e:1..11d that higher total effici.P.ncies would probably 

be a~hieved in a recirculating system; however, it was 'stated that 

weathering and poisoning o~ 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 Development 

Laboratory at Windscale. In intensive studies at Windscale, including 

tests of a number of inorganic and organ_ic impregnants, two impregnated 

charcoals gave the best results. Both of these were prepared from the 

same coal-base charcoal (Sutcliffe· ~peakman 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 ~ver the other 

led to the recommendation 25 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 % . 

was selected as being in the middle of that range. 26 However, the per­

formance curve was stated to be virtually flat over an impregnant conc~n­

tration range of almost 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 ab::;r.iRRR ~r.al0. The oclection uf 0.5 wt% rather than: a 

higher concentration of impregnant may have been governed largely by find­

ings 26 that 0.5 wt % KI lowered the ignition point of 207B charcoal (about 

500°C) to approximately that of unimpregnated charcoal (about 350°C). 

(Coconut 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 µg/g, ·whereas serious overloading of the 5% 

TEDA/207B did not occur until it was loaded with well over 1 mg/g. 27 Be­

cause of the far greater total capacity of 5% TEDA/207B (and for other 

reasons of lesser importance), a mixture of the two impregnated 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 primarily 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 µg quoted 

(under different conditions) for 0.5% KI/207B. Therefore, the addition 

of a complementary charcoal, such as one 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

finement system of the Savannah River Plant reactors. 29 Under the as­

s.urned accident conditions for these reactors, the production of. methyl 

iodide has been considered to be negligible. 29 , 3° For the removal of 

molecular iodine, the unimpregnated charcoal used in the SRP reactors 

has certain advantages over impregnated charcoals; notably, a higher ig­

nition point arid the questionable advantage that, having no impregnant, 

it cannot lose impregnant by volatilization on heating. Where provision 

for met~l iodide removal must be made, however, this charcoal is not · 

recommended·. It is inadequate for the removal of methyl iodide in re­

circulating systems 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 

vpry 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 wilx 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 shou,ld.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 below 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 require water fog sprays and continued air 

flow to cool down the system and prevent reignition of the charcoal. 

The Savannah River Laboratory (SRL) is studying adsorbers that will 

reduce the possibility of igniting existing types of coconut-shell carbon 

in 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. 31 

A small-scale apparatus was· developed at SRL for measuring ignition 

temperatures of carbon beds with diameters ·and depths of up to 3 in. The 

3-in. diameter was chosen to simulate a full-sized bed. An ignition tem­

perature of 340 to 350°C was measured for a 1-in.-thick bed packed with 

a sample of the unimpregnated activated coconut carbon .(Barnebey~Cheney 

type 4i6) now used in the Savannah River Pl~t.(SRP) confinement system. 31 

Air velocities from 10 to 125 ft/min had little effect on the ignition 

temperature. Exposure 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 exposure were in progress at the time of report­

ing. An ignition temperature of approximately 530°C was measured at a 

velocity of 105 ft/min for samples of a new type of high-temperature co~ 

conut carbon (Barnebey-Cheney type 592) packed in a 1-in.-.thick bed. 31 

Detailed evaluation of the iodi~e 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 me~­

sured. Activated-carbon prepared from bituminous coal ignited at 480°C 
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and coconut carbon ignited 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 possi~ility has been investigated at ORNL by generating short-lived 

iodine isotopes in overheated U02 and blowing them into a charcoal ad­

sorber. Preliminary results of these studies indicate th~t 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 Labora­

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-scale apparat~s 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 parti~les of carbon were swept from the bed. Simul­

taneously, thermocouples in .. the bed suddenly indicated temperatures 

higher than the 540°C limit of the recorder. The burners and air flow 

were stopped immediately after the carbon ignited. Carbon 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. 
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6. PERFORMANCE AND TESTING OF FILTER-ADSORBER SYSTEMS 

Under optimlli'.1 conditions, the efficiencies of HEPA filters for the 

removal of particulate fission products and of any one of several impreg­

nated charcoals for the removal of 131I and its gaseous.compounds are 

exc·ellent. The most critical factors in the adequacy of filter- adsorbe~ 

systems as engineered safety.features are matters of adequate funds and 

space allocation, meticulous design, thoroughgoing operational procedures, 

administrative control, and compliance. Filters and eharcoal 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 performance of a once-through filter-adsorber system depends 

almost entirely on its effic"iency 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 particulate 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 release of fission products into the containment shell, 

the degree of mixing within the containment shell, and fhe 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 air within 

the containment shell. ) Efficiency per pass in a recirculating system 

is far: lel:?S important than the total efflc..:foncy of the system. 
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6.1.1 In-Place Testing of· HEPA Filter Systems 

Experience has shown that a system containing HEPA filters .(and/or ) 

charcoal 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 incorrectly positioned; lack of 

enough frame members; 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. 1 

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 functional 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 an in­

creasing 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 system be tested periodically and, also, after 

every filter change and whenever there is reason to suspect that effi­

ciehcy has decreased. 

In-place tests of filter systems are proof tes'ts, 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 excessive, 

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 ~sed by the Oak Ridge National laboratory, 1- 3 

polydisperse DOP, produced by atomization with compressed air, is intro­

duced into any convenient air intake that enables thorough mixing with 
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the air stream ahead of the filter bank being tested. The concentration 

of the unfiltered aerosol is measured on a sample drawn from a point 

ahead of the fil~er bank and that of the aerosol in the filtered air is 

measured on o. sample taken downGtream 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 subject to 

the provision that blower-shaft-seal leakage must be negligible. Sampling 

lines should not be too long, since loss of sample by deposition within 

long lines can be severe. The 2-in.-thick charcoal 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 the 

measured efficiency of a HEPA filter system when the same system was 

tested with and without approximately 2 1/4 in. of charcoal (two 1 1/8-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 ls referred to as the efficiency of the system. To meet· the speci­

fication of the in-place test at ORNL, the system must have a minimum 

efficiency of 99.95% for the removal of the polydisperse DOP. When an 

in-place tcct shows an i..ma<:>~eptable 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 direct.Jy t.o the photometer. 

A proposed standard based on the foregoing test method has been pre­

pared. This proposed standard, 
11
Efficiency 'l'esting of Air-Cleaning Sys­

tems Containing Devices for Remova1 of Partic1,llates, 
11 

which was drafted 

by USASI Task Group N5.2.ll, has been recommended for ballot action by 

the U$ASI Nuclear Standards Board and approval as a USA Standard. 

In-place testing of future installatiorn; can be simplified by careful 

planning in the design stage. Design of a filter installation should 
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include builtin facilities for conducting in-place testing and access 

into the duct for sampling instrwnentation. 

The parallels in method, calculation, and expression of result be­

tween tests of new filters and· tests of installed 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 compresseq-air-generated 

polydisperse DOP aerosol with a nwnber median diameter of about 0.7 µ, 

·which is not intended as a substitute for the thermally generated mono­

disperse 0.3-µ DOP specified for testing new filters. Second, the total 

penetration through the system includes not only penetration through the 

filters but also penetration through leaks that bypass the filters. 

The differences between thermally generated and compressed-air-gen­

erated DOP have -no practical effect on 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 down.stream 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 radioactive 

iodine from methyl iodide by isotopic exchange. Therefore, t.he efficiency 

of ;i.mpregnated charcoals in the United States should be tested by an iso­

topic-exchange method, preferably with CH3
131I (diluted with CH3

127I). 
A proof test for leaks with a'nonradioactive gas (DuPont Freon-112) has 

been developed, however. In-place. leak testing of charcoal beds in fil­

ter""'adsorber systems, .combined with tests of representative samples of 

charcoal from the beds with CH3
131I and 131I 2 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 small amounts of. 
131I 2 and CH3

131I (in 127I 2 and CH3
127I as carriers). 5 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 Freon-112. 5 , 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 131I2. Testing 

of the efficiency of the beds for CH3
131I removed is in progress at SRL. 

The SRL tests for molecular iodine removal have been standardized for 

general application. 6 ' 7. 

6 .. 2 Operating Conditions 

Both the reliability of filter-adsorber systems under postulated 

accident conditions and the ability to test these systems in a manner 

that will assure their adequate performance and reliability under acci­

dent conditions are strongly affected by the location of the system and 

by economic considerations. Once-through filter-adsorber systems in 

secondary containment exhaust lines woula function after an accident in 

an environment very similar to their normal environment. These systems, 

however, must have far greater integrity than that of ordinary air-con­

ditioning systems and must be designed and constructed with builtin capa­

bilities for adequate testing, inspection, and mafntenance. Component 

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, recirculating 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 containment ?tmosphere. Recirculating systems must be ruggedj this 

cannot be .overemphasized. 

6. 2 .1 Once-Through Systems :i.n 8ecrmdary Containment 
Exhaust Lines 

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

major reci.ctor ar.ciaP.nt, Fl. oncP.-through fil ter-adsorber system in the 
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secondary 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 containment structure atmo­

sphere. The temperature, pressure, 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 

entirety at ambient temperature, pressure, 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 maintained, 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 

which once-through filter-adsorber systems are provided as engineered· 

safety features are the refueling buildings surrolinding the pressure­

suppression containments of typical boiling-water reactors. 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 emergency air­

cleaning. system in the· se~ondary containment structure. Therefore, even 

if the leakage wer~ 100% steam, it would not greatly increase the .humidity 

of the air passing through the air-cleaning system. 

Air to be cleaned by HEPA filt.er,s and charcoal adsorbers should be 

passed through moisture deentrainers, even in air-clP.F.J.ning systems in 

the exhaust lines of secondary containment structures. For highest effi­

ciency, the relative humidity of the air should be reduced to ~bout 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 8ystP.ms 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-cieaning system. If the containment atmosphere were allowed to 

pass through the air-cleaning system without dilution, the system would 

be subjected to an air-steam mixture which, under accident conditions, 

would be at about the same temperatures, pressures, and humidities as 

.those to which recirculating fil ter-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 

must 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 loadings 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 amo1mt of moisture that passes through 

charcoal beds. 

6.3 Performance of System Components 

6.3.1 Effect of Humidity on Agglomerate Size and Filterability 

High relative humidity has been shown to decrease the size of aggl.om­

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- 11 

Moisture was shown to affect both size 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 

fibrous-filter analyzers12 and by electron-microscope examination of 



72 

samples obtained with thermal precipitators. 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 µ in diameter. Aerosols generated in air at 80 to 90% 

relative humidity contained compact, approximately spherical agglomerates 

predominantly 2 to 3 µin diameter, and passage of.either wet- or dry­

ge.nerated aerosols through water reduced the size. to diameters of 0.1 to 

1 µ.10 . 

The possibili~y that the changes in size.and shape of the agglomer­

ates were the result of neutralization of electrical charges on the par­

ticles by water vapor was investigated. In one experiment, a sample of 

dry charged aerosol was not 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 water·has little 

charge-neutralizing potential. It was therefore considered improbable 

that· water changes the aerosol· by charge· neutralization'. .. 

The dry aerosol was filtered with a relatively high efficiency by 

filter packs of Dacron mats (fiber diameter about 11 µ) 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 muc.h lower. Often: over 50% of 

the aeros91..penetr.ateo .. r.nmplPt.P·ly thro1.1gh .. a .p::i;ok of g to 12 mat.!! .. TL 

·was· concluded that roughing filters (prefilters) would not be eff'icient 

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 filters in the air-.cleaning system. iO 

The ~ossibility that water affected the filtering action of the 11-µ 

Dacron fibers was investigated by comparing the efficiencies of two filter 

packs, one of which hadbeen prewetted by equilibration in a humid atmo­

sphere, for 'removal of the dry aerosol. No essential difference in effi­

ciency was fourid. In another test, no difference i·n efficiency for a 

wet aerosol was found between two filter packs, one of wbi:ch was kept 

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. 13 The Browns Ferry reactors 

are boiling-water reactors with pressure-suppression containment. 14 . 

Assuming perfect mixing, the humidity of air at ambient temperature 

(about 80°F) could be reduced from 100% to less than 70% by raising the 

temperature l0°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. In systems 

with relatively low volumetric flow rates, which are typical in pressure­

suppression containment, heaters should be a practical and reliable means 
• 

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

An extensive research and development program on spray systems 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 provision 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

latfog 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 watP.r has been proposed for or j_ncluded in the design of sever·al 

reactors with pressure containment. The use of h,,ydrazine (N 2Hd for 

methyl iodide removal has been investtgated, 1 but the toxicity of hydra­

zine, its possible radiolytic decomposition to form hydrogen, and the po­

tential t:'xplosion 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. 2' 3 The major por­

tion of the effort has been devoted to collecting information about spray 

oyotcms proposed fr:ir 1rnP. by industry in the immediate future. Close 
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liaison with·industry has been maintained so that 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 results of the program can 

be applied to future plants with different requirements. The ·gas-liq,uid 

systems involved are being investigated to evaluate the degree of removal 

of fission products that may be expected during the operation of a spray 

system. 

In laboratory-scale investigations a large number of solutions are 

being examined for use as additives to the spray. The next step is to 

use a wind tunnel to determine mass transfer from a contaminated gas 

stream into a single drop cif solution under various conditions. Engi­

neering-scale tests of the solutions are then made in the Nuclear Safety 

Pilot Plant at ORNL and the Containment Systems EXperiment at Batter'le.' s 

Pacific Northwest Laboratory. In addition, corrosion-testing facilities 

are now being used to determine com~atibility 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.ORNL4- 6 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,,.is 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 laborat~ry experiments in which a large number, 

of solutions can be evaluated quickly before being tested in larger fa­

cilities. The principal objectives originally set for this work were 

(1) to develop a method and technique for measuring distribution 

,-
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coefficients of I2 and CH3 I between air and aqueous solutions 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 

( /f) 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. 

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 regenera­

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 hydrolysis products. 7 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 equilib:cil)l11 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 value there is a corresponnine; va.lu~ of the redox potential that 

gj.ves 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 ma;y 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' arid the partition 

c·oefficient of HIO in water is unknown. 

In·this treatment, account has been taken of all the known reactions 

of elemental iodine with water over a wi_de range of ·pH. Should there be 

further reactions taking place. at low iodine conc'entrations·, . as has been 

suggested,_ these will almost certainly yield iodine species more water 

soluble than iodine itself 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 calculated for 100°C is likely .to be greater 

than the error in those calcula~ed for 25°C because of the extrapolation 

necessary to estimate values of the equilibrium constants at the higher 

temperature. Experimental confirmation is clearly required. 

Oxidizing and reducing agents always increase the partition coeffi­

cient above the values calculated in their absence, so calculations based 

on the latter values of the amount of elemental iodine remaining in the 

gas phase following a reactor accident will generally err on the pessi­

mistic side unless the partition coefficient of hypoiodous acid should 

turn out to be unexpectedly small. Account must also be taken of iodine 

present in particuiate form or as volatile compounds, such as methyl io­

dide. 

7 .1. 2 Measurement of Distribution Coefficients for 
Various Additives 

The initial work4 .consisted principally of developing a technique 

for studying the partitioning proce·ss under flow conditions (gas through 

liquid) and comparing Na2S203 and NaOH by means of the procedures de­

veloped. In order to evaluate additives as che:inical scrubbers; a thorough 

study was started not only of the additives themselves but of solutions 

containing the products· of reaction of iodine with these 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 ·or about 10- 5 M. 

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

the :t'ollowing conclusions were drawn. Distr~bution coefficients .for 

water a~ree reasonably well with the lowest literature va~ues available7 ' 8 

and are reproducible to within ±2%. Capacity inc.reases sharply with ad­

dition of substances reactive toward iodine. There is little difference 

between thiosulfate and base in this respect. Both exceed their stoichio­

metrically predicted capacity. Extra capacity is shown 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. Iodine Distribution Coefficients and Initial 
Penetration Times for Various Test Solutions 

Additive to, Initial 

Test Solution 
K1 

Concentration ~· Penetration· Distr ution 

Pure H20 

H3B03 in H20 

Na2S203 in H20 

Na2S 203 in standard. ·H3B03 

NaOH in I-120 

. 
NaOH in standa1·d· H3D03 

Na2S 20J in H20b · 

KI in H20 

KI in standard H3B03 

(molar, except 
·as noted) 

3000 ppm B 

0:921 x 10-3 
2.31 x lo- 3 

4.6~ x io-3 

2.Jl X 10-3 
I 

i. 012 x io- 3 

2.52 x lo- 3 

5.05 x 10-3 

2.52 x 10-3 

2.31 x 10-3 

.-..0 .1 

.-..0.1 

Time Coefficient a 
(sec) 

92 180 

85 165 

150 551 
250 1029 
380 1883 

237 1022 

155 562 
250 996 
400 1784 

83 218 

249 404 

145 253 

157 230 

~d1 = C /c , where C is the scrubber iodine concentration and C s g . s g 
is the gas iodine concentration. 

b . ' .. 
An inefficient scrubber was useu. 
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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 
Tempe!atur~ Effects 

Work on the distribution of iodine between nitrogen streams and aque­

ous solutions has been extended5 ' 6 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 Kd_ as a."distribution coefficient," 

Kd_ is now referred to as a "capacity coefficient," since all dissolved 

iodine species are included in the solution concentration term. 

Table 7.2 lists v~lues of Kd_ at 25°C fo~ the second group of com­

pounds surveyed. Data on water, sodium thiosulfate, and sodium hydroxide 

from previous work are included for comparison. Piperidine, morpholine, 

and resorcinol produced solid products.· The high capacity of N2J4 

T~ble 7.2. Survey of Potential Additives to 
Sprays (or Pressure-Suppression Pools·) 

Additive 

H20 

Na2S203 

Na OH 

KOH 

Piperidine 

Morphdline 

N2H4 

Ethylene glycol 

Resorcinol 

Concentration 
(molar, except 

as noted) 

2.31 x 10-3 

2.52 x 10-3 

2.39 x 10-3 

"'2.5 x 10- 3 

"'2.5 x 10- 3 

2.32 x 10-3 

10 vol % 
45 vol % 
"'2. 5 x 10-3 

K1 at 25°C 
d 

92 

250 

250 

202 

369 

277 

618 

151 
428 

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, 7 which suggest ext~emely large Kd values for high concentra­

tions. 

A quantitative reaction model9 used to interpret thiosulf'ate 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 (KI03 ), as expected, shows only a very small salt­

ing effect. The surprising effect of tetrathionate may confirm sugges­

tfons10 that iodine reacts slowly with S46~-. 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 r- was confirmed by the result for NaI. The contribution of 

I- is consistent with the solubility data11 and with the efficiency re­

quired to explain the S2oj- and OH- results. Sodium sulfate (Na2S04), 

used as a model compound for "unreactive sodium thiosulfate," behaves 

similarly. This salting-out behavior agrees well with solubility.data. 11 

Table 7.4 shows the variation of Kd of some of the more important 

sycteros with ~emperature. 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 Additiv.es 

Additive Concentration . I ax· 25°C '· 

(molar) Kd 

"KI03 o·.1 110 

Na2S406 0.1 348 

Nal" 2:32 x lo- 3 l'"/9 

Na2S04 0.1 86 
0.2 80 
0.3 73 
0.4 67 
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Table 7.4. Variation of Kd_ with Temperature 

Concentration ~d at Specified 

Additive (molar, except Temperature 

as noted) 25°C 45°C 66.2°C 

H2Q 92 87 72 

H3B03' 3000 ppm B 85 72 

Na2S203 2.31 x 10-3 250 288 345 

NaOH 2.53 x 10-3 250 219 155 

Na2S203-NaOH 2.42 x 10-3 (total: 261 221 
in 50:50 mixture) 

in the iodine capacity of S2oj- but a decrease for OH- with increasing 

temperature. This effect will be examined in more detail. 

Data were also obtained' for aqueous solutions of hydrazine, various 

amines, and ethylene glycol as primary additives. These include com­

pounds similar in structure to those already studied and a variety of 

other systems. 6 .. The·· data here were collected at 25°C and an iodine 
. -., 

"gas-phase concentration of 1.20 x 10- 5 mole/liter. In Table 7.5, Kd_'s 

are given for some of the acids, bases, and salts examined. The data 

for the nonreactive salts are in good agreement with solubility data. 11 

Lithium hydroxide 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 Kd.'s reported for the two glycol systems are not very 

large, but the solubility of iodine increases exponentially with increas­

ing glycol concentration and the Kd_'s would increase accordingly. 

Some compounds that react with iodine are listed in Table 7.7. The 

extremely large value for pyrrole is supported by the fact that the tet­

rahalogenated product is reportedly formed if excess halogen is present. 13 

. 

.. 
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Table 7.5. Iodine-Capacity Coefficients for 
the Acids, Bases, and Salts Examined 

Compound Concentration (molar) Kd 

NaN03 9.56 x 10- 2 103 

CH3COOH 2.56 x io-3 109 

NaClO~ 9.8 x 10- 2 112 

H2S04 2.252 x 10-3 117 

Na3C6H507 2.41 x 10-3 122 

NH40H 1.775 x 10-4 131 

Li OH 2.755 x 10-3 313 

Na2B407·lOH20 0.1 874, 

Table 7.6. Iodine-Capacity Coefficients 
for Solvent Additives 

Compound Concentration K' 
(vol %) d 

Glycerine 30 173 

Ethyl alcohol 30 203 

Dipropylene glycol 20 215 

Dioxane 20 235 

Dimethylformiue 20 278 

Triethylene glycol 30 342 

As shown in Table 7.7, amines react with iodine and yield substantial Kd 
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 



Run 
No. 

39a: 
40a 
4la 
43 
44f 
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· Table 7. 7. Capacity Coefficients of Compounds 
That React with Iodine 

·Compound· 

Creatinine 
Glycine 
Pyridine 
AgN03 . 
4-Amipopyridine 
Quinoline 
Piperazine 
1,4-Trihydroxybenzene 
Pyrrole · 

aSolid.product. 

Concentration 
(molar) 

x 10-3 

2.52 
2.37 
2.5 
2.255 
2.5 
2.5 
2.5 
2.32 
2.5 

K1 
d 

114 
125 

· 197a 
242a 
39la 
45oa 
517a 
817a 

llOOa 

Table 7.8. Results of Methyl Iodide Removal Runs in NSPP 

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

Initial MCV 
Temperature 

Half-Life (min). 

( oc) 
Solution From MCV From Iodide 

Gamma Data Balance 

Borated NaOHb 130 42 52 
Borated alkaline thiosulfatec 30 87 25 
Borated NaOHb 30 360 59 
Borated NaOHb,d 30 Infinity. (e) 
Borated alkaline thiosulfate 130 35 . ( g) 
with surfactant 

a . 
· In runs 39, 40, and 41 there was a short half-life when the sprays 

started that was attributed to thermal decomposition of the methyl j_o­
dide. 

b . 
· Contained 1 wt % Na2S203, 3000 ppm B, and 0.153 M NaOH. 

cCont.ained 3000 ppm B and 0.153 ~· NaOH. 

dBorated NaOH plus io- 5 !i cetyl trimethylammonium bromide. 

eOverall decontamination factor was 1.03 in 3 hr. 
'f . 

The interior of the MCV was illuminated by four 150-w incandescent 
lamps during the last ~ hr of the run. 

gAnalysis incomplete. 

.~ 

•. 
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reactions for thiourea and thiosemicarbazide with iodine are the follow­

ing: 14 

In spite of the fact that the above reactions are used for a quantitative 

determination of these r.ompounds, the data in Table 7.~ 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 2- or hydrazine function 

in a molecule produces Kd values comparable with those of s 2- ion and 

NH2-NH2 themselves. It may well be that some compound containing these 

structures will be found to have storage and performance properties su­

perior to those of the parent compounds. Therefore, it was suggested 

that pyrolytic and ra.diolytic stability be inv~stigated for some of these 

compounds and that, si.nce 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 I2 and CH3 I by Single Drops of Water 
Solution Suspended in a Wind Tunnel 

The mass transport of methyl iodj_de :i.nto a water drop is being de­

termined at ORNL by suspendine; clrops 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 

k.i.neti.r.s and thermodynamics of methyl iodide removal by aqueous solutions. 

At low concentrations ("'0.2 wt %) such diverse additives c:s NH2-NH2, 

(NH4) 2S, and Na2S203 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, 

as well as the circuJ.::itj on of thP. 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 Na2S203. The decrease in the mass-transport values (~5 x 10-3 cm/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

perature. The mass transport of CH3I in water appears to be accelerated 

by photolysis; that is 

The efficiency of 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 experiments on the· performance of sprays are 

carried out in the Nuclear Safety Pilot Plant at ORNL to demonstrate the 

performance under simulated accident conditions of solutions for the re­

moval of molecular iodine (I2) and methyl iodide (CH3I) and equipment 

that might be· used in reactor containment buildings. 18 , 19 Results of 

tests. of various solutions in the NSPP exhibit no sienificant 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 t_emperature than the containment vessel. The fact that contact 

with metal· surfaces at temperatures in the range 130 to 17S°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 sodiqm hydroxide 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 photocatalyzed 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 1 

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 the boric acid in the spray 

solution. 

An alkaline borated thiosulfate solution containing 10- 5 moles/liter 

of a surfactant proposed.by Soldano and Ward 20 ·was tested (run 44). The 

MCV atmosphere was an air-steam mixture at 130°C and 45 psig at the start 

of the run, and the temperature decreased to 120°C during the run. The 

gamma data indicate that elemental io4ine 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 

b~ing carried out at ORl'JL. 19 The first model developed was an extension 

of that proposed by Griffiths 3 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 (1) 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 vessel atmosphere conditions. A computer program was then 

written to calcul~te drop trajectories. 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 the orifice diameter. The liq­

uid flows through an annulus outside the air core and forms a conical 

sheet that breaks into drops a sport distance from the nozzle. 

The computer program was tested on data from the NSPP by using spray­

drop size data measured by ·Westinghouse Electric Corporation~ 21 It was 

also tested against data from the first spray·performance test in the 

CSE 22 and data from tests at NRTS reported by Maekawa and his associ­

ates. 23 · For the CSE, the predicted h.alf-life was 202 sec and the observed 

half-life was 310 sec. Predicted 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. C_omparison of Experimental Results 
in NSPP with Predictions of NSPP Model 

Run 
No. 

21 
22 
26 
27 
28 
30 
31 
32 

.33 

Flow 
(gpm) 

0.57 
0.52 

10.3 
9.9 

10.1 
15.5 
15.3 
10.3 
10.6 

Mean Drop 
Diameter 

( µ) 

100 
100 
900 
920 
910 
670 
680 
900 
890 

Half-Life (sec) 

Predicted 

3 
3 

98 
107 
102 

36 
37 
98 
94 

Observed a 

37-67 
35--40 
31-58 
48-57 
44-69 
24-69' 
32-179 
4~92 

21-136 

aExtremes of observed half-liven were cal­
culated from three o~ 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 i:;hown 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 23 with Predictions of NSPP Modela 

Flow 
(liters/hr) 

Nozzleb. 
Mean Drop 
Diameter 

Half-Life for I2 Removal (sec)c 

( µ) At 25°C . At 50°C At 80°C 

25 1/8 G-1 870 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 

a in 1 1/2 x 3-m vessel. Tests run 
b Spray 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 µ in diameter, with the remainder following a ·log-normal distribu­

tion having a geometric mean of 100 µ and a geometric standard deviation 

of 1.5; the half-life 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 µ, the prediction is close to being 

correct. In view of the sensitivity of the calculation to drop size and 

size distribution, the assumptions about distribution as the probable 

cause of the disr.repflnd.es should oe examined. 
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It is premature to draw firm conclusions at this time. The observed 

.half-lives are short enough to affirm that a significant dose-reduction 

factor can be obtained by using sprays to reduce t4e airborne elemental 

iodine concentration. It is believed .that these results can be applied 

directly in larger vessels if the sa..me solutions, nozzles, and flows (per 

nozzle and per unit area) are used. The computation model developed gives 

results of the same order as found experimentally. Further improvements 

are being 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 solutions under a variety of conditions: 24 . (1) 1 wt % 
Na2S203, 3000 ppm B, and 0.153 !':'! NaOH in H20; (2) 3000 ppm B and 0~153 !':'! 

NaOH in H20; (3) distilled H20; (4), 3000 ppm B iri H20; and (5) 1 wt % . 
Na2S203 and 3000 ppm B in H20· 

?.5.1 Effect of Radiation on pH, I2 Equivalence, and 
Solids Formation 

The initial study illustrated the effect of 60co gamma radiation on 

the pH of all solutions and the iodine reaction capabilities of the 

Na2S203 solutions. The data ~btained are presented in Table 7-ll. 

The pH of each solution studied decreased as a function of radiation 

dose. Solution 5 (·acidic thiosulfate) showed the greatest eff~ct 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 measured by tts ability to react 

with iodine, is much more severe in the acidic solution. No deposition 

of solids was noted in the basic thiosulfate, while fairly substantial 

amounts 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 entir~ly different. 
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Table 7.11. Effect of 60co Gamma Radiation on pH, I 2 Equivalence, and Solids Formation 

I2. Equivalents I2 Equivalents b Solids 
Solution Dose pH Destroyed G, I2 (mg per ml of 

No. (r) per Litera (%) Equivalents 
solution) 

1 Unirradiated 9.2 
9 x 105 9.2 -6.o x 10- 5 -0.1 None detected 
1 x 107 9.1 -1.7 x 10- 3 -2.6 None detected 
2 x 107 9.0 -i.3 x 10- 3 -2.1 None detected 
5 x 107 8.9 9.o x lo- 3 1.3.9 0.2 None detected 
1 x 108 8.5 3.o x 10- 2 43.2 0.3 None detected · 

2 Unirradiated 9.J 
9 x 105 9,3 
1 x 107 9.3 
2 x 107 9.2 
5 x 107 9.2 

3 Unirradiated 6.2 
5 x 105 6.2 
1 x 107 6.1 
2 x 107 6.0 
5 x 107 5,9 

4 Unirrodiated 4.7 
9 x 105 4,7 
1 x 107 4,7 
2 x 107 4.6 
5 x 107 4,5 

5 Unirradiated 4,9 
9 x 105 4.4 i.2 x 10- 3 1.8 1.3 None detected 
1 x 107 3.8 8.0 x lo- 3 12.4 o.8 None detected 
2 x 107 3,7 15.7 x 10'" 3 24.3 o.8 0.16 
5 x 107 3.6 36.5 x 10- 3 56.2 0.7 0.46 
1 x .108 3.2 62.8 x 10-3 97.2 0.6 1.65 

aA negative value indicates an increase of I2 equivalence upon irradiation. 
b changed per 100 ev of Molecules energy. 

?.5.2 Radiolytic..: Hydrogen Production 

The amount of ra.diolytic 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 

test solutions 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 107 r 

Gas-to-liquid ratio: ...:.0.9 

Solution H2 Evolved G(H2)a No. (cc/ml)· 

1 2.3 x 10- 1 1.0 
2 1.1 x 10- 1 0.48 
3 3.2 x 10- 2 0.14 
4 4.9 x 10- 2 0.21 
5 1.3 x 10- 1 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 seal:ed with gas-to-liquid 
ratio shown 

Gas-to-Liquid H2 Evolved G(H2)a Ratio (cc/ml) 

50 0.16 0.2 
25 0.26 0.3 
8 0.41 0.4 
3 0.57 0.6 
0.8 0.92 LO 

8Molecuies changed per 100 ev of 
energy. 

repction 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 incomplete, indicate 



93 

that the radiolytic hydrogen production is more sev~re after the avail­

able oxygen is depleted~ · This being the case, the dose required to de­

plete the oxygen in each of the test solutions in Table 7.12 would vary, 

and the resul.ts given are more a function of rate and route of oxygen 

depletion than of solution.makeup, with the rate of oxygen depletion· de­

pending on oxy~en solubility in any given solution, mode of oxygen reac­

tion, etc. 

In order to cl.arify 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 7.14. 

The data indicate that the radiolytic hydrogen production is essentially 

a linear function of total dose and that the available oxygen does play 

an important role. The three solutions studied showed essentially the 

same radiolytic hydrogen versus total dose relationship; whereas, when 

the 02 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 resultc of a study carried out to clarify this 

Table 7.14. Radiolytic Hydrogen Production as a 
Function of Total Doce 

Gas-to-liquid ratio, a.11 samples: 25 

Radiolytic H2 Produced (cc/ml) 
Dose (r) 

Solution 1 Sblution 2 Solution 3 

x 107 

1.0 0.5 0.6 0.06 
1.87 0.11.,. 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 obtained to date in the study of the various proposed 
1spray solutions· ind~cate that radiolytic hydrogen is produce~ 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 radiolytic hydrogen. or with its pre­

cursor, the hydrogen .free radical.. The nitrate ion is known to lower 

the radiolytic hydrogen yield by scavenging the hydrogen atqm. 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 increasing NO) conc.entration. How­

ever, while thes_e data indicate that the radiolytic hydrogen production 

may be reduced by addition.of "scavengers," the question of .the compat­

ibility of such additives with the 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: 
1 x 107 r 

Gas~to-liquid ratio: 25 

Dose Rate Radiolytic H2 

(r/min) 
Produced 

(cc/inl) 

LO x 103 0.05 

4.8 x 103 0.05 

7.0 x 103 0.06 

L~ x 104 0.06 -

1.0 x 105 0.06 

.: 
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Table 7.16. Effect of N03 on 
Radiolytic Hydrogen Pro-

duction in Solution 1 

Radiation dose, all samples: 
i x 107 r 

Gas-to-liquid ratio: ""10 

N03 Added 
Radiolytic H2 

(wt %) Produced 
·(cc/ml) 

o.o 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 Discussion 

The radiolytic reactions that spray solutions undergo are of inter­

est and importance. Accordingly, the radiolytic behavior of the thio­

sulfate ion under various conditions of acidity and oxygen availability 

is under study. The following reactions are proposed as thos.e that may 

occur bet.wP.P.n the radiolytic water products (H, OH, and H202) and the 

thiosulfate ion: 

28203 2- + 20H + 2H+--+ 8406 2- + 2H20 

28203 2- + H202 + 2ff1 --+ 8406 2- + 2H20 

28203 2- + 80H--+ 8306 2- + S04 2- + 4H20 

. S 203 27 . ·I . 40H ...-. 2S03 2 - + H 20 + 2H+ 

2S 203 2-. + 120H + l~OH-. --:+ 4803 2- + 8H20 + 02 

8203 2- + 8H--+ 28 2- + JH20 + 2H+ 

S 203 2- + 20H --+ S04 2:-. + S + H20 
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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-suppression containment in specific reactor systems was 

described in Section 3.1.4. A comprehensi~e litera~ure review on pool 

suppression literature is append~d to this report (see 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 g.af? treatment system to insure only inleakage to 

the reactor building in case of accident conditions.. Al though 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 consists 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 

service equipment. In the event of a process system piping failure within 

the drywell, reactor water and steam would be released into the drywell. 

'T'he resulting increased drywell pressu:r.e 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 drywell would result. Gases trans­

ferred to the suppression chamber would pressurize the chamber and subse­

quently be vented to th.e drywell to equalize the pressures between the 

two vessels. The cooling systems provided would remove heat from the 

reactor core, ·the drywell, and the water in the suppression chamber and 

thus provide continuous cooling of the primary containment system under 

accident conditions.· Appropriate isolation valves would be actuated dur­

ing this period to insure containment 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 duririg 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 

only recently been in.i tiated, there is little of significance to relate. 

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 Suppr.essi~n 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 the 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 primary purpose of the 

pr~sent work is to obtain sufficient information to permit confident 

extrapolation of results obtained in small experimental equipment and 

to' provide adequate design information for engineering application. In 

particular, it is hoped that appropriate scaling laws can be developed. to 

permit prediction of the behavior of full-size systems from studies of 

fission-product transport in small models. 

r 
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It has been shown that the generation of gas bubbles associate~ 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 may be highly 

significant 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 atmosphere above the water. It is 

well known that bubbling gas through a J-5.quid 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 

disc..:harge. This, of course, varies with steam conditions and velocity, 

as well as water conditions. Quantitative e·valuation of the steam jet 

size and configuration as a ·fu..~ction of the influential variables is now 

in progress. Futu.re work will, of course, utilize steam-gas mixtures 

and water having various concentrations of dissolved gas. 

8.2 Model TP.sts of Scavenging by Pressure-Suppression Pools 

It io proposed t.h.'l.t. 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.* It 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 behavior direct~y re­

lated to the pressure-suppression pools. The prospective advantages of 

this siudy are the increased confidence offered in future reactor designs, 

as well as reduced restrictions on other portions of the fission-product 

barrier system, suc4,as 'the gas-treatment system. 

The basis for the scale-model design is a standard General ·Electric 

boiling-water reactor (BWR) with an approximately 2400-Mw(th) rating. 

The volumes and areas for both the prototype and the proposed l/10,000-

scale model are given below:· 

Pressure vessel volume, ft 3 

Drywell volume, ft 3 

Suppression chamber volume, ft 3 

Maximum br.eak size, ft 2 

Downcomer area, ft 2 

Prototype 

15,.800 
149,700 
216,500 
5.5 
289 

Model 

l. 58 
15.0 
21. 6 
5.5 x lo- 4 

2. 89 x 10- 2 

. The blowdown time for a vessel of volume V through a break of area A 

is proportiona~ to V/A, and therefore the above 1/10,000-scale model pre­

serves the prototype blowdown time. Since the medium-size standard BWR 

has 96 downcomers, the model could also be considered a small-scale seg­

ment of the prototype, and in this way it could be thought of as a 1/96 

aagmcnt of & DWR wl Lh volumes and flow areas sc13,J.ed down by o.n addition al 

factor of approximately 100. 

Analysis-of-variance and multiple-regression techniques will be uti­

lized to examine the effects of the following eight parameters: 

l. fission-product concentration, 

2. pool temperature, 

3. downcomer radial location, 

4. air-to-steam ratio, 

5. depth of downcomer submersion, 

6. containment spray cooling, 

7. suppression-pool chemical additives, 

8. suppression-pool scaleup factor from 1/10,000 to.1/1000. 

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 Mere outlined by Rogers. 1 The CSE program is designed 

to evaluate the effectiveness of natural processes and engineered safety 

features in 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 U02 • Test results from the CSE program will 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 

1. G. J. Rogers, Program for Containment Systems Experiment, USAEC Re­
port HW-83607, Hanford Atomic Products Operation, September 1964. 
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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 fission 

products to the environment after postulated major accidents in light­

water power reactors are 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. A combi­

nation of filter-adsorber systems and/or 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. 

Once-through filter-adsorber systems that clean and exhaust the air 

from secondary .containment buildings or volumes are recommended as engi­

neered safety features, provided their effective and reliable postacci­

dent performance is assured by proper design, construction, testing, in-
. . ' 

spection, and maintenance; these systems are widely used in boiling-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 it' protected from the postaccident 

CQntainment environment. Because of the high cost of insuring the ade­

quacy of recirculating filter-adsorber systems as. engineered safety fea­

tures, they are more suitable for containment atmosphere cleanup after 

minor accidents; these systems are combined with containment cooling sys~ 

terns 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 deentrainment devices (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 is 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 

aerosols and the efficiency .• of any one of several impregnated charcoals 

for the removal of 131I and its gaseous ~ompounds 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~ 

tical way) from the containment shell atmosphere of a commercial 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,spe~ial 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 folJ.owfog an accident, 

Spray cooling systems, adapted for iodine removal by a chemical ad­

ditive, are being investigated as an alternative to recirculating 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 

contai.nment. shell atmo::;phen~, so incorporation of the additional function 
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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 

(~.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-suppressfon technology prograin now includes work 

on literature reviews, a survey of additives ·for possible use as sprays, 

corrosion tests, single-drop wind-tunnel s~udies, 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 mainta.ined 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 131I can be removed by liquid sprays depends on 

the physical form of.the fission product and whether the spray combines 

chemically with the form in which fission products are released. The· 

relatively low removal efficiency of caustic scrubbers for what was pre­

sumed to be elemental iodine was an early evidence of the presence of 

relatively 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. 

Basic studies on the retention of iodine in water were completed, 

and the results indicate that steam-air bubb~es materially reduce the 

efficiency for iodine removal in the water. The effect of surfactant ad­

ditives. on iodine 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 Plarit at ORNL~ The 

most interesting of these experiments involved CH3I removal by a spray 

with a surfactant in one of the suggested industrial spray solutions. The 
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resulting removal half-life and overall decontamination factor appear 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 hydrogen gen­

eration rate is greater than that of previously tested solutions. Work 

on hydrogen production. by solutions of interest is continuing. Therm~l 
. \ 

stability studies of a thiosulfate system have been complete~. 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 I2) scrubbers is not as well understood.as that 

for filter-adsorber systems. A substantial research and development pro­

gram is now under way to assess the performance of sprays as engineered 

safety features. This program is rapidly bringing the level of under­

standing of sprays up to that of filters for iodine removal under accident 

conditions. This is not intended to 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 anticipated. 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 filteF 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 other tran­

sient conditions most severe and the filter system being used when the 

accident transients have largely subsided and the humidity is much l.ess 

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 

simulated accident-produced aerosols in simulated accident environments 

if the standard test aerosols are to be considered adequate for the evalua-. 

tion of air-cleaning systems as engineered safety features. 

· 10.2 Activated Charcoal and Chemical Adsorbers 

·Tests of connnercial impregnated charcoals for methyl iodide removal· 

efficiency and tests of loss of impregnant and re-release of adsorbed 

fission products· by impregnated charcoals at elevated temperatures are 

needed. Also efforts should be made to find or develop a noncombustible 

agent that will effectively trap methyl iodide in a humid atmosphere. 

Rates of degradation of charcoal under various service conditions should 

be established,.and replacement schedules based on these analyses should 

be adhered to conscientiously. 

Air-cleaning systems _should be designed to reduce the relative 

humidity of containment air below 100% before the air·reaches charcoal 

beds to prevent waterlogging of the charcoal and consequent reduction of 

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

10.3 Once-Through Filter-Adsorber Systems 

All containment systems should have once-through high-efficiency 

air-cleaning systems to provide controlled release of cleaned containment 

·air to the environment. Even if methods of minimizing·pr~ssure and tem­

perature rise, such as the ice condenser, are shown to be sufficient for 

siting, once-through air-cleaning systems will be needed in the event of 

a major accident .. 
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10.4 Recirculating Filter-Adsorber Systems 

Testing, inspection, and maintenance of recirculating systems within 

the containment shell present special problems. Visual inspection, direct 

maintenance, and perhaps certain tests can be ac·complished 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 oth~r 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. 

l0.6 Moisture Removal 

Designs of filter-adsorber systems for use as engineered safety fea­

turP.s should include adequate moisture-removal devices and prefilters up­

stream of high-efficiency air-cleaning componepts. Additional research 

is needed to develop means for reducing the moisture content of air to a 

minimum well before the air reac.hes high-efficiency air-cleaning compo­

nents. Moisture has a deleterious effect on the ability of high-efficiency 

filters to withstand pressure differentia~s, and it reduces the agglomera­

tion of fine aerosols into filterable particles and the ability of acti­

vated charcoal to sorb methyl iodide. 

10. 7 Chemical Sprays a.no. Spray Systems 

Research and devP.lopment 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 

nP.signP.c'l. specifically for fission-product removal. Chemical sprays should 
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not be added to existing systems without careful adaptations to minimize 

permanent contaminat~on of surfaces by corrosion, deep penetration of 

fission products into porous materials, washing of radioactive particles 

into crevices and into drains not designed to remove high-level radio­

active waste, and damage to electrical equipment. 

The effects o~ high radiation fields on promising spray solutions 

sho.uld be determined, with partiCular reference to radiolytic hydrogen 

productioQ, formation .of precipitates, and effect on ability to react 

with fission products. The possible accelerative effect of high radia­

tion intensities on the reaction of chemical sprays with methyl iodide 

should be investigated further. 

10.8 Pressure-Suppression Pools 

The potential of pressure-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 fission prod­

ucts to the pool, and control of the amount of time during which unreacted 

gaseous fissio? 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, and/or disposal of 

krypton and xenon in large quantities under postaccident conditions should 

be developed. ·Research and development on methods of noble gas removal 

should be continued. Possible methods are room-temperature and low­

temperature adsorption on charcoal, cryogenic enrichment, separation by 

permselective membranes, solution in liquids, .and underground disposal. 

10.10 · Reliability of Air-Cleaning Systems 

Ali 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

st~llation, 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 practicable extent. · Thorough maintenance and testing of air-

cleaning systems and component.s ·should be emphasized and should be re­

quired 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 pilot-plant experiments, such as those in the NSPP, and 

large-scale experiments, such as those in the CSE and LOFT, analytical 

models. of f'iRRinn-product release and transport during design-basis acci­

dents 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-SUPPRESSION POOLS 

1. Pressure Suppression 

The pressure-suppression literature cites primarily work on steam 

condensation and prcsaure-temperature behavior. following blowdown. Para­

metric fission-product trapping studies at the British Atomic Energy 

Research Establishment, as well as work concerned with metal-water reac­

tions and condensing steam environments, are included. 
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ti/ Nuclear Energy, pp. 313--321, August 1962. 
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r Genco, J.M., Metal-Water Reactions, Reactor Materials, 10(1): 32-33 
'-7 (Spring 1967). 

General Electric Company and Pacific Gas and Electric Company, Pressure 
:..! Suppression Development Program, Appendix IV, Final Hazards Summary Re­

port, Humboldt Bay Power Plant Unit No. J, September 1961. 
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116 
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