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FOREWORD

The Seventeenth DOE Nuclear Air Cleaning Conference was held in
Denver, CO., August 2-5, 1982, under sponsorship of the U.S. Depart-
ment of Energy (DOE) and the Harvard Air Cleaning Laboratory.
Attending the conference were 260 air cleaning specialists from the
United States, Belgium, Canada, the Federal Republic of Germany,
France, Italy, Japan, the Netherlands, Portugal, Spain, Sweden, the
United Kingdom, and Yugoslavia.

The conference agenda included sessions on the definition of
nuclear power plant source terms; the behavior and transport of spe-
cific radionuclides under accident conditions; performance standards,
procedures, and instruments for evaluating the efficiency of air
cleaning systems; air cleaning requirements for spent fuel reproces-
sing; special approaches for the control of ^C, radioiodine, and
the noble gases; development of computer models for evaluating com-
ponent failures in air cleaning systems and the performance of
specific systems under normal and accident conditions; contamination
control and personnel protection; repair requirements and failure
rates in air cleaning systems; and problems related to quality
assurance.

A meeting of the Government-Industry Committee on Filters, Media,
and Media Testing was held immediately prior to the opening of the
conference to provide a forum for the exchange of viewpoints between
suppliers and users of air cleaning equipment and the presentation
of reports by various task groups addressing specific issues and
developing air cleaning standards.

A conference of this size and complexity requires the dedicated
service and wise counsel of many. The Chairman of the 17th DOE
Nuclear Air Cleaning Conference wishes to record his appreciation
of the firm support and willing assistance provided by the Program
Committee throughout the lengthy planning process and during the
Conference, itself. In addition to the Program Committee, many at
the Rocky Flats Plant of Rockwell International in Boulder, notably
Mr. W.D. Crossland and Dr. R.E. Yoder, and each of their staffs,
provided essential local support for the Conference. Administrative
support for the Conference and preparation of the Proceedings was
ably provided by Mrs. Joan Sullivan at the Harvard School of Public
Health.

Melvin W. First
Program Chairman
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DOE WELCOME

James R. Nicks, Area Manager
U.S. Department of Energy
Rocky Flats Area Office

Golden, Colorado

ON BEHALF OF THE DEPARTMENT OF ENERGY, WELCOME TO

DENVER, COLORADO, THE MILE HIGH CITY, WHERE THE

AIR IS THINNER, PERHAPS CRISPER BUT UNFORTUNATELY

NOT CLEANER.

WE HAVE BEEN ENJOYING PERIODIC SHOWERS THROUGHOUT

THE SUMMER HOWEVER YOU HAVE TIMED THIS CONFERENCE

TO COINCIDE WITH EXCELLENT WEATHER CONDITIONS.

THE SURROUNDING HILLS ARE GREENER; THE MOUNTAINS

BLUER AND SOME EVIDENCE OF SNOW STILL REMAINS ON

THE PEAKS WEST OF THE CITY.
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DENVER IS AN APPROPRIATE LOCATION FOR A NUCLEAR

AIR CLEANING CONFERENCE.

WE ARE ABOUT 16 AIR MILES FROM THE DEPARTMENT OF

ENERGY'S ROCKY FLATS PLANT, OPERATED BY ROCKWELL

INTERNATIONAL.

PART OF OUR WORK AT THE PLANT INVOLVES CHEMICALLY

PROCESSING LARGE QUANTITIES OF PLUTONIUM.

THIS INVOLVES EFFLUENT AIR-STREAM CLEANING ON A

MULTIMILLION DOLLAR SCALE EVERY YEAR AT ROCKY

FLATS;

A HIGH PRICE TO PAY TO GUARANTEE SUCCESS IN

MEETING STRINGENT ENVIRONMENTAL AIR QUALITY

STANDARDS.

WHY THE HIGH COST FOR AIR CLEANING?

OUR PLANT PROCESSING SYSTEMS ARE VERY LARGE, WHICH

REQUIRES OUR EFFLUENT AIR-HANDLING SYSTEMS TO BE

VERY LARGE ALSO.

THESE SYSTEMS ARE CONTINUOUSLY EXPOSED TO

SIGNIFICANT CONCENTRATIONS OF PLUTONIUM AEROSOLS.

MULTIPLE BANKS OF HEPA HIGH, EFFICIENT,

PARTICULATE AIR FILTERS ARE REQUIRED IN THESE

SYSTEMS, AND IN SPITE OF PRE-FILTERS, SOME FILTER

SYSTEMS TEND TO LOAD UP SURPRISINGLY FAST.
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WE HAVE ESTABLISHED A DEDICATED WORK CREW WHOSE

FULL-TIME JOB IS CHANGING HEPA FILTERS AND

PERFORMING IN-PLACE FILTER TESTS.

DUE TO OUR EXTENSIVE USE OF HEPA FILTERS

(6000-8000 PER YEAR), WE OPERATE ONE OF THE THREE

DOE HEPA FILTER TEST FACILITIES WHICH SERVICES

MAINLY OUR OWN PLANT.

HOWEVER, WE ALSO TEST FILTERS FOR OTHER DOE

INSTALLATIONS, AND FOR SOME NON-DOE CUSTOMERS.

IN ADDITION, WE QUANTITATIVELY TEST SEVERAL

THOUSAND RESPIRATOR CANISTERS EACH MONTH;

WE CAN EVALUATE HEPA FILTER PERFORMANCE FOLLOWING

EXPOSURE TO HIGH HUMIDITY OR HIGH TEMPERATURES,

AND WE CAN FORMULATE OR ANALYZE THE FILTERING

COMPONENTS.

WITH THIS BACKGROUND I WANT TO MENTION SOME

THOUGHTS ON AIR CLEANING PROBLEM AREAS STILL

NEEDING SOLUTIONS.

I'LL FOCUS ON TWO GENERAL AREAS:

THE FIRST IS RELATED TO SYSTEMS DESIGN AND THE

HIGH COSTS FOR AIR CLEANING.
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AS I SAID, OUR CURRENT AIR CLEANING SYSTEMS ARE

VERY LARGE BECAUSE THEY CONTINUOUSLY "CLEAN" AIR

WHICH iS NORMALLY CLEAN TO BEGIN WITH.

THIS CLEAN AIR IS IN AREAS WHICH SURROUND GLOVE

BOXES AND HOT CELLS.

BASED ON OUR SAMPLING DATA, THE AIR COULD NORMALLY

BE EXHAUSTED TO THE ENVIRONMENT OR RECIRCULATED

WITHOUT TREATMENT.

IT IS CONTINUOUSLY CLEANED, HOWEVER, BECAUSE TH!S

AIR COULD BE CONTAMINATED IF RADIOACTIVE MATERIAL

WERE TO BE RELEASED FROM PRIMARY CONFINEMENT

STRUCTURES.

THESE <A|R VOLUMES, OFTEN INHABITED BY OPERATING

PERSONNEL, ARE USUALLY QUITE LARGE AND AIR CLEANUP

IS EXPENSIVE.

THESE FACILITIES WERE DESIGNED BEFORE THE AGE OF

ENERGY CONSERVATION.

IT SEEMS FEASIBLE TO DESIGN NUCLEAR FACILITIES

WITH REDUCED AIR VOLUMES OF PRIMARY AND SECONDARY

CONFINEMENT SYSTEMS, RESULTING IN SMALLER, BETTER,

AND MORE ECONOMICAL CLEANUP SYSTEMS.
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THE GOAL WOULD BE TO AVOID TREATING A LARGE

PERCENTAGE OF THE AIR EXHAUSTED OR RECIRCULATED

FROM OPERATING AREAS DURING NORMAL OPERATIONS.

THE INCENTIVE IS ENERGY CONSERVATION AND THEREFORE

COST SAVINGS, WITHOUT COMPROMISING HEALTH AND

SAFETY.

AN ADDITIONAL REQUIREMENT IS TO DEVELOP MORE

STABLE, MORE RELIABLE RADIATION DETECTION

INSTRUMENTATION AND ELECTRICAL SWITCHING

MECHANISMS, SO THAT UPON DETECTION OF RADIONUCLIDE

RELEASE TO AN OPERATING AREA WHICH WOULD NORMALLY

NOT BE FILTERED, A SIGNAL FROM THE DETECTION

SYSTEM COULD BE USED TO SWITCH FROM AN UNFILTERED

TO A FILTERED MODE.

THE DETECTION AND SWITCHING MECHANISMS MUST BE

EXTREMELY RELIABLE.

THIS CONCEPT IS CURRENTLY BEING CONSIDERED IN SOME

OF DOE'S NEWER TRITIUM-HANDLING FACILITIES, AND IS

PROPOSED FOR USE IN THE WIPP.

WHEN PERFECTED, THE SAME SCHEME COULD BE MOST

USEFUL IN OTHER RADIOACTIVE MATERIALS HANDLING

FACILITIES.
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THE SECOND AREA OF NEED IS WITH THE AIR-CLEANING

DEVICES THEMSELVES. HEPA FILTERS, WITH THEIR

INHERENT STRUCTURAL WEAKNESS, SERVE AS THE ONLY

EFFLUENT AIR SYSTEM BARRIER BETWEEN RADiONUCLIDE

PROCESS AREA AND THE ENVIRONMENT.

THPr ARE EXPECTED TO PERFORM UNDER SEVERELY

ADVERSE CONDITIONS, SUCH AS CORROSIVENE5S, HIGH

TEMPERATURE, HIGH HUMIDITY, HIGH DUST OR SMOKE

LOADING, AND POSSIBLY HIGH-PRESSURE TRANSIENTS.

ITEMS SUCH AS MECHANICAL SCRUBBERS AND PRE-FILTERS

DO NOT TOTALLY RESOLVE THE PROBLEMS, AND SOME OF

THEM, LARGE SCRUBBERS FOR EXAMPLE, OFTEN CREATE

MORE PROBLEMS THAN THEY SOLVE.

FILTERS LOAD UP, GET PUNCTURED, AND GET WET.

THE ADHESIVE BURNS OR DETERIORATES AND THE FILTERS

MUST BE CHANGED OFTEN.

I BELIEVE AN ACCEPTABLE AIR-CLEANING DEVICE SHOULD

BE STRUCTURALLY STRONG, LONG LASTING, EFFICIENT,

AND SHOULD FUNCTION DURING ALL KINDS OF ADVERSE

SITUATIONS.

IT SHOULD BE RESTORABLE (CLEANABLE) AND NOT

DETERIORATE.
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AND, OF COURSE, IT SHOULD BE COST EFFECTIVE.

I AM AWARE OF R&D ACTIVITIES IN AT LEAST ONE OF

THESE AREAS (RESISTANCE TO CORROSIVITY) BUT NOT

ALL OF THEM.

I'M SURE THERE ARE OTHER AREAS IN NEED OF

ATTENTION.

I WILL LOOK FORWARD WITH INTEREST TO THE REPORTS

OF THE NEXT AIR CLEANING CONFERENCE TO SEE WHAT

PROGRESS HAS BEEN ACCOMPLISHED IN THESE AREAS.

I APPRECIATE YOUR ATTENTION, AND I HOPE THAT THIS

CURRENT CONFERENCE IS PRODUCTIVE AND SUCCESSFUL.

I WAS ASKED ABOUT A TOUR OF OUR NEW PLUTONIUM

FACILITY, WHICH HAS RECENTLY GONE ON LINE.

THE AIR-CLEANING PROVISIONS IN THIS NEW FACILTY

ARE INTERESTING (SOME WOULD SAY AWESOME) AND OF

PROBABLE GREAT INTEREST TO THIS GROUP, HOWEVER,

SECURITY CONSIDERATIONS WILL NOT PERMIT ME TO

AUTHORIZE A TOUR.

AS AN ALTERNATIVE, KEN FREIBERG OF ROCKWELL

INTERNATIONAL HAS PUT TOGETHER A SLIDE

PRESENTATION OF FACILITY CONSTRUCTION AND SYSTEMS

CHECK-OUT ACTIVITIES, WHICH HE IS WILLING TO

PRESENT DURING BREAKS, LUNCH, OR AFTER DAILY

8
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SESSIONS HAVE CONCLUDED IF THERE IS ENOUGH

iNTEREST.

THIS IS A GOOD PRESENTATION, AND I RECOMMEND THAT

YOU TAKE ADVANTAGE OF KEN'S OFFER.
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WELCOME AND OBJECTIVES OF THE CONFERENCE

Melvin W. First
Harvard Air Cleaning Laboratory

School of Public Health
Boston, Massachusetts

I join my colleague, Dade Moeller, in welcoming you to the 17th DOE Nuclear
Air Cleaning Conference on behalf of Harvard University and the DOE, joint sponsors
of this meeting.

Looking back to prior Conferences, we recollect that the very first one was
intended as a mini-course on the general subject of air and gas cleaning tech-
nology by the staff of the Harvard Air Cleaning Laboratory because, in trui:h, at
that time there was no discipline identifiable as nuclear air and gas cleaning
technology and there were few specialists in any sort of air and gas cleaning
technology. Largely because of a continuing interest and generous funding on the
part of the Atomic Energy Commission, a sizable number of scientists and engineers
became specialists in nuclear air and gas cleaning technology. Segments were
located at all the major installations - Savannah River, Oak Ridge, Argonne,
Brookhaven, Los Alamos, Hanford - at a number of universities such as Harvard
and the University of Iowa at Ames, and at research institutions such as Battelle
and A.D. Little. Perhaps, this could be called the Golden Age of nuclear air and
gas cleaning science. We were highly involved with major technical problems of
considerable complexity - waste disposal, incineration technology, aerosol science
appropriate for liquid metal cooled nuclear reactors, reprocessing technology,
and construction of installations known as LOFT and FFTF - to mention only the
civilian nuclear power-related activities.

The Air Cleaning Conferences regularly reported the results of these activities,
both the highly theoretical and the very practical, such as how to prevent a fire
in a nulcear carbon bed, and the Proceedings became a major reference source of air
and gas cleaning information here and abroad, Attendance at these Conferences by
nationals of countries other than United States has grown continuously, making this
a major international scientific meeting sponsored by an agency of the United
States Government: in fact, the only regularly scheduled series in existance
exclusively concerned with nuclear air and gas cleaning.

In the beginning, the scientists from other countries came to learn United
States technology but soon they began making important contributions of their own.
I think we have seen a reversal of the technical flow in recent years as our col-
leagues in Western Europe and Asia have forged ahead on all aspects of fuel
reprocessing air and gas cleaning technology while the United States has been
marking time for six years (since the beginning of tha previous administration) in
this important area of research and engineering. I think we can all say, "Thank
goodness," for the continuing efforts of our foreign colleagues in this endeavor
inasmuch as the day cannot be far off when we in the United States will find that
we are in desperate need of their technology.

United States research programs have been greatly reduced in recent years and
their character has altered such that our major efforts are directed toward per-
fecting and tidying up our technological base. As valuable as refinement of current
techniques may be for improving our ability to provide effective and reliable air
and gas cleaning equipment, this sort of utile activity provides few new or
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innovative concepts that make it possible to leap forward instead of merely creeping
ahead. The former U.S. advocacy for a strong basic research effort on nuclear
air and gas cleaning technology seems to have evaporated. HEPA filter damage from
handling is reported to be the most prevalent damage yet no one seems to be working
on new framing technologies that will avoid this loss. Instead, worker training
is advocated. What is needed is engineering re-design to make it impossible, or
at least unlikely, that an ordinary worker can damage a filter during shipment and
handling. Similarly missing is an engineering research effort to correct personnel
error faults in air and gas cleaning systems that Dr. Moeller has been talking to
us about for the past six or seven years.

A well worn joke is usually presented as an ancient curse attributable to the
Persians, Greeks, the Chinese,or any other group of your choice. It says, "May you
live during interesting times." The implication is clear that what historians
later designate as "interesting times" are certain to be mighty hard on those con-
demned to live through them. There can be little question that we here are in the
midst of interesting nuclear energy times and have been for about a decade. Not
only are we closely beset by a persistent adverse public opinion that is unable or
unwilling to make a distinction between the civilian nuclear power industry and
nuclear warfare, but we must suffer the funding cutbacks that result from a failure
of nerve among our leaders in the face of a claque of antinuclear zealots who
have founded new secular religions that generate extraordinary committment among
their fervent, though unthinking, initiates. It is traditional to blame the news
media for this state of affairs, and it is, indeed, difficult to have faith in our
newspapers when most carry a daily astrology column as a counterpart to their
generally inadequate reporting of what in other contexts is referred to as the
"Age of Science".

Perhaps it will be more useful to ask why these periods of tumult and
referred to as "interesting times". In retrospect, they have stirred the in-
novators to rethink old habits and come forward with new solutions to old problems.
This is a working out of Toynbee's theory of challange and response, perhaps,
a theory that holds that challange and adversity bring forward the best from a
civilization - or its demise when it fails to respond in productive ways.

I have the unhappy feeling that nuclear engineers and others who build, own,
and operate civilian nulcear facilities tend to regard nuclaar air and gas cleaning
devices as unwanted and unnecessary devices that get added to their creations by
force of law. When I made a statement a few years ago that nulcear air and gas
cleaning systems represented the last engineering safety barrier between the
reactor and the public, I was taken to task by several who insisted that the con-
tainment structure was the last barrier. Nevertheless, a reading of this Conference's
program will reveal the presence of papers on the subject of vented containment
and ways to decontaminate the offgases by means of air and gas cleaning technology.
Surely, it is clear that here, air and gas cleaning becomes the ultimate barrier
for public protection and its critical importance is unimpeachable. And surely,
you and I have a clear duty to make certain that this ultimate barrier is of the
utmost integrity, reliability, and efficiency. I have less concern that we
might fail in this ability than I have that we will succed splendidly, technically,
but fail miserably in bringing the good tidings to our fellow citizens who have less
interest in these matters than we.

Returning to my original thought that these are indeed interesting times for
you and me in our professional lives, as well as in our secular lives, I hope it
will be abundantly evident to all of us that we must do battle on two fronts: we
must accomplish the technical advancements that will enable us to tell the public

11



17th DOE NUCLEAR AIR CLEANING CONFERENCE

that we have provided well for their welfare - not only with an adequate tnargin of
safety but as low as reasonably achievable (ALARA)s and we must somehow convince
them that they can have confidence in our demonstrated achievements.

These Nuclear Air Cleaning Conferences continue to be a vital step in the
steady development of scientific and engineering knowledge, and the professional
competence that is necessary for the design, construction, and maintenance of
superb nuclear air and gas cleaning systems.

We are here in Denver to advance that knowledge and skill another notch. We
look forward, as we wait to hear the sixty-some technical presentations this week,
to at: least a few giant steps forward in our joint endeavor to develop evermore
perftict air and gas cleaning systems for peaceful nuclear energy applications.

Again, I welcome you to the 17th Nuclear Air Cleaning Conference. My wish is
that you will have as much pleasure attending as your Program Committee experienced
while assembling the program and planning the meeting.

12
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NRC POLICY ISSUES AFFECTING
ACCIDENT EVALUATION AND AIR CLEANING SYSTEMS

Roger J . Mattson, Director
Division of Systems Integration

U. S. Nuclear Regulatory Commission
Washington, D.C. 20555

I am pleased to have the opportunity to represent the Nuclear Regulatory
Commission at this conference. I am told i t is the 17th in a successful series
of technical interchanges of information between the nuclear industry and the
government. In my prepared remarks I wi l l describe some recent developments that
may result in modifications of NRC cr i ter ia for f i l t r a t ion systems designed for
nuclear power plant accidents. As you know, the accident at TMI-2 was the impetus
for these developments. I also wi l l mention incinerators for the volume reduction
of radioactive wastes at nuclear power plants, and the importance of off-gas
cleanup systems for such incineration systems. At the end I wi l l hopefully have
time for some questions of your choosing just in case we didn't anticipate a l l of
your interests.

But before I get into those specific matters, I want to talk a l i t t l e b i t
about a more general subject that wi l l affect the future of reactor safety regula-
tion. The Commission is developing a policy statement on safety goals for nuclear
power plant accidents. I t is described in a paper published last February for
public comment. (NUREG-0880, "Safety Goals for Nuclear Power Plants: A Discussion
Paper".)

After the accident at TMI-2 in March of 1979, the NRC responded to one of the
recommendations of the Presidential Commission that i t was "prepared to move for-
ward with an expl ici t policy statement on safety philosophy and the role of safety
cost tradeoffs in the NRC safety decisions." In the f a l l of 1980, the NRC began
work on an expl ici t statement of the level of protection adequate to ensure public
safety. That work culminated in the publication of NUREG-0880 for public comment.
Both qualitative safety goals and numerical guidelines were included in the pro-
posed safety policy.

The f i r s t qualitative safety goal reads "Individual members of the public
should be provided a level of protection from the consequences of nuclear power
plant accidents such that no individual bears a significant risk to l i f e and
health".

Each of us bears a continual risk of dying as the result of an accident. At
any point in time our risk of dying is a function of our age, occupation, habits,
leisure act iv i t ies , and other factors. This f i r s t safety goal proposes that the
risk of a nuclear accident not be a significant additional contributor to our risk
of accidental death. The incremental risk should be sufficiently low that we
would be able to go about our daily lives without special concern I f we reside or
work near a nuclear power plant.

The second qualitative safety goal states that "Societal risks to l i f e and
health from nuclear power plant accidents should be as low as reasonably achiev-
able and should be comparable to or less than the risk of generating electr ici ty
by viable competing technologies".
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The goal has two elements. F i rs t , the residual risks are to be compared to
risks from other means of generating electr ic i ty . The comparative part of this
goal implies that the risk from nuclear power-plant accidents should be comparable
to or less than risk from plants using alternative means of generating electr ic i ty.
Coal is the only viable alternative technology at this time, so the risk from
coal-fired plants is the standard for comparison. Second, the risks should be
reduced to the extent practical, considering costs and benefits of risk reduction.
This simply acknowledges that society has f in i te resources for improvement of the
quality and safety of l i f e and that there are relative l imi ts to what society is
wi l l ing to spend to reduce risk in one area at the expense of higher risks in
another area.

In addition to the qualitative goals, the safety policy proposed by NRC also
contains some numerical guidelines.

There are two guidelines that address prompt mortality risk and delayed
mortality r isk. These guidelines state "The risk to an individual or to the
population in the v ic in i ty of a nuclear power plant site of prompt fa ta l i t ies
that might result from reactor accidents should not exceed one-tenth of one
percent of "che suns of prompt fa ta l i ty risks resulting from other accidents to
which members of the U.S. population are generally exposed", and "The risk to
an individual or to the population in the area near a nuclear power plant site
of cancer fa ta l i t ies that might result from reactor accidents should not exceed
one tenth of one percent of the sum of cancer fa ta l i ty risks resulting from a l l
other causes".

The 0.1% ratio of the risks of nuclear plant accidents to other risks is
proposed as a reflection of the qualitative goal of no individual bearing a
significant additional r isk. That i s , we expect that 0.1% of other accident risks
is low enough that people l iv ing or working near nuclear power plants would per-
ceive no special safety or health concern because of the plant.

One of the other risk guidelines would l im i t the increased risk of a delayed
fa ta l i t y as a result of a reactor accident to one-tenth of one percent (1 in 1,000)
of the cancer risk owing to other causes. In applying the numerical guideline
for delayed cancers as a population guideline, i t is proposed that the population
at risk be defined as the people l i v ing within 50 miles of the plant s i ts. A
substantial fraction of the population exposures from accidental releases would
be expected to occur within that distance. The NRC already uses a 50-mile cutoff
distance iin implementing the ALARA principle embodied in Appendix I to 10 CFR
Part 50 for routine reactor releases. The result of this l i m i t on the risk to
the 50-mile population is that the potential increase in delayed fa ta l i t ies from
a l l reactors at a site would be no more than a small fraction of the normal varia-
t ion in the expected cancer deaths from other causes.

Our intention is that the individual and societal mortality risk guidelines
be applied on a per-site rather than a per-reactor basis. Thus, persons l iv ing
near multiple uni t sites should be at no greater risk than those l iv ing near single
uni t sites. This Is somewhat analogous to the way EPA's Environmental Radiation
Protection Standards, 40 CFR 190, operate for normal operational releases associat-
ed with the uranium fuel cycle.

14



17th DOE NUCLEAR AIR CLEANING CONFERENCE

The proposed safety goals also include a benefit-cost guideline which would
be used to decide whether proposed safety improvements are worth their price.
Incremental reductions of risk below the numerical guidelines for societal mortal-
i ty risks might be required of our licensees i f they cost less than $1,000 per
man-rem averted. By most reckoning, the $1,000 is a prudent value. Even so,
our experience with i ts use in implementing Appendix I to Part 50 has shown i t
to have had l i t t l e or no impact. We don't have any experience with i ts use for
accident risk reduction to know i f that wi l l hold true in this case also.

Finally, the proposed safety goal contains a plant performance guideline for
large-scale core-melt accidents. I t states: "The likelihood of a nuclear reactor
accident that results in a large-scale core melt should normally be less than one
in 10,000 per year of reactor operation."

fhe controlling feature of public risk from nuclear reactor operation is the
chance of serious core damage; the probability is small but the potential conse-
quences are large. Of course there are large uncertainties in probabilistic
assessments of the risk portended by infrequent reactor accidents, and in the
evaluation of their consequences. Thus, the core melt guideline is not intended
to serve as a speed l imit . I t is more of a screening criterion with uncertainty
bands for use in deciding on regulatory actions in specific cases.

The proposed safety goals and numerical guidelines are not intended to dis-
place or deemphasize the defense-in-depth approach in regulation of reactor safely.
Rather, they are intended to make the regulatory process more cohesive and to pro-
vide a more systematic policy basis for considering changes to address new issues.
The nature and extent of the consideration to be given to the numerical guidelines
in individual regulatory decisions would depend on the nature of the issue, the
quality of the data base, and the reach and limits of analyses involved in the
probabilistic calculations. The proposed numerical guidelines are intended to
aid professional judgment, not to substitute a mathematical formula for i t .

The uses of safety goals and numerical guidelines wi l l be proposed by the NRC
staff in a detailed implementation plan being developed for Commission approval.

Now l e t me turn to some specific developments at NRC that wi l l more directly
affect you. You've probably heard about the f i r s t one - we are reevaluating acci-
dent source terms. In the past, the assumptions made in our evaluation of acci-
dents have been very conservative in several respects. We are reviewing our
current practices in this area and assessing the current state of technology to
support changes in our practices.

Our preliminary assessment of the technical basis for source term estimates
is described in NUREG-0772, "Technical Bases for Estimating Fission Product
Behavior during LWR Accidents". I t was published in 1981. We expect that the
results of ongoing research wi l l permit best estimate revised source terms to
be formulated in early 1983. The objective of the NRC source term research pro-
grams is to develop a data base for assessing fission product release from the
fuel and fission product transport from the fuel to the environment during severe
core damage and core melt accidents. The programs wi l l provide information on:
(a) the release of fission products and non-radioactive aerosols from overheated
and melting fuel ; (b) the chemistry of the released fission products; (c) the
aerosol formation mechanisms; (d) the transport behavior of fission products and
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aerosols in the reactor coolant system and In the containment; and (e) the effec-
tiveness of engineered systems in mitigating fission product releases. For today,
I will just concentrate on the effects of properly accounting for the predominant
chemical form of iodine released from fuel in an accident. I t appears that the
predominant form would be cesium Iodide rather than the very much more volatile
elemental form of Iodine.

You all know that our regulations require us to define a "maximum credible
accident" for site analysis and engineered safety feature design. Although we
have used a non-mechanistic event (no specific accident sequence), certain accident
characteristics have been prescribed as follows:

1. substantial melting of the core is assumed;

2. containment integrity is assumed to be established and Its leak rate
maintained at a value no greater than about 0.1% per day; and

3. engineered safety features designed to mitigate the consequences of
the event are assumed to function.

Our current guideline for release of radioactive material to the containment
atmosphere for these analyses is that 100% of the core inventory of noble gas and
.50% of the iodine is initially available for release from containment via the
airborne pathway. Typically, half of that iodine is assumed to plate oat very
rapidly on containment analyses. I t is also assumed that 91% of the iodine is
present in the elemental form, 5% is particuiate ( I . e . , sorbed on aerosols), and
4% is organic.

Both the amounts and the physical and chemical forms of radionuclides re-
leased into the containment atmosphere are significant factors affecting the design
of features whose purpose is to prevent release to the atmosphere. The evidence
available today suggests that a far greater portion of radioiodine In the contain-
ment atmosphere would be expected to be in the form of the highly water soluble
cesium iodide. This was a subject of discussion at the 16th Air Cleaning Confer-
ence. Other forms of Iodine such as organic Iodide, elemental Iodine, and other
species are only expected to constitute a small percentage of the total iodine.

Several conclusions are likely to result from revaluation of the current
accident source terms. First, the current data base may be sufficient to support
revision of the accident characteristics on an Interim basis. This could be ac-
complished by the selection of a suitably conservative accident sequence and a
best estimate analysis of the consequences of that accident sequence In lieu of
the present "design basis accident" or PR A.

A second result of our source term work has shed some light on the assertion
that past regulatory assumptions regarding volatile radioiodine may have resulted
in a misplaced emphasis in engineered safety feature (ESD design. A review of
current designs shows that many ESFs for mitigation of postulated accident sequen-
ces within the design basis accident envelope are likely to be effective for
postulated accidents substantially more severe than the DBA. However, there is
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substantial variation in their effectiveness under such conditions. The contain-
ment spray, ice condenser, and suppression pool systems are considered to be very
effective for a broad spectrum of accidents. There is , however, one other system
for which this conclusion is not necessarily valid which I ' l l describe shortly.

Our third conclusion is that the methodology of the Reactor Safety Study
(WASH-1400), currently used to evaluate consequences of accidents more severe
than the design basis, leads to source term estimates that are generally conserva-
t ive. While there is insufficient information for a revision of these source
term estimates, the currently available data base does support reassessment of
several conclusions arising from previous consequence evaluations. That is , we
expect a less dominant role for iodine, and we have a new understanding of the
importance of delayed containment fai lure.

Final ly, our current studies reinforce the conclusion that there remain
large uncertainties associated with accident source term determinations. In
particular, more research is needed on effects such as thermohydraulic and thermo-
dynamic conditions in the core region; aerosol formation and deposition in the
primary system; aerosol particle size distributions; and containment failure
mechanisms. The uncertainties associated with current source term estimates are
expected to be reduced, however, as the core melt technology matures and as
currently funded or planned research programs are completed.

I expect that in the future we wi l l be turning to an evaluation approach
which attempts to more real ist ical ly model the events and consequences of a broad
spectrum of accidents. For less severe accidents, we wi l l need to be able to
estimate a range of l ikely f i l t ra t ion system effectiveness and the associated
probabilities. For the most severe accidents involving loss of containment in-
tegrity, the performance of f i l t ra t ion systems wi l l be moot. The uncertainties
in accidents between these two extremes may be significant and are dependent upon
a number of factors, including the re l iab i l i ty of components or systems and
operator re l iab i l i ty in taking action to terminate an accident or to miti'gate i ts
consequences.

Our source term study in recent months has identified one accident conse-
quence mitigation system of concern. Some large containment PWRs would use
recirculation f i l t r a t ion systems in l ieu of containment sprays to cool the
atmosphere and remove fission products following an accident. These recircula-
tion systems employ moisture separators, pref i l ters , HEPA f i l t e r s , and charcoal
adsorbers in series. I f our current understanding is correct, this type of f i l -
tration system would be ineffective when contaminated by high aerosol loading
in the more severe (beyond design basis) accident sequences. Calculations indicate
that i t would take only a few minutes to accumulate one kilogram of aerosol per
f i l t e r module. That amount may be sufficient to plug such systems. Thus, the
copious quantities of aerosols expected to be produced may plug the f i l t e rs in
a short time and render them ineffective for much of the accident. Credit could
not be taken for them in accident analyses. On the other hand, i f an ESF f i l t r a -
tion system is located outside of the primary containment, our improved under-
standing of the severe accident source term does not al ter our earlier estimates
of their performance. Such f i l t ra t ion systems outside containment include
auxiliary building f i l t ra t ion systems in a pressurized water reactor (PWR), the
standby gas treatment system in a boiling water reactor (BWR), and control room
habitability systems. These systems are Intended to remove airborne radioactive
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materials that result from leakage from piping systems or containment. In a l l
l ikelihood the total concentration of airborne radioiodine reaching these f i l t r a -
t ion systems would be less than presently assumed because of the influence of
partit ioning of the large Csl participate fraction between the l iquid and gaseous
phases. The distr ibution of the iodine chemical species would be much different
from that presently assumed. The fraction of elemental iodine would be reduced
and the fractions of organic and particulate iodine may be increased. There would
l ike ly be more particulate f ission products but the increase may not be enough
to warrant significant concern for the overall effectiveness of these systems
external to containment.

A change in the accident source term assumptions would require revision of
Regulatory Guide 1.52, "Design, Testing, and Maintenance Criteria for Post-
Accident Engineered-Safety-Feature Atmosphere Cleanup System Air F i l t rat ion and
Adsorption Units of Light-Water-Cooled Nuclear Po«er Plants". This guide specifies
typical environmental conditions for atmosphere cleanup systems designed to m i t i -
gate the consequences of DBAs. With a revision to the accident source terms, the
f i l t r a t i on system design values for iodine buildup and adsorption, and airborne
concentrations of elemental iodine, methyl iodide, and particulate iodine would
have to be modified.

That concludes my remarks on reactor accidents, but before closing I would
l ike to discuss another subject I know some of you are interested in . Vie have
been getting a l o t of questions about the cleanup of off-gas streams from inciner-
ators designed to process radioactive wastes generated at nuclear power plants.

The NRC issued a policy statement on October 16, 1981, to encourage the
volume reduction of low-level radioactive wastes. I t was prompted by the limited
amount of space presently available for disposal at low-level waste disposal sites
and the uncertainty regarding the continued operation of the disposal sites. The
Commission called upon a l l generators of low-level radioactive waste to reduce
the volumes destined for disposal and to establish programs to implement volume
reduction practices. The Commission encouraged licensees to f i r s t implement a
system of administrative controls, such as planning of work act iv i t ies , training,
and management oversight, to minimize the volume of waste generated. Then, the
Commission called for evaluation of advanced equipment, such as incinerators,
to achieve even greater reductions in volume. The Commission also committed to
take expeditions action on requests for licensing approval of volume reduction
systems.

Even before the issuance of the policy statement, several nuclear power
plants were considering the instal lat ion of radwaste incineration systems. In
addition, a variety of incineration system designs have been proposed by equipment
vendors, including both wet scrubbing and dry off-gas cleanup systems. Successful
cleanup of the off-gas stream may be d i f f i cu l t in certain incinerator applications
because of the many types of waste to be burned and the resulting differences in
combustion products; e.g. , some may be corrosive while others impair charcoal
adsorbers. Power plant wastes to be incinerated may include spent ion exchange
resins containing relat ively high concentrations of radioactive material; solid
wastes containing polyvinyl chlorides, rubber and other organics; and organic
l iquids such as waste o i ls . Thus, the incinerator off-gas system may be called
upon to remove par t i cu la rs , maintain the concentration of corrosive combustion
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products to levels that are compatible with the materials of construction of the
system, reduce non-radioactive pollutants to levels that w i l l meet EPA or state
and local regulations, and remove radioiodine to levels consistent with allowable
l imi ts established by the NRC.

Although the NRC presently does not have guidance specifically addressing
the acceptability of radwaste incineration system design, much of the existing
guidance is applicable, namely, Regulatory Guide 1.143, "Design Guidance for Radio-
active Waste Management Systems, Structures, and Components Installed in Light-
Water-Cooled Nuclear Power Plants" and Regulatory Guide 1.140, "Design, Testing,
and Maintenance Criteria for Normal Ventilation Exhaust System Air F i l t ra t ion and
Adsorption Units of Light Water-Cooled Nuclear Power Plants".

However, since the offgas system has been the source of a significant frac-
t ion of the operational problems encountered with incinerators to date, the
Commission is requesting that test or operational results be provided to demon-
strate that design value decontamination factors can be achieved under anticipated
operational conditions. Because of greater use of radwaste incineration systems
at nuclear power plants or other locations in the future, we w i l l be following up
on the information presented at this conference with special interest. I f you
think we should be doing more, drop me a l ine and t e l l me what i t is and why. We
are open to your suggestions and wi l l t ry hard to answer your questions.

That concludes my prepared remarks. I appreciate the opportunity to meet
with you today. I hope you have a productive week.

DISCUSSION

BELLAMY; A core-melt accident could lead to 13,000 deaths.
If a core-melt occurs once in 10,000 reactor-years, is 13,000
deaths in 10,000 reactor years acceptable?

MATTSON: You shouldn't expect 13,003 deaths from a core-
melt accident. The safety features (especially the containment
system) would limit the effects so that the likely consequences
of the more probable core-melt accidents are no prompt fatalities.

CHRISTIAN: In further response to Dr. Bellamy's question,
the calculated risk of 1-3 deaths per reactor year from core
meltdowns, using a probability of 10~4 per reactor year, even
though perhaps overestimated, is within the range of currently
accepted risks and actual deaths from power production, either
nuclear or coal. We must accept the fact that some small risks
will result from power production.

THOMAS, T.R.: Was the TMI incident considered a serious accident
(i.e., one accident per 10,000 reactor years)? If so, there should
be no further core meltdowns for at least 150 years. I am afraid
that the public perception of risk would rule out future use of
nuclear reactors should we have another such incident.
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MATTSON: Of course statistics don't work that way, and
the neact severe accident could happen tomorrow, even if the prob-
ability were one in a million. The industry's job is to see that
it doesn't. Clearly, another severe accident close on the feeels of
the first would place the future of nuclear power in serious
jeopardy.

CSILLAG: Concerning the FPC area. I would like to know
if there will be any future experimental programs in order to re-
solve the cesium iodide issue?

MATTSON: The NRC research program on severe accidents is
described in a report numbered NUREG-0900,1982. It includes the
accident source term research. The generation and removal mechan-
isms for Csl are included in that program.

MOELLER: Has the Nuclear Regulatory Commission staff con-
sidered specifying a limit on the containment failure rate as a

part of their proposed quantitative safety goals?

MATTSON: The staff had proposed to do this, but the Commis-
sion has rejected the idea as a policy matter, at this time. The
rejection, is probably immaterial since the technical work to develop
and test a containment performance goal is incomplete and probably
will remain so for another year or two.
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POTENTIAL AIR CLEANING PROBLEMS IN FUSION REACTORS*

J. G. Crocker
EG&G Idaho, Inc.
Idaho Falls, Idaho

Abstract

The first generation of fusion reactors is expected to produce
energy by fusion of deuterium (D) and tritium (1). This fusion reac-
tion produces helium and a 14.1-Mev neutron as reaction products.
Tritium is rare in nature and is produced for fusion reactors by
reaction of the 14.1-Mev neutron with lithium in a breeding blanket
surrounding the reaction chamber. This neutron may also react with
materials surrounding the reaction chamber to produce radioactive
isotopes in reactor structural materials, coolant streams or build-
ing atmosphere. Thus, the principal air cleaning problems involve
removal of the radioactive tritium and activation products that may
enter the reactor building as a result of normal operation, mainte-
nance, or an accident. In addition, some fusion reactor designs con-
tain toxic materials that could potentially be released as a result
of a severe accident or fire and should be considered in the design
of the air-cleaning system. The Department of Energy (DOE) has pro-
grams underway to identify sources of air-borne hazards from fusion
reactors so that appropriate air-cleaning systems can be designed.

I. Introduction

Nuclear fusion is one of the key technologies under development
for future generation of commercial power. The scientific feasibil-
ity of fusion is expected to be demonstrated in the mid-1980's, and
commercial application is anticipated to begin early in the next
century.

The first generation of fusion reactors will produce energy by
fusion of deuterium (D) and tritium (T). This reaction produces
helium and a 14.1-Mev neutron as reaction products. Deuterium is
plentiful and can be economically extracted from seawater to support
a fusion economy; however, tritium is rare in nature and must be pro-
duced for fusion reactors by reaction of the 14.1-Mev neutron with
lithium in a breeding blanket that surrounds the reaction chamber.
This high-energy neutron also reacts with materials surrounding the
reactor to produce radioactive isotopes, activation products, in
structural materials, coolant streams, and the reactor building
atmosphere. The specific activation products produced are a function
of the materials used in constructing the reactor. Release of trit-
ium or activation products into the reactor building during opera-
tion, maintenance or an accident constitute the principal air
cleaning problems for D-T burning fusion reactors.

Also, depending upon the specific reactor design certain toxic
materials are used in fusion reactors. For example lead or
beryllium are used in some designs as a neutron multiplier to improve

* Work supported by the U.S. Department of Energy, Director of
Energy Research, Office of Fusion Energy, under DOE Contract
No. DE-AC07-76IDO1570.
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the tritium breeding. Also, if the lithium required for tritium
breeding is used in the liquid form, toxic aerosols can be produced
in fires that could result from lithium spills. These toxic materials
must be considered along with the radioactive isotopes in design of
the fusion reactor air-cleaning system.

The Department of Energy has design studies, safety programs,
and experiments planned or in progress that will identify potential
fusion reactor air-borne hazards and allow development and/or design
of appropriate air-cleaning systems prior to operation of commercial
fusion reactors.

II. General Description of Fusion Reactors

Energy is produced when certain light nuclei are fused together.
To achieve practical power production, a thermonuclear fuel with a
sufficiently high density must be contained at very high temperatures
long enough for fusion reactions to occur. The nuclear reactions
shnwn in Table I are potentially useful for production of fusion
energy. Table I also indicates the energy released in each fusion
reaction.

Table I. Fusion reactions and energy released.

Reactions Energy (MeV)

D + T — • He(4) + n 17.6

D + D—* He(3) + n 3.3

—" T + p 4.0

D + He(3) -*• He(4) + p 18.3

P + Li(6) —* He(3) + He(4) 4.0

Because of the relatively high cross-section for the deuterium-
tritium reaction, the first generation of fusion reactors will almost
certainly use a mixture of deuterium and tvritium as fuel. Although
deuterium is abundant in nature and can be economically extracted
from water, tritium must be produced in the reactor.

Significant safety advantages could result from burning other
fuels in more advanced reactors. Fusion reactors burning pure deu-
terium or using the proton-lithium fuel cycle would eliminate the
requirement for breeding tritium. For pure deuterium fuel in which
the reaction products [T and He(3)] are utilized as fuel, the tritium
inventory would be about two orders of magnitude lower than for deu-
terium-tritium fuels. Proton-lithium fuels offer even greater safety
advantages since they reduce tritium inventories end the inventory
of activation products.Cl) The higher temperature required for
fusion of advanced fuels will, however, require additional advances
in plasma confinement and heating. Recent experimental results in
plasma confinement and heating offer promise that pure deuterium fuel
or other advanced fuel may eventually be developed.
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Iwo approaches to plasma confinement are currently under
development: inertial and magnetic confinement. In the inertial
confinement approach, the fuel, in the form of a small pellet, is
rapidly compressed to a high density and heated to thermonuclear
temperature by a short burst of energy. Either intense lasers or
particle beams may be used to provide this pulse of energy. In the
magnetic confinement approach, a lower-density fuel at high tempera-
ture is contained as a plasma by the magnetic field while the fusion
reactions occur. The two leading magnetic confinement schemes are
the tokamak and magnetic mirror. Since the tokamak concept is the
most advanced in development and reactor designs, most of the dis-
cussion in this paper will be based on this concept; however, the
information will be applicable in principle to the other fusion
approaches as well.

S1ARFIRL, the tokamak reactor design shown in Figure 1, is the
latest in a series of conceptual tokamak designs. This design
represents the trend towards more compact reactors with features to

Vacuum
pump shield

Water coolant
inlet & outlet

Superconducting
EF coils

'Anti-torque
panel

INEL 22054

FIGURE 1
STARFIRE REFERENCE DESIGN, ISOMETRIC VIEW
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facilitate maintenance and improve safety. (2) The large toroidal
field (TF) coils produce magnetic fields that contain the plasma.
Radio frequency (RF) waves are used to produce a current in the
plasma. This current heats the plasma and produces an additional
magnetic field that contributes to the plasma confinement. Ihe RP
waves also provide additional plasma heating. An austenitic stain-
less steel first wall is used with a beryllium coating to reduce the
quantity of heavy impurities in the plasma. A pumped limiter is used
to remove helium ash and other plasma impurities.

The high-energy neutrons produced in the reactions pass through
the wall of the plasma chamber (first wall) and deposit their energy
in the blanket. The pressurized water blanket cooling system then
transfers the energy to the power generating system. The blanket
also breeds additional tritium fuel through the reaction of neutrons
with lithium. Lithium aluminate is used as the tritium-breeding
material for S1ARFIRE. The primary reason for use of this ceramic
compound was to eliminate the lithium fire potential and thereby
improve the overall safety of the reactor. Because of the lower
lithium atom density in lithium aluminate compared with liquid lith-
ium, a neutron multiplier must be used to obtain adequate tritium
breeding. Both beryllium and a lead alloy were proposed for this
purpose.

The STARFIRE reactor is contained within a ribbed-box building
with a volume of 2.55 x 1(P m^. The maximum accidental pressure
from blowdown of the pressurized water cooling system would be
approximately 100 kPa (15 psig), so the box-shaped building can be
used compared with the conventional cylindrical fission reactor
building. The building contains post-accident building isolation and
heat removal systems. An atmospheric tritium recovery (ATR) system
is provided to clean up tritium releases to the building. The system
involves catalytic conversion of tritium gas to tritiated water and
collection on molecular sieve. The heating, ventilating, and air
conditioning systems contain high efficiency filters followed by two
high efficiency particulate air (HEPA) filters.

111. Tritium Cleanup

Fusion reactors will probably contain a. tritium inventory in the
range from 5 to 40 kg (50 to 400 MCi).(2,3,4; Figure 2 is a sim-
plified line diagram of a tritium system for a fusion reactor. The
majority of circulating tritium will be in the fueling loop indicated
by the heavy line in the figure. The largest circulating inventory
will be in the vacuum pumps, the tritium processing system and the
fuel fabrication injection system. In addition, reactor operation
during a shutdown of the breeding system for a few weeks or the fuel
processing system for a few days would require on-site storage of a
few kilograms of tritium. The breeding system replenishes tritium
consumed in the fusion reactor during operation. Limited data on
tritium extraction from breeding materials results in large uncer-
tainties in the equilibrium inventory in the breeding blanket.
Table II lists the tritium inventories and flows for the NUWMAK and
the STAREIRE conceptual designs.^2»5' The trend, indicated in this
table, is towards a lower active inventory (inventory outside the
breeding blanket or storage). A lower active inventory would reduce
the risks associated with accidental releases.
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FIGURE 2
TRITIUM FUEL SYSTEM FOR A FUSIOlv REACTOR

Table II. Tritium inventory
reactor designs.

and

Inventory (kg)

Vacuum pumps
Reprocessing
Storage
Breeding blanket
Tritium recovery
Miscellaneous

Total, active
Total, blanket and storage

Blows (kg/day)

Throughput
Burned

:lows in

KUWMAK

1.6
0.35

19.4
0 . 1

1.95
19.5

19.4
0.28

conceptual

STARFIRE

0.06
0.15
1.1

a.10.0
0.28
0.05

0.54
• v l l . l

1.3
0.54
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As a result of industrial and military applications, techniques
for handling tritium have been developed and safety concerns are
fairly well understood. Tritium decays with a half-life of
12.3 years, emitting a relatively low energy (less than 18.6 keV)
beta particle. Since the penetration of the beta particle in skin
is less than 0.01 mm, the primary health hazard results from inhala-
tion and ingestion rather than external radiation. The magnitude of
the hazard is dependent on the chemical form of tritium, the oxide
form having a biological hazard approximately 2.5 x 10 greater
than the elemental gas. Tritiated water can enter the body through
the skin and lungs but is only retained in the body with a biological
half-life of about 9.5 days, depending on the individual. Unlike
some fission products produced in uranium or plutonium fission, trit-
ium is not known to be concentrated in food chains.^'

In the fusion reactor, tritium in the elemental gas form could
be converted to tritiated water during an accidental release. Con-
version of tritium results from the following reactions:

T2 + 1/2 O2 —*• 1'2° Oxidation

T2 + h20 ~+ HTO + HT Isotopic exchange

These reactions proceed through intermediate steps involving forma-
tion of complex ions. Reaction rates are slow at room temperature
and catalysis at metal surfaces or by a radiation source is required
for a significant conversion rate-

Dilution of tritium gas to nonhazardous levels occurs rapidly
in the atmosphere. Experience gained from accidental release of the
gas indicates that even large releases may not result in serious con-
sequences. In 1974, an accidental release of nearly 0.5 MCi of trit-
ium gas in the elemental form occurred at the Savannah River Plant.
The weather (categorized as Pasquill lype D) was neither strongly
favorable nor unfavorable to local deposition. The atmospheric oxi-
dation rate was determined to be under 1% per day, and measured
atmospheric concentrations were well under calculated levels. Depo-
sition in surface water and the levels in vegetation, milk, and bio-
logical samples did not represent a significant health hazard. '''

During normal operation, tritium could enter the environment
through leakage from gaskets and seals or by permeation through walls
and pipes; leakage may be the most significant source of tritium in
the primary containment. Tritium levels can be controlled by mini-
mizing the use of gaskets and mechanical seals and by employing
multiple containment techniques (double-walled piping and glove
boxes} for the more sensitive components.

Accidental releases of tritium to the reactor building could
occur from failure of components in the tritium fueling and process-
ing system, the vacuum system, or the tritium breeding system. For
example a failure of the breeding blanket cooling system could result
in a temperature transient thereby releasing a portion of the tritium
that is contained within the lithium or lithium compound breeder.
Compartmentalization of systems and components can be used to reduce
the quantity of tritium that is vulnerable to release during an acci-
dent. For the STARFIRE reactor design, the maximum.accidental
release to the building was estimated to be 10 gA2
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In general, three different kinds of cleanup systems are envi-
sioned to limit and control the quantity of tritium that may be
released into the building; these are:

1) A coolant cleanup system to limit the buildup of tritium
concentration in the primary coolant to an acceptable
level.

2) Air dryers to remove tritium that enters the reactor build-
ing atmosphere from leakage during normal operation or
maintenance.

3) An emergency tritium cleanup (ETC) system to clean up large
accidental spills of tritium into the building.

Tritium will enter the first wall and blanket coolant streams
by permeation from the plasma through the first wall, limiter, or
divertor. Leakage of the coolant from seals, valves, or during main-
tenance will allow tritium to enter the reactor building. Thus, a
system to remove the tritium from the primary coolant to limit the
tritium release to the building to acceptable levels will likely be
needed. lor example, if the primary coolant system is water, the
tritium will likely be in the oxide form and the removal could be by
electrolysis and catalytic exchange. Tritium recovered by these
means would likely be recycled back into the reactor fueling system.

Systems are likely to be needed to remove tritium that enters
the building during normal operation to ease manned access and to
reduce contamination of the building and installed components. Air
dryers can be used to collect tritium in the oxide form with the
resulting tritiated water stream routed through the system used to
recover tritium from the primary coolant. For tritium in the iso-
topic gaseous form, getters such as titanium or aluminum could be
used, or catalytic combination to tritium oxide could be used with
the oxide form again collected by air dryers. A simplified schematic
of such a system to be used at the Tokamak Fusion Test Reactor (TFTR)
at the Princeton Plasma Physics Laboratory is shown in Figure 3. The
systems typically contain 1) a preheater to heat the tritium-
containing gas to 350°C, 2) a palladium catalytic recombiner to
convert tritium gas to tritium oxide, 3) an oxygen getter to remove
excess ouygen, and A) two or more molecular sieve beds to collect
the tritium oxide. A capability exists to add water vapor to the
process following the first molecular sieve bed to increase the
efficiency of tritium collection in the second bed. Decontamination
factors of 1000 are quoted for the TFTR systems.

high volume emergency tritium cleanup systems will be installed
to clean up large accidental spills of tritium. These systems typi-
cally work in conjunction with the building heating, ventilating, and
air conditioning (HVAC) system to remove tritium oxide. Following a
large tritium spill, the reactor building is isolated and the HVAC
is put into the recirculation mode. The tritium oxide is collected
by condensation or moisture separators and molecular sieve beds.
Conversion of the tritium to the oxide form may be accomplished
either by catalytic recombination with oxygen and/or water vapor
swamping.
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FIGURE 3
TOKAMAK FUSION TEST REACTOR (TETK) TRIlIuM CLEANUP SYS1EM

The Tritium Systems Test Assembly (TSTA) at Los Alamos National
Laboratory (LANL) is the flagship of DOE's tritium handling, proces-
sing, and safety program for fusion. The facility will simulate
tritium flow in a fusion reactor, excluding the breeding system, and
will be used to investigate leakage and permeation problems, clean-up
and containment techniques, and to develop and test components for
future fusion systems. Tritium fueling system response to accident
situations will be investigated to allow development of an effective
safety system.^' The TSTA will go into operation with tritium in
the summer of 1982.

IV. Activation Product Cleanup Considerations

Another source of radioactivity in a fusion reactor -is activa-
tion products that are generated by interaction of materials with
high energy neutrons produced in the deuterium-tritium fusion reac-
tion. The activation products are produced in structural materials,
coolant streams, and reactor building gases. Calculations based on
conceptual designs,have shown that approximately 1 GCi of activity
can be produced. (*>' The large majority of these activation pro-
ducts are contained within the materials of the first wall, blanket,
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shield, and magnet structures. Materials development programs spon-
sored by DOE are evaluating alloys that could achieve the high
performance required and minimize the production of induced
radioactivity.

Activation products are built up rapidly in the structural mate-
vial of a fusion reactor and a significant fraction of the equilib-
rium inventory is present in the reactor after only a few days of
operation. The inventory and decay characteristics of the activation
products are determined by the choice of structural material.
Figure 4 shows the activity and decay schemes for several structural
materials being considered for fusion reactors.
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FIGURE 4
RADIOACTIVITY. ASSOICATED WITH TYPICAL 3 , 0 0 0 - N W ( t h ) FUSION AND

BISSION REACTORS AFTER TWO YEARS OF OPERATION

29



17th DOE NUCLEAR AIR CLEANING CONFERENCE

Stainless steel, aluminum alloys, vanadium-titanium alloy, and
ferritic steel have been proposed for use as first wall and blanket
materials. The extensive experience with stainless steel in fission
reactors and its ease of fabrication make stainless steel an attrac-
tive candidate. Howevers the relatively long radioactive decay time
of stainless steel complicates reactor maintenance and waste manage-
ment activities. The primary activation products of concern with use
of stainless steel are isotopes of iron, nickel, manganese, chromium,
molybdenium, and cobalt. For STARFIRE the activation is dominated
by 55pe for times up to 30 years after ghutdown, by "-*Ki from
approximately.30 to 500 years, and by "Mo for times beyond
1000 years.(2'

ferritic steel may give a long wall life while reducing the
radioactive hazard from the activation products. The effects of
large neutron fluences on ferritic steels is not known, however. The
rapid decay of the vanadium-titanium alloy and aluminum during the
first few weeks may facilitate maintenance operations such as chang-
ing the first wall. In addition, the rapid decay for vanadium-
titanium may allow early recycle of the material, however, vanadium-
titanium alloy is hard to fabricate and there is limited experience
in its use. Because of their low melting temperature, aluminum
alloys require a lower operating temperature. Other materials, such
as ceramics (e.g., SiC), may extend first wall lifetime and produce
essentially no activation products. Although material choice may
allow a significant reduction in the activation products, factors
relating to fabrication, impurities, cost, and supply may limit the
flexibility of selection.

Activation products are deposited within the coolant streams of
the first wall and blanket by two primary mechanisms, sputtering
caused by physical interaction of materials with high energy neutrons
and corrosion. For systems with helium coolants, sputtering is the
dominant mechanism. For water or liquid metal coolants, corrosion
of coolant channel surfaces contributes most to the inventory. The
radioactive isotopes are the same as those in the surrounding struc-
tural material. By comparison, the inventory of activation products
in the coolant streams is approximately five orders of magnitude less
than that contained within the solid structural materials. Analysis
performed as part of the STARFIRE design showed that 3.2 x 10* Ci
of radioactivity was deposited in each of the two primary coolant
systems.

The primary release mechanisms for activation products from the
structural material involve leakage from the primary coolant system
or an energetic thermal accident. Leakage from the primary coolant
could occur as a result of minor operational failures, maintenance
activities or a severe coolant system accident, e.g., a pipe break.
Activation products that are mobilized by such means would be
expected to significantly fallout or plate out on reactor building
and component surfaces. Those that remain in the reactor building
atmosphere would be removed by the high efficiency and HEPA filters
of the HVAC. For large releases of radioactivity from the coolant
stream, the building would be isolated and the HVAC operated in the
recirculation mode.
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There are a number of potential thermal accidents that could be
postulated to mobilize a portion of the structural activation pro-
ducts. These include fires, hydrogen isotope explosions, magnet sys-
tem accidents, and coolant and plasma heating system failures. The
most consequential of these would be lithium fires in those systems
that use lithium in the more reactive forms, liquid lithium or liquid
lithium-lead alloys.

Early fusion designs used liquid lithium metal for the breeding
material and as a primary coolant. More recently, designs have fea-
tured less reactive lithium-lead eutectic or various solid lithium
compounds. For example, the STARFIRE design has used LiAlO^ as the
breeding material and water as the blanket coolant. In addition,
evacuated containment buildings or buildings with inert atmospheres
have received consideration which would effectively eliminate
lithium-air reactions.

Both experimental and analytical work are required to evaluate
the trade-off between the performance achievable with liquid lithium
and the potential safety advantages of less reactive lithium forms.
Experimental studies''^ are underway at the Hanford Engineering
Development Laboratory (HEDL) to evaluate the safety aspects of both
liquid lithium and alternate lithium forms. Tests have been per-
formed with liquid lithium to determine reaction rates and tempera-
tures during reactions with air, argon, carbon dioxide, and concrete.
Fire extinguishment techniques are also being investigated and
developed. Results to date show that reaction of 100 kg of lithium
with air can lead to approximately 1200 C flame temperatures. Such
temperatures can cause rapid oxidization of some of the constituents
of stainless steel, which could then be mobilized as aerosols.
Radioisotopes of molybdenum and manganese appear susceptible to
release by this mechanism. Thus, for fusion systems that use lithium
in a reactive form, the air cleaning system must consider removal of
activation products in the presence of lithium aerosols at high
temperatures. This problem is similar to air cleaning problems in
liquid metal fast breeder reactors. Tests at HEBL,'y' have evalu-
ated the effectiveness of filters and scrubbing systems for lithium
fires, including various combinations of prefliters, HEPA filters,
sand and gravel beds, and aqueous scrubber systems. Based on results
from these tests the aqueous scrubber systems appear to offer the
best combination of mass loading and filter efficiency of the various
systems tested.

If lithium in a reactive form is used in fusion reactors, inher-
ent and engineered safety design can be used to eliminate or mitigate
lithium fire accidents. Based on computer modeling., the following
design strategies have been shown to be effective:"^"' 1) use
steel liners for concrete, 2) reduce the lithium inventory per breed-
ing loop, 3) reduce the oxygen concentration in the reactor build-
ing, A) use structural material with high heat removal potential,
5) install a containment atmosphere cooling system, 6) employ a dump
tank system below likely spill areas, and 7) employ a pressure relief
ventilation system with appropriate filters.

Neutrons that stream through penetrations in the reactor shield
can cause production of activation products in the building atmos-
phere. Reactor building atmospheres that have been considered for
fusion include air, nitrogen, carbon dioxide and vacuum.
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If air is used, the short-lived isotopes l^N, 13fc, and
4*Ar are of primary concern. Proper shield design can limit their
production to levels that can be handled by controlled release after
an appropriate retention period to allow decay. The long-lived iso-
tope *^C is produced both in air and in nitrogen by the (n, p)
reaction with 1̂ N« Again shield design or selective removal of the
carbon by activated charcoal filtering would be relied upon to keep
the quantities of this isotope to acceptable levels.

For reactors with a CO2 environment, the primary activation
product is l&N formed by the (n, p) reaction with oxygen. Because
of the short half life, 7.1 seconds, this isotope causes no particu-
lar problems. Some ^ C is also formed by neutron reaction with
•••̂ C, but the quantities ere well within acceptable levels. The
STARFIRE reactor used a CO2 atmosphere to reduce potential air
activation problems.

V. Toxic Materials in Fusion Reactors

Fusion reactors, like most complex industrial facilities, will
contain a variety of materials and compounds that are considered
toxic to humans. In general the relative hazard of these toxic mate-
rials is several orders of magnitude less than that of the radioiso-
tope hazards. Nevertheless, consideration should be given to these
materials to ensure that they are properly factored into design of
the air cleaning system. Probably the most significant of these
toxic materials are beryllium, lead, lithium, and copper.

Beryllium may be used in fusion reactors as a neutron multiplier
in the blanket, or e.s a coating on the first wall of the plasma cham-
ber. As a first wall coating, the beryllium is used to limit the
quantity of heavy impurities that are sputtered into the plasma.
This first wall coating would be subject to erosion from the high
flux of neutrons and ions to which it would be subjected. Thus, it
could be expected that a significant quantity of beryllium dust could
be present in the plasma chamber and vacuum system. Maintenance or
a failure of these systems could result in the beryllium dust being
dispersed into the reactor building.

Lead has been considered for use as either a neutron multiplier
or as part of the reactor shield. In most fusion applications a
severe thermal accident would be required to mobilize a significant
quantity of the lead. Some designs have featured liquid lithium-lead
alloys as the breeding material. These alloys do ignite and burn
when exposed to air, so the lead could be dispersed into the reactor
building atmosphere by the fire that could ensue from a lithium-lead
spill.

As previously discussed, lithium must be used in a D-T burning
fusion reactor to breed additional tritium for fuel. The various
conceptual designs have featured liquid lithium, lithium-lead, and
various solid ceramics such as lithium-silicate, -aluminate, or
-oxide. The particular air clearing reouirements will depend on
which form is used. If the liquid forms are used, the aqueous scrub-
ber systems appear to be advantageous because of the fire potential
following a spill. For the other forms, the high efficiency and HEPA
filters are likely adequate,
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Large quantities of copper will likely be used in magnetic con-
finement fusion reactors as stabilizers in the superconducting magnet
system. Aluminum is an alternative to copper for this application.
Typically the superconducting magnet systems will store 50 to 100 GJ
of energy in the magnetic field. Should an arc develop a portion of
this energy could be discharged internal to the magnet, and some of
the copper could be vaporized; however, it is unlikely that signifi-
cant quantities of copper could migrate beyond the coi] cases or
cryogenic dewar.

In general, it appears that the air cleaning systems provided
for control of the tritium and activation products would suffice for
air cleaning of toxic materials. However, this generality should be
examined in detail for each specific fusion reactor design.

VI. Summary and Conclusions

The first generation of commercial fusion reactors will likely
produce energy by the fusion of deuterium (D) and tritium (T). Based
on current conceptual designs, such reactors will have a tritium
inventory of approximately 10° Ci, and the high-energy neutrons
produced in the D-T fusion process will produce on the order of
10'' Ci of activation products in surrounding structures, coolants,
and the reactor building atmosphere. Potential release of a portion
of these radioactive inventories constitute the principal air
cleaning problems in fusion reactors.

A multifaceted approach will be required for control of tritium.
Iritium systems will employ at least double containment and triple
containment where possible. Continuous tritium removal systems will
be used to maintain acceptable concentrations of tritium in the
reactor coolants and reactor building atmosphere. Also, high volume
emergency tritium clean up systems will be employed to collect trit-
ium from large spills. These systems operate by conversion of trit-
ium to tritiated water by catalytic conversion and/or water vapor
swamping followed by collection of the tritiated water by condensa-
tion and molecular sieve. The U.S. Department of Energy will operate
the Tritium Systems Test Assembly at Los Alamos National Laboratory
to develop and prove the concepts necessary for processing and con-
trol of tritium under normal and accident conditions.

The large majority of the activation products produced are metal
alloying constituents of the primary structural materials. These
products are bound in solid structural materials and are not readily
available for release except during a severe thermal accident.
Approximately 10"3% of these structural activation products are
deposited in the coolant streams by sputtering or corrosion. A por-
tion of this latter inventory could be released by operational cool-
ant leakage or by coolant system accidents such as a loss-of-coolant
accident. The most likely mechanism for release of a significant
quantity of activation products from the fusion reactor structural
material would be a lithium fire, for those reactors that use liquid
lithium or lithium-lead. Thus, one of the most significant concerns
for air cleaning is the environmental conditions that accompany the
release. For a loss-of-coolant accident in a fusion reactor with a
pressurized water coolant, the release would be in a steam environ-
ment. Building isolation along with air cleaning by high efficiency
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and HEPA filters should be adequate for this case, For releases that
are caused by a lithium fire, the aqueous scrubber systems appear to
offer advantages because of the high mass loadings and efficiencies
obtainable. Fusion reactor designs are moving toward use of less
reactive lithium compounds which should eliminate or greatly reduce
the potential for release during fires.

Activation products are produced in the reactor building atmos-
phere by streaming of neutrons through penetrations in the reactor
structure. The isotopes produced are strongly a function of the gas
used in the reactor building. The quantity produced is dependent on
the effectiveness of the shield design. For the niost otyious choice,
air, the primary isotopes produced are short-lived •*•"&, " K , an(j
f^Ar, along with the long-lived ^ C . For a nitrogen atmosphere,
•^C is the primary product produced, and for CO2, °N is pro-
duced. For the short-lived gases, an HVAC system design with an
appropriate delay time to permit radioactive decay prior to exhaust
will likely be used. Holdup tanks may be required as part of the
delay system. For the 1^C, filtration using activated charcoal
filters could be used.

Fusion reactors will potentially contain large quantities of
toxic materials, including beryllium, lead, lithium, and copper.
From a preliminary investigation it appears that the systems provided
for removal of structural activation products could be used in the
unlikely event that removal of toxic materials from the air is
necessary.

In conclusion, fusion reactor design studies and technology
development programs established by the DOE for fusion should allow
identification and solution of air cleaning problems well before the
first commercial fusion reactor is built. The solutions will draw
heavily on solution to similar problems in the chemical and fission
reactor industries. For the future, use of low activation materials
and/or fuel cycles other than the D-T cycle would greatly reduce
fusion air cleaning problems.
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Nuclear Standards and Safety
Progress in Nuclear Standards Development

James F. Fish, Chairman, CONAGT
Consultant

Louisville, Kentucky

Two years ago, when I spoke to the 16th Conference about
the ASME CONAGT Committee and its assignment, I had hoped
that by this time at least part of the new co^e would be
available* Unfortunately, this is not the case. Volunteer
organizations, or at least their Chairmen, tend to be over
opti mistic. I now have every expectation that it will be
available in part by early 1983. Certain sections for
individual equipment items are complete. The overall
structure has been worked out. When this is finally
approved, individual equipment sections should fill in
quite rapidly.

One item leading to this optimism has been a reorganization
of the committee as a result of a study of the committee's
work by a task group under Mel First. Their recommenda-
tions have been adopted. The effect has been to more
nearly equalize the work load under seven Subcommittees.

I have the Code outline as it stands today for Engineered
Safety Equipment. It will have four Divisions.

Division I will contain general requirements and common
articles covering design, inspection and testing,
fabrication, welding and installation, packaging
and shipping, QA and nameplates and certifica-
tion. Individual equipment codes will, in
some cases, amplify and add particular require-
ments in their areas to the common section
requirements.

Division II covers ventilation air cleaning and air
conditioning.

Divisionlll covers process gas treatment equipment.

Division IV covers field testing to insure quality of
performance.

I have every hope and expectation that substantially the
whole code will be available to you by the end of 1983.
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ORGANIZATION OF THE CODE ON
NUCLEAR AIR AND GAS TREATMENT

GENERAL

The ASME Code on Nuclear Air and Gas Treatment consists of
Divisions I through IV. All Divisions are broken down into
Sections designated by two capital letters. Each Division is
made up as follows:

DIVISION I - GENERAL REQUIREMENTS

Section AA - Common Articles

DIVISION II - Ventilation Air Cleaning and Ventilation Air
Conditioning

Section BA - Fans and Blowers
Section DA - Dampers and Louvers
Section RA - Refrigeration Equipment
Section CB - Heating and Cooling Coils
Section CC - Humidifiers
Section CD - Electric- Heaters
Section FA - Moisture Separators
Section FB - Prefilters and Frames
Section FC - HEPA Filters and Frames
Section FD - Adsorbers and Frames
Section FE - Adsorbent Media
Section IA - Instrumentation and Control
Section SA - Ductwork

DIVISION III - Process Gas Treatment

Section GA - Pressure Vessels, Piping, Heat Exchangers, and Valves
Section GB - Noble Gas Hold-Up Equipment
Section GC - Compressors
Section GD - Other Radionuclide Equipment
Section GE - Hydrogen Recombiners
Section GF - Gas Sampling

DIVISION IV - Testing Procedures

Section TA - Field Testing of Air Treatment Systems
Section TB - Field Testing of Gas Processing Systems
Section TC - Personnel Qualification
Section TD - Laboratory Qualification
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CLOSING REMARKS OF SESSION CHAIRMAN:

Looking back on the opening session tnere has been a lot of food
for thought. Even the welcoming items contained very interesting
discussions. Mr. Nicks described the extensive air cleaning activi-
ties at Rocky Flats and cited what he considered to be some of our
most important research news, e.g., better air cleaning systems,
longer lasting systems, systems that are resistant to moisture, cor-
rosion, and acids, etc., and finally he mentioned the need for better
detectors to indicate when a given system should be brought on-line.
Dr. First, in his welcome, brought out a fact many of us realize,
that the US research effort in many areas is lagging behind that in
foreign countries, more specifically in air cleaning research.
Fortunately,, foreign groups are still looking at such things as
chemical processing. He also called on us to look at the real prob-
lems, not to say that simply better training of people will solve
these problems.. He said there are better approaches, such as to make
it so that it cannot be solved improperly, or cannot be mishandled
easily. Roger Mattson, in my opinion, in an excellent keynote ad-
dress, reviewed, among other things, the NRC's proposed reactor safety
goals. These will be qualitative and quantitative. He showed that
they will definitely have an impact on air cleanina requirements in
the commercial nuclear power plant area. H e also pointed out that a
thorough research and re-evaluation is now under way on the source
term by the NRC staff. Again, the results are going to have
repercvssions throughout the air cleaning field. He closed with a
discussion of the fact that the Nuclear Regulatory Commission has
taken a position, as a policy, to encourage a reduction in the volume
of low level waste at commercial plants. If this is done by using
incinerators, it certainly will have an jmpact on the air cleaning
field.

Finally, Mr. Crocker told us about fusion reactors and some of
the air cleaning problems there. To me, it was rather surprising to
see how far they have come with their designs in scoping the health
problems that may be associated with such facilities. He also pointed
out that there are tremendous energy sources within a fusion system
and that these, also, must be carefxilly controlled. He pointed out
that there will be problems associated with the tremendous quantities
of tritium to be handled. In addition, there will be air cleaning problems
with the induced radionuclides from high energy neutrons that result
from fusion. He also pointed out that there are many other toxic
materials used in fusion reactors, such as beryllium, lead, lithium,
and copper. He pointed out that there is much yet to be done with
respect to the air cleaning problems associated with tritium. There
will be tremendous quantities and, therefore, even low leakage rates
can be significant. He also pointed out that some of our present-
day cleanup systems, in fact, the principal system which converts
tritium from a gas to the oxide, actually increase its toxicity and
this has to be looked at. He also discussed induced activity of
radionuclides and stated that he thought that conventional air clean-
ing systems would help in this area. He also pointed out that the
amount of induced activity could be modified through the selection
of the structural materials used in the fusion reactor and that much
attention is being given to that subject today.
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BALANCE AND BEHAVIOR OF GASEOUS RADIONUCLIDES RELEASED
DURING INITIAL PWR FUEL REPROCESSING OPERATIONS*

A.Leudet, P.Miquel, P.ihGoumondy, G.Charrier +

Commissariat a 1'Energie Atomique
Div is ion d1Etudes de Retraitement e t des Dechets

et de Chimie ApDliquee
+ Direct ion des Essais

France

Abstract

Five fuel pins, taken from a PWR fuel assembly with 32 000 MWD/t burn-up
were chopped and dissolved in leak-proof equipment designed for accurate deter-
mination of the composition and quantity of gaseous elements released in these ope-
rations.

Analytical methods were specially developped to determine directly the
noble gases, tritium and gaseous carbon compounds in the gas phase. Volatile iodine
was kept as close as possible to the source by cold traps, then transferred to a
caustic solution for quantitative analysis.

The quantities and activities of gaseous fission products thus determined
were compared with predicted values obtained through computation. Very good agree-
ment was generally observed.

I. Introduction

For a number of years the Commissariat a TEnergie Atomique has devoted
a significant part of its R & D activities to the development of gaseous radioac-
tive waste containment and trapping methods / 1 /, with a view to achieve minimal
release and in any case, compliance with prevailing regulations.

The design of safe, efficient processes for dissolver off-gas purifica-
tion in fuel reprocessing plants requires the accurate determination of the quanti-
ties of gaseous fission products.involved,andtheir physical and chemical properties.
It is important to establish thr release process of such products during mechanical
and chemical processing, as we!" as their distribution among the various liquid and
gaseous flows.

The information is of special importance because it directly affects the
design of equipment and ventilation systems.

It is also important to compare measured quantities and activities with
computed data, in order to validate or adjust some of the basic input data used in
computations.

For accurate analysis, it is essential to use whole fuel rods with clear-
ly defined characteristics. Hence, the five rods treated were taken from a spent
fuel assenbly from the Dutch Borssele reactor, which was selected for the following
reasons :

*Supported in part by the Commission of the European Communities.
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. the Bopssele reactor is a typical pressurized water power reactor

. the assembly had undergone three irradiation cycles ; burnup was approximately
32 000 MWD/t.

. initial fuel enrichment was 3.1 %.

Assembly characteristics are therefore yery close to those on which repro-
cessing and safety investigations are based. The results of this work can thus be
transposed easily.

II. Gas sampling techniques

The experimental system designed for these investigations essentially con-
sists of a leaktight chopper and dissolver connected to a sampling glove box.

However, since PWR fuel rod lenght exceeded shear capacity, the rods were
first cut in two following recovery of internal gas.

Chopping (Figure 1)

Each half-rod was chopped into 15 mm lenghts which were collected in a
container used subsequently for dissolving.

After chopping, the released gas was pumped by a cryogenic system into a
tubular trap cooled by liquid helium. Three flushing cycles eliminated the last tra-
ces of fission gases.

The trap was isolated, heated to 2Q0°C to homogenize its contents, and a
gas sample taken for analysis. Since the trap volume was accurately known, the
amount of gas was calculated from accurate pressure and temperature readings.

Two - 50°C cold traps were placed between the chopper and the crycgenic
pump to retain any iodine present.

Dissolution (Figure 2)

After chopping, the dissolver was connected to a reflux condenser. The
gases released during dissolution passed through a - 50°C iodine trap, and to the
sampling glove box, where they were homogenized and continuously recycled to the
dissolver.

Dissolution occured without recombination of nitrogen oxides, and only
the dioxide was partly crystallized in the cold traps. To prevent any gas leakage,
the system pressure was kept slightly below atmospheric by draining excess gas to
a collection vessel under vacuum.

Qn termination of dissolution and gas release the collection vessel was
isolated. Boiling is maintained for four hours for maximum iodine desorption from
the dissolver liquor. Recycled nitrogen oxide was bubbled through the solution to
prevents oxidation of iodine by nitric acid, with the formation of non-volatile
compounds.

The quantity of gas released during dissolution was determined on the
basis of :

41



17th DOE NUCLEAR AIR CLEANING CONFERENCE

SHIELDED CELL

IRRADIATED
FUEL ROD

|COLD TRAP|

- 5 0 ° C

GLOVE SOX

Ne

-txj-

SAMPLING

jCOLD TRAP]

- 5 0 ° C CRYOGENIC
{ PUMPING

LIQUID
HcLiUM

F!G.1._SHEARfNG

SHIELDED CELL

GAS RECYCLE

jCONDENSERl T

NITRIC ACID.

ICOLD TRAP
IDISSOLVER] ' -so0c

X / / / / / / / / / / / . /

GLOVE 80X

jCtRCULATORf

SAMPLING

[COLD TRAP

~50°C

•SAMPLING

STORAGE!
TANK

FIG. 2..-DISSOLUTION

42



17th DOE NUCLEAR AIR CLEANING CONFERENCE

. analysis of gas in the collection vessel

. analysis of gas remaining in the dissolver system.

In this respect, the presence of a boiling liquid phase and the fact that
system temperatures were not accurately known prevented accurate determination of
the real gas volume. To overcome this difficulty, an accurately known quantity of
carbon-13 and natural isotopes of krypton and xenon was introduced into the dissolver
system. The quantities of carbon-14 and noble gases released from the fuel were then
readily computed by isotopic analysis.

Finally, the two cold traps were isolated and gradually heated. Nitrogen
flushing entrained the iodine to a caustic solution in two absorbers placed in
series. A third absorber, filled with methanol, was provided to trap any methyl io-
dide present.

III. Gas analysis methods

Much work has been devoted to the development of highly sophisticated gas
sample analysis methods.

The gas concentration and specific activity of tritium and carbon-14 were
measured in a single chromatographic analysis, although the activity of Krypton 85
was higher by a factor of 104 to 106 (figure 3).

A HP 5880 chromatograph featuring a liquid nitrogen cryogenic system was
used. Stable gases were detected by a catharometer and active gases by a Panax type,
low background noise circulation counter.

A porapak-Q column was used to separate H2, N2, Ar, CO and NO at a cons-
tant temperature of - 65°C, and then Kr, C02, N2O and Xe at programmed temperatures
up to 60°C.

14
Tritium and CO measurements were easy because these gases are eluted

before Krypton 85. As for ̂ 0 2 , , thorough krypton decontamination was necessary.
As soon as CO2 elution began, the gas flow was diverted to a Porapak

- N column for good separation of residual krypton 85 and 14C02 which was then easily
measured.

During CO2 analysis, N2O and Xe were retained in the Porapak •• Q confi-
guration. The column was reconnected to the system on completion of C02 elution.

Krypton 85 activity was measured directly by gamma spectrometry, using a
Ge-Li detector.

Chromatography was also used for hydrocarbon detection with a flame ioni-
zation detector, and also for methyl iodide detection with an electron-capture
detector.

The isotopic composition of noble gases was measured by mass spectrometry,
a method also frequently used for quantitative analysis of krypton and xenon by iso-
topic dilution, using a mixture of 80Kr and 124xe as a tracer.

Complete analysis involved the following steps :
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. preparation and analysis of tracer mixture by reverse dilution, using a mix-
ture of natural krypton and xenon.

. isotopic measurement of the test gas

. isotopic measurement of the test gas/tracer mixture

Although the procedure may seem complex, the number of manipulations is
reduced by using a single tracer mixture. The quantities of krypton and xenon can
be readily calculated from measured values of 80Kr/86Kr and 12^Xe/136xe isotopic
ratios.

This method only requires a few ml of gas, which is an overwhelming advan-
tage in active gas analysis. Mixtures are prepared by a purely barometric method,
and all transfers performed using liquid helium. Utilization of a highly accurate
pressure sensor (0.1 m bar) yields results with less than 1 % error in a concentra-
tion range of a few hundred vpm.

IV. Behavior of gaseous fission products

All the results are given for 1 - year cooling time.

Noble gases
«

The quantities of gas collected at the various stages of fuel pin proces-
sing are given in table I.Krypton and xenon released during chopping respectively
account for 4.4. % and 3.8 % of the total quantity collected. A fraction of the
gas was; measured during the first cut of the clad, and corresponded to the frac-
tion of noble gases present in the gas plenum ; the balance, i.e., 1 % to 2 % of
the total, was released during chopping. This operation is relatively ineffective
in opening the micropores in which gas remains trapped.

PIN

Kr

Xe

SHEARING
%

DISSOLUTION
%

SHEARING
%

DISSOLUTION
%

1

2.6

97.4

2 .2

97.8

2

3.3

97.6

2.8

97.2

3

5.3

94.7

4.6

95.2

4

5.8

9.4.2

5.1

94.9

5

5.0

95.0

4.3

95.7

MEAN

4.4.

95.6

3.8

96.2

TABLE I - NOBLE GAS DISTRIBUTION
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BURN-UP
GWd/tg

3 1 . 0

3 1 . 8

31 .6 •

3T.S

3 1 . 0

KRYPTON

g/tu

342

340

333

322

346

MEASUREMENTS (MEAN)

CALCULATED

M - C o
C / o

Adjusted to
33 GWd/t

3 6 4

3 5 3

3 4 8

337

368

354

370

- 4.-3

KRYPTON-85

Ci/tu

8930

9030

8S60

8750

9250

Adjusted to
33 GWd/t

9510

9370

9040

9170

9850

9390

9150

+ 2.6

XENON

s/t«

5250

5240

5110

4930

5300

Adjusted to
33 GWd/t

5590

5440

53 iO

5160

5640

5430

5430

0

TABLE II._ NOBLE GAS CONTENT

The experimentally determined krypton and xenon masses and krypton 85
activities are shown in Table II. Average values show good agreement with computed
values, and the maximum discrepancy, found for the mass of krypton was only 4.3 %,
The next table gives the average isotopic composition of noble gases.

Kr

82

83

84

85

86

0.2 %

11.5 %

30.8 %

6.3 %

51.2 %

Xe

130

131

132

134

136

0.1 %

8.2 %

20.7 %

28.4 %

42.6 %

Table III : isotopic composition of noble gases

Iodine

Our procedure permits the detection of volatile iodine from 10 g, i.e.,
less than 0.1 % of the mass contained in each haIf-rod.

Iodine release during chopping was less than this detection limit.

It is well known that fission-generated iodine in oxide fuel combines
with the more electro-positive elements, especially cesium, of which a large amount
is present. / 2 /.

46



17th DOE NUCLEAR AIR CLEANING CONFERENCE

Since cesium iodide is not volatile, at least at standard reprocessing
temperatures, it seems normal that no iodine is released during shearing.

It is only when the fuel is dissolved that practically all the iodine is
released by oxidation of iodides under the combined actions of nitric and nitrous
acids in the dissolver solution.

More than 99 % of the iodine can be readily eliminated from the dissolu-
tion liquor and carried into the off-gas. Insufficient desorption may be caused
by :

. insufficient oxidation of the iodides due to the lack of nitrous acid. This
acid, resulting from NO2 absorption, shows little stability in a boiling solu-
tion.

. lack of carrier gas, so that molecular iodine cannot be carried into the off-
gas.

. formation of non-volatile compounds such as HIO3, due to the oxidizing action
of boiling concentrated nitric acid. However, these compounds are probably
reduced to the elementary form by nitrous acid.

In our experiment, operating conditions were such that the above diffi-
culties were avoided. The analysis of Iodine 129 in the fuel solution confirmed
that the residual amount was under 1 %.

Initially an attempt was made to evaluate the amount of methyl iodide
present through analysis of Iodine 129 in the ethanol solutions through which the
gas stream flowed. Although this compound was not detected, the trapping efficiency
remains highly questionable.

An analytical method is currently being developed for the direct determi-
nation of organic iodine compounds in the gas. Early results appear to show that
only traces of these compounds are present. This, however, is subject to confirma-
tion by further tests.

Nevertheless, the formation of organic iodides seems to be related to
the presence of organic impurities in liquid or gaseous reagents. The products
used in our experiments were of high purity, which suggests that organic iodides
are only formed in very small quantities.

The table IV shows the total quantity of iodine as well as iodine 129
activity. Disregarding one incorrect value due to experimental error, very good
agreement is observed with predicted quantities computed using a CEA code.

These results also allow the estimate of the respective proportions of
isotopes 127 and 129. Calculations show that Iodine 129 accounts for an average
82 % of total iodine.

Carbon 14

Volatile carbon compounds consist almost entirely of C02. Carbon mono-
xide CO is only 1 % to 2 % of the amount of dioxide. No traces of l ight hydrocar-
bons (to C6) were detected in the off-gas.

Measured carbon-14 activity w*s 0.24 Ci.t"
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BURN-UP

GWd/t

31.0

31.8

31.6

31.5

31.0

TOTAL 1

o/t«

2 0 1

215

122*

204

202

MEASUREMENTS (MEAN)

CALCULATED

M - C o/
~ 10

OD!K<E

Adjusted to
33 GWd/t

2 U

223

-

2 U

215

216

223

- 3 . 1

IODIN

28.2

30.6

17.9*

29.5

30.0

Adjusted to
33 GWff/t

30.0

31.8

-

30.9

31.9

31.2

31.4

-o.s

• Erroneous measurement ( loss of iodina during experiment)

TABLE IV._ IODINE CONTENT

Carbon-14 only accounts for 0.1 % of the total carbon measured, in mono-
xide as well as dioxide form.

The amount of C02 collected was approximately 80 1 STP.tJ] . The gas
released during chopping contained less than 1 % of the total CO2.

BURN - U P

GWd/t

3 1 .

3 1 .

3 1 .

3 1 .

3 1 .

MEA

0

8

6

5

0

N

CARBON-U

mCi/+u

223

229

230

246

228

Adjusted -to

33 GWd/t

237

238

240

258

243

243

TRITIUM

Ci / t u

147

418

81

66

173

Adjusted to
33 GWd/t

i

156

434

85

69

184

188

TABLE V . . . CARBON-K AND TRITIUM CONTENTS
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Tritium

Tritium quantities measured and shown in table V only relate to the
fraction contained in the fue l , not including t r i t ium in the zirconium clad.

The fraction of t r i t ium gas released during chopping was very small and
variable, representing 10-6 to 10-4 of the total t r i t ium measured.

During dissolution, more than 99.5 % of the tr i t ium was measured in the
dissolution l iquor, and 0.2 to 0.4 % was determined in the form of t r i t i a ted hydro-
gen in the gas phase.

Total t r i t ium act iv i ty varied widely, from 66 to 420 Ci-ty1 (180 Ci. t j ]1

on the average). This spread of results is highly surprising ; i t is generally
estimated that in LWR fue l , 40 % of the t r i t ium formed remains in the oxide / 3 / .
I t is also unlikely that such differences in t r i t ium behavior could be accounted
for by dissimilar i t ies in thermal conditions affecting different rods in a single
fuel assembly.

Experimental error is ruled out by the fact that results are consistent
from one half-rod to the other. Furthermore , the t r i t ium in the gas, determined
by entirely different methods, shows fluctuations of the same magnitude.

A complete t r i t ium balance w i l l also require determination of t r i t ium
trapped in the clad. Attempts are currently being made to achieve t r i t ium desorp-
tion by heating the hulls in a sealed oven.
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DISCUSSION

FURRER; In simulation tests we found that about 99.8 - 99.9%
of the iodine was released in the DOG during dissolution. Have you
added UI, NO^ or O3 to get the whole amount of iodine in the DOG?

LEUDET; No, we didn't require such a complete iodine desorp-
tion. Boiling and continuous bubbling of recycled NOX in the dis-
solution liquor allowed us to carry out more than 99% of the total
iodine into the DOG.

MOELLER: To what degree might the data you have developed
be applicable in estimating airborne releases from an accident in a
nuclear power plant?

LEUDET: I think that accident conditions in a nuclear
power plant would be quite different than our operating conditions
and make it impossible to transpose the results of this work.

FERNANDEZ: Could you tell me if the chromatographic conditions
for the measurement of methyl iodide were the same as for the noble
gases, and if any evidence was found for organic iodides heavier than
methyl iodide?

LEUDET; Chromatographic conditions were different for methyl
iodide and for noble gas measurements. Concerning the detector, we
used an electron-capture detector instead of a catharometer. The
material filling the separation column was also different. Up to now,
no real evidence has been found for heavier organic iodides.
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Abstract

The iodine- and aerosol-filtering test facility PASSAT of the
Nuclear Research Centre in Karlsruhe has been investigated using a
method which allows time dependent analyses under accident conditions.
This method which is closely related to fault tree analysis needs sub-
division in barriers of the system, and their logical combination in a
tree. The barriers have binary states: 'defect' and 'intact'. The
'defect' state will be described by a fault tree, whereas the
'intact' state includes dependences of a barrier operation on physi-
cal parameters. The 'intact' state enables time dependent calculations.

Calculations have been done for iodine filtering, because the best
known entrance data are given. Results demonstrate clearly that the
amount of iodine released increases only if both heaters failed, which
heat the off-gas from 30° C to 80° C and then to 130° C. Additionally
the integrated amount of iodine released depends on time period bet-
ween the failures of the heaters.

1. Introduction

The dissolver off-gas of a reprocessing plant contains 1-129,
Kr-853 C-14, and H-3 as gaseous radioactive fission products as well
as droplet and solid aerosols. These aerosols may carry along with
them toxic fission products such as Ce-l44, Cs-134, Cs-137, Sr-90,
Ru-106, Sb-124, and the transuranic-elements Np, Pu, Am, Cm. Because
of the radiotoxicity of these elements the dissolver off-gas has to be
cleaned. At our research centre several indepsndent parts of a plan-
ned dissolver off-gas cleaning system have been built in order to ac-
cumulate experimental results and experience. The two major parts are
called PASSAT and KRETA. PASSAT is to remove aerosols and iodine,
KRETA is to retain Kr-85. This paper is focused on PASSAT as a pro-
totype of a filtering facility.

The aim of this work is to analyze the possibilities of failure, to
define probabilities and to calculate amounts of radioactivity re-
leased under accident conditions. First investigations dealt with the
definition of top events and, subsequently, with the construction of
fault trees for the independent parts. It means a restriction if one
describes the failure behavior of such technical systems by fault
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trees. In cooperation with the Technical University of Berlin it was
possible to apply an existing software program, which allows perform-
ing time-dependent calculations of the amount of toxic fission pro-
ducts released. In the following this work deals with:

2. Operation of PASSAT,
3. The basic method modelling technical facilities,
4. Models of the barriers,
5. Assumptions and results simulating the PASSAT off-gas sytem.

2. Operation of PASSAT

PASSAT is a prototype of a aerosol and iodine filtering facility.
This facility was built to investigate the behavior of filter compo-
nents in a compound system, to get experience in optimal operation
conditions and to develop filter vessels which are easy to handle.
3ased on these different scopes of duties it will be difficult to give
a satisfactory description of the system, which met not only the test
facility but also the filtering facility of a reprocessing plant. Fi-
gure 1 shows the scheme of PASSAT, which is the basis of all investi-
gations in this work. The source at the beginning of the scheme re-
presents essentially dissolver, condensor, NO/NO- separation and
coarse droplet separator. Source data which have been used in subse-
quent calculations are given in Table 1.

Tabelle 1 : Source data of PASSAT, which have been used in the
calculations.

Aerosol
liquid

size (urn) mg/std.m

5 0.02

10 0.2

15 0.6
20 0.6

Concentration of Aerosols:

liquid:

solid:

Off-gas Temperature:

Relative Humidity:

Concentration of Iodine:

Spectra

size

2mg/std

2mg/std

30°C

100%

Ig/std.i

0

7
12

15

.m

.m

solid

(um)

.5

.5

.5

.0

3

3

mg/std.m

1.2

0.6

0.2

0

The following fiber packed mist eliminator with flushing capability
(Brink filter) retains solid and liquid aerosols. Afterwards the off-
gas is heated up to 80°C reducing relative humidity and vaporizing
larger aerosol droplets. The heated off-gas flows through a HEPA-
filter which separates mainly solid aerosols. Sorption is more effec-
tive at higher off-gas temperature. Therefore the heater in front of
the first iodine-sorption-filter increases the temperature to 130°C,
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which additionally improves the retention factor of the filter by de-
creasing relative humidity of the off-gas. All filters and heaters are
protected against pressure increase by safety valves. The valves carry
the off-gas over a safety iodine-sorption-fliter to exhaust air. The
flow rate of PASSAT is a constant of 150 std.nr/h.

3. Basic Method Modelling Technical Facilities

The fundamental method, which allows time-dependent analyses of
failures of technical systems, was elaborated from the Technical Uni-
versity of Berlin /I/. It takes into consideration the dynamic behavior
of these systems under accidental conditions, i.e. the functional de-
pendence of components will be covered with respect to time. For this
purpose, the determination of the amount of pollutants released which
is required for risk analysis was carried out by simulation. On the
other hand the probability of events was determined analytically re-
sting largely on conventional methods like evaluation of fault trees.

The mathematical model of the investigated system devides itself into
three parts which must be provided by the analyst. These parts are:

- 'release-tree' of the system,
- fault tree of the barriers in defect state,
-'simulation-models for the behavior of barriers in 'intact' and
'defect' state, further referenced as 'transport cells'.

Firstly, the analysis requires a facility description by means of a
so-called 'release-tree'. A 'release-tree' is closely related to a
fault tree its top event being the release of toxic fission products.
Basic events of a 'release-tree' are barriers of the system taking
either 'intact' or 'defect' state. Fig. 2 shows the beginning of the
'release-tree' for PASSAT with essential details. The construction of
a 'release-tree' needs simple considerations. The amount of toxic pro-
ducts released depends upon the amount of these arriving in front of
the last barrier and on its penetration. The amount of toxic products
arriving in front of the last barrier is dependent on the amount of
material reaching the next but last barrier and on the amount pene-
trating it, and so on.

In the second step, fault trees are drawn up by means of conventional
methods. They describe conditions under which barriers shift from
'intact state' to 'defect state'. Thirdly, the models of the barriers
have to be developed. The models include the time dependent physical
behavior of the system components.

Based on the complete 'release-tree' of PASSAT, the software program
finds out all possible 'release-paths' of this tree. A 'release-path'
corresponds exactly to an accidental state of the system. It contains
all barriers which the toxic products have to penetrate in order to
reach the atmosphere. The amount released will then be calculated for
every 'release-path' by means of simulation. First of all a realisa-
tion of all the random events will be carried out using a random-di-
gitgenerator. That means, the time at which barriers go into 'defect
state1, the duration of this state, actualr loading etc. will be chosen
randomly. Obviously, those random numbers are not independent of one
another, but have to be chosen in such a way, that the combination of
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accidents required for a special path occurs with overlapping inter-
vals. This severely reduces the number of Monte-Carlo-trials required
but on the other hand makes it necessary to calculate frequencies for
all 'release-paths' analytically before simulation take place- Once
the random events are fixed the amounts released can be calculated.
The simulation-models then are coupled with one another in the order
as described by the 'release-path'. The accident sequence of the cou-
pled system is calculated in small discrete time increments from be-
ginning to end. The amount of toxic substances released from the whole
system considered can be calculated under accidental conditions. The
simulation trials are repeated as often as necessary to determine the
expected value of the amount released with sufficient accuracy.

Frequency of the occurrence of accidents is derived from the fault
trees. For this purpose cut-sets are determined and evaluated using
the known Vesely-relation.

Total risk of the whole system is calculated in the following manner:

NP
Rsystem = ^ (AMI ' H I )

NP = Total numbers of 'release-paths'

AMT = Expected value of the amount released by every 'release-path'

H-r = Analytically determined expected value of the frequency of a
x 'release-path'.

calculations of the amount of products released are based on two
assumptions:

a) the 'release-paths' are independent of one another,
b) moment and duration of change of a barrier state are independent

of the special cut-set causing change of state.

4. Models of the Barriers

The description of the models of the barries will be followed
individually. First of all, in order to have a better understanding
of the different criterion for the modelling, the simulation of the
barriers will be explained in general. The simulation of the off-gas
cleaning installations under normal and accidental conditions has to
be carried out with these models. All the process variables which in-
fluence the barriers or are being influenced by these must be covered
and treated accordingly to these models. Since the process variables
are being transfered from one barrier-model to another one, it is
urgently needed that each model is in a position to deal with all the
present variables even if it does not influence any particular vari-
ble and is also not being influenced by it. A list of variables which
have been taken into consideration for simulation of the PASSAT off-
gas system is shown in Fig. 3. A barrier-model should fit not only in
some particular off-gas system but should be as general as possible.
As a consequence to this, it should be flexible and easily adaptable
with regard to the sets of parameters. With sensible and skilful struc-
turing of the models care is taken of that these can be switched over
even to other larger or smaller sets of parameters. At the Institute
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for Nuclear-techniques of the Technical University in Berlin (West Ger-
many), a structure for the models has been developed which matches
these requirements closely. The models developed here are in principle
not confined to the number and combinations of the process variables.
Their application is however restricted because of the fact that the
mathematical description of the behavior of the models is valid within
certain range. Generally, with a little effort, these can be adapted
even to the other ranges of validity by inserting correlations which
describe the behavior of these barriers within these ranges. After
these initial remarks we shall be describing the modelling of each
barrier in detail. The essential barriers of the off-gas system are:

- packed fiber mist eliminator

- HEPA-filter

- iodine-sorption-filter

- heater

A modelling of the behavior of these components under normal and acci-
dental conditions is required in order to assess the behavior of the
off-gas system.

4.1 Packed Fiber Mist Eliminator

It removes droplet and solid aerosols from the off-gas. It con-
sists of not vitrified glass fibres with a packing thickness of 5 cm
and a packing density of 300 kg/m3. The interesting operating param-
eters of the separator are the decontamination factor for droplet as
well as solid aerosols and the pressure drop ove:1 the separator. Ex-
periments have been carried out at Nuclear Research Centre in Karlsruhe
(West Germany) to determine these values.

4.1.1 Droplet Aerosols

The separation of the larger drops (d>lum) takes place mainly due
to hindering and the effects of inertia. The drops strike the fibres
and are pressed through the fibre network by the gas. Very small par-
ticles are held back mainly by diffusional effects. The liquid which
has been held back flows down on the clean gas side of the network and
is withdrawn off.

The measurement of the decontamination factors for the droplet aerosols
dependent on the diameter of the drops has yielded values as shown in
jig. 4/2/.

The correlation used for this dependency is as follows:

log DF = 7.4 log d + 1.11

with d = diameter of the aerosols in um.

As evident from Fig. 5, this correlation describes the real behavior
satisfactorily within the range of 1.5<d<5um=

The measurements of the decontamination factors were carried out at
different volumetric flow rates and temperatures. However there was
no evidence that the decontamination factor depends on both parameters
within the realistic operational range of the PASSAT off-gas system.
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4.1.2 Solid Aersols

The experiments were also carried out to determine the decontam-
ination factor for solid aerosols. The model particles consist of
Uranin. The distribution of the particle diameter has been shown in
Fig. 6, the most frequent diameter of the particles occuring at 0.12
urn /2/, It was not possible to relate the decontamination factor with
the size of the particles, however a total decontamination factor was
determined for the given spectrum of the pai tides in dependence on
the volumetric flow rate. The following correlation was used for this
purpose.

D F = 1289-lQ^ + 1 0 6 2

V5.1

with V = flow rate in Nm3/h.

The correlation matches well with the experimental values for the
whole range as shown in Fig. 7 121.

4.1.3 Determination of the Pressure- Drop

Although the pressure drop does not have any influence on the se-
paration efficiency, still it is interesting to know about its value.
Complete information is not available for the pressure drop over the
separator in the off-gas system. Both the main parameters which in-
fluence the pressure drop are flow rate and loading. The pressure drop
in dependence on the flow rate is known only for the unloaded filter
and is determined with the following correlation:

p(v) mbar = 0.08 v + 1.6

where v = volumetric flow rate in Nm3/h.

The dependence of the pressure drop on loading is known only at a con-
stant flow of 75 Nm3/h and is determined by the correlation:

p(m) mbar = 0.09 m + 8

with m = loading in gm.

The pressure drop in dependence on loading and flow rate is determined
for the model of this barrier by the following correlation:

0'08'V + 1.6
p(m,v) = (0,09 m + 8) dKT;

0.08'75 + 1.6

with V a k t = actual flow rate in Nm
3/h.

i.e. the pressure drop will be calculated as a function of loading and
is corrected with a factor which is given on the basis of deviation
from a flow rate of 75 NmVh.

The modelling of the mist eliminator is an example for the description
of the behavior of a well known equipment on the basis of zhe measured
quantities. The adjustment to other operational ranges is possible by
means of changing the correlations.
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4.2 HEPA-Fiiter

The HEPA-filter cleans the off-gas from aerosols. It consists of
folded filter paper with a thickness of 0.4 mm.

The quantities necessary for modelling this filter are mainly the de-
contamination factor and the pressure drop over the filter.

4.2.1 Pressure Drop

Since the mechanical stability of the thin filter mat is very
small, the pressure drop over the filter plays a decisive role in the
operation of this component. If the pressure drop over the filter ex-
ceeds a certain maximum value the filter mat cannot withstand the
force and tears off. This leads not only to a distinct decrease in the
decontamination factor but also the filter cake which has already for-
med on the crude gas side is at least partially washed away and gets
on to the clean gas side. Thus, if the filter breaks through, it
looses not only its decontamination effect but also acts as a source
of aerosols.

The pressure drop in dependence on the loading is shown by Fig. 8. The
pressure drop over the filter is given by the Darcy equation:

KD = filter drag coefficient

n,-, = dynamic viscosity of the gas

V = flow velocity

hf = thickness of the filter mat.

The filter drag coefficient for the model is split as:

KD = K0 + KBel

KQ = filter constant of the unloaded filter

Kg ,= additive corrective term for the loaded filter

The values of KD and Kgel are determined with the help of the Darcy

equation from Fig. 8.

While KQ is a real constant, Kgel will be determined in each time in-

terval during the simulation.

4.2.2 Decontamination Factor

The values of the decontamination factor depending upon the size
of the aerosols are not known for this filter. Therefore a half em-
pirical formula of Friedlander was used wjiich will be explained as
follows. There are three main mechanisms which influence the separa-
tion of the aerosols on a filter mat. These mechanisms are:
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- influence due to the forces of inertia (the aerosols cannot follow
the path of the gas flow between fibres because of inertia)

- diffusion (contact with the particles because of the Brownian
movement)

- electrical effects.

For every single effect of separation there are a number of theoreti-
cal and half empirical solutions. The total separation efficiency,
however, cannot be calculated as a sum of each effect individually
and a solution which takes into account all the main three effects
is not available. The superposition of the effects due to forces
of inertia and diffusion is described by Friedlander as follows /3/:

KT_I 2 1/2
d . vGj A , UP

UD 1/6 1/2 2/3 1/2 1/2 3/2
vQ . df . dp . v vQ . df

eM = separation efficiency of a single fibre due to forces of
D inertia and diffusion

K = Boltzmann - constant

T = temperature in K

nG = dynamic viscosity of the gas

v« = kinematic viscosity of the gas

df = diameter of a fibre

d = diameter of the particle

v = flow velocity

(all units in cgs-system)

The first term of the equation describes the diffusional effects while
the second term takes into account the effects due to the forces of
inertia.

The total separation efficiency of the filter network is calculated as
follows:

with 2j 1_g # hf
a = n eMD ~T~ ' dj

& = porosity of the filter network
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hf = thickness of the filter network

This results in a decontamination factor

The decontamination factors determined in this way dependent on par-
ticle diameter have been illustrated in Fig. 9.

While simulating aerosol filter, the droplet and solid particles have
been treated equally and the swelling of the filter due to dampness
thereby resulting in the increase of the pressure drop has not been
considered.

If the filter breaks through ( p= 20 mbar), then it is assumed, that
the whole filter cake will be washed away within an hour and gets on
to the clean gas side.

H.3 Iodine-Sorption-Filter

A considerable amount of iodine is released during the dissolution
of the spent fuel. The off-gas system, therefore, has been provided
with an iodine filter. It is a chemisorption filter and consists of
silver impregnated silicagel. The decontamination factor for this
filter is largely dependent upon the retention time of the gas in the
filter and the relative humidity of the gas. The ir.aeasured deconta-
mination factors dependent on these quantities are illustrated in
Fig. 10.

The retention time determined not only by the geometric dimensions of
the filter but also by the loading which has already accumulated over
the filter. The filter has approximately a capacity of 12 kg of iodine
and is exchanged after a loading of nearly 80 %. In order to keep the
relative humidity as low as possible, the filter is operated at a tem-
perature of about 130° C.

A distinct decrease in temperature can result in a deterioration of
the decontamination factor because the relative humidity of the gas
increases with decreasing temperature. Apart from the excessive load-
ing of the filter, this is the single factor affecting the deconta-
mination factor which has been modeled. The resorption processes by
which iodine is released from the filter have been neglected. For
example3 high contents of nitric oxides in the off-gas system may
cause resorption.

4.3.1 Modelling of the Separation Efficiency

An eventual break down of the iodine filter has not been provided
in the modelling of this filter i.e. its decontamination factor will
be calculated in any case from the Fig. 10. However, it is quite
possible to obtain a decontamination factor near 1. Such a deconta-
mination factor is never reached because of a sudden failure of this
component but always due to relative gradual change of the state of
the gas or the loading.
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The curves of Pig. 10 have been provided with a raster (10 % relative
humidity). The actual values of the decontamination factor are deter-
mined by interpolating between the points of the raster in the direc-
tion of humidity as well as in the direction of retention time. It
was found, that each of the two centre-curves (Fig. 10) could be des-
cribed as a linear interpolation of the two neighbouring curves with
poor results only. The half logarithmic scale of Fig. 10 led to the
conclusion, that the logarithm of the decontamination factor should
be interpolated rather than the decofactor itself. This method was
tested with good success against the measured curves and then was
used to interpolate for the current values of the remaining retention
time and the relative humidity within the raster mentioned above.

Another quantity modeled is the pressure drop over the filter. The
values are known for this pressure drop in dependence on flow rate
and it can be calculated with the following correlation:

p = 0.73 * V1'28

with V = flow rate in Nm3/h.

The dependence of pressure drop on loading is not known.

4.4 Heaters

Two heaters are installed in teh PASSAT off-gas system, one in
front of the HEPA-filter and the other one in front of the iodine-
filter. They heat the off-gas to a temperature of 80° C and 130° C,
respectively which is the operating temperature under normal condi-
tions. This helps in keeping the relative humidity to an optimal level
for both filters which is a crucial factor in determining the behavior
of these components with respect to their decontamination factors.
Both heaters have been modeled identically. Although the model has
been developed for the PASSAT off-gas system, yet it can be adapted
to any other system because of its general nature keeping in mind
all the necessary points described already in the previous section
of barrier models.

It ivas observed that once the heater is switched on or off, it attains
the new stationary temperature after a transition stage which lasts
for an hour. Due to this fact, a model was developed which takes into
account the instationary behavior of this component. The following
assumptions have been made in the model:

1. The pressure drop over the heater is negligible.

2. The evaporation of water in the liquid phase, for example, when the
gas is over saturated, has been neglected.

3. The reduction of dropled aerosols to solid aerosols which can take
place due to evaporation of water has not been considered. It will
be necessary to account for this effect if the behavior of the
system is modeled for droplet aerosols.

4. fJo attention has been given to the geometric configuration of the
heater.
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The time dependent electrical power Pgl has two effects. Firstly, it

heats up the heat capacity of the heater which can also include the
capacities of other adjoining components. Secondly, it heats up the
gas by convective heat transmission. This is described by a heat con-
ductance aA.

The following balances have been used:

1. Heat output of the heater = heat taken by the gas

aA (6h - 6M) = c m (62 - 6±) (I)

2. One part of the electrical energy goes in the heat capacity of the
heater while the other part is transmitted to the gas by convection.

Pel * d t = Ch d6h + a A (6h " S.M) d t ( I I )

3. Mean temperature of the gas

(III)

Prom the above balances one can derive the following equation for the
exit temperature 62 by eliminating 6™ and 8.

2]{ aA + 2} dt ; C h
 + ZA d t ~ ; 6 2 " Ch

 + {^K~ 2] ~dt

+ (-c-f + ̂ A ^r>*i w
with L. = e m

The quantity L, has the unit of a heat conductance and is described

as transport conductance. It will be taken as time dependent because
a flow control might effect the mars flow rate and heat capacity c
depends on the composition of gas which also can vary with time.

Equation (IV) is a linear inhomogenous system with time dependent
coefficients. If one neglects the time dependence of the coeffi-
cients, the homogenous solution of this equation is as follows:

&2 = k e"t/T kel (V)

with the time constant as

(VI)

Equation (V) was programmed in discrete form.
The time dependent electrical power Pgl is treated as follows:

In defecb state Pgl is zero.
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In intact state, it will be adjusted during each time interval in such
a way that the stationary output temperature becomes equal to the re-
quired value, provided P -, does not exceed a maximum value or becomes
less than zero.

Symbols used:

h

5h

effectiv heat transfer area

heat capacity of the heater

specific heat capacity of the gas

mass flow rate Ikg/s

J/K]
' kg]

heat transfer coefficient

inlet gas temperature

exit gas temperature

mean temperature of the
of the heater

W/K m

heat capacity H
5. Assumptions and Results Simulating the PASSAT Of?-gas System

5.1 Feasible States of the Barriers and their Functions

Using the models described earlier the simulation of the off-gas
system has been carried out for normal and accidental conditions. The
off-gas source parameters have been listed in the chapter 'Operation
of PASSAT1. These parameters are kept constant in the evaluation of
the simulations, the source of the off-gas system has not been con-
sidered so far under accidental conditions. Likewise, the droplet
aerosols in the off-gas have been neglected, till now.

The mist eliminator does not go into defect state, it is always to be
at disposal. It has a decontamination effect for solid aerosols but
not for iodine.

The heaters have no decontamination effect at all. They compensate for
the deviations of the required temperature within their range of regu-
lation (range of regulation 0-3 kw, stationary output under opera-
tional conditions nearly 2.7 kw). Both the heaters have been modeled
identically, they differ only in the range of temperature in which
they operate. The heaters can take 'intact' or 'defect' state.

The aerosol filter does not have any decontamination effect for iodine,
it retains only aerosols. It can take 'intact' or 'defect' state; it
can fail either by chance or if the pressure drop exceeds 20 mbar,
then it fails deterministically. The filter cake is washed away com-
pletely within an hour.

The iodine filter does not have any stochastic defect state. It can
lose its effectiveness only due to excessive loading or because of too
high humidity of the off-gas. Irrespective of all the other influences,
its decontamination factor is always 2 for aerosols.

Nothing can be said about risk resulting from accidents, because no
calculations of failure probabilities have been performed. Those cal-
culations are planned for the future. Till today, only consequences
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have been considered.

5.2 Results

With the boundary conditions described earlier, a large number of
accidents are possible since each arbitrary combination of different
states of the barriers represents an accident. From these numerous
combinations, however, only two have significant effects. These are:

- the brakage of the HEPA-filter

- the simultaneous failure of befch heaters.

Therefore, these two accidents will be dealt with in the following sec-
tion.

5.2 Breakage of HSPA-Filter

This accident results in increase of the amount of aerosols re-
leased. It does not have decontamination effect any more and beyond
that it releases the stock which has already accumulated on it. There-
leases the stock which has already accumulated on it. The release of
the stock in this case is more dominant than the loss of decontamina-
tion effect. This result can be explained because of the fact that the
content of the aerosols in the gas is very low and besides HEPA-filter,
the mist eliminator is present which removes aerosols very effectively.

The deterministic breakage of HEPA-filter has in no case taken place
while simulating the PASSAT off-gas system i.e. the permissible pres-
sure drop of 20 mbar has never been exceeded. It can be exceeded due
to increase in flow rate under accidental conditions. A time dependent
model of the source is necessary for the investigation of the real dy-
namic behavior of the accident 'filter-breakage'. Such a modelhas been,
planned in the course of the further work. A flow controller will then
also be considered which can take 'intact' or 'defect' state. It will
then be possible to take into account the effects of other components
on the behavior of the filter.

5.4 Failure of Heaters

The failure of heaters result mainly in the release of iodine. In
contrast to filter breakage, this accident is a good example to demon-
strate, that the consequences can be highly dependent on the course of
accident. The failure of only one heater has no effect on the deconta-
mination factor for iodine.

Fig. 11 shows the progress of the accident when both heaters go out of
order almost simultaneously, About 0.7 hr after failure of heater 2,
heater 1 goes out of order and the temperature falls down to the en-
trance temperature of 30° C. About two hours after beginning of the
accident, the release-fraction of iodine increases because of the
increase in relative humidity of the off-gas and finally reaches
nearly 80 %. A similar type of accident is shown in Fig. 12, here
heater 1 goes out of order firstly and after about k.5 hrs the heater
2 fails. When the gas temperature behind heater 2 drops to 40° C, the
release-fraction of iodine increases clearly. The time taken to re-
pair the heaters is assumed to be 8 hrs. After repairing heater 1,
the release fraction is nearly at once very low again and therefore
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the simulation stops after 8 hrs. The effect of filter-loading has not
been shown in both Figures as the iodine filters were almost empty
in both simulation-trials. In the third example (Fig. 13) there Is a
gap of 7 hours between the failures of the two heaters. Thus, after
8 hours, when the repair of the first defect heater is finished, the
temperature of the gas has not fallen down to such a level which could
have resulted in a severe increase in the release-fraction. After 8
hrs, at the tim§ of the lowest temperature, the release-fraction is
still below Id"" % and then becomes less temporarily. By this time,
however, the iodine loading of the iodine filter has become excessive
and once more the release-fraction increases. That is caused by the
strategy decided for the simulation of the behavior of the personnel
of the off-gas section. It was assumed that while repairing defect
components no maintenance work, for example, change of filter, will
be undertaken. The release of iodine varying with the timely sequence
of the accident has been shown as follows:

A total number of 37 random trials 'both heaters defect1 were carried
out. On average 120 gms of iodine were released. The release of iodine
in each case is as:

- in 11 trials less than 1 gm

- in ^ trials between 1 and lo gm

- in 6 trials between 10 and 100 gm

- in 16 trials between 100 and 425 gm.

This finally leads to the conclusion, that the interaction of the com-
ponents of a multibarrier system can be described adequately by the
method of dynamic accident analysis. The insight in the behavior of
technical systems under accidental conditions is significantly better
than that gained with former (static) methods.
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DISCUSSION

MOELLER: What quantities of radioactive material would the
iodine releases you described represent?

FURRER: If the two heaters were out of operation, which we
don't believe would happen, the release of iodine would be some
number of Ci. If the PASSAT heater has a failure, we would have a
signal from the temperature controller. In a future plant the offgas
stream will be switched to a second heater.

Kovach, J.L.; What is the probability of the heater failures that
would result in an iodine release?

FURRER: The probability is very low. After three years of
experimental work at the PASSAT DOG cleaning facility, we had only one
failure at the heater in front of the iodine filter.
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A MODEL OF IODINE-129 PROCESS DISTRIBUTIONS
IN A NUCLEAR FUEL REPROCESSING PLANT

G. J. McManus
F. A. Duce
S. 0. Fernandez
L. P. Murphy

Exxon Nuclear Idaho Co.
Idaho Falls, Idaho, USA

ABSTRACT

This paper documents the development, demonstration and verification
of a model of iodine-129 pathways in a nuclear fuel reprocessing plant.
Laboratory experimental results are presented on iodine-129 chemical
forms and also on evaporator and solvent extraction behavior. In-plant
sampling results for all accessable processes are also reported. A com-
puter program using the developed model is documented. Although the ICPP
is somewhat unique in its processes it is believed these results can be
applied to other types of fuel reprocessing plants.

I. INTRODUCTION

All fuel reprocessing plants subject to EPA regulations must isolate
at least 99.75% of the iodine-129 in the spent fuel from the environment.
Therefore, all pathways in a nuclear fuel reprocessing plant containing
greater than 0.25% of the original iodine-129 must be identified and
characterized. This characterization must include all parameters influ-
encing eventual recovery and fixation of the iodine-129 from process
solutions, including 12»I concentration, chemical form, and volatility.

Other researchers have attempted to address this problem. Berg and
Schottelhopf attempted to close the iodine-129 mass balance around the
WAK (KarlsruheP. Yet because greater than 99% of the i 2 9I is vola-
tilized at the WAK into the dissolver off-gas, the partition of the re-
maining 129j int0 t n e downstream off-gas and liquid streams was uncer-
tain due to the small amounts being measured. The release of greater
than 99% of the iodine-129 into the dissolver off-gases may not be repre-
sentative of non-Euorpean fuel reprocessing plants. European plants
such at the WAK, use high temperature fumeless dissolving where oxygen
is added directly to the dissolver solution. This oxygen would subse-
quently oxidize any iodide to I2, which is then sparged from the dis-
solver into the off-gas.

However, in fuel reprocessing plants riot using fumeless dissolution
(Purex, electrolytic, etc.) pathways may be considerably different from
those found in the European plants. This study was undertaken to measure
the iodine-129 pathways in a more typical or "generic" fuel reprocessing
plant.
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The generic fuel reprocessing plant proposed by Davis^' iS shown
in Figure 1. In this fuel reprocessing plant, the nuclear fuel is de-
livered to a head-end step (graphite burner, volixidizer, etc.); the
iodine-129 may be partially released in this step (but much less than
99%). After dissolution, successive steps include solvent extraction,
nitric acid recovery, and liquid waste management.

HNOj
Rocoiwy

» Atmosphere

Figure 1. Generic Fuel Reprocessing Plant

To measure the iodine-129 pathways in a fuel reprocessing plant sim-
ilar to that shown in Figure 1, a three phase program was undertaken:
laboratory evaluation, in-plant sampling, and development of a computer
model. The first phase was used to identify those processes most likely
to be major pathways and to permit modeling of those unit operations
impossible to measure at ICPP. This phase included a laboratory evalua-
tion of the process chemistry, a review of past experience at the Idaho
Chemical Processing Plant (ICPP), and simulation of individual process
unit operations.

The second phase was the actual in-plant measurement of the iodine-
129 pathways. The ICPP was chosen as a suitable site to measure these
iodine-12£-pathways because it does not use fumeless dissolution and both
separation and waste management activities are performed at the same
site A block diagram of possible pathways at the ICPP is shown in Fig-
ure 2 All possible pathways identified by DaviSz>are present except
the head-end step. However, since it is not clear at the present time
that a head-end step will be required at future reprocessing plants, this
may not be a significant deficiency.

The third phase was the compilation of the pathways analyses into a
sinqle computer program. This program must be sufficiently flexible to
ored ct the effect of changes in process conditions on iodine-129 re-
leases Therefore, a fuel reprocessing plant that differs in some re-
spects fro* ICPP can still be described by the results presented here.
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II. LABORATORY EVALUATION

The purpose of the laboratory evaluation was to identify those pro-
cesses most likely to be major pathways and to permit modeling of those
unit operations impossible to measure jm situ. To accomplish these
goals, the laboratory evaluation was performed in three phases: 1) sta-
tistically correlate past off-gas and liquid iodine-129 releases with
plant processes to identify the major release points of iodine-129; 2)
determine the chemical forms of iodine-129 in the liquid process streams;
and 3) determine the chemical and physical behavior of 129j -jn different
plant processes. Each of these phases is discussed in the following
sections.

Statistical Correlation of Past Iodine-129 Releases

Liquid iodine-129 discharges for calendar years 1977-1979 and air-
borne iodine-129 releases for calendar years 1978-1980 were submitted to
multivariate analysis to identify the most probable 129j pathways.
Multivariate analysis methods* such as factor analysis, can obtain in-
formation about a process1 contribution to the 129j release based on
the radionuclides concentrations in a large number of samples. If one
or more radionuclides originate from the same source as does the iodine-
129, their variation as a function of time will be similar. By detecting
this common variability, sources can be identified.

Multivariate analysis begins with the construction of a correlation
matrix. This correlation matrix is constructed by calculating the iSea?
correlation coefficients between each combination (taken V w c a t \ JfJS
of nuclides in the data set. Correlation matrices for• aWe" u s * & i d u
charges were calculated (one each) for the years 1977-1979Similar I"
matrices for airborne iodine-129 releases 2re calculated (one matrfx
each) for the years 1978-1980. The eigenvalues of these matr"ces"were
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then calculated. The number of significant sources and their relative
contributions were then calculated from these eigenvalues.

The eigenvalues for the airborne iodine-129 releases for the years
1978-1980 indicate only one major source with one or possibly two minor
sources. Table I shows the major sources and the amount of the ^29I
Variation attributable to each source. From inspection of the airborne
L&i correlation matrices, *29I correlated with 1 4C, 3H, i25Sb 154Eu, and
1 3 4Cs in 1980; with 1 4C, 1 4 4Ce, and ^Sr in 1979; and with 60Co in 1978.

The correlation with 3H, 14C, and 125Sb in 1980 and 14C in 1979 in-
dicates the Waste Calcining Facility (WCF) is the probable release mecha-
nism and represents source 1 in Table I. Two additional facts that sug-
gest source 1 is the WCF (calciner) are the following. First, 50% of all
the iodine-129 was released from January to October when only the cal-
ciner operated. Secondly, ihe calciner was the only major process oper-
ating in 1979. The minor source (source 2 in Table I) is probably related
to dissolution and uranium separation. This would account for the ob-
served correlation of 1 2 9I with the fission products *44Ce, 1 3 4Cs, and
154Eu since these fission products are associated with dissolution and
solvent extraction. Source 3 in Table I probably represents a summation
of unaccountable minor sources and random analytical errors.

The eigenvalues for the liquid *29I releases for the years 1977-
1979 are similar to the airborne results in that only one significant
source is indicated, with one or possibly two minor sources as shown in
Table II. Examination of the correlation matrices shows that 1 2 9I
correlated with 106Ru, 238Pu, and 154Ey in 1977; with 90Sr, 1 3 7Cs, 2 3 8Pu,
and i54Eu in 1978; and with *52Eu and l54Eu in 1979.

TABLE I

MAJOR SOURCES OF AIRBORNE IODINE-129 RELEASES FOR
1978-1980 AND THEIR RELATIVE SIGNIFICANCE

1978 1979 1980
Source % Variance % Variance % Variance

1 37 55 57
2 21 17 21
3 15 13 14

TABLE II

MAJOR SOURCES OF LIQUID IODINE-129 RELEASES FOR
1977-1979 AND THEIR RELATIVE SIGNIFICANCE

1978 1979 1980
Source % Variance % Variance % Variance

1 44 40 47
2 23 18 24
3 33 , 42 29
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The correlation with 106Ru in 1977 and with 152» 154Eu in 1978 and
1979 indicate that some process related to the extraction columns is in-
volved. This conclusion is based on the high distribution coefficients
for ruthenium, actinides and lanthanides in TBP (tributyl phosphate). Two
additional facts that support this interpretation are the following.
First, 90% of the iodine-129 released during 1978 was during July-
October. This time period corresponds with the operation of the" first-
cycle extraction columns. Secondly, evaporator condensate samples were
collected on 27 September 1980 (before first-cycle startup) and on 15

?ctober 1980 (after first-cycle operation began). When analyzed for
29I these samples contained <lxlO"6 yCi129I/mL and 1.2 x 10~4 uCi129I/mL
respectively. These results indicate that extraction activities were a
significant source of iodine-129.

The other minor source (source 2 in Table II) is probably related to
calciner operations. The most probable pathway of iodine-129 from the
calciner to the aqueous release point would be condensation of iodine-129
from the calciner off-gas. Again, source 3 in Table II probably repre-
sents the sum of the contributions from minor, unaccountable sources and
random analytical errors.

Iodine-129 Species Distribution

As noted in the previous section, the statistical correlations indi-
cated that the caliciner is a significant source of the iodine-129 re-
leased to the atmosphere. For this to occur, a substantial amount of
iodine-129 must be in the calciner feed. Therefore, experiments were
performed to measure total 129I and the chemical species distribution
in calciher feed solutions.

Using a previously reported 129I species separation procedure^ five
calciner solutions were analyzed. The samples were; (1) and (2) calciner
scrub solutions; (3) a 5 to 1 mixture of high-level zirconium fluoride
and high sodium concentration waste; (4) high-level zirconium fluoride
waste; and (5) a 5 to 1 mixture of zirconium fluoride waste and high so-
dium concentration waste blended with recycled scrub solution. The scrub
solutions were 2M HNO3 used to scrub the WCF off-gas. The results of
these analyses are shown in Table III.

TABLE III

RESULTS OF 1 2 9I ANALYSIS OF WASTE CALCINER SOLUTIONS

Sample Reduced ^29I Oxidized *29I PercenJ: Reduced
Number ( C i / L ) ( C i / L ) ^9

Reduced ^29I
(nCi/mL)

1.81+0.20
0.89+0.09
0.49+0.05

Total *29I =
1.14+0.20

Oxidized 1 2 9I
(nCi/mL)

0.47+0.05
0.40+0.04
0.34+0.04
1.53+0.20
0.58+0.06

1 1.81+0.20 0.47+0.05 80+12
2 0.89+0.09 0.40+0.04 69+10
3 0.49+0.05 0.34+0.04 59+9
4 *29

5 1.14+0.20 0.58+0.06 66+5
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It appears from these limited data that the iodide/total iodine
ratio is a constant (2/3). At this point an attempt was made to develop
a thermodynamic model of the calciner feed solution consistent with the
determined r/total iodine ratio. The pertinent equilibrium equations
and oxidation/reduction potentials are shown below in equations 1-5.

H5IO6 + H+ + e" = IO3 + 3H20 (-1.7 V)
IO3 + 5H+ + 4E- = HOI + 2H2O (-1.14 V)
I" + H+ + e" = h I2(aq) +H2O (-1.15 V)HOI

HOI = H + + 01-
h I2 (aq) + e- = I- (-0.83 V)

(1)
(2)
(3)
(4)
(5)

These equilibrium equations were thought to be the most appropriate
in the pH range (0 to -0.2) and oxidation-reduction potential (+800 to
+850 mV) found in calciner feed solutions.

From equation 1-5 the preponderance area diagram shown in Figure 3
was constructed using well known graphical techniques^ The diagram
plots logarithmic oxidation-reduction potential versus logrithmic H +

activity (i.e., pE vs pH). Each area of the diagram is labeled with the
single most predominant species for the pE and pH conditions of that
area. Lines between areas graphically represent the pE and pH values at
which species adjacent to the linas are in equal concentrations. Equi-
librium equations, in logarithmic forms, for the equilibrium lines are
also shown in Figure 3. The system pE and pH were measured and are shown
on the diagram as a black square.

Solution of equilibrium Equation 2 with these data predicts that 73%
of the total iodine is present as iodide ion. This is in excellent agree-
ment with the experimental results obtained by the resin technique of 69
+ 9% iodide ion.

2 2 6 10 14

PH

Figure 3. pE vs pH For lodln« System
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Laboratory Simulation of First-Cycle Solvent Extraction Flowsheet

A series of laboratory experiments were performed to better deter-
mine the pathways of 129j through a uranium recovery solvent extraction
scheme. The experiments simulated the first-cycle extraction flowsheet
shown in Fiayre 4. All tests were done in 250 mL glass separatory fun-
nels with 125I as a tracer. Six extraction tests were performed: three
using a simulated coprocessing feed (coprocessing feed is similar to zir-
conium feed except it contains mercuric nitrate) and three using a simu-
lated zirconium feed. Milligram quantities of stable iodine-127 (added
as I") were added to one of the zirconium extractions and to two of the
coprocessing extractions. The iodine-125 tracer was added to the feed
and allowed to equilibrate overnight. Previous work has shown this equi-
libration time to be sufficient for isotopic exchange.13' Equal amounts
of aqueous feed and organic (10% TBP in tetradecane) were then mixed
together in the separatory funnel for one to two minutes. After separ-
ating, the aqueous and organic phases were drawn off and counted separ-
ately on a Low Energy Photon Spectrometer (LEPS) to determine the iodine-
125 distribution. Similar tests were done for the other four unit
operations. The results of all six tests are presented in Table IV.

TABLE IV

Unit
Operation

Extraction (Zr)

Extraction
(coprocessing)

Scrub

First Strip

Second Strip

Cabonate Wash

As shown in this table, the majority of the iodine remains in the
organic and is not easily stripped. Therefore, there will be an iodine-
129 buildup in the organic phase until equilibrium is reached. Based on
the distribution coefficients shown in Table IV, equilibrium will be
reached after the organic has been cycled 5-10 times. After equilibrium
has been reached, 80-90% of the iodine-129 entering the extraction column
will exit with the raffinate. The remaining iodine-129 leaving the ex-
traction column is then distributed to second-cycle extraction, to the
ILW waste evaporator, and to the solvent burner.

Aqueous
Composition

Zr Waste

Zr Waste + Hg

0.7M Al(N03)3
+ 0.3M NH4(0H)

0.005M HNO3

0.04M HNO3

0.1M Na2C03

Distribution
Coefficient

4

4

7.2

<30

9.2

9.9
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Synthetic
Feed(ZrorAI)

if-
Al <NO3)3

NH4OH O.OOS M HNO 3 Organic

C.04 M HNO3 0.1 M Na2CO3

2nd Strip

01

I
Carbonate

Wash

J T

,

Aqueous
RaHJnate

Aqueous
Raffinate

Raflinate

Organic
10% TBP

90% Tetradecane eCPP-S-7SS6

Figure 4. First Cycle Flowsheet

To determine the effect of chemical form on the iodine-129 distribu-
tion coefficient, the chemical species distribution before and after ex-
traction was measured by the anion exchange method previously presented.
The first cycle distribution coefficient varied from 8.6 for the reduced
chemical forms to 0.83 for the oxidized forms. This means either that
the iodine species distribution must be known to predict the solvent ex-
traction behavior of iodine-129, or a range of distribution coefficients
must be used in the model.

Laboratory Simulation of HLW Evaporator

Since statistical correlations identified the evaporation process as
a liquid l^I release pathway, a HLW evaporator was simulated in the
laboratory. Using the apparatus shown in Figure 5 two types of HLW, each
containing ^5j tracer, were investigated. Table V shows the composi-
tion of these two wastes.

Each of these two wastes was evaporated with different distillation
rates and for each of these rates the iodine-125 in the condensate, bot-
toms, and off-gas was measured (Table VI). As indicated in Table VI, no
more than 4% of the iodine was emitted to the off-gas during evaporation.
The fraction of the iodine in the condensate is significantly higher for
Type 2 wastes and increases slightly at higher distillation rates. There-
fore, the major iodine-129 pathway leaving the HLW evaporator appears to
be the condensate waste stream that leads to the ILW evaporator. The high
solubility of the volatilized iodine suggests the formation of I2 during
HLW evaporation, but this question was not addressed in these experiments.
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500 ml
Flask to Collect
Condensate

2-L Round Bottom
Flask Containing
Waste Solution

Electric Heating
Mantes with
Temperature Control

To Air Line

Figure 5. HLW Evaporator Simulation Apparatus

TABLE V

ICPP-S-7887

Species

H+

Al3+

Pg2+, 3+

F"

ci-

Na+

NO3

SO52

Waste Type 1
(Molar Concentration)

1.26

0.51

0.064

0.068

0.0008

0.0222

3.34

0.041

Waste Type 2
(Molar Concentration)

1.40

0.65

0.039

0.016

0.0073

0.67

4.40

0.76
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TABLE V I

RESULTS OF KLW EVAPORATOR SIMULATION3

Feed
Type

1
1
1
2
2
2

Distillation
Rate

(mL/min)

1.13
1.43
2,93
1.39
1.46
2.90

Condensate
/ $j \

V /

58
45
54
38
64
84

Bottoms
/ Qf \

V /
16
39
23
23
24
19

I n

Off-Gas

2
1
1
4
4
1

a Percentages may not add to 100% due to analytical uncertainties

H I . IN-PLANT SAMPLING

To verify the data from the laboratory studies, actual plant proces-
ses were sampled, including:

1) Waste solidification feed solutions, scrub solutions, and off-
gas;

2) Dissolver off-gas;
3) First-cycle raffinates:
4) ILW evaporator (Process Equipment Waste or PEW) condensates,

bottoms, and off-gas;
5) Other process off-gases.

The results of the in-plant sampling are presented in the following
sections.

Waste Solidification (WCF) Sampling

From the previous laboratory analysis, it is apparent that more than
80% of the iodine-129 charged to the first-cycle solvent extraction pro-
cesses remains in the aqueous raffinate and is eventually solidified in
the calciner. In addition, the statistical correlations presented pre-
viously showed that the calciner is a major airborne release mechanism
for iodine-129. Therefore, an iodine-129 mass balance was performed
around the calciner to better characterize calciner emissions.

Two sample periods were used to perform the mass balance calcula-
tions. The first period was after four months of operation and the
second was after one week. Each sample period consisted of raw feed and
scrub solution samples and off-gas samples taken at calciner stations 3,
4, 5, and after the Atmospheric Protection System (APS) (Figure 6). The
results of mass balance calculations for periods 1 and 2 are shown in
Figures 7 and 8, respectively.
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Recycle
Tank
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Vessel Off-Gas

Sampling Points
• s

4

Scrubber
Off-Gat
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Solids To Storage
Stack

(Stack) ( APS '

Sampling Points

Figure 6. WCF OSf-Ga* System
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t To
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i
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FIGURE 7

WCF MASS BALANCE AFTER 3 MONTHS OPERATION

ICPP-S-K17
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Mix
Tank

i t
Raw Feed
Storage

Tank

128%

Scrul

Calcinsr
Vessel

58%

t Solution Recycle

28%

Venturl
Scrubber

30%

Silica
Gel

Adsorber

APS
2 2 * To

SUck

23%

HEPA

FIGURE 8
WCF MASS BALANCE AFTER 7 DAYS OPERATION

!CPP-S-»S11

The following conclusions were drawn from the data presented in
Figures 8 and 9.

1)

2)

3)

Between 14% and 31% of the iodine-129 charged to the calciner
as blended feed is released to the atmosphere.

Iodine-129 builds up in the recycled scrub solution. This is
illustrated by the difference in scrub solution concentration
between sample period 2 (after one week of operation) and sample
period 1 (after four months of operation). This indicates that
iodine-129 releases will increase as a calciner run progresses.

The combined removal efficiency of the silica gel absorbers,
HEPA filters and the APS for iodine-129 is less than 30%, and
of the three removal systems, the silica gel absorber is the
most efficient control device in the off-gas cleanup system.
The transmission of iodine-129 through the calciner vessel ap-
pears to increase as a calciner run progresses.

In addition to the mass balance performed for total " y I , the
chemical forms of the 129-1 released to the off-gas were measured. The
procedure for performing these measurements is described elswhiere»} The
results of this sampling is s;hown in Table VII. The significance of the
large organic fraction shown in this table is that plateout may be only a
minor component of the overall decontamination factor of the off-gas
cleanup systems.
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TABLE V I I

WCF GASEOUS 1 2 9 1 SPECIES DISTRIBUTION

Chemical
Form

h

HOI

Organic

Fraction Emitted
From WCF (%)

15

21

64

Dissoiver Off-Gas Sampling

To test the previously presented prediction that the dissolver off-
gas was only a minor release point for 129jf in-plant off-gas samples
were taken. Both the zirconium fuels dissolution and aluminum fuels
dissolution processes were sampled. A diagram of the two off-gas system
sampled and the sampler locations are shown in Figure 9.

Zirconium Dissolver
Off-Gas

Ventilation
Oil-Gut

Aluminum Dissolver
Ofl-Gai

Atmospheric
Protection

System
(APS)

100,000 elm

3,000 ctm

Stack

Figure 9. Oissolver Off-Gas Sampling Points
ICPP-S7S8S

The location of the aluminum dissolver sampler is shown in Figure 9
as SI. The sampling method has been presented previously®. Briefly,
two samples were collected on TEDA impregnated charcoal beds with a sam-
ple flowrate of 1 L/min. The first sample was taken over a 6.7-hour
period; the second sample was collected for 52.8 hours. The average ̂ 9 I
concentration that would be expected if 100% of the 129j Was volatilized
was calculated and then compared to the amount of iodine-129 found on the
charcoal beds. The results are shown in Table VIII. As can be seen from
this table, less than 1 percent of the 129j -jn the spent fuel charged
to the aluminum dissolver is volatilized onto the process off-gas.
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TABLE V I I I

RESULTS OF ALUMINUM DISSOLVER OFF-GAS SAMPLING FOR

1 2 9 I Collected
Sample (nCi)

1 <0.05
2 <0.05

Measured
1 2 9I Off-Gas
Concentration
(yCi/cc)

<1.25 x 10"10

<1.58 x 1O"11

Maximum Possible
129r off-Gas

Concentration
(liCi/cc)

1.66 x 10-8
1.66 x lO"8

Percent 1 2 9I
Volatilized

<0.75
<n.io

A slightly different procedure was used for sampling the zirconium
off-gass indicated as position S2 on Figure 9. Longer sample periods and
larger sample volumes were required because of the larger amounts of
dilution air at S2 (2000:1 dilution versus 60:1 at SI). In addition to
charcoal beds, two samples were subsequently collected using silver zeo-
lite beds in the same sampler configuration. After sampling, the beds
were homogenized and the 1 2 9I counted directly on a LEPS. As was done
with the aluminum off-gas, the average amount of iodine-129 that would
be released from the zirconium dissolver if 100% of the 129I was vola-
tilized was calculated and then this amount was compared to that found
on the samples (Table IX). As can be seen from Table IX, less than 5%
of the iodine-129 charged to the zirconium dissolver is volatilized into
the off-gas. Therefore, as the sampling of both aluminum and zirconium
dissolution suggests, fuel dissolution is not a major iodine-129 released
point to the atmosphere.

TABLE IX

RESULTS OF ZIRCONIUM OISSOLVER 0FF-6AS
SAMPLING FOR IODINE-129

Sample

Back-
ground

1

2

3

4

5

6

7

Bed
Type

Charcoal

Charcoal

Charcoal

Charcoal

Charcoal

Silver
Zeolite

Silver
Zeolite

Charcoal

Sample
Duration
(min)

5640

4633

4420

4420

6957

4320

14130

16130

Sample
Flowrate
(L/min)

14.5

11.8

12.3

12.6

11.8

11.8

14.8

14.8

Measured
Off-Gas

Concentration
(uCi/cc)

2.97 x 10-1°

<4 x 10-12

<4 x 10-12

6.2 x 10-12

6.3 x 10-12

2.45 x 10-H

4.8 x 10-12

1.74 x lO-H

Maximum
Possible
Off-Gas

Concentration
(uCi/cc)

....

4.44 x 10-1°

2.75 x 10-10

3.92 x 10-1°

4.03 x 10-10

4.77 x 10*10

5.30 x 10-10

4.06 x 10-10

Percent

Volatilized

....

<0.9

<1.5

1.6

1.6

5.1

0.9

4.3
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Uranium Recovery Process Stream Samples

To verify the laboratory solvent extraction results, actual first-
cycle process stream samples were collected. However, due to the high
radiation levels only a limited number of streams were sampled. The
streams that were sampled and their 129I content are shown in Table X.
The two organic feed samples were taken three days apart and indicate
that the "'I concentration does reach an equilibrium value. From the
organic feed concentration in Table X and the distribution coefficients
measured in the laboratory (Table IV), a predicted carbonate wash raffi-
nate concentration of 0.006uCi/L was calculated. This is in reasonable
agreement with the measured value of 0.0089uCi/L in Table X. Assuming
an average value of 0.016uCi/L for the solvent burner feed solution
and an average flowrate of 5L/min, the solvent burner would not release
more than 1% of the total *29i processed to the stack.

TABLE X

RESULTS OF THE 1 2 9I ANALYSIS FOR FIRST-CYCLE PROCESS STREAMS

Sample Iodine-129
Description Concentration (pCi/L)

Solvent Burner 0.004
Feed Solution
Solvent Burner 0.048
Feed Solution

Organic Feed 0.0562
Solution

Organic Feed 0.0568
Solution

Carbonate Wash 0.0089
Raffinate

In-Plant Sampling of ILW Evaporator

Because any aqueous iodine-129 that reaches the environment from the
ICPP must pass through the ILW (Process Equipment Waste or PEW) evapora-
tor, a sampling and analysis program around the PEW was performed. Sam-
ples of the feed, condensate, and bottoms were analyzed. Two sets of
samples were collected: one when only the WCF was operating and one when
only the uranium recovery process was operating. The results of both
sample periods are summarized in Table XI; the source of iodine-129 to
the PEW during each sample period is summarized in Table XII. These
tables indicate that when the WCF is in operation the APS condenser ac-
counts for 87% of the iodine-129 sent to the PEW; when the WCF is shut-
down it accounts for only 13%. In addition, the amount of iodine-129
sent to the PEW from the APS co.idenser is an order of magnitude higher
during WCF operation than during the uranium recovery process. There-
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fore, during WCF operation, the major aqueous release of iodine-129 is
due to condensation of calciner off-gas.

This may also explain why the organic fraction of the *29I released
from the WCF is high. The inorganic 1Z9I chemical forms would be prefer-
entially condensed leaving behind the organic x * y I . Another plausiole
explanation is possible reactions with unburned kerosene in the calciner
vessel. It is also clear that much more 129I is released from the bot-
toms by the ILW evaporator than from the HLW evaporator. This may be due
to the greater organic content of the PEW feed solutions. This conclusion
was supported by the fact that the evaporator iodine off-gas emissions
were almost entirely comprised of organic iodides^

TABLE XI

RESULTS OF IODINE-129 ANALYSIS OF
PEW EVAPORATOR FEED SOLUTION,

CONDENSATE, AND BOTTOMS

Operation

WCF

URANIUM
PROCESSING

Operation

WCF

URANIUM
PROCESSING

Off-Gas Condensate
(Percent of Total) (Percent of Total)

<10 >90

<10 >90

TABLE XII

SOURCES OF IODINE-129 IN PEW

Fraction 129l from

APS Condenser (%)

87

13

Other Processes Off-Gas Sampling

Bottoms
(Percent of Total)

<1

<1

Fraction 129I from
Stored Waste (%)

13

87

In addition to the off-gas sampling already described, three other
off-gas streams were sampled; 1) the APS process off-gas during plant
shutdown, 2) ventilation off-gas during plant shutdown, and 3) the vessel
off-gas (VOG) system. Insignificant amounts of 1 2 9I (<0.25% of inventory
during processing) were measured in the process off-gas and ventilation
off-gas lines during plant shutdown.
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The results of the vessel off-gas sampling showed that the only time
detectable quantities of iodine-129 were released was during first-cycle
raffinate transfers. This is to be expected because of the atomizing
effect of the airlifts used in these transfers. Even though the iodine-
129 in the VOG is detectable during transfers (2.9 x lO"1^ uCi/cc), the
detected l i 9I accounts for an insignificant fraction of the 1**1 released
from the stack (<0.25%).

IV. COMPUTER MODEL OF IODINE-129 PATHWAYS

Using the data from the laboratory evaluation and in-plant sampling
sections of this paper, a computer program that models the ̂29j pathways
was written. The program consists of a series of subroutines based on the
major plant processes. These processes include: dissolution and first-
cycle extraction, second-cycle extraction, HLW calcination, HLW and ILW
evaporation. These subroutines were then combined into the program shown
in Appendix I.

Model Verificaton
To verify the accuracy of the computer program four different oper-

ating period, representative of each major plant process at the ICPP,
were selected. These time periods, not used for in-plant sampling were:

1) Simultaneous operation of zirconium dissolution, first-cycle
extraction, and waste calcination;

2) Simultaneous coprocessing dissolution and first-cycle
extraction;

3) Simultaneous electrolytic dissolution, first-cycle extraction
and HLW evaporation;

4) Only HLW calcination.

The results shown in Table XIII were obtained using the process
flowsheet values for flowrates and flow ratios and the laboratory deter-
mined values for the distribution coefficients. These results compare
the sum of the calculated gaseous and liquid ^29I discharges to the
sum of the measured gaseous and liquid *•"! discharges. The uncer-
tainty in these releases was also calculated based on the total 129j
charged to the plant during these periods. This value is of interest
since the EPA regulations are based on the total 129I generated in the
nuclear fuel cycle. The least uncertainty was during the period when
only the WCF was operating. This may occur because all subroutine para-
meters were determined by in-plant sampling.

The results obtained when the dissolution/first-cycle subroutine is
employed are least accurate, with uncertainties ranging from 12-25%.
There are three possible explanations. 1) A conservative 5% of the i*9I
input to the dissolvers is assumed to be released into the off-gas. Since
this 5% represents an upper limit, the off-gas release may be overesti-
mated and the input to the solvent extraction columns may be underesti-
mated. 2) The distribution coefficients for the first-cycle solvent
extraction column vary from 0.8 for oxidized iodine species to 8 for re-
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TABLE XIII
UNCERTAINTY IN PREDICTED ENVIRONMENTAL RELEASES

Uncertainty Based Uncertainty 8ased
Processes Operating on Release (%)a on Input (%)b

Zr Dissolution -11.6% -4.0%
First-Cycle Extraction
Waste Calcination
Al + Zr Dissolution +25% +3.5%
First-Cycle Extraction
Electrolytic Dissolution +8.8% +3.6%
First-Cycle Extraction
HLW Evaporation
Waste Calcination +0.5% +0.4%

a Uncertainity Based = Calculated - Measured x
Calculated

Uncertainity Based = Calculated - Measured x iOo%
Feed to Plant

duced species. Therefore, small changes in the iodine species distri-
bution will cause large changes in the first-cycle distribution coeffi-
cients. Best agreement between predicted and measured environmental
releases was obtained with distribution coefficients in the range of
3-4, in agreement with the laboratory experiments presented previously.
3) Historically, the solvent extraction process varies significantly
from flowsheet values. These deviations from flowsheet values would
result in increased uncertainties.

Overall, it appears the computer program (listed in Appendix I) can
predict total environmental ld*l releases within 10-25%.

V. CONCLUSIONS

The following conclusions were reached as a result of the work de-
scribed here. First, two-thirds of the iodine-129 found in the aqueous
waste streams is iodide, with the remaining one-third in higher oxida-
tion states. This species distribution can be explained based on the pH
and oxidation-reduction potential of dissolver solutions. Only a small
fraction (2-5%) of the iodine-129 entering the plant in the spent fuel
elements is released into the off-gas during dissolution. The remaining
iodine-129 is distributed through the plant processes with waste solidi-
fication being the major atmospheric release point and ILW evaporation
being the major liquid release point. Only 14-31% of the 129! Charq»d
to the HLW calcination process as blended feed is released to the atmos-
phere. This is due to the recycled scrub solutions that remove 45-65%
of the volatilized iodine-129. However, this collected I29j is reVolati-
lized when these scrub solutions are solidified.
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A flow diagram of iodine-129 transport through a nuclear fuel repro-
cessing plant was constructed using the ̂29j process distribution comput-
er program listed in Appendix I. The results are shown in Figures 10 and
11. Figure 10 illustrates transport without HLW evaporation and Figure
11 illustrates transport with HLW evaporation. Both cases assumed a
first-cycle extraction distribution coefficient of 4. From these two
figures it can be seen that the HLW evaporation process will determine
if the major *29| release point is the off-gas or liquid waste streams.

In conclusion, it appears the computer program listed in Appendix I
can accurately predict environmental releases within 10-25%.
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APPEEDIX I

10 PRINT 'INPUT THE FLOWRATE TO THE EXTRACTION COLUMN IN L/HR*
20 INPUT F9
30 F9=F9/3.785
40 PRINT 'INPUT THE A/0 RATIO FOR THE EXTRACTION COLUMN*
50 INPUT AJt
60 PRINT 'XNPUT THE A/0 RATIO FOR THE SCRUB COLUMN*
70 INPUT A2
80 PRINT 'INPUT THE A/0 RATIO FOR THE STRIP COLUMN*
90 INPUT A3
100 PRINT "INPUT THE A/0 RATIO FOR THE SECOND STRIP"
110 INPUT A4
120 PRINT 'INPUT THE A/0 RATIO FOR THE CARBONATE WASH*
130 INPUT A5
140 PRINT "INPUT THE DIS. COEF. FOR THE EXTRACTION COLUMN*
150 INPUT El
160 PRINT "INPUT THE DIS. COEF. FOR THE SCRUB COLUMN'
170 INPUT E2
180 PRINT ' INFUT THE DIS. COEF. FOR THE STRIP COLUMN*
190 INPUT E3
200 PRINT '•INPUT THE DIS. COEF. FOR THE SECOND STRIP'
210 INPUT E4
220 PRINT 'INPUT THE DIS. COEF. FOR THE CARBONATE U.4SH'
230 INPUT E5
240 PRINT 'INPUT THE • OF uCi OF I-i29 SENT TO THE DISSOLVER/DAV
250 INPUT F
2<40 PRINT • INPUT THE • OF OPERATING BAYS"
270 INPUT D
2B0 Fl-F/24
290 N»D*24
300 Y4-0
310 Sl-0
320 Rl-G
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330 P=>0
310 M9=0
350 P1=O
360- Y3=»0
370 K2=0
380 Z9=0
390 Y7«0
400 N=N-1
4X0 FOR Z*0 TO N
420 S=0rO5*Fl
430 F2=F1-S
440 F2-F2+Z9
450 R=(F2+Y4)/<E1/A1+1>
460 Y=»R*E1/A1
470 Z9=Y*<A2/E2/<1+A2/E2>)
480 Y=»Y-Z9
490 Y2=Y*<A3/E3/O+A3/E3>)
500 Y1-Y-Y2
510 Y3=Y1*<A4/E4/(1+A4/E4))
520 Y1=Y1-Y3
530 P=Yl*<A5/E5/a+A5/E5)>
540 Y4=Y1-P
550 Y6=Y2+Y3
560 K=0.054SY6
570 Y5=Y6-K
580 P2=Y5*0.85
590 S2=Y5*0.05
600 Y5«Y5*0.1
610 S1=S+S1+S2
620 R1=R+R1
630 Fl=P-3-Pl+P2
640 Y7=Y7+Y5
650 K2=K2±K
660 NEXT Z
670 PRINT " THE AMOUNT OF 1-129 SENT TO THE STACK IN '.Df DAYS'
680 PRINT 'IS 'fSlf uCi. THIS CORRESPONDS TO AN AVERAGE'
690 S2=S1*2.45E-13/D
700 PRINT ' CONCENTRATION OF •fS2J* uCi/cc'
710 -PRINT lTHE AMOUNT OF 1-129 SENT TO THE PEW IN '(Df DAYS IS'
720 PRINT Plf" uCi"
730 PR-INT "THE AMOUNT SENT OUT IN THE FIRST CYCLE RAFFINATE IN*
740 PRINT Di1 DAYS IS 'fRl}" uCi. THE TOTAL VOLUME MAS •JF9*24*D;* GALS'
750 PRINT 'THE CONCENTRATION OF THE 1-129 IN THE RAFFINATE WAS*
760 PRINT R1/<F9*D*24»3.?85)S« uCi/L*
770 PRINT 'THE AMOUNT OF 1-129 SENT TO THE SOLVENT BURNER IN «JDf DAYS'
780 PRINT 'HAS "SK2
790 PRINT * THE AMOUNT OF 1-129 SENT THE SECOND CYCLE IN •?!>}• DAYS'
800 PRINT 'IS 'fY7
810 GOSUB 2270
820 GOSUB 2S10
830 GOSUB 2640
940 PRINT 'IS THE 1ST CYCLE RAFFINATE TO BE CALCINED DIRECTLY l=Yf2=N«
850 INPUT H
860 GOSUB H OF 9<>'.'»870
870 PRINT «IS HLLU EVAPORATION DESIRED l=YESr2=NQ'
880 INPUT H
890 GOSUB H OF 1660t910
900 GOSUB 960
910 PRINT 'SINCE NO CALCINATION OR HLLW EVAPORATION IS DESIRED THEN*
920 PRINT Rlf uCi OF 1-129 FROM THE FIRST CYCLE IS SENT TO TH£ "
930 PRINT 'TANK FARM'
940 GOSUB 2390
9S0 GOSUB 2610
960 REM CALCINER SUBROUTINE
97t .'RINT 'INPUT THE X REMOVAL IN SCRUBBER'
980 INPUT K
990 K=K/100
1C00 PRINT 'INPUT THE SCRUB FLOWRATE IN GAL/HR*

1010 INPUT D9
1020 IF M9=9 THEN 1070
1030 J=F9
?O4O IaRl/<F9*24*D*3.785)
1050 L=*D
1060 GO TO 1080
1070 GOSUB 2940
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1080 R»O
1090 X»0
1100 A-0
1110 E-0
1120 H*0.42
1130 P=0.755
1140 K=L*24/(1400/J>
1150 G*1400/J
1160 B=R1*1000/<D*24*3£00>
1170 FOR T=l TO M
1180 F=3600*B*G
1190 F»F*H
1200 A=F*K+E
1210 OA*2.642E-7
1220 S»C*D?*1.051
1230 B«I*J+S
1240 E-0.8SA
1250-IF H»>1 THEN 1280
1260 H-H+0.0025
1270 IF H<1 THEN 1290
1280 H-l
1290 N«B-S
1300 N«N*1400*3600/J

1320 IF P=>1 THEN 1340
1330 IF P<1 THEN 1350
1340 P-l
1350 O«N*P
1360 0*0*0.97
1370 Y=O-Q
1380 X=X+Y
1390 R-R+Q
1400 NEXT T
1410-U-R/<L*86400)
1420 V»Q*J*2.OE-7
1430 W-VV2.1186E-8
1440 A-X/<L*84400>
1450 PRINT "AFTER *fU e DAYS OF OPERATION THE CONCENTRATION OF THE'
1460 PRINT 'SCRUB SOLUTION IS °id'nCi/aL'
1470 PRINT
1480 PRINT 'AND THE SCRUB SOLUTION RECYCLE RATE IS •
1490 PRINT SS'nCi/sec*
1500 PRINT 'AFTER '.Li' DAYS OF OPERATION THE AVERAGE 1-129 •
1510 PRINT 'FLOWRATE OUT THE STACK IS 'SU5'nCi/sec'
1520 U=U*1.0E-3*3600*24*L
153& PRINT "AND THE PRESENT FLOWRATE IS •pVi'nCi/sec"
1540 PRINT '
1550 PRINT 'ASSUMING AN AVERAGE STACK FLOW OF 100000 CFM THIS RESULTS'
1560 PRINT 'IN A 1-129 CONCENTRATION OF 'iWJ'nCi/cc'
1570 PRINT
1580 PRINT 'THE AVERAGE AMOUNT OF 1-129 SENT TO THE PEW FROM THE APS'
1590 PRINT 'DURING THE '»LJ' DAYS THE CALCINER WAS OPFRATING WAS'f
1600 PRINT Ar'nCi/sec*
1610 S2-A*1.0E-3*3600*24*L
1620 GOSUB 2380
1630 GOSUB 2590
1640 PRINT
1650 REM HLLW EVAPORATOR SUBROUTINE
1660 REM C IS 1-129 CONCENTRATION IN nCi/L*
1670 C=R1*1000/(F9*D*24)
1680 REM INPUT FLOWRATE OF CONDENSATE F
1690 PRINT 'INPUT THE RATE OF DISTILLATION IN GAL/HR'
1700 INPUT F
1710 REM INTIAL VOL CHARGED TO THE EVAPORATOR V
1720 PRI 'INPUT THE INTIAL VOLUME OF FEED CHARGED TO THE EVAPORATOR IN'
1730 PRINT- 'GAL*
1740 INPUT V
1750 REN INPUT HR BETWEEN BATCHS H
1760 PRINT 'INPUT THE NUMBER OF HOURS BETWEEN BATCHS'
1770 INPUT H
1780 «EM INPUT * OF DAYS OF OPERATION D
1790 PRINT 'INPUT THE NUMBER OF BATCHS BETWEEN BOTTOM TRANSFERS'
1800 INPUT N
1810 G-FtH
1820 B9-V-G
1830 REM INPUT • OF DAYS OF OPERATJON D
1840- PRINT 'INPUT THE • OF DAYS THE EVAPORATOR IS IN OPERATION'
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1950 INPUr D
1860 V9*B9*D*24/CN*H>
1870 K=>0
I860 J=V*C
1890 FOR L=l TO N
1900 E=0
1910 REijI CALCULATES X REMOVAL PER BATCH
1920 FOR T=l TO H
1930 B=V-T*F
1940 A-F/B
1950 Y=1-EXP<-1.26*A)
19^0 E=E+Y
y970 IF E>0,98 THEN 2QQ0. . •

1990 RIM TCAL 1-129 THAT LEFT THE EVAPORATOR IN THE CONDENSATE

2010 REM SUMS AMOUNT 1-129 DISTILLED PER BATCH
2020 K=K+I

2030 REM CALCULATES AMOUNT 1-129 REMAINING IN THE EVAPORATOR
2040 J=J-I
2050 J=J+G*C
2060 NEXT L
2070 M=H*N
2080 0=D*24/M
2090 REM CALCULATES THE AMOUNT OF 1-129 SENT TO THE FEW
2100 P=»0*K*1.0E-3
2110 Gl=0.02*P
2120 GOSUB 2560
2130 P=P-G1
2140 REM CALCULATES THE AMOUNT OF 1-129 SENT TO THE CALCINER
2150 Q=((N-l)*G+V)*C*0*1.0E-3-P-Gl
2160 PRINT "THE AMOUNT OF 1-129 SENT TO THE PEW IN'
2170 PRINT Dr" DAYS WAS 'iPi' uCi'
2180 GOSUP 2340
2190 PRINT 'THE AMTr OF 1-129 SENT TO THE CALCINER IN "JOS* DAYS IS"
2200 PRINT QJ' uCi•
2210 PRIWT V9f OALS OF WASTE ^NDED UP IN THE BOTTOMS'
2220 PRINT '-THIS CORRESPONDS TO AN AVE. 1-129 CONCENTRATION IN THE'
2230 PRINT 'BOTTOMS OF "JQ/V9;' uCi/GAL'
2240 M9-9
22S0 RETURN
2260 END
227O REM PEW SUBROUTINE
2280 REM 1ST CYCLE CONTRIBUTION
2290 D1=P1
2300 RETURN
2310 REM 2ND CYCLE CONTRIBUTION
2320 D1=D1+O2
2330 RETURN
234O REM HUM EVAPORATOR CONTRIBUTION
2350 -D1=D1+P
2360 RETURN
2370 REM-CALCINER CONTRIBUTION
2280 Dl=Di-i-S2
2390 PRIMT 'INPUT THE AMOUNT OF 1-129 THAT GOES TO THE OFF-GAS» CONDP
2400 PRINT 'AND THE BOTTOMS*
2410 LNPUT G»C.R
242a G1=G/1OO
SA30 IF H-2 THEN 2560
2440 Cl-C/100
2450 Rl-R/100
2460 E1«=D1*G1
2470 E2-D1*C1
2480 E3»D1*R1
2490 PRINT E25'uCi OF 1-129 UAS SENT TO THE INJECTION WELL'
2500 RETURN
2510 REN—• STACK SUBROUTINE
2520 P5-S1+K2+Y4
253© RETURN

2540 P5=P5+S2
2550 RETURN
2560 P5«=P5+G1
2570 IF H»2 THEN 2440
2580 RETURN
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2590 PS*.P5+U
2600 P5«=P5+E1
2610 PRINT ' THE TOTAL AMOUNT OF 1-129 SENT UP THE STACK FROM ALL "
2620 PRINT 'PROCESSES UAS "JP5

~2640 REM~~~~~-~~~~~^2ND^CYCtE"SUBROUTIN£Z~~~~~--^^-
2650 02=0
2660 S2=0
2670 PRINT 'INPUT THE A/0 RATIOS FOR THE IIAfIIB,IIIAfIIIB COLUMNS'
2680 INPUT A2xA3>B2fB3
2690 PRINT 'INPUT THE DIS, COEF. FOR THE IIA.IIB»II1A»IIIB COLUMNS'
2700 INPUT E2rE3»E4»E5
2710 F=Y7
272O PRINT 'INPUT * OF DAYS OF OPERATION'
2730 INPUT N
2740 Fl-F/N
27S0 M-N-l
2760 FOR Z"0 TO N
2770 R»F1*A2/<A2+E2)
2780 Y2-F1-R
2790 R2-Y2*(A3/E3/(1+A3/E3)>
2800 Y3-Y2-R2
2810 R3=R2*B2/(E4+B2)
2820 Y4-E4*Y3
2830 R4»Y4*(B3/E5/(1+B3/E5))
2840 Y5=E5*R4
2850 02-02+R+R3+R4
2860 S2»S2+Y3+Y5
2870 NEXT Z
2830 PRINT 02f uCi OF 1-129 WAS SEHT TO THE PEU FROM THE 2ND CYCLE'
2890 PRINT 32>' uCi OF 1-129 UAS SENT TO THE SOLVENT BURNER FROM THE'
2900 PRINT 'THE 2ND CYCLE'
2910 GBSUB 2310
2920- GOSUB 2540
2930 RETURN
2940 REH-— CALCINATION OF HLLU BOTTOMS
2950 PRINT 'INPUT THE • OF DAYS THE CALCINER IS RUNNING'
2960 INPUT L
2970 I-Q/V9/-3.785
2980 PRIMT 'INPUT THE RAW FEED FLOURATE IN GAL/HR'
2990 INPUT J
3000 RETURN
3010 PRINT "INPUT THE RAW FEED FLOURATE IN GAL/HR'
3020 INPUT J
3030 RETURN

DISCUSSION

Anon; Can you tell us the reason for the small release of
iodine in the dissolver off-gas?

McManus; You mean versus the high release that has been found
in Germany and France? I think it has to do with the temperature
of our dissolution process. It is a lower temperature than is used
in Europe, and that influences the amount that is released in dis-
solution.

Anon; What is the temperature?

McManus: Between 40 and 60 degrees.
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CARBON DIOXIDE - KRYPTON SEPARATION AND RADON REMOVAL
FROM NUCLEAR FUEL REPROCESSING OFF-GAS STREAMS*

P.M. H i r s c h , K.Y. Higuch i , and L. Abraham
General Atomic Company

San Diego, C a l i f o r n i a

Abs t r ac t

General Atomic Company (GA) is conducting pilot-plant-scale tests that simulate
the treatment of radioactive and other noxious volatile and gaseous constituents of
off-gas streams from nuclear reprocessing plants. This paper reports the results of
engineering-scale tests performed on the C02/krypton separation and radon holdup/
decay subsystems of the GA integrated off-gas treatment system.

Separation of CO£ from krypton-containing gas streams is necessary to facili-
tate subsequent waste processing and krypton storage. Molecular sieve 5A achieved
this separation in dissolver off-gas streams containing relatively low krypton and
CO2 concentrations and in krypton-rich product streams from processes such as the
krypton absorption in liquid carbon dioxide (KALC) process.

The C02/krypton separation unit is a 30.5-cm-diameter x 1.8-m-long column con-
taining molecular sieve 5A. The loading capacity for CO2 was determined for gas
mixtures containing 250 ppm to 2.2% CO2 and 170 to 750 ppm krypton in either N2 or
air. Gas streams rich in CO2 were diluted with N2 to reduce the temperature rise
from the heat of adsorption, which would otherwise affect loading capacity. The
effluent CO2 concentration prior to breakthrough was less than 10 pptu, and the
adsorption capacity for krypton was negligible. Krypton was monitored on-line with
a time-of-flight mass spectrometer and its concentration determined quantitatively
by a method of continuous analysis, i.e., selected-ion monitoring.

Radon-220, a gaseous decay product of the U-232 contaminant in thorium recycle
fuels, was treated by holdup and decay on a column of synthetic H-mordenite. The
Rn-220 concentration was monitored on-line with flow-through diffused-junction alpha
detectors. Single-channel analyzers were utilized to isolate the 6.287-MeV alpha
energy band characteristic of Rn-220 decay from energy bands due to daughter
products.

The decontamination factor (DF) was determined as a function of bed height for
a 34.6-cm-diameter column. The experimental results yielded a atathematical expres-
sion to describe the dependence of DF on bed height. A column about 3.66 m (12 ft)
long is reconmended for achieving the design DF of 1000.

A DF in excess of 1000 was demonstrated in either N2, air, or CO2 carrier gas
streams. Regeneration of bed material to remove moisture, followed by pretreatment
of the adsorbent with carrier gas, significantly improved the performance of the
bed. Substantial retention of particulate daughter products of Rn-220 was demon-
strated, although those not retained within the bed need to be trapped in a down-
stream high-efficiency particulate air (HEPA) filter.

*Preparad under contract DE-AT03-76SF71053 for the San Francisco Operations
Office of the Department of Energy.
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Introduction

Engineering-Scale Off-Gas Treatment System

General Atomic Company (GA) has completed the detailed design and installation
of a (radioactively) cold engineering-scale facility for the treatment of off-gas
from the reprocessing of spent nuclear fuel. Engineering-scale component tests have
been performed to simulate the treatment of fission and decay products and nonradio-
active gaseous constituents inherent to nuclear fuel reprocessing.'1>2»3) The radon
removal test results were derived from studies made with the radon holdup/decay sub-
system of the GA engineering-scale off-gas treatment system.

The GA off-gas treatment system is designed to process simulated radioactive or
other noxious volatile and gaseous constituents in both dissolver off-gas (DOG) and
burner off-gas (BOG) streams. Dissolver off-gas is common to several nuclear fuel
cycles, e.g., light water reactors (LWRs), high-temperature gas-cooled reactors
(HTGRs), and liquid metal fast breeder reactors (LMFBRs), whereas BOG streams are
specific to only HTGR fuel reprocessing. Gaseous fission products such as H-3, C-14,
Kr-85, 1-129, and Rn-220 are released during reprocessing. These fission, activa-
tion, or decay products can be removed before the gas effluent is released into the
atmosphere. In addition, other gaseous components in the off-gas stream, such as
CO, SO2, and NOx» can be removed or converted into harmless molecular forms if nec-
essary for environmental and/or process control considerations.

The GA off-gas treatment system is divided into BOG and DOG subsystems. The
BOG subsystem includes units for removal of SO2, HTO, I2, radon, krypton, and CO2
and a unit for CO and HT oxidation. The DOG subsystem includes units for removal of
NOx» I2> H2O, ra^on» CO2, an<* krypton* The processes used in this engineering-scale
system are based on prior laboratory-scale development at various sites under the
sponsorship of the U.S. Department of Energy (DOE) or its predecessor agencies. The
GA engineering-scale off-gas treatment system is funded under the Consolidated Fuel
Reprocessing Program, which is managed by Oak Ridge National Laboratory (ORNL) for
DOE.

Carbon Dioxide/Krypton Separation

The off-gas produced during reprocessing of nuclear fuels contains trace
amounts of krypton, which can be removed before the off-gas is released into the
atmosphere. For LWR, LMFBR, and HTGR fuel, the spent fuel is reprocessed by disso-
lution in HNO3. The resulting DOG (for HTGR fuel) contains about 200 ppm Kr-85
(half-life « 10.7 yr) and 250 ppm C02» and the balance is air. The air constituent
typically contains 1.14 ppm normal isotopic krypton and 330 ppm CO2. For HTGR fuel,
the support structure and moderating graphite material must be burned off prior to
dissolution. The BOG contains about 10 to 15 ppm Kr-85, which is initially concen-
trated by the krypton absorption in liquid carbon dioxide (KALC) process. The
resulting off-gas contains about 1.5% krypton, 2.5% xenon, 5% 0£» and 91% CO2. The
CO2 must be separated from the krypton before storage because the radiolytic inter-
action of Kr-85 with CO2 can cause the formation of ozone, creating a potentially
explosive gas mixture.

In the cold engineering-scale tests, natural isotopic krypton was separated
from CO2 using an adsorption column filled with molecular sieve 5A (W.R. Grace &
Co., Davison Chemical Division). This process was based on prior laboratory-scale
studies performed by C.W. Forsberg at ORNl/*). The separation occurs owing to the
different adsorption characteristics of krypton and CO2 on the molecular sieve
material.
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The krypton concentration In the column effluent was monitored on-line by a
time—of—flight mass spectrometer and quantitatively analyzed by selected ion
monitoring. The krypton breakthrough from the C02/krypton separation bed was stud-
ied under simulated post-KALC BOG and DOG conditions and the CO2 decontamination
factor (DF) and CO2 capacity of molecular sieve 5A determined.

Radon Removal by Adsorption/Decay

Radon-220 is a decay product of the U-232 contaminant in recycle fuels origina-
ting from thorium-uranium fuel cycles. Radon-220 is a gas with a short half-life at
ambient temperature, and it diffuses rapidly, resulting in contamination of the sur-
faces it touches. Because of the short half-life of Rn-220 (56 s), significant
decontamination can be achieved by increasing the Rn-220 residence time in the off-
gas treatment system. Laboratory-scale tests conducted by Allied Chemical Corpora-
tion at the Idaho National Engineering Laboratory (INEL) have shown that the
synthetic molecular sieve H-mordenite is capable of delaying the transport of Rn-220
for several half-lives, thus achieving DFs on the order of 10^.(5) The success of
these experiments has made it desirable to investigate Rn-220 adsorption on a larger
scale. Through operation of an engineering-scale system, performance and scale-up
design data can be obtained.

In the GA engineering scale studies, Rn-220 was generated from l^Og containing
approximately 20 ppm U-232. The radon was transported in a carrier gas stream,
which then passed through the radon holdup/decay bed (an adsorber column containing
H-mordenite). The Rn-220 concentration was monitored at the inlet and outlet of the
adsorber column.

The system chosen for radon analysis is different from that used at INEL.
Rather than a batch method of gamma radiation detection, an on-line continuous meth-
od of alpha detection was used. The 6.287-MeV alpha particle emitted by Rn-220 was
selectively monitored through a system of diffused-junction alpha detectors and
sophisticated electronics which discriminate between the Rn-220 alpha particles and
the other alphas emitted by daughter products of Rn-220. The solid daughter
products resulting from the decay of Rn-220 during holdup on the H-mordenite either
adsorb onto the bed material or are removed by the carrier gas. It was unnecesary
to determine the absolute Rn-220 concentration levels because only the DF, a rela-
tive measurement, was desired. Therefore, identically calibrated alpha detector
units possessing equivalent detection efficiencies were utilized to measure the
ratio of inlet to outlet Rn-220 concentration, i.e., the DF.

The DF of the radon holdup/decay bed was determined as a function of bed height
for a 0.305-m (1-ft) diameter column. The experimental data in concert with a mech-
anistic analysis of the system yielded a mathematical expression to describe the
dependence of DF on bed height. The effects of N2, air, and CO2 carrier gas on DF
were studied. Regeneration of the bed material to remove moisture and pretreatment
of the adsorbent with carrier gas increased the Rn-220 removal efficiency of the
bed. The daughter products of Rn-220 were detected in trace quantities in the bed
effluent.

PART I; CARBON DIOXIDE - KRYPTON SEPARATION

Experimental Method

Figure 1 is a schematic of the C02/krypton separation subsystem of the GA
engineering-scale off-gas treatment system. This subsystem is capable of simulating
post-KALC BOG streams and DOG streams. The C02/krypton separation subsystem, like
the other subsystems within the off-gas treatment system, can be isolated to allow
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independent testing. The individual components of the C(>2/krypton separation
subsystem are described below.

Separation Vessel Design

The C02/krypton separation vessel is fabricated from 316L stainless steel pipe
with a 324-mm o.d. and a 5 mm-thick wall (12 in. Sch 10S). The vessel is 1.8 m (71
in.) long and is packed with 8- to 12-mesh 5A molecular sieve adsorbent supported by
a 40-mesh 304 stainless steel screen.

Eleven thermocouples are placed 150 mm apart along the bed centerline to meas-
ure the CO2 adsorption temperature gradient. The thermocouples are Chrome1-Alumel
(K-type) insulated with MgO powder and Inconel 600 sheaths. An expansion compensa-
tor (Hyspan Precision Products Incorporated) is located immediately downstream of
the vessel to protect the system from stress during adsorbent regeneration. A Rose-
mount model 1151 OP differential pressure transmitter is provided to measure the
pressure drop across the bed. The transmitter range is 0 to 37.4 kPa (0 to 150 In.
H2O), and it has an accuracy of ±0.2% of full scale.

Adsorbent

The adsorbent (Davison 5A molecular sieves) is a crystalline taetal aluminosili-
cate with a three-dimensional interconnecting network structure of silica and alumi-
na tetrahedra. The basic structure of the molecular sieve is represented by the 4A,
or sodium, form. The 5A is produced by substituting calcium cations for the sodium
cations. The calcium cations, being divalent, will replace two sodium cations and
open the structure to apertures of about 5 A. Most of the adsorption takes place
inside the pores. The uniformity of the size of the pores enables large molecules
(over 5.5 A) to be "sieved" out. However, since CO2, krypton, and N2 have effective
diameters of about 3 A, the sieving effect is minimal.

The calcium ions induce strong, localized, positive charges in the crystal lat-
tice. Therefore, polar molecules or induced polar molecules will adsorb more than
less polar molecules. Since CO2 has an electric quadrupole moment, whereas the mon-
atomic krypton is nonpolar, the CO2, and krypton molecules are separated on the
basis of polarity.

Simulated Feed Gas Supply

The feed gas supply system is capable of generating either simulated post-KALC
BOG or DOG compositions. Figure 1 shows the piping and instrumentation. The BOG N2
dilution supply is regulated by a Brooks 0-to 50-lpm model 5815 thermal mass flow
controller. This controller maintains a preset flow to within ±0.2% and has an
accuracy of ±1% of the full-scale reading when the gas is measured at 21,1°C
(±5.6°C) and 274 kPa (±104 kPa). The DOG N2 supply is regulated by a Masoneilan
Micro Pak flow control valve in conjunction with a Brooks model 1110 rotameter and
model 5522 flow transmitter. The rotameter accuracy is ±1% of full scale.

The BOG and DOG CO2 supply is regulated by a Brooks 0- to 1000-sccm model 5815
thermal mass flow controller. The BOG krypton supply is regulated by a 0- to 20-
sccm Brooks model 5815 thermal mass flow controller and the DOG krypton supply by a
0- to 100-sccm Brooks model 581.5 thermal mass flow controller. The DOG O2 supply is
regulated by a Brooks 0- to 100-lpm model 5815 thermal mass flow controller.
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Gas Analysis System

The gas analysis system consists of three Beckman model 864 infrared spectro-
photometers for CO2 analysis and a CVC MA-3 time-of-flight mass spectrometer for
krypton analysis. This mass spectrometer is intended for use in the mass range 1 to
300 amu with unit resolution greater than 150 and usable resolution to 250.

Carbon Dioxide Analysis. The CO2 concentration is analyzed at the inlet and
outlet of the CO^/krypton separation bed. The analyzers measure CO2 in three
ranges: 2500 ppm, 2.5%, and 100% full scale, with an accuracy of ±1% of the full-
scale value. The analyzers are calibrated with certified standard gas mixtures pre-
pared by tfatheson. The sample point locations and specific analyzers are selected
by hand valve and solenoid switchirg.

Krypton Analysis. The krypton concentration is measured on-line at the inlet
and outlet of the C02/krypton separation bed with a time-of-flight mass spectrometer
using a select-ion method of analysis. With the time-of-flight principle, a sheet
of positive ions of various mass-to-charge (m/e) ratios is accelerated to a high
level of kinetic energy and directed through a field-free drift tube toward an ion
detector. The positive ions are formed by bombarding the sample gas with a stream
of electrons created by thermionic emission of a heated filament. Because all the
ions receive equal energy, their drift velocities depend on the m/e ratio; i.e., the
lighter ions travel to the ion detector faster than the heavier ions. Because ail
the ions leave the starting position almost simultaneously and all drift the same
distance to raach the detector, those of equal mass separate into sfc'-ats displaced
from other masses. As each sheet of ions strikes the detector, the iv>as dislodge
secondary electrons, which are directed into a multiplier, where gains cf up to
can be achieved. This process takes place 30,000 times/s. The resultant peak
heights that are observed are linearly related to ion abundance and hence to rela-
tive species concentration in the sample gas.

Process Control and Data Acquisition

The N2 and CO2 gas flow rates are regulated by a Diogenes (Rosemount, Incorpo-
rated) proce83 controller. The output signals from the flow indicators, CO2 analyz-
ers, mass spectrometer, thermocouples, and pressure sensors are monitored by a
Hewlett Packard data acquisition system that continuously scans and displays the
test data on a cathode ray tube (CRT). The data can also be printed and/or stored
in a floppy disc file at specified time intervals.

Results

The first series of runs was carried out to study the adsorption characteris-
tics of krypton and CO2 under simulated post-KALC BOG conditions. The heat or
adsorption of CO2 on molecular sieve 5A is high, and its adsorption capacity is sig-
nificantly reduced at elevated temperatures. Therefore, the temperature rise was
limited to 25°C by diluting the krypton/C02 flow with N2 to achieve a total flow
rate of about 47 slpm. This flow rate represents an N2 dilution factor greater than
70. The krypton breakthrough curve for this simulated diluted BOG stream is shown
in Fig 2. The krypton broke through in about 34 min and attained a steady-state
outlet concentration equal to the inlet concentration of 410 ppm. The CO2 was
essentially fully adsorbed onto the bed at a feed stream composition of 1.2%. The
CO2 concentration in the adsorber effluent was less than 10 ppm* The maximum bed
temperature rise was approximately 20°C, which la in agreement with the CO2 heat of
adsorption data supplied by the aaaufacturer of molecular sieve 5A.
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An additional run was carried out with the N2 gas flow rate reduced in half to
study its effect on krypton breakthrough (Fig 3). (Prior to this and all succeeding
runs, the CO2/krypton separation bed was regenerated at 200°C with N2 back-purge gas
until the effluent CO2 concentration was less than 10 ppm.) Krypton breakthrough
started after 45 min, and a bed temperature rise of 35°C due to CO2 adsorption was
observed. Even at the higher CO2 concentration of 2.22%, the concentration in the
bed effluent was less than 10 ppm.

A CO2 breakthrough run was carried out to determine the CO2 adsorption capacity
of molecular sieve 5A under simulated post-KALC conditions. The CO2 breakthrough
began after 116 h, as shown in Fig 4. After 122.5 h, a power failure occurred which
terminated the run. It was not possible to repeat this run; however, by extrapolat-
ing the initial breakthrough curve to 2.15% CC>2, an estimate of the CO2 adsorption
capacity was made. The value obtained was 0.0968 g CO2/g molecular sieve 5A, which
is in excellent agreement with the manufacturer's data of 0.098 g CC^/g molecular
sieve 5A.

The DOG run series was carried out at a total flow rate of 250 lpm, compared
with 47.1 lpm for the simulated ^-diluted BOG runs. As expected, the krypton
breakthrough occurred very rapidly owing to the relatively high flow rate. Both N2
and air carrier gas were studied to simulate probable dissolver operating condi-
tions. Figure 5 shows a typical DOG krypton breakthrough. The time to krypton
breakthrough was 9 min, which was average for the DOG runs. The CO2 concentration
in the effluent from the C02/krypton separation bed was less than 10 ppm. The CO2
adsorption capacity is expected to be the same as that obtained under simulated N2-
diluted BOG conditions, because the CO2 concentrations in the feed are about equal.

Conclusions and Recommendations

Molecular sieve 5A was an effective adsorbent for separating CO2 from simulated
post-KALC BOG streams and DOG streams containing krypton. The CO2 adsorption capac-
ity of the molecular sieve material was approximately 0.097 g CO2/S aiolecular sieve
5A, which is in agreement with the manufacturer's data. The effluent from the CO2/
krypton separation bed contained less than 10 ppm CO2 for more than 100 h prior to
breakthrough for an inlet CO2 concentration of 2.2%.

The resultant krypton-rich N2 effluent needs to be separated in another type of
adsorption column for further concentratioa of krypton prior to krypton waste stor-
age. A Canadian stndy^) has shown that removal of krypton from N2 gas streams by
selective adsorption is technically feasible.

As an alternate engineering scale-up approach, the amount of N2 dilution to
post-KALC BOG streams can be reduced by redesigning the separation column to
incorporate in-vessel cooling by an extended-surface internal heat exchanger. In
this configuration, the heat generated by CO2 adsorption can be more effectively
removed from the column material, thus reducing the necessary N2 dilution rate in
addition to increasing the adsorption capacity for CO2 owing to its Increased
partial pressure.

PART II: RADON REMOVAL

Experimental Method

Figure 6 shows a schematic of the radon holdup/decay subsystem of the GA
engineering-scale off-gas treatment system. This subsystem, like all others within
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the off-gas treatment system, is capable of being isolated from the integrated sys-
tem to allow independent testing. The individual components of the radon removal
subsystem are described below.

Radon Holdup/Decay Vessel Design

The radon holdup/decay vessel is fabricated from 356-mm-o.d., 4.8-mm-thick
(14-in. Sch 10S) 316L stainless steel pipe and is rated at 500°C at 50 psig. The
vessel accepts a variable-depth adsorption bed of 3 m (118 in.) maximum length. The
adsorbent is supported by a 40-mesh 304 stainless steel wire screen. A port is
provided at the top of the vessel for vacuum removal of the contaminated bed
material.

Five thermocouples are evenly distributed along the bed centerline for measur-
ing the temperature gradient. The thermocouples are Chromel-Alumel (K-type), insu-
lated with MgO powder and Inconel 600 sheaths. An expansion compensator (Hyspan
Precision Products Incorporated) is located immediately downstream of the vessel to
protect the system from stress during adsorbent regeneration. A Rosemount model
1151 DP differential pressure transmitter is provided to measure the pressure drop
across the bed. The transmitter range is 0 to 7.5 kPa (0 to 30 in. H2O) with an
accuracy of ±0.2% of full scale.

Adsorbent

The adsorbent (Zeolon 900H) is a hydrogen-substituted synthetic mordenite manu-
factured by Norton Company. Zeolon 900H is an aluminosilicate characterized by a
system of parallel channels with uniform diameters of about 10 A. This material is
highly acid resistant and has a silica-to-alumina ratio of 10:1. The adsorbent is a
3.2-mm (1/8-in,) diameter extrudate and is 4.8 to 7.9 mm (3/16 to 5/16 in.) in
length.

Carrier Gas Supply

The carrier gas is either pure N2, simulated air (80% N2, 20% O2), or pure CO2.
The total carrier gas flow rate is regulated at 10 scfm by a Fisher model 513 micro-
flute flow control valve in conjunction with a Brooks model 1110 rotameter and model
5522 flow transmitter. The rctameter accuracy is ±1% of full scale. The oxygen
supply is regulated by a Brooks model 5815 thermal mass flow controller. This con-
troller maintains a preset: flow to within ±0.2% with an accuracy of ±1% of the full-
scale reading when the gas is measured at 21.1°C (±5.6°C) and 274 kPa (±104 kPa).

A side stream is diverted from the main carrier gas stream to the radon source
subsystem, where it acts as a sweep gas to carry radon to the holdup/decay column.
The side stream is maintained at 2 scfm by a Brooks model 5815 thermal mass flow
controller. The side stream is adequate for transporting the relatively small
amount of Rn-220 released from the source material. The radon-containing stream is
rejoined with the main carrier gas downstream of the Fisher flow control valve. The
flow control valve compensates for the pressure differential between the main car-
rier gas line and the sidestream passing through the radon source subsystem. The
column effluent is conducted into a vent line and passed through an absolute filter
bank for removal of particulates. The filtered carrier gas stream is then diluted
with ventilation air supplied by a 6000-scfm blower prior to discharge through the
pilot plant stack.
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Rn-220 Source Subsystem

The radon source subsystem consists of the radon source material and auxilia-
ries required for safe containment of the radioactive materials within the system.
A description of the components shown in Fig, 7 is given below.

Encapsulated Uranium Disc Assembly. The primary containment for the Rn-220
source material was designed and fabricated by Mott Metallurgical Corporation. The
encapsulated uranium disc assembly is designed to provide safety in handling of the
U3O8 sample during assembly and disassembly of the radon generator. The U3O8 was
enclosed within a cavity (5.08 cm in diameter by 7.92 mm deep) formed between two
porous 316 stainless steel discs. The discs were 2-y sintered metal filters (5.40-
cm o.d. by 2.38 mm thick). The bottom disc was welded to a stainless steel retainer
flange, forming a cavity for the U30g« The uranium sample was transferred to the
cavity In a glove box. The cavity was then sealed by press-fitting the upper disc
so that it rested on a small ledge machined into the flange.

Rn-220 Source Material. The Rn-220 source material consists of 2.097 g U3O8
containing 1,733 g uranium. The material is in the form of a black, loose, granular
powder containing some fines. The uranium composition on a weight basis is given
below:

U-234 = 95.938%
U-238 = 3.91%
U-235 = 0.1040%
U-236 = 0.048%
U-232 = 19.7 ppm (alpha pulse height analysis performed on 9/7/78).

The activities of the U-234 and U-232 are about 10.2 and 0.73 mCi, respectively.

Isolation, Shielding, and Safety Interlocks. The encapsulated uranium disc
assembly is sealed between two 2-in» welding neck flanges by two gaskets (Flexi-
tallic Gasket Company). Two manually operated ball valves are welded onto the
upstream and downstream flanges. The entire assembly is radially shielded by 2 in.
of lead and axially shielded by 1/2 in. of lead.

Upstream of the inlet bail valve and downstream of the outlet ball valve are
high-efficiency particulate air (HEPA) filters that capture any particulates that
escape from the uranium disc assembly. The HEPA filters are Celman polysulfyn car-
tridge model 12791, which have better than 99.97% retention for 0.3-ym particles.
On the upstream and downstream sides of the absolute filters are solenoid-operated,
fail-close stainless steel block ralves (ASCO model 8210 C88). The solenoid valves
are interfaced with the motor control center so that they automatically close upon
failure of the pilot plant stack blower. The operator is alerted to this condition
by a red-light visual alarm. The solenoid valves also automatically close upon
power failure, thereby isolating the Rn-220 from the main system.

Radon Detection System

Theoretical Background. Figure 8 shows the decay chain for U-232 and Th-232.
In converting thoriun to uranium, uranium isotopes are produced in various abun-
dances. Table I gives the five principal isotopes and their typical mass fractions.
Alpha emission is predominant in the decay scheme of each of these isotopes and
spans a broad energy range. It is assuned, however, that only Rn-220 and its decay
products can enter the transport lines. Radon is a gas at ambient temperature,
whereas its precursors are nonvolatile solids.
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Table I. Mass fractions of the principal uranium iosotopes^7 '8).

Isotope Typical Mass Fraction

U-232
U-233
U-234
U-235
U-236

0.00038
0.83
0.14
0.025
0.003

Table I I . The alpha spectrum of Rn-220 and i t s daughter products^9),

Nuclide

Rn-220

Po-216

Bi-212

Alpha Energy
(MeV)

6.287
5.747

6.73

6.049
6.088

Alpha Intensity
(%)

-99.7
0.3

100

25
10

Po-212 8.78 100
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Table II lists the alpha spectra for Rn-220 and its daughter products. The
6.287-MeV alpha particle accompanies the decay of Rn-220 approximately 99.7% of the
time. It is possible, therefore, to distinguish Rti-220 from its daughter products
by using an electronic system capable of discriminating alpha particles of varying
energies. This may be achieved with an alpha detector in series with a single-
channel analyzer tuned to the 6.287-MeV alpha energy band emitted by Rn-220. In
addition to alpha particles, beta and gamma radiation is also present. The use of
an electronic discriminator makes certain that the beta and gamma radiation and all
alpha particles whose energy is less than 6.287 MeV are not counted. Similarly,
ignoring all particles whose alpha energy exceeds that produced by Rn-220 excludes
nuclides emitting more energetic alpha particles from the count. Figure 9 illus-
trates these concepts.

Flow-Through Alpha Detectors. The flow-through alpha detector assemblies and
associated electronics were designed and supplied by Harshaw Chemical Company,
Crystal and Electronics Product Department. Figure 10 shows a block diagram of the
alpha detector. The detector assembly consists of a flanged, stainless steel chamber
fitted with an array of four silicon, diffused-junction, alpha particle detectors.
The flow channel contains a series of baffles arranged to maximize the spectral
resolution in the analysis.

A diffused-junction detector can be thought of as an ionization chamber in
which the gas has been replaced with a semiconducting solid. The semiconductor is a
partially depleted, phosphorous~diffused, p-type silicon nuclear radiation detector.
Discrimination between alpha particles is based upon the differences in the specific
ianization of the particles. The number of ions collected determines the height of
the electronic pulse, as illustrated in Fig. 9.

Detector Electronics. The small output signal generated by the diffused-
junction detectors requires sophisticated electronics, as shown in Fig. 10. The
individual components are as follows:

1. Preamplifier. A low-noise, charge-sensitive preamplifier (Harshaw model
NB-25) intended for use with silicon detectors. The charge created in the
detectors by radiation energy is converted to an amplified voltage. The
preamplifier is located near the flow-through alpha detector assemblies to
minimize external electrical interference.

2. Mercury switch pulse generator. A pulse generator (Harshaw model NP-10A)
designed to closely simulate the output pulse characteristics of nuclear
radiation detectors. It is primarily used for calibrating and testing the
associated pulse-handling instruments, i.e., amplifier, single-channel
analyzer, sealer, and linear rate meter.

3. Detector bias supply. A high-voltage power supply (Harshaw model NV-30)
that provides up to ±300 V dc for operation of solid-state detectors.

4. Amplifier. A research-grade linear amplifier (Harshaw model NA-25) for
accepting the output signal from the preamplifier.

5. Single-channel analyzer. A single-channel pulse height analyzer (Harshaw
model NC-22) for discriminating the output pulses from the linear amplifier
The energy threshold and band width can be selected to allow measurement of
the 6.2G7-MeV Rn-220 alpha particles.
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6. Linear rate meter. A linear rate meter (Harshaw model NR-30) driven by the
single-channel analyzer. It is capable of measuring alpha count rates from
10 to 105 cps in twenty ranges.

7. Sealer. A high-rate pulse counter (Harshaw model NS-12) capable of a
maximum continuous count rate of 20 MHz with a resolution of 50 ns. The
maximum count capacity is 10** with reset capability.

8. Timer. A digital preset timer (Harshaw model NT-27) for control of the
sealer. Timing is from 0.1 s to 990 min in 1% increments.

Process Control and Data Acquisition

The main carrier gas and side-stream flow rates are regulated by a Diogenes
(Rosemount, Incorporated) process controller. The output signals from the flow
indicators, linear rate meter, thermocouples, and pressure sensors are monitored by
a Hewlett Packard data acquisition system that continuously scans and displays the
test data on a CRT. The data can also be printed and/or stored in a floppy disc
file at specified time intervals.

Results

The goals of the radon holdup/decay test series were as follows: (1) to empir-
ically determine the H-mordenite bed length necessary to achieve the design crite-
rion DF of lO^; (2) to determine the effects of N2, air, and CO2 carrier gas on DF
at a fixed bed length; (3) to determine the effects of bed regeneration and pre-
treatment with carrier gas on radon removal efficiency; and (4) to determine whether
particulate daughter products of Rn-220 are effectively trapped within the H-
mordenite bed.

The first series of runs was carried out to determine the effect of holdup/
decay bed length on removal efficiency. Nitrogen carrier gas was chosen because it
does not adsorb on H-mordenite. The H-mordenite was used as received; i.e., it was
neither regenerated nor pretreated with N2« The total carrier gas flow rate was 17
Nm3/h (10 scfm) at a face velocity of 3 m/min through the bed. A 3.4-Nm3/h (2-scfm)
side stream was bypassed through the radon generator subsystem, as shown in Fig. 6.

The column lengths studied were 1.07 m (3.5 ft), 1.52 m (5.0 ft), 2.29 m (7.5
ft), and 3.05 m (10.0 ft). Table III presents the test conditions for runs 1
through 4. The diffused-junction detectors were cleaned with absolute ethanol and
dried with high-purity nitrogen before each run. A background noise count was taken
at the inlet and the outlet of the radon holdup/decay bed immediately prior to
introducing radon into the carrier gas. At the completion of each run, a background
count was taken to account for any daughter products that accumulated on the
diffused-junction detectors. The average value of these two alpha count rates was
used to correct the data obtained during actual radon measurement for background
noise and detector contamination. Immediately after introducing radon into the sys-
tem, a Rn-220 alpha energy spectrum was measured at the bed inlet to set the detec-
tion band so that overlapping daughter peaks such as Bi-212 and Po-212 could be dis-
criminated. This procedure was carried out before each run.

Figures 11 through 14 plot the total adjusted inlet and outlet Rn-220 alpha
counts versus time. The accuracy of the alpha detectors was severely affected by
electrical interference introduced by other pilot plant activities. Therefore, the
runs were carried out after normal working hours, limiting their duration. The Rn-
220 removal efficiency is expected to decrease slowly during a long-term run owing
to adsorption of Rn-220 daughter products and small quantities of moisture onto the
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Figure 11. Cumulative Rn-220 alpha
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Figure 13. Cumulative Rn-220 alpha
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bed material. The cumulative DFs, i.e., the total inlet Rn-220 alpha counts divided
by the total outlet Rn-220 alpha counts over the duration of the run, are presented
in Table III and shown graphically in Fig. 15 for the bed lengths studied.

A mechanistic analysis of the removal of short-lived isotopes by holdup and
decay in an adsorbent bed yields a general equation which takes into account three
mechanisms of mass transport: (1) molecular diffusion in the gaseous phase; (2)
eddy diffusion; and (3) intraparticle mass transfer resistance^10). The equation at
steady-state is:

(1)
c

— — 91

c0

exp
LV8

_ ——
2D

where Co ™ concentration of the radioactive isotope in the feed to the adsorption
bed,

C - concentration of the radioactive isotope in the effluent from the
adsorption bed,

D • effective diffusion coefficient,
K = effective adsorption coefficient,
L = length of adsorption bed,
V8 = superficial carrier gas velocity,
X = decay constant for the radioactive isotope,
p = bulk density of the adsorbent.

where

and

Combining constant terms, Eq. 1 can be rewritten as:

DF » exp (k'L) = kL ,

DF - Co/C ,

(2)

(3)

/
1 + - 1

a constant for the fixed run conditions.

(4)

This simple expression can be used to fit the data given in Table IV. Figure
16 shows a plot of log DF versus L. A least-squares analysis yields a value of 2.15
for the constant k when L is measured in feet. Figure 15 shows the curve determined
by the least-squares analysis. This curve predicts a 2.74-m (9-ft) bed length to
achieve a DF of 103, which is in good agreement with the results found for CO2 car-
rier gas in previous laboratory-scale experiments.(5)

The DOG at the inlet to the radon holdup/decay bed is primarily air, whereas
the BOG at the radon holdup/decay bed inlet is primarily C02» It was therefore nec-
essary to determine the DF of Rn-220 in both air and CO2 carrier gas so that the
results could be applied to the design of a full-scale facility.

The carrier gas can have an effect on the adsorption properties of Rn-220 owing
to competition with Rn-220 for adsorption sites. Nitrogen and oxygen do not have a
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Table III. Rn-220 holdup/decay test conditions and results.

CO

Radon Source 3$
Total Flow Subsystem Flow Holdup/Decay Bed Cumulative a

Bed Length Carrier Rate Rate AP Rn-220 O
Run No. [m (ft)] Gas [Nm3/h (scfm)] [Nm3/h (scfm)] [kPa (in. H20)] DF m

O

2
3D
>
5
O
|

o
ooz
•n
m
a
m
2.om

1

2

3

4

5

6

1.07

1.52

2.29

3.05

3.05

3.05

(3.

(5.

(7.

(10

(10

(10

5)

0)

5)

.0)

• 0)

.0)

N2

N2

N2

N2

co2

Air

17.5

7.7

17.5

17.4

16.8
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Figure 15. Rn-220 decontamination factor versus radon holdup/decay bed length.
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Figure 16. Plot of log DF versus radon holdup/decay bed length.
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significant affinity for H-mordenite, and Rn-220 should have the same adsorption
behavior in each of these carrier gases. Carion dioxide, however, adsorbs strongly
c*> H-mordenite, and the behavior of Rn-220 in this gas may differ from that in N2
and air.

Table III shows the test conditions for runs 5 and 6. Prior to each run, the
3.05-m (10-ft) holdup/decay bed was regenerated with dry N2 a t 200°C for about 24 h.
For run 5, the H-mordenite was pretreated with a steady 17-Nm3/h (10-scfm) flow of
CO2 for 48 h before introducing Rn-220 into the feed. A 55°C bed temperature gradi-
ent was observed, indicating that CO2 was being strongly adsorbed, Pretreatment was
considered complete when the H-mordenite regained ambient temperature. Eadon-220
was introduced into the carrier gas and measured at the inlet and the outlet of the
radon holdup/decay bed for 4 h. No measurable Rn-220 was detected at the outlet of
the bed over the duration of the run after adjusting for background counts. The max-
imum measurable DF, based on the background counts at the outlet alpha detector, was
slightly greater than 1000. Therefore, the actual DF for a 3.05-m (10-ft) bed with
CO2 as the carrier gas was at least 1000.

Prior to run 6, the H-mordenite was pretreated with a 17-NmVh (10-scfm) flow
of dry simulated air (80% N2, 20% O2) for 3 h before introducing Rn-220 into the
feed stream. The Rn-220 concentration was measured at the bed inlet and the outlet
for 3 h. No measurable Rn-220 was detected at the outlet of the bed over the dura-
tion of the run after adjusting the measured counts for background noise. The maxi-
mum measur-able DF, based on the background counts at the outlet alpha detector, was
about 3800. Therefore, the actual DF for a 3.05-m (10-ft) bed with air as the car-
rier gas was at least 3800.

During the air and CO2 carrier gas studies, trace amounts of Rn-220 daughter
products were detected in the radon holdup/decay bed effluent. These particulates
can be removed from the off-gas stream by installing a HBPA filter at the outlet of
the bedo

Conclusions and Recommendations

A series of Rn-220 removal tests was carried out with the radon holdup/decay
subsystem of the GA engineering-scale off-gas treatment system. The removal effi-
ciency was studied in N2, air, and CO2 carrier gas streams to simulate dissolver and
burner off-gas compositions.

In N2 carrier gas, the Rn-220 DF obeyed the relation DF - (2.15)L» where L is
the length of the holdup/decay bed in feet. Although this expression represents a
statistical fit of a small number of data points, it is in good agreement with the
results found for CO2 carrier gas in previous laboratory-scale experiments^).

A DF in excess of 1000 was demonstrated in air and CO2 carrier gas streams for
a bed length of 3.5 m (10 ft). However, a 3.66-m (12-ft) bed is recommended to
ensure that the design DF of 1000 is attained.

The H-mordenite adsorbent for Rn-220 removal must be regenerated prior to its
use, because adsorbed water reduces its effective radon removal efficiency.^) p o r

BOG streams, the adsorbent must be pretreated with CO2 to protect against the ini-
tial flow perturbation and heat generation caused by the adsorption of C(>2«

Trace amounts of Rn-220 daughter products in the bed effluent can be removed
from the off-gas stream. Installation of a HEPA filter at the outlet of the bed is
recommended to trap these particulates.
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DISCUSSION
HOHORST; What absolute concentrations of 220gn Were used in,
for example, curies'meter ~3?

KIRSCH: The l^Og sample that was used for these tests con-
tained approximately 20 ppm U-232. This was the only such source
available in the USA for Rn-220 generation. The actual Rn-220 release
from the U3O8 sample depends on Rn-220 generation, diffusion, and
decay within the U3O8 particles. The actual release from these parti-
cles is indeterminable. Therefore, we did not obtain absolute Rn-220
concentrations, but rather measured the relative concentration at the
bed inlet and outlet to calculate the DF. Since the amount of Rn-220
produced by a reprocessing plant on a yearly basis is extremely small,
(in the mg range) the large size of the Rn holdup/decay bed is more
than adequate to treat all the Rn-220.

LITTLE; CO2 removal using 5A sieves appears effective.
However, the use of N2 for dilution to prevent heat buildup is counter
productive. How does this dilution affect the final collection of
the Kr product?

HIRSCH: Alternatives to nitrogen dilution may consist of
either modifying the CO2/Kr separation bed by installation of internal
heat exchangers or by operating the CO2/Kr separation bed at much
colder temperatures to counteract the heat generation by CO2 adsorp-
tion. The effectiveness of these processes has yet to be determined.
With respect to nitrogen dilution, the resultant Kr-rich N2 effluent
needs to be separated in another process for further concentration
of Krypton prior to Krypton waste storage. A Canadian study given in
reference 6 has shown that removal of krypton from N2 gas streams by
selective adsorption is technically feasible.

RINGEL: Will it be technically feasible to separate a
larger amount of CO2 from a smaller amount of Kr by adsorption of the
CO2?

HIRSCH; The Kr concentration in KALC overhead product is
high enough to allow separation of Kr from CO2 with a relatively
larger concentration by adsorption. The flow rate from KALC is about
0.5 LPM. It will not require much bed material to capture the CO2
for long periods of time. In addition, the separation bed can be
regenerated and re-used.
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ADSORPTION OF GASEOUS RuO^ BY VARIOUS SORBENTS. II

Lj. Vujisic and R. Nikolic

Department of Chemistry

Boris Kidric Institute of Nuclear Sciences-Vinca

Belgrade, Yugoslavia

Abstract

Sorption of gaseous RuO^ on impregnated Alcoa Alumina K-15I

impregnated charcoal, silica gel and HEPA filter was investigated.

The results obtained on various sorbents are compared and discussed

in connection with possibilities to use chosen material in air clean-

ing systems -

I. Introduction

Ruthenium, in nuclear facilities, transforms to volatile

compounds rather aasily and because of its elusive and variable che-

mical and gama- ray spectral characteristics it is rarely detected in

waste gases. However, Ru-103 and Ru-106 have generally been observed

among the principal radionuclides precipitated by rainfall and pol-

Among volatile radioactive species removal of ruthenium

tetroxide from waste gases is greatest problem. In the last years

large number of papers have been published concerning its adsorption.

Unfortunately, many investigators seem to have avoided purification

of RuOj. from other volatile compounds during its generation. Because

of usually unknown RuO^ initial concentration it is impossible to

make complete balance of RuO^ in adsorption experiments. That is one

of the reasons why decontamination factor and adsorption characteris-

tics for the same materials differ in various papers concerning RuO^

adsorption.

Among many investigated materials for RuO^ adsorption the

best results were obtained with silica gel. However, there is dis-
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agreement in results obtained on silica gel as adsorbent for RuOj,

given by different authors. Descreapances in the results may be cau-

sed by different characteristics of silica gel and by different expe-

rimental conditions. Most experiments were done at high temperature

and long residence time which are not normal operating conditions

of filtration systems.

In this paper special attention was paid to generate very

pure RuOj. Of known concentration and to find suitable adsorption ma-

terial for RuO^ under normal ventilation conditions (25 C, residence

time 0,3 sec). Adsorption materials investigated in the present work

were blue silica gel (Merck), Alcoa Alumina H-151 smd Alcoa Alumina

H-151 impregnated with: CrCl~, K Cr 0 , Na CrO^, CoCl2 and Co(NO ) .

II. Experimental

Anhydrous ruthenium tetroxide was prepared from ruthenium

chloride by following procedure. First, ruthenium chloride was fumed

with concentrated sulfuric acid to remove the chlorides. Solution of

RuCl (product of Amersham) was also treated with sulfuric acid and

the chlorides were removed by repeated evaporation of sulfuric acid

solution. Aliquots of ruthenium sulfate solutions labelled with - Ru

were added to the solutions of inactive ruthenium sulfates in 50%

sulfuric acid and heated to 60 C in an all glass apparatus. Solid so-

dium bismuthate was added to oxidize ruthenium to ruthenium tetroxide

and slow stream a>if dry nitrogen was passed through the apparatus.

Ruthenium tetroxide vapor, carried by the stream of nitrogen, was

dried with anhydrous magnesium perchlorate and collected in an U

shaped glass tube, which was immersed into a trap containing solid

carbon dioxide.

In order to obtain certain concentration of ruthenium tetr-

oxide in the gas stream for adsorption experiments the U shaped tube

was immersed in NaCl-ice bath and stream of dry nitrogen was passed

through it. Temperature of the bath and flow rate of nitrogen were

determined in preliminary experiments for several desired RuO^ con-

cetrations. Concentration and purity o£ ruthenium tetroxide were de-

termined spectrophotometrically. For spectrophotometric njeasurements

ruthenium tetroxide was collected in dilute perchloric acid and spe-

ctra of these solutions were registrated immediately after the gas
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generation. The spectra were typical for ruthenium tetroxide soluti-
(2)

ons in perchloric acid

Adsorption of ruthenium tetroxide was followed by measure-

ments of gama radioactivity of sorbent samples on a scintillation

counter. Concentration of ruthenium tetroxide in the gas stream and

concentration of ruthenium species retained with sorbents were cal-

culated from known initial specific radioactivity of generated ruthe-

nium tetroxide. Therefore in order to calculate ruthenium concentra-

tion in this way, in adsorption experiments, it is necessary to ob-

tain very pure ruthenium tetroxide, labelled with Ru isotope.

Adsorption of ruthenium tetroxide by various sorbents was

first investigated under nearly stationary conditions. Ruthenium

tetroxide was carried by a very slow stream of dry nitrogen (0.2

dm /h) through a aeries of glass tubes containing various sorbents

which are normaly used in filtration systems of nuclear facilities.

From these experiments the most convenient sorbents for ruthenium

tetroxide were chosen for further investigation. Sorbents for inves-

tigation of ruthenium tetroxide adsorption were placed in a glass

column with 5 cm inner diameter. Ajparatus for investigation of ru-

thenium tetroxide adsorption is schematically presented in the Fig-

ure 1 .

The column was filled with three separate beds of various

sorbents. The first bed was the test bed followed by the two safety:

beds. Two separate safety columns were also placed after the adsorp-

tion column.

Ruthenium tetroxide of desired concentration was passed

through the adsorption column with air stream of 360 dm /h flow rate,

Residence time was, in all experiments, 0.3 sec. Relative humidity

of the air was 60-5% and the temperature of the air stream and the

test bed was 22-25°C

III. Results and Discussion

In preliminary experiments of Ruthenium tetroxide adsorp-
(3)tion by various sorbents it was shown that silica gel is promis-

sing material for adsorption of ruthenium tetroxide in filtration

system of nuclear facilities, when the adsorption is carried out

under normal fil trait tij>*n conditions (25°C, 6.0% R.H., residence tine

125



17th DOE NUCLEAR AIR CLEANING CONFERENCE

By PASS

t

• * »

AIR * RUO4

PUMP

Figure 1. Schematic diagram of the apparatus for investigation of

adsorption of RuO^ (1) test bed, (2) safety beds,

(3) safety columns.

0. 3 sec.).

For investigation of ruthenium tetroxide adsorption blue

silika gel, produced by Merck, grain size 1-1.6 mm containing 2% of

moisture was chosen. Chemical analysis of the silica gel, used in

these experiments, show that it contains iron, cobalt, nickel and

chromium. During adsorption of ruthenium tetroxide on this silica

gel from the wet air stream black deposit on silica gel have been

formed immediately. Retention of ruthenium tetroxide in these expe-

riments was better than 99.8%. Detailed information about experi-

mental conditions and results of ruthenium tetroxide sorption on blue

silica gel are given in previous paper'
(4)

There are some assumptions that ruthenium tetroxide is

physically adsorbed on silica gel. If that is the case one could

expect adsorbed ruthenium species to be eluted from silica gel by

water or acids. However, if Merck's blue silica gel after adsorption

of ruthenium tetroxide is immersed In 50^
 H
2
s°i| °"ly less than 0.1% of

adsorbed ruthenium is dissolved. Therefore,, it can be assumed that

ruthenium tetroxide is chemically adsorbed on silica gel. Probable me-

chanism of adsorption is gradual reduction of ruthenium tetroxide by

126



17th DOE NUCLEAR AIR CLEANING CONFERENCE

polyvalent metal ions, contained in silica gel, into a stable RuO?.

If this conclusion is correct than good adsorption of ruthenium

tetroxide by other sorbents which are impregnated or contain poly-

valent metal ions can be expected. It is known that iron wool and

Fe 0 powder are also fairly good sorbents for RuO^, but from some

practical reasons they are not convenient for use in an off gas fil-

tration systems (filling and refilling of adsorption columns). To avoid

failure due to indefinite grain size of iron materials Alcoa Alumina

H-151, which contains 0.1% of Fe 0_ and have definite grain size was

chosen as a base material for sorption of RuO .

Alcoa Alumina H-151 is inexpensive, chemically stable and

inflammable. It also may have advantage in comparison with silica

gel because it adsorbs water poorly while capacity of silica gel for

RuCK is reduced by significant water adsorption.

Sorption of RuO. was investigated on Alcoa Alumina H-151

without further treatment and Alcoa Alumina H-151 impregnated with:

0.1M CrCl3, 0.1M K2Cr20 , 0.1M Na^rO^, 0.1M CoCl2 and 0.1M Co(NO ) 2.

The residence time in all the experiments was 0.3 sec, temperature of

the air stream and the test bed was 22-25 C, and relative humidity of

the air stream was 60- 5%. The results obtained on these sorbents are

presented in Table I. In the same table the results for sorption of

RuO,, on silica gel under the sama condition are given for compari-

son .

From tRe"Table I it can' be seen t h a t unimpregnated Alcoa Alumi-

na H-151 adsorbs RuOj, very poorly although it was expected that it

would be very good adsorber since it contains 0.1% of Fe?0 . In addi-

tion to it, safety beds with Merck's silica gel and the safety col-

umns did not retain ruthenium species after they passed the Alcoa

Alumina H-151 bed. Similar effect was observed earlier with other

sorbents

From Table I it can also be seen that all the sorbents inve-

stigated retain RuO^ to some extent. With exception of silica gel and

Alcoa Alumina H-151 impregnated with Co(N0_)2 significant losses of

ruthenium from the system are observed with all the sopbanfts* A

tentative explanation for this behavior might be that with strong

reducing agents FuO^ is directly reduced to RuO- with evalution of

oxygen which prevents further reduction of RuOj, in the gas stream.

Similar behavior was observed with activated charcoal and HEPA
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Table I. Results of RuO^ adsorption on various sorbentsj

temperature 22-25°C, relative humidity 60-5%,

residence time 0.3 sec.

3
impregnant C(mg/m ) Q (rag) R(%) Q (mg)

C J.

A l c o a A l u m i n a H - 1 5 1

CrCl

CoCl2

6 . 0

7 . 2

10.2

4 . 0

2 . 8

0 . 9

1.67

2.66

3.04

1.85

1.04

0.34

1 .20
44.4

21.8

22 .3
39.6

99.9

1.61
1.46

2.34

1.38

0 . 5 8

0 . 0

B l u e S i l i c a G e

1 0

9

9

9

10

10

. 0

.7

.7

. 4

.2

. 0

0.50
0.97

1.45

1.65

2.04

2.92

99

99

98

98

98

97

.9

.9

.5

. 2

. 0

.3

0

0

0

0

0

0

,. 0
. 0

. 0

. 0

. 0

. 0

C - concentration of RuO^ in the air stream,

Q - generated amount of RuOj,,

R - retention cf RuO^ by the test bed,

Q - no nadsorbed amount of RuO^ in the system.

filters ' . Difference betvieen sorption properties of Alcoa Alu-

mina H-i5i impregnated with Co(N0,)2 and CoCl2 may be explained by

oxidative properties of NO ions and possibilities of various com-
(7)plex formation between ruthenium and nitrates .

IV. Conclusion

Results of RuO^ adsorption on charcoal, silica gel and

Alcoa Alumin H-151 unimpregnated and impregnated by chromium and

cobalt salts show that probably the most important fact is the way
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of reduction of RuO^. If reduction of RuO^ goes directly to RuO? or

metal ruthenium than oxygen is evolved. Hence, oxidative atmosphere

is formed which prevents further reduction of RuO^. Oxidative atmo-

sphere might also be formed when other oxidative substances are pre-

sent in the gas stream. For instance, in nuclear power plants, vari-

ous iodine species which are present in the waste gases stream may

also interact with ruthenium volatile species causing losses of ru-

thenium in filtration systems and difficulties in detection of ru-

thenium species on the filters.

Satisfactory adsorption material for ruthenium tetroxide

can only be a sorbent on which reduction of ruthenium tetroxide goes

slowly and gradually through formation of ruthenium compounds in

which ruthenium is in various lower oxidation states.

Acknowledgements : Performed under contract of Serbian Fund for

Scientific Activities.
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DISCUSSION

KLEIN. M.: Do you think the difference in the trapping mec-
nanism for Ru could be: (1) in the case of silica gel, RuO4 is first
adsorbed and then reduced so that the Ru remains on the bed (2) in
the case of impregnated Alcoa alumina, RUO4 is reduced in the gas
phase into aerogels of Ru oxides which are not efficiently trapped
by either a silia gel bed or an Alcoa alumina bed?

Vujisic: The mechanism of RUO4 adsorption on silica ael is
slow and gradual reduction occurs on it. But in the case of Alcoa alu-
mina 4-151 (either unimpregnated or impregnated with Cr and Co salts,
except Co (NO3)2) it reduces directly and a lot of oxygen is liberated.
So, this oxidative atmosphere prevents further reduction of RUO4 on
the sorbent material.
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Abstract

The AKUT II-facility (throughput 10 m3/h, STP) for the clean up
of the burner off-gas has been tested with synthetic off-gas and
with off-gas from cold burner tests. The results are reported.

During dissolution of the burner ash in nitric acid an off-gas
is formed whose main component is air and which, besides the gaseous
fission products, contains N0x- Before the separation of the gaseous
fission products NOx and/or 02 are removed by reaction with H2 or NH3.
For these reactions catalysts were used. Because of the known
disadvantages of catalytic systems, like reduction in efficiency by
poisoning or thermal influence, the alternative method of thermal,
flameless reduction was tested.

The reactions were carried out in a stainless steel and a
quartz reactor. Throughput, reaction temperature, 02-/ N0x-, H2~,and
NH3-concentrations respectively were varied. The goal of these tests
was to remove 02 and N0x to below 1 ppm behind the reactor and NH3
to below the detection limit of 50 ppm.

It was found that at a reaction temperature of 75O°C in the
stainless steel reactor these goals can be reached for both H2 and
NH3 as reducing agentd, In the quartz reactor only the 02~H2-reaction
takes place. Obviously stainless steel acts as a catalyst for all
other reactions.

I. Burner Off-Gas

The composition of the burner off-gas

The burner off-gas consists mainly of CO2 with varying amounts
of CO and impurities in the ppm-range (Table I), of which I2, Xe, Cs,
and part of the Kr are fission products. The water vapor contains
also 10~2 ppm fission product T in the form of tritiated water. The
rest of the impurities stems from the oxygen used for burning and
from the graphite.. O2 should not be present in the off-gas in the
percent range except for burner disturbances. When the O2
concentration reaches 5 % the burner is shut down automatically.
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co2
CO
(O2

H2O
Xe
Kr
J 2

Cs-Aerosols
N2

Ar
CH4

CmHn

SO2

Cl2
NOX

NH,

85 Vol %
15VOI %

< 5 Vol %)
1000 ppm
42 ppm
18ppm

1 ppm
50 mg/m3

50 ppm
550 ppm
30 ppm
30 ppm
6 ppm
2 ppm
1 ppm

0,5 ppm

Table I: Typical Composition of the Burner Off-Gas

The AKUT II-facility

To clean up the burner off-gas the AKUT II-facility (1/2) has
been built. The facility is operated with synthetic off-gas and
with off-gas from the JUPITER facility (3).

The AKUT Il-facility with a nominal throughput of 10 m3/h [STP]
is divided into a low pressure section (p < 1,5 bar) for the removal
of impurities other than Kr and a high pressure section (p < 1OO bar)
for the enrichment and separation of Kr (Figure 1).

COj

from

NDB3

to stack

Figure 1: Schematic Flowsheet of the AKUT II-Facility
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The low pressure section comprises electrostatic precipitators
(EF 1+2), HEPA-filters (FF 1+2), adsorption beds for I2 and CI2
(IA 1+2), S02 (SA 1+2), and H2O (WA 1+2) and a recycle system with a
catalytic oxidizer (CTK 1) for the conversion of CO and 02 to CO2
(Table II) .

AKMT II
Component

l2-Adsorber
(IA 1 + 2)

SO2-Adsorber
(SA 1 + 2)

Oxidizer
(CTK 1)

H2O-Adsorber
(WA 1 + 2)

Be

Volume

[I]

6.5

6.5

12

6.5

id

Height

(mm]

650

650

2 x 4 0

650

Ma

Name

AC 6120

Zeolon
900 Na

1922 K
(0.15% Pd)

3 A
Molecular

Sieve

terial

Manufacturer

Siid-Chemie.
Munchen

Norton.
Wesseling

Kali-Chemie.
Hannover

Merck.
Darmstadt

Pressure

[bar abs.)

1.4

1.3

i.2

1.2

Operatioi

Tempe-
rature

[°C]

25

25

250-650

25

1

Nominal
Gas

Velocity
[m/sj

0.21

0.23

Space
Velocity:
12.5 m3

(STP)/lh

0.25

Pressure

[bar abs ]

-

1.1

1.1

Regenerat

Tempe-
rature

[°C]

-

250

350

on

Gas
Velocity

[m/s]

-

0.24

0.28

Table II: AKUT II, Adsorption and Catalyst Beds

For the enrichment of Kr the gas is compressed (K 4), liquefied
(TK 1 and WT 4), and fed into the distillation column (RK 1).

The two sections have been operated separately. The following
analyzers were used for monitoring concentrations:

Halogens: Oxidant Monitor Type 924-9 by Mast Co.,
Davenport, Iowa

SO2:

H2O:

CO:

O2:

Model 953 by Beckman, Munich, and
a model 299 by Perkin-Elmer, tiberlingen,
with a 20 m gas cell

AQUANAL by K. Gerhard, Blankenbach

URAS by Hartmann und Braun, Frankfurt
and a model 299 by Perkin-Elmer,
Uberlingen, with a 20 m gas cell

MAGNOS by Hartmann und Braun, Frankfurt,
and a Type OA 137 by Servomex, Ratingen

Test results

Three test phases can be distinguished: first the components
were tested separately. Then the low pressure section was tested as
a whole before it was connected to the JUPITER facility.* In table
III the tested flows and concentrations in the feed and the

'With JUPITER off-gas 5 test runs were made with a duration between
4,5 and 7 hours
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resulting effluent c

Flow

Concentrations:
CC2

CO

o2
H2O
SO2

82.5
2.5

7 7 5 -
7 -

soncentrations; are

Synthetic <

Feed
3ff-Gas

Effluent

5-10m3/h(STP)

-97.5%
-17.5%

—
2500 ppm
19 ppm

~ 100%
< 20 ppm

0.35%
2 ppm

0.1 ppm

listed.

40
0
0-

6 0 0 -
0.05

JUPITER
Feed

3.5 - 9.5 m

- 9 9 %
- 6 0 %
-1.5%
2500 ppm
- 5 ppm

Off-Gas
Effluent

3/h (STP)

~ 100%
< 100 ppm
0.3-1.5%

3 ppm
0.02 ppm

Table III: AKUT II, Test Conditions

The I2~adsorber tests were not completed because the iodine
analyzer broke dovm. They will have to be repeated after repair of
the analyzer, but no surprises are expected because the material
AC 6120 has been tested sufficiently at other institutions (4).

The SO2 adsorption material Zeolon 900 Na has been tested at
General Atomic Company (5) and hcis been put into the AKUT II-
facility for intermediate use. During the tests it reached the
expected decontamination factors (Table III). For two reasons
laboratory tests are under way to find a chemical rather than a
physical adsorbent:

a) on physical adsorbents other components such as water
vapor (containing tritiated water vapor) are coadsorbed,
which are released to the stack during regeneration of
the adsorbent. 3esides Zeolon 900 Na has a rather low
dynamic adsorption capacity for S02 (30 mg/g at a face
velocity of 0.08 m/s) (5)

b) the radioactive isotope S 36 with a lifetime of
88 days is formed during irradiation from the chlorine
present in the graphite. It might be necessary to store
S02 till this isotope has decayed.

Table IV contains the preliminary data of the chemical
adsorbents tested so far. The tests were made with a high SO2
concentration of 2300 ppm to shorten the run time. In previous
tests with 18 ppm SO2 in the feed with all adsorbents less than
0.1 ppm SO2 in the effluent were reached at ambient temperature.
A rise of temperature up to 400°C produced no significant
improvement. The utilisation of the active component has been a
few percent at best so far but tests for optimisation are going
on.

The next component downstream of the S02~adsorbers is the
catalytic oxidizer (Table II). The catalyst (0.15 wt.-% Pd on

can be operated as low as 200°C, but since the CO-O2 reaction
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Adsorption
Material

Merck
Nr. 5953

Kali-Chemie
Br1601

Kaii-Chemie
Br 1598

Siid-Chemie
G-72D

Sud-Chemie
G-3

Sud-Chemie
ODL-N-140

Active
Comp.

MnO2

MnO2

MnO2

ZnO

Fe2O3/Cr2Q3

CuO

Percentage
of Act.
Comp.

wt-%

40-60

8

8

90

80/9

22

Bulk
Packing
Densitiy

kg/I

0.91

0.9

0.48

1.05

1.0

0.75-1.0

Cost

DM/kg

432.-

26.-

23.-

10.20

9.40

35.-

Time till
Breakthrough

min

155

50

18

35

32

35

i

Table IV: Chemisorption of SO2

Bed volume: 136 ml
Bed height: 150 mm
Gas flow: 100 1/h [STPJ

Superficial face velocity: 0.03 m/s
SO2 concentration: 2300 ppm SO2

in CO2
Temperature: 2O°C

breaks down completely between 190° and 200°C it is advisable to
keep a safety margin. We do not operate lower than 25O°C.

The gas recycle of the oxidizer system, which dilutes the off-
gas to a concentration far below the CO-O2 explosion limit, was
operated at 150 ± 20 m3/h [STP].

The CO concentration behind the catalyst is < 20 ppm (detection
limit of the Perkin Elmer IR-analyzer model 299 with 20 m gas cell)
and independent of the CO feed concentration when the O2 surplus is
> 0.33 %. During the JUPITER tests the Perkin Elmer IR-analyzer was
not available, so that a less sensitive analyzer was used where the
detection limit was 100 ppm CO.

The JUPITER off-gas shows a fluctuation of flow, 02 and CO
concentration even at steady state conditions. The typical variation
would be between 10 and 11 m3/h [STP], 10 and 13 % CO, and 0 - 0.2 0 2
in a 3 minute rythm (corresponding to the feed of crushed fuel
elements into the burner). The CO fluctuations were controlled well
in the ovidizer system, but sudden CO increases > 5 % causad 0 2
surplusses up to 1.5 %. Work is under way to improve the control
system and also to reduce the pressure drop across the connecting
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ducts, because the AKUT II blower (K 1) could only suck 9,5 m3/h
[STP] due to a too high pressure drop.

If in the off-gas hydrocarbons are present these are reduced in
the oxidizer to H2O and

Water vapor is removed in the H2O-adsorbers (WA 1+2). In the
laboratory 3 A, 4 A, and 5 A moleculcir sieves have been tested. No
difference was detected in capacity, breakthrough curve or
decontamination factor. The 3 A molecular sieve was chosen for
AKUT II. Figure 2 shows the breakthrough curves for identical
molecular sieves and identical loading conditions for the laboratory
adsorber of 34 mm diameter and the AKUT II adsorber of 113 mm
diameter. Rather unexpectedly the breakthrough time and with it
the length of the mass transfer zone were much longer for the
adsorber with 113 mm diameter compared to the adsorber with 34 mm
diameter.

1,0-

0,5-

Bed Diam 113 mm

LMTZ= 293 mm

Bed Diam. 34mm

LMTZ = 123mm

Bulk Gas: CO2

Co: 2400 ppm H2O
Bed Height: 650 mm
Face Velocity: 0.26 m/s
Time till Breakthrough: 43 h

0
—1—

12 16 24
Time [ h ]

—r—
30

Figure 2: Adsorption of H2O on 3 A Molecular sieve (Kerck), ratio of
effluent concentration c and feed concentration co versus
time

The H2O effluent concentration was 2 - 3 ppm and in the tested
range independent of the feed concentration (Table III). The
capacity of 190 g H2O/kg MS corresponds to the data given in
literature (6).

Behind the water adsorbers the off-gas was released into the
hot cell off-gas ducts.
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The distillation column RK 1 has been tested separately with
pure CO2 to gain the flooding curves.

The overall length of the column is 5.8 m and the inner
diameter is 40 mm. The total height of the packing (wire spirals
5 x 5 mm) is 4.7 m. It is divided into four parts with liquid
distributors between them.

The diameter of the column was designed such that the vapor
velocity at nominal throughput was 50 % of the flooding velocity.
The flooding velocities were calculated with the empirical equation
given in Perry's Handbook (?)

L /p~~
(1)

Ut = superficial gas velocity, ft./sec.
ap = total area of packing, sq. ft./cu. ft. bed
e = fractional voids in dry packing
g = gravitational constant, 32.2 ft./sec.2

Plrg = gas and liquid densities, lb./cu. ft.
L = liquid-mass rate, lb./(sec.)(sq. ft.)
G = gas-mass rate, lb./(sec.)(sq. ft.)
ui = liquid viscosity, centipoise

For comparison the flooding curves were also calculated with the
equation given by Sawistowski (°)

1/4, ,1/8\ /p. \
\ /£ (2)

where Up = flooding velocity of the gas phase based on
total column cross-section

a = surface area of packing per unit volume of column
g = acceleration due to gravity
e = void fraction of the packing
PL = density of the liquid
PG = density of the gas
yL = viscosity of the liquid
nw = viscosity of water at 20°C (approx. 1 centipoise)
G = mass rate of flow of the gas phase
L = mass rate of flow of the liquid phase

In Figure 3 the vapor velocities at. flooding points for L/V = 1,
i.e. for total reflux, at temperatures between - 10° C and + 20°C
are shown. The calculated curves are based on equation (1) (dot -
dash - line) and equation (2) (dashed line). The diagram also
contains our data (solid line). The difference between the vapor
velocities calculated by equation (1) and our data is only between
8 % at 12OC and 1 % at - 10°C. This is very satisfactory,
considering the fact that equation (1) was derived from data on
air-water-systems where e.g. the PL/PG ratio is 1000 compared to
the CO2 system where P L/PG

 = *>*5 at 10°C.
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1 0.06

0,05

0,04 -

0,03 -

* Perry / Sherwood
• Sawistowski
x our dcrta

t
-5 0

Tl°C]
10 15 20

Figure 3: Vapor velocities at flooding points versus temperature
for L/V = 1

The pressure drop (Ap) through the column is plotted versus the
vapor velocity (UQ) for several temperatures in Figure 4. The curves
show the typical lower break at the loading velocity and the
typical upper break at the flooding velocity.

The values for the vapor velocity and the pressure drop at the
flooding points (Up and App) at various temperatures (T) are
inserted in the diagram. (UF was plotted versus T in Figure 3.)

Work planned for the AKUT Jl-facility in near future is

- to get the low pressure section ready for the next JUPITER
campaign, planned for September

- to run the distillation column at L/V ratios other than 1
and to determine the efficiency of the column for CO2-N2/

O2» and CO2~Kr systems.
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0.001 0,01 0,1
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Figure 4: The Pressure Drop Ap through the Distillation Column
versus Vapor Velocity UQ at Various Temperatures

II. Dissolver Off-Gas

Introduction

During dissolution of nuclear fuel in concentrated nitric acid
nitrogen oxides are formed which are released into the process off-
gas system together with the gaseous fission products. A typical
composition of the dissolver off-gas is shown in table V.

N2

0 2

H2O
Xe
Ar
NOX

Kr

75.4 Vol.%
20.3 Vol.%
1.5 Vol.%
1.06 Vol.%
0.9 Vol.%
0.5 Vol.%
0.16 Vol.%

< 0.1 Vol.%

Table V: Typical Composition of the Dissolver Off-Gas
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The goal of the experiments reported herein was the removal of
O2 and N 0 x from the dissolver off-gas to below 1 ppm to protect the
cryogenic Krypton-separation unit following downstream.

The main work on removal of O2 and/or N 0 x has been done on
catalytic reduction:

O2 and N 0 x together have been reacted with H2 over noble metal
catalysts [9,10]. To remove N 0 x alone, it was reduced with NH3 over
mordenite [11,12].

Since the use of catalysts includes some drawbacks like
poisoning and dust formation, it was decided to check the
possibilities of thermal reduction. As reducing agents both H2 and
NH3 were tested [13].

The reaction equations for the O2~NOX-H2 and the O 2 ~ N O X 3
systems are listed in table VI. The stoichiometric amount of H2 was
determined by equations I and II and of NH3 by equations VI and VII.
The NH3, which is formed according to equation III and the NH3

0 2 + 2 H2 -+ 2 H 20 (I)
2 NO + 2 H2 -+ N2 + 2 H2O (II)
2 NO + 5 H2 -+ 2 NH3 + 2 H-,0 (III)
N02 + Ha -* NO + H20 (IV)
2 NH3 -* N2 + 3 H2 (V)

2
4
4
4
2
2

NH3

N H 3 -

N H 3 -
N H 3 •

NH3

NO 4

f 3/2 O2 -*
f 4 NO + O2 -*
f 3 NO2 - *
f 5 O 2 ->

• 5 H2 _»

N2 + 3
4 Na +
7/2 N2

4 NO +
N2 + 3
2 NH3 H

H2O
6H2O
H- 6H2O
6H2O

H2

^2H2O

(VI)
(VII)
(VIII)
(IX)
(V)
(HI)

Table VI: Reaction Equations for the O2~NOX-H2 and the O2~NOX-NH3
Systems

surplus in the O2~NOX-NH3 system dissociate according to equation V
into N2 and H2. This leads to the second goal of our tests besides
the removal of O2 and N0 x below 1 ppm: to introduce no NH3 into the
off-gas.

Table VII contains the different gas mixtures, the various gas
streams and concentration ranges, and the reactor materials that
were tested successively.
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Tested Gas Mixtures

N2

N2

N2

N2
N2

N2
N2

- O2 -
- NO -
- O2 -

- o2 -
- o2 -
- O2 -
- O2 -

H2
H2

NO -
NO -
NO -

NO -
NO -

H2

H2

H2

NH3

NH3

- H,0

- H,O

Tested Gas Compositions

N2

O2

NO
H2O
H2

NH3

600, 800, 1000 l/h (20°C, 1.1 bar)
0.5, 1 %
750, 1500 ppm
0, 10000 ppm
23 to 140% surplus
- 4 0 to + 60% surplus
0 to 3000 ppm

Test? Reactor Materials

Stain!,; ; Steel Nr. 1.4571 (DIN)
Quarts

Table VII: Tested Gas Mixtures, Gas Compositions, and Reactor
Materials

Test Equipment

Figure 5 shows the design of the thermal reactor fabricated
from stainless steel Nr. 1.4571 (DIN). Five thermocouples in
protective tubes are located at various heights. Three resistance
heater jackets were controlled independently to establish a fairly
even temperature profile throughout the reactor.

The quartz reactor had the same dimensions as the metal reactor,
but was equipped with only 2 thermocouples, T 2 and T 6.

Figure 6 shows the test assembly, the gases were supplied from
gas cylinders, with the exception of iodide and water vapor. Iodine
was liberated from a sodium iodide solution by reaction with
ammonium ferro sulfate. Water vapor was added by directing part of
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Figure 5: Design of the Thermal Reactor

the N2 stream through a water tank. Entrained water aerosols were
separated in a demister. All gases were blended upstream of reactant
gas supplies. Before the gas entered the reactor it was heated in a
preheater wrapped with a heating tape. The gas entered the reactor
in all tests with a temperature of 42O°C. The reactor temperature was
varied between 42O°C and 75O°C. Behind the reactor the gas was cooled
to ambient temperature in a water cooled heat exchanger, where part
of the water vapor condensed.

The gas was analysed for iodine and ammonia discontinuously, all
other analyses were continuous. For 02 concentrations above
1000 ppm a MAGNOS (Hartmann & Braun), for O2 concentrations below
1000 ppm an ELCOFLUX C5 (Dr. Thiedig & Co) were used. H2 was
measured with CALDOS analyzers bv Hartmann & Braun, and N0x with a
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Analyzers

HjO Q, NO, Hj

L

NH4FeH(SO4)2

+H3SO4

O O O O

H-H

Vent

Condensate

Cooling
water

Equipment for
Thermal Reactor Tests

Figure 6: Test Assembly

LUMINOX 201 by BOC and a model 951 by Beckman. For water analysis an
AQUANAL by K. Gerhard KG was used. NH3 was absorbed in boric acid
and titrated. I2 was absorbed in an aqueous potassium carbonate
solution, reduced to iodide with sodium sulfate and then determined
with an ion selective electrode.

Reduction tests with the metal reactor

H2 as reducing agent

The first reaction to be tested was the O2-H2 reaction. Figure
7 shows the complete reduction of O2 with H2 as a function of
reactor temperature and throughput. The higher the throughput, that
means the lower the residence time, the higher the temperatures
that are necessary for complete removal of 02- For the higher H2
surplus (curves a and c) the reaction temperature can be lower than
for the lower surplus (curves b and d). It is interesting to note
that for the lower O2 concentration tested (0,5 %) for the highest
throughput of 1000 1/h [STPJ higher reaction temperatures were
measured (curves c and d).

In the next test series with NO and H2 the NH3 formation and
the reaction temperature were checked.

Figure 8 shows the results for a feed of 1500 pp*n NO. The
numbers in the curves give the H2 concentration in the reactor
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Figure 7: Complete Reduction of O2 with H2 as a Function of Roactor
Temperature and Throughput

effluent. Below 500°C NO is reduced and NH3 formed. It can be seen
that for higher H2 surplus NO is reduced at a lower temperature and
that the formation of NH3 depends on the amount of H2 present. For
1,5 % H2 in the effluent all NO is reduced to NH3. The NH3
dissociates at temperatures above 45O°C, and at 63O°C the NH3
concentration is below the detection limit of 50 ppm.

In the diagram no throughput was entered as parameter because
the curves are identical for the three tested throughputs of 600,
800 and 1000 1/h [STP]. For a feed of 75O ppm NO the curves are
similar in shape and do not render any different results.

From the tests described so far it can be seen that both NO and
O2 can be removed completely by reaction with H2. The next step was
to test the simultaneous reduction of NO and O2 with H2. Again the
N2~feed of 600, 800 and 1000 1/h [STP], O2 feed concentrations of
0.5 % and 1 %, NO feed concentrations of 750 and 1500 ppm, and H2
concentrations in the effluent of 0.5 %, 1 % and 1.5 % (corresponding
to stoichiometric surplusses between 23 % and 140 %) were tested.

Figure 9 shows the results of one of these tests with a feed
of 0.5 % O2, 750 ppm NO, and 2 % H2 (which corresponds to 93 %
stoichiometric surplus).

For the specific gas composition shown in Figure 9 O2 is
removed completely for a N2 feed of 600 1/h [STP] at 52O°C, for a N2
feed of 800 1/h [STP] at 63O°C. For a N2 feed of 1000 1/h [ST?]
3 ppm 02 remain, even at 74O°C. For N0x the temperature is always
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Figure 8: NO and NH3 Effluent Concentrations vs. Reactor Temperature

lower than for O2. NH3 in all cases needs 73O°C to 75O°C for complete
dissociation.

Summing up the different runs with N2-O2-NOx-H2-gas mixtures it
can be said that

- in all tests on the reduction of O2 and N0 x with H2 NH3 was
formed. The NH3 formation depends mainly on the N0 x concen-
tration, the H2 concentration,and to a lesser degree on the
throughput, with the lowest concentration at a N2 feed of
800 1/h [STP] and the highest at 600 1/h [STP],

- for a N2 feed of 600 1/h [STP] (corresponding to a residence
time of 3,5 s) for all tested O2 and NOX concentrations and
independent of the H2 surplus no 02, N0 x or NH3 can be
detected behind the reactor for a reactor temperature of
73O°C ± 2O°C,

- for a N2 feed of 1000 1/h [STP] (corresponding to a residence
time of 2,1 s) for all tested mixtures traces of O2 and N0x

< 10 ppm and also traces of NH3 < 160 ppm were found in the
effluent.

This means that if a mean reactor temperature of 73O°C + 20°C
is maintained and the residence time is > 3,5 s than for all tested
gas mixtures no 02* N0 x or NH3 is found in the reactor effluent.

Since the dissolver off-gas is saturated with water vapor, its
influence was tested by adding 10.000 ppm water vapor to the gas
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Figure 9: 02, N0x, NH3 Concentrations in Effluent vs. Reactor
Temperature and Throughput

mixture. Generally speaking it can be stated that by the presence of
water the reaction temperatures for 02 and N0x were lowered and the
NH3 formation was enhanced. But at the temperature of 73O°C + 2O°C
all NH3 had dissociated so that in the end no difference was
noticeable.

NH3 as reducing agent

In the following test series NH3 was used as reducing agent.
Again a N2 feed of 600, 800 and 1000 l/h [STP], 02 concentrations of
0.5 and 1 %, but only one NO concentration of 1500 ppm were tested.
NH3 was varied between - 40 and + 60 % of the stoichiometric amount.
Figure 10 shows the results of varying amounts of NH3 on the O2 and
N0 x concentrations in the effluent. O2 is reduced to NO for under-
stoichiometric NH3 supply and only at ~ 40 % overstoichiometric
supply no N0 x is detectable in the effluent. Furtheron it can be seen
that only for the lowest N2 feed stream of 600 l/h [STP] all 02 is
reduced. For the two higher throughputs even at 40 % over-
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Figure 10: 02 and N0x Concentrations in Effluent for NH3 as
Reducing Agent

stoichiometric NH3 supply 10 to 30 ppm O2 are detectable in the
effluent.

In Figure 11 the C>2f N0xrand NH3 concentrations in the reactor
effluent versus the feed stream are shown. Only for the N'2 feed of
600 l/h [STP] O2 and N0x are removed below 1 ppm. But even for the
lowest throughput NH3 is found in the effluent: NH3 concentration is
170 ppm and 320 ppm for a feed of 0.5 % O2 and 1 % O2 respectively.
That means that a longer residence time than the one tested is
necessary to remove NH3 completely.

Introduction of 1O.OOO ppm H2O did not influence the results.

Reduction tests with the quartz reactor

To clarify the question whether the reactor material influences
the described reactions,, part of the tests were repeated in a quartz
reactor of the sara*. dimensions as the stainless steel reactor.
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Figure 11: 02 and N0 x Reduction with NH3

The tests were made with a N2 feed of 600 1/h [STPJ, an O2 feed
concentration of 1 I, a NO feed concentration of 1500 ppm, and a
reactor temperature of 75O°C.

In the O2-H2 reaction O2 was removed completely at a stoichio-
metric H2 surplus of only 1 %. The NO-H2 reaction did not take place.

The tests were repeated with NH3 as reducing agent. And again
no reaction took place.

When a few pieces of the stainless steel reactor material were
put into the quartz reactor all reactions rendered the same results
as in the stainless steel reactor. It is obvious that the N0x-H2~
and the O2-NOX-NH3 reactions are catalyzed by stainless steel. Since
the steel Nr. 1.4571 (DIN) which we used is not the right material
for a reactor with a prolonged Ufa time, and the recommended material
for temperatures around 75O°C which is not suceptible to
embrittlement by N2 is Incoloy 800, it would be advisable to check
the influence of this material on the reactions.

Influence of iodine on the reactions

The last test series was iticide to determine the effect of iodine
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on the described reactions. The tests were made in the metal reactor
at 74O°C and a N2 feed of 600 1/h [STP]. Summing up the data, it can
be stated that below 25 ppm 12 in the gas no influence was noted.
More then 25 ppm 12 led to traces of O2 and N0 x (< 10 ppm) in the
effluent. An I2 excursion of 3000 ppm caused the complete breakdown
of all reactions. If the 12 influx is stopped and the reactor flushed
for a few minutes with a N2-H2 mixture the reactor recovers and the
reactions take place again.

In the quartz reactor only the O2-H2 reaction was tested, since
other reactions do not take place as mentioned above. At an I2
concentration of 140 ppm the H2-O2 reaction ht-oke down completely.

It is assumed that iodine atoms interrupt the H2-O2 chain
reaction with the consequence that the reaction rate drops and the
gas needs a longer residence time for complete reaction. It is also
possible that the catalytic centers of the metal are poisoned by the
iodine and the N0x-H2 reaction is impaired. To clear this point more
experiments would, be necessary.

Summary

Summing up the tests with thermal reactors it can be said, that

- O2 and N0 x can be reduced with H2 at 730 + 20°C. No O2, N0 x,
or MH3 is detected in the effluent if the residence time is
> 3.5 s.

- O2 and N0 x can also be reduced with NH3, but a longer
residence time than for H2 is needed, because more
intermediate reactions are involved.

- The reactions are catalysed by stainless steel.

- Traces of iodine > 25 ppm impair the reactions.

- Saturation of the gas with water vapor does not increase
the reaction temperature or the residence time.
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SURFACE DEPOSITION OF RADON DECAY PRODUCTS
WITH AND WITHOUT ENHANCED AIR MOTION

S.N. Rudnick. E.F. Maher, W.C. Hinds, and M.W. First
Harvard Air Cleaning Laboratory

Boston. MA 02115

Abstract

The effectiveness of fan-induced air motion in reducing airborne activity of short-lived
radon decay products was evaluated in a 78-m3 chamber. Observed reductions were as high
as 50% for RaA (ai8Po), 79% for RaB (214Pb), and 86% for RaC (2uBi). Activity Measurements
of these nuclides on chamber and fan surfaces, along with airborne activity, were used to
calculate material balances. Greater than about 90% of deposited activity was found on
chamber surfaces, although areal activity density was higher on fan surfaces. Deposition
velocity and diffusional boundary thickness were also determined. When no fans were used,
boundary layer thickness was estimated to be 25 times the recoil distance of a RaB atom
and, with fans, about 4 times the recoil distance, suggesting that recoiling RaB atoms prob-
ably do not play a significant role in the relationship between surface and airborne activity.
The results of this study have relevance for all habitable spaces having excessive radon con-
centration.

Introduction

Engineering strategies to control short-lived radon decay products in buildings or
mines can be divided into three types: 1) prevention of radon entry (e.g., sealants, ven-
tilated crawl spaces, and judicious selection of building materials); 2) dilution with outside
air directly or through heat exchangers; 3) removal of radon or its decay products from the
indoor airspace by various air treatments. Historically, air dilution has been most effective,
although not employed for this specific purpose. Recently, it has become less acceptable
because of high energy costs for heating and air conditioning dilution air. Research con-
ducted in the present study was directed to a subdivision of strategy 3, removal of radon
decay products due to air motion produced by fans.

Fans remove radon decay products from the airspace by causing surface deposition,
which is often termed plateout. The primary mechanism causing plateout by fans is
diffusion, and although this mechanism is also active when no fans are in use, fan-induced
air motion can enhance its importance greatly. Because partitioning of radon decay pro-
ducts between the airspace and surfaces is fundamental to understanding the health
hazards associated with radon, experimental data on plateout, as well as on the fate of all
radon decay products, are necessary for formulation and verification of a mathematical
model.

Plateout due to fan-induced air motion has been reported previously by several investi-
gators. C1-8-3) Wrenn*1* observed reductions in working level of up to 90% in two uranium mines
due to air motion caused by aiir recirculation rates between 20 and 69/h, far in excess of
that which would be used in buildings. Hoiub{^ reported working level reductions of 41% in
an experimental chamber when a mixing fan was used. His tests indicated that this reduc-
tion was the result of radon decay product deposition on the fan rather than on chamber
surfaces. Abu-Jarad^ reported a 28% reduction in working level for an experimental
chamber when a mixing fan was operating. Using; plastic track etch a-detectors, he com-
pared activities on fan blades eind chamber surfaces, before and after treatment, and found
that fan deposition accounted for about 2% of activity lost from the airspace. He concluded
that enhanced deposition on chamber surfaces was responsible for most of the working level
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reduction.

Experimental Methods

Experimental studies were designed to simulate closely conditions occurring in a
residence or building. Nonetheless, transient effects, such as time-dependent variations in
air infiltration rate or radon intrusion rate, were not studied because experimental results
would have been too difficult to analyze. Consequently, all measurements were made after
steady-state experimental conditions were ettpined.

Apparatus

Experiments were made in a chamber having a volume of 7B-m3 and surface area of 122
m.2. This chamber was unfurnished and had a linoleum floor, painted metal walls, and five
sealed windows. Air infiltration rates were established by exhausting the requisite airflow
through a calibrated venturi flowmeter. Although air was forced to infiltrate through cracks
and pores in chamber surfaces, pressure in the chamber was less than barometric pressure
by at most 3 mm of mercury. Aerosol particles in the chamber entered with air that
infiltrated from adjacent air-conditioned laboratory spaces. Aerosol concentration ranged
from 12 to 83 fj,g/m9 during the experimental program/4*

Radon (EZ8Rn) was generated by bubbling 0.2 L/min of humidified air through a 100-/iCi
82eRa solution. Gas exiting the bubbler passed through a droplet trap and a filter and, then,
flowed to a distribution manifold on the floor of the chamber. This arrangement simulated
seepage of radon through the floor.

Sampling ports were located in the exhaust duct and in one wall of the chamber. Both
ports accepted 50-mm diameter open-faced filter holders, which minimized aerosol sam-
pling losses. Tests made with carbon monoxide released in the chamber as a tracer gas
showed that these locations gave representative samples of concentrations in the chamber
and confirmed that the chamber air was well mixed/** Air samples for radon were taken
from the exhaust duct through a filter into an evacuated 100-cm8 Lucas flask/5'

Measurement of Radon Decay Product Concentration

Radon decay product concentrations were determined from a 5-minute air sample col-
lected on a Millipore AA membrane filter, which was counted by alpha scintillation after the
filter was placed in direct contact with the Ag-activated ZnS-phosphor-coated side of a
disposable mylar film (W.B. Johnson and Associates, Montville, N.J.). The mylar film was
touching the window of a photomultiplier tube in a light-tight enclosure during the counting
period, which started 2 minutes after the end of the sampling period and continued for 30
minutes. Working level and concentrations of RaA, RaB. and RaC were calculated from the
counts in three time intervals using the modified Tsivoglou method/0)

Measurement of Radon Decay Product Surface Activities

Different equipment and procedures were used to measure surface activities of radon
decay products on chamber surfaces and on fan parts.

On Chamber Surfaces. Steady-state radon decay product activities on chamber sur-
faces were measured in the following manner: 47-mm diameter paper or aluminum-foil
disks were affixed to varior.s locations on ceiling, floor, and walls and allowed to remain in
the chamber for a sufficient time to establish steady-state activities of RaA, RaB, and RaC.
The disks were removed one at a time from the chamber; by comparing activities of
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successive samples at the same location, we determined that our entry into the chamber
had no effect on plateout measurements. The disks were counted under vacuum by alpha-
particle spectrometry using a 12.6-cm2 silicon surface-barrier detector. Total number of
counts under the RaA and the RaC (214Po) alpha peaks during one time interval and total
number of counts under the RaC alpha peak for a later time interval were determined for 4
or more disks removed from various locations. From these 3 counts, the steady-state activi-
ties of RaA, RaB, and RaC on the surfaces were estimated using a computer program written
for radon decay product airborne concentration^7' and modified for calculation of surface
activity/4' No significant differences in areal density were observed when using aluminum-
foil or paper disks at the same location, although peak resolution was considerably better
with foil. This resolution difference results from higher energy loss of an a particle when
escaping the rougher paper surface on its way to the detector, an observation reported by
previous investigators/89'

On Fan Blades and Housing. Steady-state activities on fan blades and fan housing were
measured using 6 identical, 75-cm.8, Ag-activated-ZnS scintillation detectors. Each detector
was provided with a protective rigid grill to permit direct contact with surfaces and a 1-
mg/cm2 aluminized mylar film to shield the photomultiplier tube from room light (model
43-1, Ludlum Measurements, Sweetwater, TX).

Activities on front and back fan blade surfaces and fan housing were measured simul-
taneously with as many detectors as could be positioned within the first 2 minutes after
removing the fan from the chamber. The modified Tsivoglou method/8 ' adapted for calcula-
tion of surface activity/4' was used to back-calculate steady-state radon decay product
activities to the instant when the fans were removed from the chamber.

When measuring deposition on the 51-cm box fan, usually 4 detectors were placed on
front and back surfaces of 2 blades out of a total of 14 and another 2 detectors on 2 inside
locations of the housing. Three detectors per blade side were used to characterize average
activity on 1 of the 4 blades of the 130-cm ceiling fan. Deposition was not uniform with dis-
tance along the blade, as shown in Table I.

Table I Relative areal activity density on blade of 130-cm ceiling fan.

Air infiltration rate
Decay product
Position on blade

Inner third
Middle third
Outer third

RaA

1.00
1.30
1.74

Relative
0.23/h

RaB

1.00
1.85
2.30

areal

RaC

1.00
1.78
2.53

activity

RaA

1.00
1.20
1.20

density
0.52/h

RaB

1.00
1.65
2.00

RaC

1.00
1.60
2.48

Surfaces near the blade tip were found to have up ho 2.5 times the areal activity density as
those near the inner part of the blades. Similar trends were noted for top and bottom blade
surfaces, but as expected, no differences in areal density with position were found when the
fan blades were still. The higher activity areal density at the tips of the fan blades was prob-
ably due to the thinner boundary layer thickness and to the larger air volume per blade
area swept out by the faster moving surface.

Results

The importance of radon decay product plateout was quantified from activity measure-
ments in the air, on chamber surfaces, and on fan parts. These measurements were also
used to calculate individual material balances and estimate plateout rates, deposition
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velocities, and diffusion boundary layer thicknesses for RaA, RaB, and RaC.

Plateouit

Pleiteout of radon decay products will always occur to some extent. Its importance can
be greatly enhanced through air mixing caused by fans.

Without Fans. Measurements of working level {WL) and airborne concentrations of RaA,
RaB, and RaC at various air infiltration rates are given in Figure 1. Theoretical curves,
shown also in Figure 1 and based on the assumptions of no plateout, spatially uniform
steady-state concentrations, and infiltration air free of radon and its decay products, were
plotted from Equations 1, 2, 3, and

J
133.2(Ar+/)(Ao+/)

where

WL = working level (i.e., any combination of RaA, RaB, RaC, and RaC' atoms in one liter
of air that will, on decay to Pb-210, release 130,000 MeV of alpha-particle energy), WL

C = radon decay product concentration, pCi/L

S = radon intrusion rate per chamber volume, atorns/(h-L)

/ = air infiltration rate (i.e., volumetric flow rate of infiltrating air divided by chamber
volume), 1/h

X = radioactive decay constant (Xr = 0.00758. Xo = 13.7, \ b - 1.55, and Xc = 2.11), l /h

k = dimensional conversion factor [kt = 1.052 x 10"4 and kz = 5.908 x 10"5), WLh/aiom

r,a,b, and c are subscripts indicating radon, RaA, RaB, and RaC, respectively.

In all cases, the measured concentrations were less than the theoretical curves, a result of
plateout on chamber surfaces. Differences, which varied from 8.4 to 26% for WL, 11 to 26%
for RaA, 9.1 to 25% for RaB, and 7.4 to 26% for RaC. were larger at lower air infiltration rates,
suggesting that longer residence times at lower infiltration rates had a greater effect on pla-
teout than the diffusional boundary layer thickness, which would be expected to be thicker
at lower infiltration rates.

With Fans. Reduction in radon decay product concentration resulting from increasing
plateout by air mixing was studied using a ceiling fan and a portable box fan.
Manufacturer's specifications for these fans are given in Table II.
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Figure 1 Effect of air infiltration rate on radon decay product
concentration with no fans in use. (Square symbols de-
note experimental data; solid lines denote theoretical
curves based on the assumptions of no plateout, spatially
uniform steady-state concentrations resulting from de-
cay of 100-yCi Ra-226 into 78-m3 chamber, end radon- and
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Table II Manufacturer's fan specifications.

Fan type
Model number
Setting
Airflow rate, ma/rnin*'
Fan speed, rev/min
Power consumption, W

51—cm box

High
156

1000
185

11077*
Medium

147
930
150

fan

Low
136
750
100

130-cm ceiling fan
22306-7J'

High
198
200
155

Low
113
115
80

'Hunter Comfort Conditioning Division, Robbins & Myers, Inc., Memphis, TN 36114.

"NEHA method

Figure 2 shows the ratio of radon decay product concentration with a fan to the concentra-
tion without a fan versus air infiltration rate. Use of box fans reduced WL by 43 to 76% and
concentrations of RaA by 32 to 50%, RaB by 45 to 79%. and RaC by 43 to 86%.

Material Balance Calculations

Steady-state material balance equations for radon, RaA, RaB, and RaC in terms of
atoms per unit time are given by Equations 5 through 8. The left side of these equations
accounts for entry of radon and its decay products into the chamber, including its airspace
and surfaces, and the right side for their exit in the exhausted air and elimination by decay.

For radon,

SV + n* VI = n,. VI + Nrk,. (5)

•where

V= chamber volume (i.e., its airspace volume), L

n} = radon concentration in infiltrating air, atoms/L

,/Vr = number of airborne radon atoms in the chamber

•a,. = radon concentration in exiting air, atoms/L

We assumed that radon adsorption on chamber surfaces was negligible.

Similarly, for RaA, RaB, and RaC,

NrK + n* VI = na W + Na\t + W^ (6)

NaKa + WaXa + nt VI - nb VI + Nb\b + W^ (7)

Nbhi + Wb\b + n\VI = nc VI + NCXC + W,.^. (8)

trhere

n* = radon decay product concentration in infiltrating air, atoms/L

n = radon decay product concentration in exiting air, atoms/L
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N = number of airborne radon decay product atoms in the chamber

W = number of radon decay product atoms on chamber surfaces

Measurements indicated that infiltration air was free of radon and its decay products
(i.e., n^^n^rib^nc^O) and that point-to-point concentrations were fairly uniform and not
much different from exhaust concentrations^4' (i.e., n&N/ V for radon and its decay pro-
ducts).

Applying these approximations to Equations 5 through 8 and rearranging gives surface
activities (i.e., disintegrations per unit time) of each decay product:

+K ) (9)

Wb Xb = SVXT/ (I+Xr) - nb V(l+Xb) - nc. VI (10)

WcXe = SV\r/(l+XT) - n,. V(I+XC) - (na+nb)VI ( l i)

The amount of radon decay products on chamber surfaces can also be expressed in terms of
potential alpha energy in MeV (PAE); i.e.,

PAE = EaWa + EG.(Wa + Wb + Wc) (12)

where

Ea = energy of alpha particle from RaA = 6.00 MeV

Ec- = energy of alpha particle from RaC = 7.68 MeV

Inserting Equations 9 through 11 into Equation 12 and rearranging yields

Xr)

nb + nc

+ nb / (V 1 + X-1) +ncI/Xc] VEC. -(1 + 1/ K)^a VEa (13)

The right side of Equations 9, 10, 11, and 13 can be used to calculate activities of radon
decay products and potential alpha energy on chamber surfaces. The measured parame-
ters required are air infiltration rates, airspace volume, airborne concentrations of RaA,
RaB, and RaC, and radon intrusion rate. If these calculated values are in agreement with
measured values of RaA, RaB, and RaC activities and potential alpha energy on chamber sur-
faces, and the fate of all radon decay products has been confirmed.

Material balance results for 5 tests in which surface measurements were made are
shown in Table III for radon decay products and Table IV for potential alpha energy. The
amount of radon decay products on chamber surfaces and fan parts are given in Table V. As
shown in Table III, measured activity of RaA on all surfaces ranged from 46% to 86% of calcu-
lated activities beised on Equation 9. The range was 46% to 114% for RaB and 56% to 250% for
RaC based on Equations 10 and 11, respectively. Measured potential alpha energy on sur-
faces, shown in Table IV, ranged form 52% to 116% of calculated amounts based on Equation
13. If the test with two box fans are ignored, this range would narrow to 94% to 116%.

158



Table III Material balance based on radon decay product activities.

Air Treatment

None

None

130-cm ceiling
fan (high speed)

130-cm ceiling
fan (high speed)

Two 51-cm box
fans

j (high spend)

1

Air
Infiltration
Rate, h-1

0.23

0.52

0.23

0.52

0.52

1

'Radon
Decay
Product

RaA

Ran

RaC

RaA

RaB

RaC

RaA

RaB

RaC

RaA

RaB

RaC

RaA

RaB

RaC

Radon Decay
Activities, UCj.

Total

0.

0.

0.

0.

0.

0.

1

2

2

0

1

1

0

0

0

459

746

826

132

119

267

35

40

57

528

.03

.09

.494

.466

.570

Measured

(10.7%)

(14.7%)

(8.30%)

(30.5%)

(73.7%)

(19.3%)

(7.60%)

(9.30%)

(6.20%)

(12,0%)

(14.7%)

(8.60%)

(15.3%)

(28.3%)

(13.5%)

Product
(Coef. var.*)

Calculated
trom

Eq. 9-11

0.

0.

0.

0.

0.

0.

1

2

2

0

0

0

0

1

1

536

700

055

287

172

106

81

54

63

716

.900

.857

.693

.01

.01

(36.9%)

(9.73%)

(8.56%)

(46.91)

(31.1%)

(52.1%)

(5.75%)

(1.40%)

(1.42%)

(12.8%)

(3.98%)

(4.35%)

(13.1%)

(3.63%)

(3.61%)

Total Measured
Calculated

0.855

1.064

0.965

0.459

0.689

2.500

0.742

0.943

0.976

0.736

1.143

1.27C

0.712

0.458

0.561

p-value

0.704

0.726

0.772

0.271

0.630

0.035

<0.003

0.529

0.704

0.093

0.407

0.021

0.093

<0.003

<0.003

* Coefficient of variation for counting error in percent is given parenthetically



Table IV Material balance based on potential alpha energy.

Air Treatment

None

None

130-cm ceiling fan
(high speed)

130-cm ceiling fan
(high speed)

Two 51-cm box fans
(high speed)

Air
Infiltration
Rate, h-1

0.23

0.52

0.23

0.52

0.52

Potential Alpha Energy
MeV (Coef. var.*)

Total Measured

9.53xlO8 (8.37%)

2.25xl08(28.0%)

3.00xl09 (5.54%)

1.27xlO9 (8.61%)

6.49xl08(14.6%)

Calculated
from Eq. 13

9.49xlO8 (6.65%)

2.03xl08(23.6%)

3.19xl09 (1.02%)

l.lOxlO9 (2.90%)

1.25xlO9 (2.59%)

Total Measured
Calculated

1.005

1.105

0.941

1.156

0.517

p-value

0.960

0.787

0.271

0.134

<0.001

* Coefficient of variation for counting error in percent
is given parenthetically.
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Table V Distribution of radon decay products
between chamber surfaces and fan.

Air Treatment

None

' None

130-cm Ceiling

Fan
(high speed)

130-cm Ceiling

Fan
(high speed)

Two 51-cm Box

Fans
(high speed)

Air
Infiltration
Rate, h"1

0.23

0.52

0.23

0.52

Radon
Decay
Product

RaA

RaB

RaC

RaA

RaB

RaC

RaA

RaB

RaC

RaA

RaB

RaC

RaA

RaB

RaC

Deposition on

Chamber Surfaces
uCi (% of total)

0.

0.

0.

0.

0.

0

1

2

0

0

0

0

0

0

453

739

820

131

118

226

30

32

48

.515

.100

.105

.442

.414

.513

(98.7%)

(99.0%)

(99.2%)

(99.4%)

(99.5%)

(99.6%)

(96.6%)

(96.7%)

(96.5%)

(97.5%)

(97.2%)

(96.5%)

(89.4%)

(88.8%)

(90.0%)

Deposition on
Fan Blades

yCi (% of total)a

0.00575

0.00723

0.00624

O.OOO786

0.00053J

0.00116

0.0459

0.0802

0.0902

0.0128

0.0290

0.0380

0.0228

0.0296

0.0383

(1.3%)b

(1.0%)b

(0.8%)b

>(0.6%)b

.(0.5%)b

(0.4%)b

(3.4%)

(3.'3%)

(3.5%)

(2.4%)

(2.8%)

(3.5%)
t

(4.6%)

(6.4%)

(6.7%)

Deposition on
Fan 3ox Housing
yCi (% of total)a

0

0

0

-

-

-

-

-

-

-

:

-

-

.0294 (6.0%)

.0224 (4.8%)

.0182 (3.2%)

Total
Deposition

yCi

0.459

0.746

0.826

0.132

0.119

0.267

1.35

2.40

2.57

0.528

1.03

1.09

0.494

0.466

0.570
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a Percentage of total deposition is given parenthetically

b Deposited on stationary blades of 130-cm ceiling fan
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Measured and calculated values of activities and potential alpha energy on surfaces had
an error attributable to counting. Counting error associated with calculated activities and
potential alpha energy was traceable to measurements of airborne radon decay product
concentrations used in Equations 9, 10, 11, and 13. We assumed that the number of counts
measured followed a Poisson distribution and that counting error could be estimated using
the standard error propagation equation.

To determine whether differences between measured and calculated values could be
explained solely by counting errors, we tested the null hypothesis that the difference is
zero. We assumed that the difference was distributed normally with a variance equal to the
sum of the counting-related variances of measured and calculated values. Counting-related
variances are given in Tables III and TV in terms of the coefficient of variation. Entries in the
last column of these tables are p-values, the probability of erroneously rejecting the null
hypothesis. Values of p less than 0.05 indicate significance at the 95% confidence level; i.e.,
the difference between measured and calculated values of activity or potential alpha energy
cannot be explained solely by counting errors. Alternative explanations for material bal-
ance discrepancies (i.e., p < 0.05), other than counting error, are uncertainties in radon
source activity, air infiltration rate, sampling rate, and detector efficiency, as well as nonun-
iform airborne concentrations in the chamber (i.e., deviations from, a well-mixed model) and
nonuniform radon decay product deposition on chamber surfaces. Because activity meas-
urements were made on only a small fraction of the surface area of the chamber, nonuni-
form deposition is probably the primary cause for material balance discrepancies.

For 15 material balances shown in Table III, counting error can account solely foi the
differences between measured and calculated values in 10 cases. For 5 material balances
shown in Table IV, 4 of the differences can be explained by counting error.

Plateout Parameters for Radon Decay Products

Various parameters, such as plateout rate, deposition velocity, and boundary layer
thickness, can be used to quantify plateout of radon decay products. These parameters are
useful for mathematical modeling and for comparison purposes.

Plateout Sates. The plateout rate of RaA, Pa, is defined as the number of equivalent
chamber volumes of RaA that are completely deposited on chamber surfaces per unit time.
An equivalent chamber volume of RaA is equal to Na, the number of RaA atoms airborne in
the chamber, whether attached to particles or not. Thus, the number of atoms of RaA plat-
ing out per unit time is equal to PaNa. At steady state, PaNa is also equal to the number of
atoms of RaA on chamber surfaces that decay per unit time (i.e., surface activity of RaA).
Thus,

Pa = Wa\a/Na (14)

As shown schematically in Figure 3, evaluation of the plateout rate for RaB is more
complicated than for RaA because of two reasons: (1) when atoms of RaA on chamber sur-
faces decay, they become RaB atoms; and (2) they also recoil when the alpha particle is
emitted and may therefore become resuspended. The steady-state material balance for
RaB on chamber surfaces is given by Equation 15:

PbNb + Waka = W^ + WaXaR (15)

where R is the fraction of RaA atoms on chamber surfaces that, upon decay to RaB, become
resuspended into the chamber airspace, which is assumed to be well mixed. Evaluation of R
requires experiments that we did not conduct, and as far as we know, R has never been
measured for conditions resembling a building or a mine. To overcome tnis deficiency, we
defined P{, as a net plateout rate of RaB; i.e.,
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Pi = (PbNb - WaXaR)/Nb (16)

Thus,

Pi = {WbKb - WaXa)/Nb (17)

One expects R to take on values between 0 and 0.5 because half the atoms recoil into the
surface. When R = 0, P'b=Pb and when R = 0.5, P'b=Pb -0.5WaXa/Na. The plateout rate for
RaC can also be obtained from a material balance:

Pc = (WCXB - WbXb)/Nc (18)

Beta recoil from decay of RaB to RaC and RaC to RaC was assumed to be unlikely/15'

Using Equations 14 through 18, we calculated plateout rates, which are summarized in
Table VI. For WaWbi and Wc, we used the average of measured and calculated values given in
Table III; although this is somewhat arbitrary, the average should be a good estimate of true
surface activities because material balances must be satisfied. The plateout rate of RaB
(Pb) was calculated assuming R = 0 or R — 0.5; the correct value for P> should lie some-
where between these two calculated values. Coefficients of variation due to counting errors
are also given in Table VI. Coefficients of variations for RaB and RaC tend to be much larger
than for RaA, reflecting the statistical penalty incurred when two large numbers are sub-
tracted and the difference is small. For this reason, measured plateout rates for RaA are
probably more accurate than for RaB and RaC. Pa can be more accurately determined also
because it is larger than Pb or Pc inasmuch as more RaA is unattached to particles than RaB
or RaC and most of the plateout is attributable to unattached species. By the same reason-
ing, Pb should be greater than Pc. With the exception of the no-air-treatment test at an
infiltration rate of 0.52/h, Pa > Pb > Pc, as expected.

Deposition. Velocities. Deposition velocity is defined as the flux of atoms to the
chamber surfaces, i.e., atoms pev unit time per unit area, divided by the concentration in
the chamber airspace, which is assumed to be well mixed. Inasmuch as deposition velocity
is a measure of how rapidly these atoms move from the well-mixed airspace to chamber sur-
faces, different deposition velocities would be obtained for atoms attached and unattached
to particles. Because unattached atoms have a deposition velocity that is about 500 greater
than attaphed atoms^10\ we assumed that only the former play a significant role in plateout.
Thus,

va=PaV/Afa (19)

where

va = deposition velocity of unattached RaA atoms, m/s

A = area of chamber surfaces

fa = unattached RaA atoms/total RaA atoms

Measurements using a diffusion battery indicated that / „« 1/3 in our experimental
chamber^4' Approximate deposition velocities for unattached RaA atoms were calculated
from Equation 19 and are given in Table VII.

Boundary Layer Thickness. In a very simplistic model for the distribution of radon
decay products in a chamber, concentrations are assumed to ba spatially uniform except in
a very thin boundary layer in which they decrease linearly to zero at the surface. If pla-
teout of unattached RaA atoms is a molecular diffusion process, then in the boundary layer

164



Table VI Calculation of plateout rate.
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Table VII Deposition velocity and boundary layer thickness for RaA.
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Fick's first law will be obeyed, i.e.,

' = -D.^t (20)

where

/ = flux of unattached RaA atoms to chamber surfaces, atoms/(srn2)

Da = diffusion coefficient for unattached RaA atoms, m2/s

Ca = concentration of unattached RaA atoms, atoms/m3

I = distance from the surface, m

Combining Equations 19 and 20 and incorporating the assumptions yields

La = Da/ Va (21)

where La is the diffusion boundary layer thickness for unattached RaA atoms.

Boundary layer thicknesses for RaA, based on Da — 0.05 cmVsJ"' are summarized in
Table VII. Boundary layer thicknesses for RaB and RaC were not calculated because their
measured plateout rates are not believed to be accurate. Deposition velocity and diffusion
boundary layer thickness for unattached RaB and RaC, however, would be expected to be
approximately equal to those for RaA. .

Conclusions and Summary

In a 78-m3 chamber, observed reductions in airborne activity caused by air motion
induced by a 130-cm ceiling fan were as high as 50% for RaA, 77% for RaB, 81% for RaC, and
75% for WL; with a 51-cm box fan, reductions were 40% for RaA, 79% for RaB, 86% for RaC,
and 76% for WL. Although these reductions are roughly comparable, the ceiling fan has
significant advantages: it consumes less energy than the box fan, is considerably quieter, is
probably better designed to operate continuously for many years, and produces less notice-
able air motion. The manufacturer claimed that the ceiling fan can be used profitably all
year round; i.e., by altering the direction of rotation or pitch of the blades, it can be used to
"reduce air conditioning cost during the cooling season and reduce wasteful heat
stratification during the heating season."^12' Use of ceiling fans in the winter, however, tends
to make a residence feel colder except possibly for buildings using local heat sources or
having very high ceilings/13^

To determine the fate of radon decay products, a material balance was calculated
based on measurements of decay product activities on chamber surfaces, on the fan, in the
airspace, and in exiting air. Less than 7% of the surface deposition of radon decay products
took place on fan blades or fan bousing, as shown in Table V. Holub et al .^ found deposition
on a fan, but none on walls, when conducting simiLar experiments. The reason for these con-
tradictory results can be explained as follows: the surface area of a fan is significantly less
than that of walls, and, therefore, areal activity density on a fan could be many times
higher. Thus, the relative external activity on the fan measured by the beta-gamma detec-
tion system of Holub et al. may have been in a measurable range with thair equipment,
whereas the wall activity was not. Holub^14^ found no activity on the fan when he replaced
Ms nichrome-wire condensation nuclei generator with a different type of generator. He sug-
gested that the activity he meesured on the fan in his original experiments was due to the
charged state of the condensation nuclei.^14'
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Deposition velocities for unattached radon decay products were found to be 0.14 cm/s
when no fans "vere used and between 0.61 and 0.86 cm/s with fans; boundary layer
thicknesses for unattached decay products were 3.6 mm without fans and between 0.58 and
0.82 mm with feins. The likelihood of recoil-caused resuspension of a radon decay product
atom, into the well-mixed airspace can be estimated by comparing the boundary layer thick-
ness and the stopping distance of a recoiling RaB atom. When the boundary layer thickness
is much larger than the stopping distance, recoil can be neglected, whereas if the opposite
is true, resuspension must be taken into account. When they are about the same, the
importance of recoil is less clear. The stopping distance in air of a recoiling RaB atom has
been reported to be equal to about 0.1 mm/6*15) This is about one quarter the boundary
layer thickness calculated for those tests in which fans were used and about one twenty-fifth
the boundary layer thickness when no fans were in operation. Thus, recoil probably did not
play a significant role in the interaction of airborne and surface activity of RaB under the
conditions of oar experiments, although special tests are necessary to validate this specula-
tion.
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DISCUSSION

YOUNG; Has the use of aerosol additions with subsequent fil-
tration with high efficiency filters been used to selectively remove
radon and daughter products from process streams or ventilation
systems:

FIRST: We also included that aspect in our studies. I did
not report on that today because it is going to be published in
Health Physics in an issue devoted exclusively to radon and decay
products. We did find, of course, that decay products seek any
surface. Once you put in aerosols, or allow aerosols to come in, you
get a large fraction attached to particles. We performed studies
using diffusion batteries whereby we could remove the unattached
radon decay products and get the attached out the other end in pretty
pure form. We related the results to particle size and to particle
numbers and ended up by having a rather serious disagreement among
ourselves as to whether it was better to have more particles or
whether it was worse from the standpoint of health. We looked at
where the radon decay products would deposit if they were unattached.
Some think they may go deep into the lungs. My impression from the
diffusion constants that we worked with is that they probably would
not get very far down before they would deposit by diffusiophoresis,
whereas small particles would go down deep into the alveola spaces.
Which is worse from the standpoint of lung cancer is a matter of some
debate in the literature. I think it is still up in the air.

YOUNG; I wasn't thinking primarily in terms of stripping
decay products from the air in homes or business buildings. I was
thinking more about process systems/ or where you want to remove
radon selectively. It seems like the utilization of aerosols or
downstream filters might be one technique of doing it.

FIRST; We also did filter studies. A HEPA filter strips
unattached radon daughter products out of the air at 100% efficiency
with one passage but you end up with the remaining radon in the air.

ROUYER: According to your study, what do you recommend as the
most effective means to decrease working level in insulated buildings?
Is it to put fans and increase plateout, or is it to increase the
ventilation rate?

FIRST; The easiest and simplest thing to do is to increase the
ventilation rate. Almost everywhere, it was never a problem in
buildings and residences until we started conserving energy and
tightened up the buildings so that there was little natural or mechan-
ical air exchange. Proposals have been made to use heat exchangers
so that one can continue to ventilate buildings, but recover some
of the heat (or some of the air conditioning) in the exhausted air.
That is a very inefficient way of recovering heat because the temp-
erature differential will be very small and one does not get much
heat recovery for the large amount of equipment that must be purchased
and installed. In addition, you have to expend energy for blowers,
motors, and so on. We were looking for simple ways that wouldn't
cost anything, wouldn't take up any space, and wouldn't iaquira any
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maintanence. One of the ways you can do that, for example, is to
greatly increase the surface area in a room, but this is very awkward.
However, if you have a hot air heating system, you can fill the ducts
with egg crate separators and this will impose almost no added re-
sistance, but will qive a many-fold surface area increase and you can
strip out decay products bv diffusion very nicely. That was another
of the things we looked at but did not report on in this paper.
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FORMATION AND CHARACTERIZATION OF FISSION-PRODUCT AEROSOLS
UNDER POSTULATED HTGR ACCIDENT CONDITIONS

I. N. Tang and H. R. Munkelwitz
Brookhaven National Laboratory

Upton, N. Y. 11973

Abstract

The paper presents the results of an experimental investigation on the forma-
tion mechanism and physical characterization of simulated nuclear aerosols that
could likely be released during an HTSR core heat-up accident. Experiments were
carried out in a high-temperature flew system consisting essentially of an induc-
tively heated release source, a vapor deposition tube, and a filter assembly for
collecting particulate matter. Simulated fission products Sr and Ba as oxides are
separately impregnated in H451 graphite wafers and released at elevated temperatures
into a dry helium flow. In the presence of graphite, the oxides are quantitatively
reduced to metals, which subsequently vaporize at temperatures much lower than re-
quired for the oxides alone to vaporize in the absence of graphite. A substantial
fraction of the released material is associated with particulats matter, which is
collected on filters located downstream at ambient temperature. The release and
transport of simulated fission product Ag as metal are also investigated. Electron
microscopic examinations of the collected Sr and Ag aerosols show large aggloasrates
composed of primary particles roughly 0.1 pm in dianetor.

I. Introduction

The potential evolution of substantial amounts of radioactive aerosols as a
consequence of high-temperature vaporization of nuclear materials during a reactor
accident is a major consideration in reactor safety analysis. In an earlier study
' D , the rate and extent o£ aerosol formation were reported fcx HTGR core graphite
heated up to KOO'C in pither a dry or moist helium. It was shown that particles in
the Aitken nuclei »*zt range were formed with initial concentrations as high as
10? particles per em?. Since airborne particles at high concentrations readily
servo as condensation or adsorption sites for gaseous species, it would be expected
that, under appropriate conditions, the presence of aerosol particles could greatly
facilitate the gas-phase transport of vaporizod fission products*

In the present yaper, we report the results of an investigation concerning the
release and transport of simulated fission products Ag, Sr and Ba as particulate mat-
ter. Although extensive research efforts have been expended during the past fifteen
years or so, both in the United States and abroad, on the formation and characteriza-
tion of radioactive aerosols pertaining to LYR and LKFBR safety (2,3)9 only meager
consideration has been given to the potential cercsol problems in HTGR safety O .
The results of tho present study show that fission product transport via aerosols is
an important safety problem to be seriously considered in. HTGR accident amalyses.

II. Experimental Procedure

A high-temperature flow apparatus, shows schematically in Figure 1, was con-
structed. Basically, it consisted of a quartz tube inside which * graphite) sample
was hoated inductively in flowing dry heliLu*, A filter assembly was located some
distance downstream from the heated release source. The quarts tube had an enlarged
section (8 cm dia. x 40 cm length) immediittely above the heated sample region fox
effective deposition of condensible vcpor species on the walls. Fission products
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Figure 1. Schematic Diagram of Fission Product Transport Apparatus

associated with particles passed through the vapor deposition section and were sub-
sequently collected 01 t 0.2 in filter (Fluoropore or Nucleopore) placed in the fil-
ter assembly. The quantity of the collected material was analyzed by atomic absorp-
tion.

The simulated fission products Sr and Ba were initially in the form of
nitrate, whereas metallic A<t, except otherwise indicated, was used in the
experiments* A typical experiment with Sr was conducted in the following manner.
Thin y ,fes.s (2 am thickness x 2 cm diameter) of H4S1 graphite were first dried at
150°C in a vacuum oven to a constant weight. The preweighed wafers were then placed
in a glass vessel, which was evacuated and back-fillad with an aqueous Sr(N0j)2
solution of pradateradned concentration. After an overnight soak, the wafers were
removed from the vessel and dried in the vacuum oven to a constant weight. The
final weights were noted. The amount of Sr(N03>2 salt absorbed in the pore
structure of the graphite was then calculated from the weights before and after
impregnation for each wafer.

The Sr{NO3>2 impregnated wafers were then enclosed in an H451 graphite
crucible having a 3 mm-diiameter sight hole on its cover for temperature monitoring.
The optical path (sight glass and prisu) and pyrometer were calibrated together for
temperature measurement using foils of gold, silver, palladium, nickel and platinum,
whose melting points are accurately known. In later experiments, however, the
wafers were simply stacked together and mounted on a graphite pedestal.

The assembled source was then heated induotively in flawing helium, with the
filter assembly bypassed, to a temperature of about 1100»C at which Sr(N03>2 is
converted to SrO according to the following reaction:.
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2 Sr(NO3)2 A 2SrO + 4NO2 + Ofc (1)

After allowing a sufficient tine for conversion (usually 30 min.), the filter was
valved back to the gas stream. The sample temperature was then increased to a pre-
determined level and held constant during a sampling period. At the conclusion of
the sampling period, the exposed filter was removed and immediately replaced with a
new filter before the temperature was raised again. Occasionally, the filter as-
sembly was left in the gas stream dnring the initial heating period to ascertain
whether or not Sr was released during the conversion process. In no instance was a
significant amount of Sr found. When desired, a small flow (100 cc/min.) could be
diverted into a continuous-flow condensation nuclei counter for monitoring the parti-
cle concentrations of the gas stream.

III. Results and Disenssion

Vaporization Mechanism for An. Sr and Br

Both Sr(N03>2 and Ba(N03>2 decompose at ~ 1100°C to form respective
oxides, which are stable refractory material having a high melting point and low
vapor pressures at moderate temperatures. Electron probe microanalysis '*' has
shown that fission product Sr and Ba form ceramic oxides in irradiated oxide fuel
kernels. Fission product Ag, on the other hand, is present in the fuel kernels as
metal since it is not stable in its oxide form at temperatures as low as 300°C.
Some of the relevant physical properties are given in Table I for Ag, SrO, and BaO,
along with the approximate release temperatures observed for each species in the
presence of graphite.

Table I

Selected Physical Properties

Observed* Vapor Pressure
F.P, m.p..°C b.p..°C Release Temo..°C at Release Temp.torr

Ag 961 2212 ~1100 ~0.04

SrO 2430 ~3000 ~1250 ~1.3 x 10~7

BaO 1523 ~2000 -1500 - 1 x 10~3

* In presence of graphite

The release teaperatures given in Table I for Ag, SrO end BaO were derived
from a series of experiments in which the simulated fission products were each
released from a heated H451 graphite source into dry helium flowing at 2.5 Vmin.
The material collected on filter at each temperature was analysed and the amount was
converted into percent of the iritlal fission product loading as element. A summary
of the results is shown in Figure 2, where cumulative percentage of the material
collected as psrticultte matter in each experiment was plotted vs. release
temperatures. The steepest portion of the release curve was taken as a rough
estimation of th« release temperature for the fission product under investigation.

The vapor pressures of the two oxides at the release temperatures, as shown in
the last column of Table I, are rather low for vaporization to take place signifi-
cantly. Thesmodynamic considerations, however, indicate that chemical reactions of
the oxides with graphite could proceed to reduce the oxides to the metallic state,
which would then vaporize at relatively tern temperatures. la the case of SrO, for
exa»ple, the overall reaction could be as follows:
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Figure 2. Particnlate Transport as a Function of Source Temperature

SrO (s) + C (s) - Sr (g) + CO (g) (2)

where the letter in the parenthesis indicates the state of substance being either
solid ot gas. The thermodyniiaiic equilibrium of Reaction (2) may be represented by

-AG°/RT
rC0 Sr (3)

whore the activity of a solid substaace is taken as unity, K_ is the equilibrium
constant, AG° is the Gibb's free energy of reaction, and R is the gas-law constant.
A coaputation of the equilibrium partial pressure for Metallic Sr at T • 1500°K
yields a value cf 0.14 torr for Psr* *« compared to the vapor pressure of the
oxide, S**sr5 **̂  x *0~' torr ** the saaa temperature. The above calculation clear-
ly indicates that, in the presence of graphite, fission product strontium would
vaporize as metal rather than as oxide. In order to further confirm this
hypothesis, another experiment was carried out, in which SrO was placed in a
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tu&gsten crucible and heated in the absence of graphite. The results from this
experiment were compared with those of an earlier experiment performed in the
presence of graphite. As shows in Figure 3, SrO was not vaporized appreciably in
the absence of graphite, even at temperatures as high as 1760°C.

Physical Characterization of Sr and Ag Aerosols

The color of the freshly collected Sr aerosol on Fluoropore filters usually
varied from light brown to black, depending upon the thickness of the deposit. Upon
exposure to room air, the deposit always lost its color, indicating the conversion
of elemental Sr to the oxide, and eventually to the hydroxide form.
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Figure 3. Effect of GrupMte on SrO Vaporization
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In an effort to study the particle size and morphology of the Sz deposit, elec-
tron microscope samples were prepared in experiments whsre tlte filters were exposed
only briefly to the aerosol stream. At 1 liter/min flow rate, filter samples with
aorosol collection times of 120, 60, 30 and 10 sec were obtained. These samples
were kept under inert atmosphere before electron microscopic examinations. It
turned out that with even the shortest collection time the aerosol deposit on filter
was very heavy. A picture at 42000X magnification is shown in the upper insert of
Figure 4, together with the Sr elemental analysis result {2-.?er insart) by tha x-ray
fluorescence microprobe method. Although the electron micrograph is not in very
sharp focus the picture shows essentially agglomerates with primary particles
roughly 0.1 |im in diameter, which were most likely formed by vapor-phase
nucleation.

Figure 5 shows a composite of electron micrographic pictures of Ag aerosols at
four different magnifications. These Ag aerosols, produced from a AgNO^ impreg-
nated graphite source in the same manner as Sr and Ba aerosols, were collected on
Nucleopore filters for better examination. Unlike Sr and Ba aerosols which are
chemically reactive in ambient air, Ag aerosols are stable in air and, therefore,
they provide a good means for studying the morphology of fission product aerosols.
Such information is needed to understand the aerosol formation mechanism. In this
particular case, agglomerates composed of primary particles almost uniform in size
(dg-0.098 um, ag = 1.20) are clearly revealed, indicating the condensational
nature of the particles, as opposed to fission product adsorption on existing parti-
cles.

Sr Transport vs. Initial Loading in Graphite

The experiments reported in the present study were all made with simulated
fission products impregnated in the graphite matrix with concentrations between ap-
proximately 1 mg to 10 mg of Sr, for example, per g of graphite. A legitimate ques-
tion then arises as to whether or not the extent of aerosol formation depends on the
initial loading oi' fission products in the graphite matrix. To answer this
question, we present in Figure 6 the results from six experiments made under
identical conditions. Hero, the % Sr collected on filter is plotted vs. initial Sr
loading in the graphite samples. In addition, the concentration corresponding to
one monolayer coverage on graphite was calculated for Sr on the basis of an
estimated grap&ite surface area of 1 rn^/g. As shown in Figure 6, the extent of
aerosol formation in terms of percentage collected on filter as particulate matter
is independent of the initial loading for concentrations down to approximately one
monolayer coverage of Sr in H451 graphite. Work is in progress to reduce the
initial Sr concentration further down to below one monolayer coverage.

IV. Conclusion

The experimental results of our investigation to date have clearly
demonstrated that the formetion of nuclear aerosols under certain HTGR accident'
conditions could be an important mechanism by which vaporized fission products such
as Ag, Sr and Ba are transported in the gas phase. Electron microscopic
examinations of the collected Sr and Ag aerosols have revealed large agglomerates
composed of primary particles roughly 0.1 |m in diameter. These primary particles
are most likely formed by va^or phase nucleation. The percentage of aerosol
formation is independent of the initial loading in the graphite matrix for
concentrations down to one monolayer coverage, as demonstrated for the case of Sr.
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Figure 4. Sr Aerosol Deposit on Fluoroposre F i l ter
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5. Ag Aerosol Deposit 00 Nacleopore Filter
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CONCLUDING REMARKS OF SESSION CHAIRMAN:

Summarizing, most of the papers on fuel reprocessing were
from overseas. We hope that this ratio will change in the future.
We have had both experimental data and modeling papers presented and
I think the conclusion is that we still need additional experimental
data to confirm the design of off-gas cleanup systems, to evaluate
potential failures of these cleanup systems, and to assure that we
have safe fuel reprocessing facilities. We certainly appreciate the
contribution by our foreign visitors to this technology and we hope
that this will fill in some of the gaps that we in the U.S. have not
had a chance to work on the past few years. I want to thank all the
authors for their work and for their presentations. I would also like
to apologize for some of the equipment failures we had. When we had
two simultaneous failures in our audiovisual system just in one
session, I am wondering if we are justified in looking at single
failures even in nuclear applications. The number of components here
is much smaller than in a nuclear power olant, if we tried to apply
statistics. I think we had better look at multiple failures and
make sure we can protect our systems from them.
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Consolidated Fuel Reprocessing Program

ORGANIC IODINE REMOVAL FROM SIMULATED DISSOLVER

OFF-GAS STREAMS USING PARTIALLY EXCHANGED SiLVER MORDENITE*

R. T. Jubin, Fuel Recycle Division
Oak Ridge National Laboratory

Oak Ridge, Tennessee 37830

ABSTRACT

The removal of methy! iodide by adsorption onto silver mordenite was studied using a
simulated off-gas from the fuel dissolution step of a nuclear fuel reprocessing plant. The methyl
iodide adsorption of partially exchanged silver mordenite was examined for the effects of
NOX, humidity, filter temperature, and degree of silver exchange. Partially exchanged silver
mordenite, in general, achieved significantly higher silver utilizations than the fully exchanged
material. Silver utilizations of >95% were achieved, assuming the formation of Agi. The experi-
mental results indicate that CH3I loadings increase proportionally with silver loading up to
5 wt % silver and then appear to level off. Tests conducted to determine the effect of temperature
on the loading showed higher loadings at 200°C than at either 150 or 250°C. The presence of
NO, NO2, and H20 vapor showed negligible effects on the loading of CH3I. In contrast to
iodine loaded onto fully exchanged silver mordenite, the iodine loaded onto the partially
exchanged silver mordenite could not be stripped by either 4.5% hydrogen or 100% hydrogen
at temperatures up to 500°C.

A study of the regeneration characteristics of fully exchanged silver mordenite indicates a
decreased adsorbent capacity after complete removal of the iodine with 4.5% hydrogen in the
regeneration gas stream at 500°C. The loss of adsorbent capacity was much higher for silver
mordenite regenerated in a stainless steel filter housing than in a glass filter housing.

A cost evaluation for the use of the partially exchanged silver mordenite shows that the cost
of the silver mordenite on a once-through basis is <$10/h of operation for a 0.5-t/d reprocessing
plant.

1. Introduction

lodine-129 is produced by both natural and man-made sources. The natural sources include the

spontaneous fission of uranium and the interaction of cosmic rays with xenon in the atmosphere. The annual

production through these natural paths is ~10 mg/year. With its long half-life (1.6 X 107 years),1291 tends

to accumulate worldwide. As of 1940, the estimated accumulation has been reported to be 2 X 105 g.1

A (ight-w^ter reactor (LWR) will produce 234 gof 1 2 9 I per ton of fuel based on a uranium burnup of 30 000

MWd/t.2 In handling the spent fuel, a single 5-t/d nuclear fuel reprocessing plant would have to process

3.2 X 10s g/year of 1 2 9 I . In addition to 1 2 9 I , various amounts of other short half-life iodine isotopes are

also produced; however, none of these appear in significant amounts after long (200-d) decay times.

•Research sponsored by the Office of Si»nt Fuel Management and Reprocessing Systems, U.S. Department of Energy, under Contract
No. W-7405-eng-26 with Union Carbide Corporation.
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During the past two decades, various systems have been studied to reduce the iodine released to the
environment. Two liquid scrubber systems are currently available: the lodox system and the mercuric
nitrate-nitric acid (Mercurex) system. Solid sorbents have also been studied, either as secondary systems to
provide final filtering following use of either the lodox or Mercurex system or as primary systems to
replace the liquid based methods. These solid sorbents include silver faujasite, silver mordenite, alumina
silicates, and macroreticular resins. Activated carbon has also been examined as a reference material; however,
this material cannot be considered as a primary sorbent for treating reprocessing plant off-gas because of
its low ignition temperature and its adverse reactions with nitrogen oxide (which could lead to the formation
of explosive compounds and to poisoning by organic contaminants in the off-gas).

If high decontamination factors (DF's) are required, one of the more promising systems for primary
iodine removal is the lodox system; otherwise, solid sorbent-based processes tend to be favored. The lodox
system has already been tested on an engineering scale and has demonstrated good capabilities and oper-
ability. Decontamination factors in excess of 106 have been obtained. There are, however, concerns about
the long-term integrity of the materials of construction that come in contact with the 20 to 23 M HNO3

scrub solution.
Silver-impregnated solid sorbents offer a simpler iodine removal scheme in comparison to liquid

systems. In this case, however, iodine DF's are limited to about 103, and high operating costs can be
expected, particularly if the silver is not recovered. In the past few years, regenerable adsorbents have
received considerable attention.

At the 14th ERDA Air Cleaning Conference,3 it was reported that silver-exchanged faujasite (AgX)
loaded with elemental iodine could be regenerated in situ with a pure hydrogen stream at 500°C; however,
a 50% loss in loading capacity was observed after five loading cycles. Silver-exchanged faujasite is capable
of adsorbing iodine at temperatures as high as 500°C; and like most other sorbents, it is adversely affected
by water vapor, especially when condensation occurs. Faujasite is also adversely affected by acid vapor
found in the dissolver off-gas system. Average l2 loadings were 100 to 200 mg l2 per g AgX or 23 to 47%
utilization of the available silver.

A silver-containing alumina silicate, AC-6120, also showed potential on a once-through basis. Silver
utilizations of ~59% have been reported with AC-6120.

Similar studies with silver mordenite (AgZ) showed only a negligible reduction in loading capacity
after eight cycles..4 Average l2 loadings were 100 to 130 mg l2 per g AgZ or 42 to 55% utilization of the
available silver. However, these tests were limited to elemental iodine loading.

The high cost of silver, the lack of an available AC-6120 regeneration scheme plus limited regeneration
potential, and the lack of acid resistance of the AgX make these materials less attractive than AgZ for
large-scale use.

Previous work on AgZ at the Oak Ridge National Laboratory was reported at the 16th DOE Air
Cleaning Conference.6 This work demonstrated the increased loading of CH3I following hydrogen pre-
trealment of the AgZ. Hydrogen stripping of the iodine loaded bed was also demonstrated; however, the
regeneration procedure caused a dramatic loss in the iodine loading capacity of the bed.

The objectives of the solid sorbent studies reported here were to evaluate:

1. the suitability of silver-exchanged mordenite as a back-up or secondary iodine removal system to
the lodox process in nuclear fuel reprocessing plants;

2. the removal capabilities of silver-exchanged mordenite for organic iodides;

3. the use of low silver content mordenite for iodine removal; and

4. the regeneration potential of both fully and partially exchanged silver mordenite.
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2. Experimental Procedure

Silver-exchanged mordenite (AgZ) was prepared by ion exchange with 0.16-cm-diam extrudates of
the sodium form of Norton Zeolon 900; silver-exchanged faujasite (AgX) and lead-exchanged faujasite
(PbX) were prepared from 0.16-cm-diam extrudates of the type 13X Linde molecular sieve. Fully exchanged
AgZ or PbX was prepared by placing 1500 g of the unexchanged zeolite into an ion exchange column and
batch contacting with 3 L of 1 M silver nitrate or lead nitrate solution at 40°C. The spent solution was
replaced at regular intervals with fresh solution until no change in silver or lead concentration was detected.
The solution was drained, and the exchanged zeolite was air dried at 60°C for 24 h. Fully exchanged silver
mordenite was also purchased from the lonex Corporation under the trade name of lonex Ag-900. Partially
exchanged silver mordenite (LAgZ) was prepared by contacting unexchanged mordenite in a stirred tank
reactor with a limited amount of silver nitrate solution and air dried at 60°C. During this exchange, virtually
all of the silver from the solution is substituted for sodium in the zeolite structure. Thus, the degree of
exchange is easily controlled by limiting the quantity of silver available. The AgZ beds were pretreated in
-itu prior to sorbent tests by heating to 200°C and purging with 4.5% H2—95.5% Ar at a flow rate of
5 L/min for 24 h. The beds were then isolated and brought to theoperating temperature. The same procedure
was used to pretreat the LAgZ beds. The hydrogen pretreated condition of AgZ and LAgZ is denoted by
AgZ and LAgZ respectively.

Methyl iodide loading tests were conducted using an apparatus similar to that used in previously
reported work.6 A schematic of the equipment is presented in Fig. 1. Heated air streams containing the

ORW. 0*G 90-67361)2

R-»O<3—i—E<H*Aux AI

Fig. 1. T u t tpgMmtus for mathyl iodid* loading studiw.
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desired amount of NO, NO2, CH3
127J tagged with CH 3

1 3 1 i , and water vapor were passed through the
segmented filter bed located in the heated main filter enclosure. Initial studies were conducted using a
glass filter casing. A stainless steel filter divided into six segments (Fig. 2) was used in later experiments.
The breakthrough of the bed was monitored by collecting the CH31, leaving the main filter on AgX. At
regular intervals, this trap was removed and counted for 1 3 1 1 . Normally, when X) .1% of the iodine in the
feed gas stream was found to be passing through the main filter, the run was stopped. The bed segments
were counted for 1 3 1 ! using a sodium iodide detector and a single channel analyzer set on the 364-keV
gamma-ray peak of 8-d half-life 1 3 1 1 . Using a 100-keV window, the gross count over a 1-min period {cor-
rected for background) was used as a measure of the iodine content of the bed. The total amount of CH31
loaded on the test bed was than cafculated from the known ratio o f 1 2 7 1 to 1 3 1 1 .

rn
—GAS INLET

TC
rm rm

ORNL DWG. 80-I5046R

BED (0.1Scm DIAMETER PELLETS)

WIRE MESH

PERFORATED DISC

-TO SAMPLE TRAPS

Fig. 2. Staintacstul main f i lm.
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3. Experimental Results

3.1 Temperature and Humidity Effects on AgZ

The effects of NO, NO2, humidity, pretreatment conditions, operating temperature, and CH3I con-
centration on the loading capacity of AgZ were evaluated using an eight-run fractional 2" factorial-designed
experiment.5

Analysis of those data indicated that (1) pretreatment with 4.5% H2-95.5% Ar at 200° C for 24 h
improved loadings; (2) loadings were improved at higher operating temperatures; (3) loadings were improved
in moist air conditions; and (4) the other variables, NO, NO2, and CH31 concentration, produced variations
in loadings that were less than the response error.

A follow-on study was conducted to examine the effects of temperature and humidity en AgZ. An
air stream containing 1000 mg of CH31 per m3 and a dewpoint of either approximately — 54°C or approxi-
mately +35°C was passed across four hydrogen pretreated beds operated in series at temperatures of 100,
125, 150, 175, 200, or 225°C. The CH31 loading on the first of four 2.54-cm-thick beds at breakthrough
is shown in Fig. 3 as a function of temperature. Breakthrough, for this study, is the point where the DF
across the main test beds drops below 103.
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Fig. 3. CH3I loading at breakthrough on the first of four 2.54-cm-deep beds as a function of temperature.

As indicated by the original scoping study, the presence of water in the system resulted in higher
CH3I loadings. As the operating temperature increases, loadings also increase, and the mass transfer zones
(MTZ) are also increased. At 150°C, the MTZ for both the humidified bed and the dry bed is 5 to 7.5 cm
in length. At 200°C, the MTZ is over 10 cm. As a result, the entire sVITZ was not contained within the four
test beds. Hence, even higher bed loadings should be expected prior to breakthrough on longer beds. This,
in fact, was demonstrated during one experiment at 200°C with moist air. The run was continued past
breakthrough and was terminated at a first bed loading of 139.5 mg CH3 l/g AgZ. Tests at 225°C with
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moist air have shown first bed loadings of 141.5 mg CH31 per gram of AgZ at breakthrough of the last bed.
Higher loadings could possibly be achieved since, in both cases, the first bed was not saturated under the
given conditions.

Improved loading was also observed in a run that was stopped at breakthrough, that is, a DF <1000,
which was allowed to remain at its operating temperature (150°C) overnight. When loading was reinitiated
18 h later, the DF across the bed remained above 1000 for 2 h, allowing the additional loading of ~2Q mg/g
on the first bed before breakthrough occurred again. During the heat soaking period, the iodine apparently
distributed into the AgZ pellet thus freeing some of the more accessible silver sites for the second loading
period. The elevated temperatures probably facilitate similar movement of the iodine into the more inacces-
sible silver sites, thus increasing the overall silver utilization.

3.2 Regeneration Test of AyZ

Loaded AgZ beds were regenerated with the equipment shown in Fig. 4, using both 4.5% H2-95.5 %
Ar and pure H2 . Both gas streams satisfactorily remove the chemisorbed iodine. The assumed reaction is:

1/2H2(g) + Agl(s) <-* Ag(s) + Hl(g) .

Equilibrium vapor pressures of H! at an operating temperature of 500°C are 26.5 and 119.1 Pa for 5 anri
100% H2 respectively.

OPNL 0WG 8C-I5O53

PRESSURE

CHART
RECORDER

V0G PLANT
AiR

Fig. 4. Hydrogan ragtmration flowshMt for silver mordenite.

The hydrogen flow was countercurrent to the original iodine flow. The iodine in the form of HI was
then trapped on the PbX bed. During 24 h of regeneration with an H2 flow of 0.5 SLPM,* >50% of the l2

is removed in 6 h and >98% in 24 h. The second loading of the regenerated bed using the same feed con-
ditions as the initial loading resulted in significairttly lower loadings than the original loading. The addition
of water vapor to the feed gas improved loads to approximately one-third of the original loadings at 150°C.5

This loading is signficantly lower than the post-regeneration loadings reported by Thomas et al.4

'Standard liters per minute.
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An examination of the AgZ by x-ray diffraction and scanning electron microscopy showed:

1. the presence of free silver following 4.5% H2 pretreatment at 200°C,

2. the formation of small «2000 A) nodules of siiver during 4.5% H2 at 200°C pretreatnient,

3. no free silver or silver nodules on air-pretreated AgZ, and

4. large O8000 A) nodules of silver following regeneration at 500°C with 4.5% H2 .

To determine the effects of temperature and time on the formation of the silver nodules and subsequent

CH3 I loading on the AgZ, a series of beds was treated with 100% H2 for 24 of 48 h at temperatures of

200, 400, or 500cC. Following this treatment, the beds were loaded with CH3I in dry air. The results of

the bed loadings are shown in Table 1.

Table 1. CH31 loadings of
1C0% hydrogen-treated AgZ in dry air

Temperature Time Loading
Run , o « , . . . / / %

( C h (mg/g)

57
58

59
61
60

200
200

400
400

500

24
48
24
48

48

35.6
12.3
11.0
8.0

0.26

Loadings showed decreased retention capacity for CH3I as exposure time to H2 increased and as
temperature of exposure increased. Photomicrographs showed small increases in the nodule size from 200
to 400°C and a significant increase in nodule size at 500°C. It is the migration of the silver to these nodules
that is believed to (at least partially) account for the decrease in CH3I loadings. The migration of siiver in
the presence of hydrogen was also noted by Yates in 1S65.6 Yates reported that silver crystallites of 170
A formed in ths presence of H2 at 250°C. These temperatures of interest are well below the melting point
of silver (961°C). The vapor pressure of silver is correspondingly low (10"5-mm Hgat 757°C).

Work by Scheeie et al.7 using glass housings for the AgZ did not show the same large nodules following
a hydrogen pretreatment at 500°C nor was the loading as low. A series of tests was conducted using a 5.08-
cm-diam glass column to explore the possible effects of filter housing material. AgZ was placed in this
column and treated with 100% H2 at 500°C for 24 h. The bed was then loaded with CH31 to 54 mg/g at
200°C in moist air. This is approximately half the loading observed for AgZ under the same loading con-
ditions but treated with 4.5% H2 at 200°C and 10 times higher than loadings following hydrogen treatment
at 500°C in stainless steel.

Beyer and Jacobs8 have also reported on the roles temperature and iron impurities play in the hydrogen
reduction and reoxidation of AgZ. At increasing reduction temperatures, the intensity of the (111) diffraction
of crystalline silver external to the zeolite increases and the particle size of the silver crystallites also increases.
They also report that upon oxidation at sufficiently high temperatures, the external silver phase disappears.
After a second redox cycle at 653 K< a small amount of the silver remains located between the zeolite
crystallites, indicating a slight irreversibility of the system.

The proposed stoichiometry appears straightforward for both reduction and oxidation:

2Ag+ + H2 -> 2Ag° + 2H+ ,

2Ag° + 2H + + 1/202 •* 2Ag+ + H2O .
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A second, and possibly clearer, representation of the reduction reaction showing the role of the mordenite
is given by Tsutzuri and Takahashi:9

Ag+ Ag+ H + H+

°\ /°\ /°\ /° °\ /°\ / ° \ /°
A!" Si Ar +H 2 -> Ar Si Ar +2Ag°.

<S Xo <S N o 7 \ 0 c" Xo o^ Xo <S Xo
Beyer and Jacobs also indicated that the reduction is a catalyzed process where hydrogen is probably

activitated on iron impurities within the zeolite structure of the material they used, it was shown that rate
of reduction strongly depends on the iron content. In fact, using partially deironized material, the rate of
rnduction of silver ions showed a fivefold decrease, whereas the reduction mechanism remained unchanged
as deduced from the scops of the Arrhenius plots.

This "activation" of the hydrogen by iron would account for the rapid formation of large silver
nodules when treating A<jZ in the stainless steei housing at high temperatures and the much slower formation
of nodules in the glass housing. These reactions mcst be taken into account when designing actual plant
off-gas systems using silver zeolites since it appears that only a very limited amount of CH31 can be adsorbed
onto AgZ in which the silver has formed large metai agglomerates.

3.3 Scoping Tests on Partially Exchanged Silver Mordenite

Tests on fully exchanged AgZ indicate the iodine probably first chemisorbs at the easily accessible
silver sites. Experience in exchanging the sodium for silver has alsc shown that the last 25% of the exchange
is more difficult to accomplish. With this in mind, the CH31 loading characteristics of partially exchanged
silver mordenite (LAgZ) were examined using a fractional factorial designed experiment. The experiment
examined the effects of NO, N0 2 , humidity, bed temperature, dilute hydrogen, and silver content on the
loading capacity. The dilute hydrogen stream was added in an attempt to maintain the silver in the reduced '

state during the loading phase. Although hydrogen was also used for regeneration of the loaded AgZ beds, ;
the loading operation was conducted at a significantly lower temperature than the regeneration step.
Experimental conditions are presented in Table 2. The eight-run design, along with the loading on the first
bed, and the affects of each variable are shown in Tables 3 through 7.

Response errors for a designed experiment can be estimated using the dummy variable.10 Using this
technique, values of 2.16,6.86,3.98, 0.14, and 1.96 mg/g were obtained for Tables 3 through 7 respectively. |
However, this method probably overestimates the response errors since some degree of interaction between
the measured variables is likely. A response error has also been calculated using replicate runs. This method j
indicates the response error to be on the order of 0.5 mg/g. The response error is, however, controlled !
somewhat by how closely breakthrough can be determined and how quickly the run can be stopped. If
the entire mass transfer zone is contained within the test beds, then the effect of not stopping the run at
the exact moment of breakthrough is not critical since tiie first bed is no longer playing an active role in \
iodine removal. Under certain conditions, the mass transfer zone becomes longer than the 15-cm bed ;
length. The first bed is therefore still loading at the time of shutdown, hence more variation in its loading
would be expected. j

Analysis of the scoping studies indicated thait: {

1. Increased CH3I loadings occur with increasing silver content. This increase in loading appears to :'
stabilize above the 3% Ag content. \
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2. An operating temperature of 200°C is favored over either 150 or 250°C. The difference between
200°C loadings and 250°C loadings appears to decrease as the silver content increases. This cor-
responds to the bed loading versus temperature response observed for the fully exchanged material.

3. NO and NO2 produced small and varied positive and negative effects.

4. The effects of water vapor also produced mixed results.

5. The addition of 1 vol % hydrogen to the inlet stream resulted in increased bed loadings at the lower
silver contents. This is probably the result of maintaining more of the limited amount of silver in
the reduced state.

Table 2. Experimental conditions for seeping studies

Variable Value

Bed weight, g
Bed diameter, cm

Bed thickness, cm

Number of beds
Carrier gas
Superficial velocity, m/min at STP
CH3I concentration mg/m3 at STP

NO concentration, %
NO2 concentration, %
Relative humidity (dewpoint), °C

Pretreatment
Bed temperature, °C
Hydrogen, %
Silver content, wt %

~40
5.08
2.54

6
Air
10.0

1000

0 or 3.0
0 or 3.0
-54 or ~35

4.5% H2 in argon for 24 h
150, 200, or 250
0 or 1.0
1.5,3.0, 5.0, or 9.0

Table 3. Summary of screening runs for 1.5—3.0% LAgZ3

Run
Bed1

loading6

(mg/g)

Dew
NO NO2 point Temperature0 A g <Wt °/o!

,o r ,
 K snAgZ

4% H2 Dummy

1
2
3
4

5
6
7
8

Effect

17.74
21.63
11.13
30.10
37.44
7.48

22.95
14.18

— —
+
- +
+ +
— —
+
- +
+ +

-=0 % -=0%
+=3% +=3%

-3.968 -1.483

—
—
—
—

+
+
+
+

-=-54°C
+ = 35°C

0.363

—
+
+
—
—
t-

+
-

-=200°C
+ =250°C

-9.068

—
+
—
+

+
_
+
—

-=1.5% Ag
+=3.0% Ag

15.398

— +
_ _

+ _
+ +
+ _

+
_ +
— —

-=0LPM
+ =5LPM

2.413 -1.528

9Run conditions: six beds each, 2.54-cm-thick, 5.08 cm in diameter, gas rate 20 SLPM; pretreated 24 h
at 200°C with dry 4.5% H2-95.5% Ar; average decontamination factor >10 3 .

b Loadings are based on a dry density of 0.78 g/cm.
cBad temperature.
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Table 4. Summary of screening runs for 1.5—3.0% LAgZ3

Run

1

2

3

4

5

6

7
8

Effect

Bed1
loading*
(mg/g)

17.74

26.05

16.23
30.10

37.44

10.04

16.32
14.18

NO

+
—
+
—
+
—
+

-=0%

+ =3%

-1.840

NO2

-

+
+

—

—

+
+

-=0%

+ =3%

-3.610

Dew
point

-

—

—

+
+
+
+

-=-54°C

+ = 35°C

-3.035

Temperature^

+
+
—
—
+
+
-

-=200°C

+=150°C

-7.705

Ag (wt %)
in AgZ

+
—
+

+
—
+

-

—1.5% Ag

+=3.0% Ag

12.930

4% H 2 Dummy

+
- -
+ -
+ +
+
+ +
- +
- -

-=0LPM
+ =5LPM

4.880 -4 .925

aRun conditions: six beds each, 2.54-cm-thick, 5.08 cm in diameter, gas rate 20 SLPM; pretreated 24 h
at 200°C with dry 4.5% H2-95.5% Ar; average decontamination factor > 1 0 3 .

6 Loadings are based on a dry density of 0.78 g/cm.
cBed temperature.

Table 5. Summary of screening runs for 3.0—5.0% LAgZ3

Run

1

2

3
4

5

6
7

8

Effect

Bed1
loading6

(mg/g)

21.48

21.63

20.99

30.10

37.44

23.60
22.95

29.33

NO

+
-
+
—
+
—
+

-=0%

+ =3%

0.450

N02

—

+
+
—
—
+
+

^=0%

+=3%

0.195

Dew
point

—

—

-

+
+
+
+

-=-54°C

+= 35°C

4.780

Temperature0

+
+
-
—
+
+
-

-=200°C

+ =250°C

-7.295

Ag {wt %)
in AgZ

+
—
+
+
—
+
-

-=5.0% Ag

+=3.0% Ag

4.180

4% H 2 Dummy

+
— —
+ -
+ +
+ -
+ +
- +
- -

-=0LPM
+ =5LPM

4.185 -2.815

'Run conditions: six beds each, 2.54-cm-thick, 5.08 cm in diameter, gas rate 20 SLPM; pretreated 24 h
at 200°C with dry 4.5% H2— 95.P% Ar; average decontamination factor > 1 0 3 .

* Loadings are based on a dry density of 0.78 g/cm.
C6ed temperature.
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Table 6. Summary of screening runs for 1.5—9% LAgZ3

Run

Bed1
loading*
(mg/g)

NO NO2

Dew
point Temperature0 Ag (wt %)

in AgZ
4% H2 Dummy

1
2
3

4

5
6
7

8

ffect

21.48
28.45
20.S9
27.60
22.51
23.60
28.99
29.33

—
+
—
+
—
+
—
+

-=0 %
+ =3%

0.665

—
—

+
+
—
—
+
+

-=0%

+ =3%

1.450

—
—

—

—

+
+
+
+

-=-54°C
+ = 35°C

-2.940

-=-54°C -=200°C -=1.5% Ag ^=0 LPM
+ =250°C +=9.0% Ag +=5LPM

-1.495 14.255 - 5 160 1.385

3Run conditions: six beds each, 2.54-cm-thick, 5.08 cm in diameter, gas rate 20 SLPM; pretreated 24 h
at 200°C with dry 4.5% H2-95.5% Ar; average decontamination factor >103.

Loadings are based on a dry density of 0.78 g/cm.
cBed temperature.

Table 7. Summary of screening runs for 5—9% LAgZ"

Run

1

2

3

4
5

6
7

8

Effect

Bed 1
loading*
(mg/g)

17.74
28.45
11.13
27.60
22.51
7.48

28.99
14.18

NO

+
-
+
-
+
—

+
-=0%
+ =3%

3.752

N 0 2

—

+
+
—
—
+
+

- = 0 %

+ =3%

2.717

Dew
point

—

—

—

+
+
+
+

-=-54°C
+ = 35°C

1.477

Temperaturee

+
+
—
-
+
+
-

-=200°C
+ =250°C

0.278

Ag (wt %)
in AgZ

+
-
+
+
—
+

-

-=5.0% Ag
+=9.0% Ag

3.038

4% H2 Dummy

+
_

+ -
+ +
+
+ +
- +
_ _

—OLPM
+ =5LPM

-3.388 0.097

3Run conditions: six beds each, 2.54-cm-thick, 5.08 cm in diameter, gas rate 20 SLPM; pretreated 24 h
at 200°C with dry 4.5% H2-95.5% Ar; average decontamination factor >103 .

* Loadings are based on a dry density of 0.78 g/cm.
cBed temperature.
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Silver utilization averaged 72% for both 1.5 and the 3% LAgZ, whereas sHver utilizations of over 50%
were rare with AgZ; the highest silver utilization on AgZ seen to date is 64%. One hundred percent silver
utilization on three percent LAgZ was seen in run 5 of the first LAgZ scoping study {Table 3).

For both 5 and 9% LAgZ, the silver utilization and the associated CH31 eppears low. The maximum
silver utilization for the 9% LAgZ was 27%. This may be the result of a changing batch of sodium mordenite.
In the period between the two purchases of NaZ, the Norton Company changed production sites of the
Zeolon-900 from Stow, Ohio to Brian, Texas.1 1 An effort to determine the difference in the process and/or
material used has been undertaken by both Norton and ORNL. This change in base material could have an
impact on future solid sorbent work. Should the difference result from impurities in the water used in
processing, treatment steps could be taken to produce material of similar quality to that obtained from the
Ohio plant. On the other hand, if the difference occurs as a resuit of using locally available raw materials,
it may be much more difficult, if not impossible, to produce the same product as before. An initial response
from Norton indicated that the new NaZ was from the first batch of product from the Texas plant and may
not have been properly washed prior to final firing thus leaving impurities inside the mordenite pellet.

Similar problems were encountered by Holland et al.11 with 3A molecular sieves from Linde. !n this
case, an eightfold change in iodine retention apparently resulted from a change in the binder.

Prior to the 5 and 9% scoping studies, several intermediate silver loading studies were conducted using
the early batch of substrate. Silver loadings of 12 wt% yielded CH3 ! loadings between 36 and 118 mg of
CH31 per gram AgZ depending on the run conditions. These loadings correspond to silver utilizations of
61 to 84%. In addition to this evidence, two batches of 3% Ag made from the new NaZ have consistently
produced CH31 loadings and silver utilization of approximately half the loadings and silver utilizations
observed for the four batches of 3% AgZ made from original NaZ.

3.4 Regeneration of LAgZ

Regeneration studies of the LAgZ indicate that the use of 4.5% H2 in argon at 500°C does not per-
form in the same manner as it does with fully exchanged silver mordenite. Very little (<5% in 24 h) of the
iodine loaded onto the LAgZ is removed by the 4.5% H2 treatment at temperatures up to 500°C, and only
limited iodine removal (~13%) was achieved using pure hydrogen at 500°C for 48 h. Although air purges at
temperatures up to 250°C are also ineffective for remtving iodine, air at 500°C will remove >90% of the
iodine in 24 h. The regenerated material has been reloaded with CH31 to ~90% of the original iodine
loading and regenerated three times with similar results. During the air regenerations at 500°C, 30 to 40%
of the iodine is removed in the first hour and an additional 30 to 35% is removed during the second hour of
regeneration.

Additional tests of LAgZ regeneration were conducted using pure O2 at 500°C and pure N2 at 500°C.
In both tests < 1 % of the iodine loaded on the bed was removed by the pi;re gas stream. Use of a combined
20% O2-80% N2 gas stream produced results similar to those observed for an air stream. The negative
response for either pure stream indicates a probable reaction between the O2 and N2 , possibly forming an
NOX. However, this behavior is not fully understood and is currently under investigation.

A second unexplained, but possibly useful, phenomenon was the inability to remove the iodine from
the loaded LAgZ beds with hydrogen. It is suspected that the hydrogen gas stream may facilitate a transfer of
iodine from silver sites to sodium sites within the pellets. Similar removal, or lack of removal, characteristics
were noted by Thomas12 using a mixed bed of AgZ and NaZ. During the regeneration mode, the iodine
was not removed from the bed with hydrogen at 500°C as had been demonstrated for AgZ beds. Interpellet
iodine transfer for LAgZ was examined during four transfer and reloading cycles. A cycle consists of the
transfer of iodine from one site within the pellet to another by passing a 4.5% H2 stream across the beds.
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This was tried, followed by a reloading of CH31 onto the beds until breakthrough occurred. Ths tota! bed
loadings for each step in the four cycles are shown in Table 8. This procedure appears to allow at least a
doubling in iodine capacity on the bed.

Table 8. Total bed loadings during interpellet iodine transfer studies
loading on bed in mg CH3 l/g LAgZ

Cycle

Initial
loading

1 st transfer
2nd loading

2nd transfer

3rd loading
3rd transfer

4th loading

4th transfer
5th loading

1

37.4
23.6
37.7

26.9
44.3
32.7

43.0
43.7
58.9

2

37.2
22.4
41.7

22.6
42.0
24.0

35.1

33.4
51.7

Bed

3

22.7
22.0
42.4

23.5

41.8
28.2

37.9

21.0
35.6

number

4

11.5
11.0
10.1

23.8
39.6
22.2

32.7

25.5
33.8

5

1.90
2.36

14.8

5.42

28.8
25.2

24.8
19.0
21.0

6

0.03
0.048
6.99

8.08

10.8
21.3

23.7

22.1
23.1

3.5 LAgZ Potential as Main Filter Material

The high degree of silver utilization achieved by LAgZ makes this material attractive for use in a
main filter. Of concern during early studies was the high cost associated with the use of silver-substituted
zeolites; however, the cost associated with LAgZ is quite low. For example, assuming the following: (1) 3%
silver loading by weight; (2) 95% silver utilization; (3) $10 per troy oz. of silver {$6.70 per troy oz. of silver
on May 21,1982); and (4) $11 perkgfor1/16-in.-diam Norton Zeolon 900, a 0.5-t/d nuclear fuel reprocessing
plant would require 7.5 kg/d of sorbent to remove the 0.25 kg/d of halogens present in the plant off-gas.
The cost of the sorbent amounts to ~$82 for the substrate and $76 for silver per day or a total cost of
$6.60/h of operation. The total volume of waste generated would be approximately 0.01 m3/d.

Future work with the partially exchanged silver mordenites will be directed to optimize the degree of
silver loading to reduce the total cost and more importantly, the waste volume. The use of interpellet
iodine transfer may also play a role in reducing the waste volume.

4. Conclusions

The foilowing conclusions can be made from the experimental results and interpretation of the data:

1. Loadings of ~142 mg of CH3 I per g of AgZ can be obtained. This represents a silver utilization of
~60%.

2. Increased bed temperature has a positive effect on the loading capacity of the AgZ and AgZ.

3. Water vapor content up to a dewpoint of 35°C has a positive effect on the CH31 loadings on AgZ.

4. Nodules of free silver are formed in AgZ during hydrogen exposure. Ths size of the nodule appears
to be a function of the temperature more than the exposure time. Nodufes ~2000 A in diameter
are formed in beds up to 400°C. At 500°C, nodules 10 to 20 times as large are formed.

5. CH31 loading decreases with hydrogen exposure at increasing temperature.
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6. Higher loadings are achieved using glass filter housings than when using stainless steel when high
temperature hydrogen for regeneration is employed.

7. Iron plays a key role in the migration of silver in the mordenite.

8. High silver utilizations (>95%) can be achieved for LAgZ.

9. A bed temperature of 200°C produces higher CH3I loadings on LAgZ than temperatures of 150
or250°C.

10. LAgZ cannot be regenerated using hydrogen at 500°C as can AgZ.

11. Interpellet iodine transfer can be used to extend LAgZ capacity.

12. Air at 500°C can strip iodine from LAgZ.

13. LAgZ produced from newly acquired NaZ resulted in lower iodine capacity. This may be the result
of incomplete washing of the NaZ prior to final firing at the manufacture.

Future plans include:

1. Further examine the effects of stainless steel on AgZ regeneration and nodule formation.

2. Examine the effect of operating conditions on the length of the mass transfer zone.

3. Determine the optimum silver loading on AgZ to minimize waste volume and maximize silver

utilization.

4. Investigate the mechanisms involved in CH31 loads on AgZ and LAgZ.

5. Study mixed l2 and CH31 loadings on LAgZ.

6. Determine differences between the two batches of NaZ.

7. Explore air stripping mechanisms for LAgZ.

8. Examine interpellet transfer in LAgZ.
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DISCUSSION

VIKIS: How do you rationalize your observation that air releases
the sorbed iodine at 500°C, but N2 or O2 individually would not? What
happens to the organic part of CH3I, does it stay on the sorbent or
does it go through?

JUBIN: We currently suspect the formation of small quantities of
NOx trom the N2 and O2 as the gas stream passes across rhe silver
ciofdenite bed. We have been able to strip the loaded iodine from the
bed using streams of NO or NO2. The formation of NOX is presently
under investigation at ORNL. The organic portion passes through the
bed.

PORREY: Do you intend to investigate the differences in early
and later base mordenite material? What does Norton believe is the
problem? Have x-ray diffraction studies been done to determine
differences?

JUBIN: We are presently investigating the differences between
the two batches of sodium zeolite. No significant differences were
observed using x-ray diffraction. A quantitative analysis of both
batches also showed no major differences in the major and minor com-
ponents. Norton believes the problem lies with inadequate washing
of the zeolite prior to its final firing. This resulted in some
additional material being trapped within the micro-and macropore
structure. This possib.lity is supported by a pore size distribution
measurement of both batches which showed a reduced pore size in the
material from the Brian, TX facility.

THOMAS, T.R.: Are you getting better CH3I loading capacities with
Agz or Ag°Z (pretreated with H2)? Is it the Fe° impurities in the Ag Z
or the FeO from the S.S. reactor that is responsible for low CH3I
loadings after regeneration?

JUBIN: We get better loading capacities for CH3I using Agoz
(pretreated with H2 at 200°C for 24 hours). Loading capacities
drop as time' and, more critically, temperature is increased. We
believe the major factor is the Fe° in the reactor vessel itself
since only small losses in capacity are noted following regeneration
in a glass housing.
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THOMAS, T.R.: From your paper, I estimate it would cost about
?700,000/yr. (based on 300 days) for the Ag°Z (3% - 5% by wt exchanged)
for a 5t/d FRP. Is that correct?

JUBIN: Yes, assuming a throwaway bed. However, over
half of the cost is the substrate itself. If higher silver loadings
perform as well as the 3% LAgZ, the total cost and waste volume
can be reduced by 25% and 50% by using 6% LAgZ. The performance
characterization of the 5-6 LAgZ and 9% LAgZ will be completed as soon
as the problems encountered with the new NaZ are resolved.
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Abstract

The removal efficiency of impregnated activated charcoal and
silver zeolite for radioactive methyl iodide is influenced by various
parameters such as temperature, relative humidity, face velocity and
packing density. This study is to evaluate the dependency of the
removal efficiency on each parameter and these combined parameters,
quantitatively. Four types of adsorbents, BC-727, AgX, CHC-50 and
SS 208C 5KI3, were tested. From experimental data and mass transfer
theory, an experimental equation for evaluating the removal effi-
ciency of adsorbents was derived under a series of experiments for
radioactive methyl iodide-131. It was concluded that the removal
efficiency calculated from the experimental equation agreed well
with the experimental value. Effects of experimental specific
parameters, such as Pre-flow time, methyl iodide injection time and
After-flow time, on the removal efficiency of adsoi'bent: are also
described.

I. Introduction

Impregnated activated charcoal and silver zeolite are being
utilized at Nuclear Power Facility and Radioactive Isotope Facility,
in order to remove radioactive iodine from gaseous effluents of those
facilities. The trapping efficiency of these adsorbents for radio-
active iodine is affected by such parameters as bed length, packing
density, temperature, relative humidity and face velocity. The
dependency of the trapping efficiency on each parameter is important
to design a radioactive iodine removal system and to evaluate reli-
ability of the system under accident conditions.

Influence of individual parameters has been reported'11 ><2>»(3)^
but the quantitative evaluation on influence of these combined
parameters has hardly been discussed. It is desirable, however, to
evaluate quantitatively the influence of combined parameters from
above mentioned reasons. From the point of view, authors have tried
to conduct a series of experiments in order to derive and check an
experimental equation which can evaluate the influence or combined
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II. Experimental

Apparatus and Experimental Procedure. The experimental appa-
ratus consisted of methyl iodide generator, humidifier and adsorbent
bed installed in a thermostated oven as shown in Figure 1. Figure 2
shows the construction of the bed and the stainless steel filter
elements which were assembled into the bed, The filter element have
internal dimensions of 60mm diameter by 10mm long and both, sides are
covered with a stainless steel screen 50mm in diameter. Each filter
element was packed with the adsorbents shown in Table I.

Table I. Impregnated Adsorbents under Investigation

Adsorbents

BC-727

AgX*

CHC-50**

SS 208C

5KI3 ***

Base
Material

Coconut

Molecular
Sieve Type X

Coconut

Coconut

Nominal
Size

8 x 16

10 x 16

28 x 60

8 x 16

Apparent
Density

O.SOg/cm3

1.1 g/cm3

0.60g/cm3

0.50g/cm3

Impregnation

KI+I2f 5 w/o

Ag (Exchanged
metal cation)

TEDA, 10 w/o

KI+I2, 5 w/o

* CTI-NUCLEAR silver zeolite, Type III
** Toyo Roshi (Toyo Filter Paper) Co., Ltd.

*** Sutcliffe Speakman § Co., Ltd.

The experiments were conducted according to the order of
pre-flow step, methyl iodide injection step and after-flow step.

Pre-flow step: Air with controlled relative humidity was run
through the bed until the adsorbents reached equilibrium. The
Ueshima-Brooks mass flowmeter measured and controlled flow rate of
dry air. The mass flowmeter has a rated accuracy of ±2 percent.
Relative humidity can be controlled in the range of 0 ^ 95 percent
with accuracy of ±1 percent and temperature of the adsorbent bed in
the thermostated oven can be controlled in the range of 20 ^ 90°C
within ±0.5°C.

Methyl iodide injection step: After the pre-flow step. Nitro-
gen gas which contained methyl iodide tagged with m I was being
injected into humid air flow during from 0.25 hours to 2 hours. The
injection flow rate was monitered with a Nal(Tl) scintillation
detector.

After-flow step: Following the methyl iodide injection step,
humid air was passed through the bed at the same condition as in the
pre-flow step for 0.1 ^ 15 hours.

Aftor these steps, the piping and the bed were swept with dry
air, and tnen the bed was disassembled to the filter elements.
Radioactivity collected in each filter element was measured with a
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Ge(Li) detector.

Experimental Conditions. Table I shows the properties of
adsorbents which were used in experiment. Removal efficiency cf the
adsorbents for methyl iodide-131 is affected by such parameters as
temperature, relative humidity, face velocity, packing density,
pre-flow time, methyl iodide injection time and after-flow time.

II.
Experiments were done under such conditions as shown in Table

Table II. Experimental Conditions

Parameter

Temperature (°C)

Relative Humidity (5)

Face Velocity(cm/sec)

Packing Density
(g/cm3)

Pre-flow (hours)

Injection (hours)

After-flow (hours)

Adsorbent

BC-727
AgX
CHC-50
SS 208C 5KI3

BC-727
AgX
CHC-50

BC-727
AgX

BC-727
AgX

BC-727

BC-727

BC-727

Experimental Range

25
30
30
20

30
0

30

10
5

0.
1.

0

0.

-0.

^ 80
-v 85
* 80
'v 65

^ 95
% 95
% 85

^ 25
^ 35

38 % 0.60
05 «\. 1.30

^ 22

25 ̂  2

1 -v 10

Each experiment was done under the condition that one parameter
was varied over the range shown in Table II and the other parameters
were fixed. Each value of the fixed parameters is following,

Temperature: 66°C
Relative Humidity: 70%
Face Velocity: 20cm/sec
Packing Density: approximately Apparent Density
Pre-flow Time: 20 hours
CH3I-injection Time: 1 hour
After-flow Time: 1 hour
CH3I-I3I+CH3I-I27 Concentration: 0.10±0.03mg/iir
Bed Depth: lcm x 10

Calculation Method of Removal Efficiency. It is well known
that radioactive intensity of the filter elements is to be inversely
exponential with bed depth. The typical profile which was shown in
Figure 3 was expressed with the following equation,
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Qi « e'^i (1)

Qi: radioactive intensity o£ the ith filter element

Li: distance of the ith filter element from inlet
of the bed

i: number of filter element (i = 1 ̂  10)

u: removal coefficient

The equation (1) is obtained by mass balance in the bed and
external fluid phase diffusion model on outer surface of the
adsorbent as shown in Appendix, and the removal coefficient y is
presented by the equation,

kg av
M = — 2 (2)

Trapping efficiency v is defined with the following equation,

C*
ti - 1 (3)

Co

where ^. concentration cf CH3I* in gaseous phase

Co: inlet concentration of CH3I* in gaseous phase

From Appendix, equation (3) is transformed into the equation,

n - 1 - e-»L (4)

w h e r e L: bed length

Influence of each parameter was evaluated by calculating the
removal coefficient from the profile of the radioactive iodine-131
intensity obtained by experiments.

III. Results and Discussion

Effect of Temperature. Figure 4 illustrates results obtained
from experiments which were conducted to investigate the effect of
temperature on the removal eificiency for such adsorbents as BC-727,
AgX, CHC-50 and SS 208C 5KI3, and it reflects the well-known effect
of increasing removal efficiency with increasing temperature on a
new adsorbent (*'.

From Figure 4, the removal efficiency was approximated by the
following equation,

p « exp (aT) (5)
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where JJ. r e m o y ai coefficient (cm"1)

T: Temperature (°C)

a: constant (temperature factor)

The constant "a" is shown in Table III, calculated from the
equation (5) and the experimental results for each adsorbent.

Values of the constant "a" in Table III appear the following
tendency,

l)The effect of temperature on BC-727 and SS 208C 5KI3 is
different, in spite of the same removal' mechanism, isotopic
exchange mechanism, for methyl iodide-131,

2)The methyl iodide removal mechanism on AgX and CHC-50 is chem-
ical adsorption, and both adsorbents have the same value of the
temperature factor "a".

Effect of Relative Humidity. Figure 5 illustrates results of
experiments conducted to investigate the effect of relative humidity
on the removal efficiency for such adsorbents as BC-727, AgX and
CHC-50. The results appear the well-known tendency of decreasing
removal efficiency with increasing relative humidity. This decrease
of the removal efficiency is associated with the increase of the
amount of water adsorption, because adsorbed water interferes with
the interaction of methyl iodide and the adsorbent to an extent
depending on the amount of adsorbed water (sl.

From Figure 5, the effect of relative humidity on the removal
efficiency was made an approximation with the equation,

y « exp (-bH) (6)

w e r e \i: removal coefficient (cm *)

H: relative humidity (%)

b: constant (relative humidity factor)

The relative humidity factor "b" for each adsorbent was
calculated from the equation (6) and the experimental results, and
was shown in Table III.

The relative humidity factor "b" of AgX shown in Table III hold
to a fairly good approximation in the wide region of dry *v» 95% rela-
tive humidity. In case of BC-727, the relative humidity factor "b"
in Table III can be applied in the region of 60 ^ 95% relative
humidity, that is, the factor "b" for dry «v 40% relative humidity is
different from the above mentioned value, because amount of adsorbed
water on the adsorbent decrease suddenly in comparison with amount
of adsorbed water in the former region.

From values o£ the relative humidity factor "b" shown in Table
III, the followings were derived,
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l)The effect of relative humidity on AgX is the same as that of
CHC-50,

2)BO727 is apt to be influenced by the high relative humidity,
compared with other adsorbents.

Effect of Face Velocity. Some papers have been reported on the
influence of face velocity on methyl iodide-131 removal with various
adsorbents (6) * (7) . In most of these reports, however, the influence
has been discussed from a combination of the stay time of the feed
gas in the bed and the decontamination factor of methyl iodide-131,
and has been little discussed from the standpoint of transfer
phenomenon of methyl iodide-131 in the bed.

Authors investigated the effect of the face velocity on the
methyl iodide-131 removal efficiency from mass transfer theory in
order to express the effect by mathematics.

From Appendix, the removal coefficient
can be expressed by the following equation,

y =
av

V£

fy" of methyl iodide-131

(2)

where kg: • mass transfer coefficient

ay: surface area per unit volume of the adsorbent

Vg: face velocity

Mass transfer coefficient "kg" can be calculated from the
experimental equation (Appendix equation) given by Chu et al ( 8 ).
Reynolds Number in the present experiments is from 1 to 30, there-
fore, the methyl iodide-lil removal coefficient is expressed by
following equation,

M = 34.2(1-6)
dP vg Pg

-0.78 , - 2 / 3

(7)
Dg

where
y
e

Dg

removal coefficient

void fraction

particle diameter

face velocity

fluid density

fluid viscosity

diffusion constant

From the equation (7), the ratio of the methyl iodide-131
removal coefficient under face velocity Vgi to that under face
velocity Vg2 is presented as follows,

,-0.78
(8)

209



17th DOE NUCLEAR AIR CLEAN1N3 CONFERENCE

Figure 6 shows the influence of face velocity on the methyl
iodide-131 removal efficiency for BC-727 and AgX. From the equation
(8), data points in Figure 6 were fit by the following equation,

y a v g
(9)

YiTri f* Y*!^

y : removal coefficient

Vg: face velocity

f : constant (face velocity factor)

The fitting results for the face velocity factor "f" are shown
in Table III.

Obtained value of the factor "f" is about 0.8 for both
adsorbents, and almost agree with the value in the equation (8).
Accordingly, the controlling mechanism of methyl iodide-131 mass
transfer in the bed would be external fluid phase diffusion as
mentioned in Appendix.

Table III. Summary of Constants of Experimental Equations

Parameter

Temperature(T)

Relative (H)
Humidity

Face (Vg)
Velocity

Experimental
Equation

Equation (5)

y " exp (aT)

Equation (6)
y « exp(-bK)

Equation (10)

y * V g -
f

Adsorbent

BC-727
AgX
CHC-50
SS 208C 5KI3

BC-727
AgX
CHC-50

BC-727
AgX

Constant

a. = 0.010+0.001
a = 0.006±0.002
a = 0.005±0.001
a = 0.003±0.001

b = 0.028±0.004
b = 0.020±0.001
b •--- 0.020±0.002

f = 0.822±0.011
f = 0.797+0.020

Effect of Packing Density. Figure 7 shows the influence of
packing density on the methyl iodide-131 removal efficiency for
BC-727 and AgX.

The methyl iodide-131 removal coefficient is expressed by the
above mentioned equation (7). Such parameters as dp, Vg, p g, TJ and
Dg in the equation (7) are independent of void fraction, therefore,
tne methyl iodide-131 removal coefficient ratio under the different
void fraction are appeared as follows.

yi 1 - 91

1 - 82

Yi

Y2
(10)

where y: removal coefficient
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6: void fraction

y: packing density

It is thought that the experimental data in Figure 7 follow
the equation (10), and some scatter of the data from the straight
line calculated by equation (10) is caused by a variation of
adsorbent particle diameter.

Effect of Pre-flow Time. A series of experiments were
conducted in order to investigate the effect of the pre-flow time
on the methyl iodide removal efficiency.

The results are shown in Figure 8. It is seen that the methyl
iodide removal efficiency decreases as the pre-flow time increases
in early time, and its efficiency reaches a constant when it reaches
a certain value and it will not decrease any more even if the
pre-flow time increases.

Figure 9 shows the change of gas temperature at the inlet and
the outlet of the bed during the pre-flow time. The inlet and outlet
gas has the same temperature before the pre-flow, but outlet gas
temperature increases suddenly at the start of the pre-flow and
decreases gradually as the pre-flow time increases. The increase of
the outlet gas temperature would be caused by heats of water adsorp-
tion on adsorbents. In case of the present experimental conditions,
water adsorption reaches the equilibrium after the pre-flow time of
about 8 hours and temperature of the inlet gas corresponds to that
of the outlet gas, as shown in Figure 9.

Changes of the removal efficiency for the methyl iodide seen
in Figure 8 would be brought by such distribution of temperature in
the bed that was presumed from the change of gas temperature at the
outlet shown in Figure 9. Accordingly, the pre-flow time should be
taken until the outlet gas temperature became stable.

Effect of Methyl Iodide Injection Time. Figure 10 shows the
results of the experiments which were done to" investigate the effect
of methyl iodide injection time on the methyl iodide removal effi-
ciency. It is seen from Figure 10 that the methyl iodide removal
efficiency is not affected by the injection time in the region of
0.25 ^ 2.0 hours.

Effect of After-flow Time. It is well known that the
after-flow is performed after methyl iodide injection in order to
evaluate the ability of the adsorbent to hold the methyl iodide
once it is captured.

Ii was confirmed that the methyl iodide removal efficiency was
not affected by the after-flow time in the region of 0.1 ^ 10 hours
as shown in Figure 11.

Evaluation of experimental equation. The methyl iodide
trapping efficiency "v ' on the adsorbent bed is expressed by the
equation (11), as described previously in Calculation Method of
Removal Efficiency.
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C , , T
„ = 1 = F ( L , T , H, V g , Y ) = 1 - e ML ( 1 1 )

y = G(T, H, Vg, Y )

concentration of CH3I* in gaseous phase

Co: inlet concentration of CHal* in gaseous phase

L : bed length (cm)

T : temperature (°C)

H : relative humidity(l)

Vg: face velocity (cm/sec)

Y : packing density (g/cm3)

y : removal coefficient (cm )

Authors derived the equation (13) by combining mass transfer
model described in Appendix and individual experimental equations
(5), (6) and (9) for each parameters.

u = A-Y-VCT~
£-exp (aT - bH) (13)

w e r e y : removal coefficient (cm )

Y : packing density (g/cm3)

Vg: face velocity (cm/sec)

T : temperature (°C)

H : relative humidity (I)

A : constant

a : constant (temperature factor)

b : constant (relative humidity factor)

f : constant (face velocity factor)

In order to check applicability of the abova equation, a series
of experiments were conducted. Table IV shows the experimental
conditions. Standard conditions in Table IV were used to obtain the
constant "A" in the equation (13).
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Table IV. Experimental Conditions for Checking The
Experimental Equation

Parameter

Temperature

Relative Humidity

Face Velocity

Packing Density

C°c)
(%)
(cm/sec)

(g/cm3)

Standard
Condition

66
70

20

0.468 *

0.437 **

Experimental

63 ^ 69

55 ^ 85

14 "o 26

0.421 ^ 0.

0.438 ^ 0.

Range

515

536

*
**

Adsorbent:
Adsorbent:

BC-727, Lot No. M-2767
BC-727, Lot No. M-3000

The experimental results are shown in Figure 12. The calcu-
lated value of the methyl iodide removal efficiency agreed with the
experimental results within ±20%, as shown in Figure 12.
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IV. Conclusion

The experimental equation for evaluating the methyl iodide
removal efficiency of adsorbents was derived from a series of experi-
ments. It was concluded that the removal efficiency calculated from
the present equation agreed well with the experimental value.
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Appendix

Mass Transfer Model of Methyl Iodide

The following model for mass transfer model of methyl iodide
was presumed.

adsorbent bed
C*

adsorbent

0 *

X x+Ax

0

c*

Co*:

Q* :

V

Y

t

x

g

* : radioactive

concentration of CH3I* in gaseous phase (mol/cm3)

concentration of CH3I* on adsorbent external phase(mol/cm
3)

inlet concentration of CH3I* in gaseous phase (mol/cm3)

concentration of I* on the adsorbent (mol/g)

face velocity (cm/sec)

packing density (g/cm3)

time (sec)

axial distance (cm)

Mass Balance

-Vg
9C*

3x 9t
= 0

(Gas diffusion was neglected.)

(14)

External Fluid Phase Diffusion

9C*

9x
= kg av

(C* - £ kg av C* (15)

where
kg: mass transfer coefficient

av: surface area per unit volume of the bed
(cm2/cm3)

From the equations (14) and (15), the next equations can be
obtained,
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C«(x) - C.« exp (-
vg

Q*(x,t) = g &V- C0*t exp ( sLfl- x) (17)
Y v vg y

Consequently, the methyl iodide removal coefficient "y" which
was defined by the equation (1) described in Calculation Method of
Removal Efficiency is expressed by the equation (2),

y - -i^x_ (2)

Mass transfer coefficient "kg" can be claculated the following
equations (18), (19), (20) and (21) given by Chu et al ( 8 ) .

10000>Re'>30, J-1.77 (Re1)'0""" (18)

50>Re'>l, J=5.7 (Re')"°'78 (19)

R e' =
 dP Vg p K = (NRe') (20)

J = — S _ ̂  : j = _^_ (Nsc)2/3 (21)

where „ ,. m o d i f i d e reynolds number

NSc :

dp :

Pg :

V

0 :

Da :

schmidt number

particle diameter

fluid density

fluid viscosity

void fraction

diffusion constant

Surface area per unit volume of the bed "av" can be calculated
by the equation (22), assuming the adsorbent to be a sphere.

a v = 6 (l-6)_ ( 2 2 )

dP
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DISCUSSION

CSILLAG: I would like to know if the equation holds for 100%
relative humidity?

SHIOMI: No, because we can not obtain reliable experimental
data under 100% relative humidity conditions.

BELLAMY; Is it true that the only carbons tested were new virgin
carbons?

SHIOMI; Yes.

BELLAMY: Was your equation checked against data from another
laboratory?

SHIOMI: No, but this would be a good idea. We want to evaluate
our equation for used adsorbents.

DEUBER: I would like to draw attention to the fact that reten-
tion increases with increasing residence time. To investigate the
effect of face velocity, one should compare it at the same residence
time?

SHIOMI; Thank you. I think so.

DEUBER: Did you do some tests on the influence of concentration?
I ask this because in the past some have found an increase and some
a decrease with changing concentration.

SHIOMI; We have not tested that relationship so far.
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DATA ANALYSIS OF IN PLACE TESTS OF

IODINE FILTERS IN THE FRENCH

NUCLEAR FACILITIES

P. Mulcey, L. Trehen and J.L. Rouyer
Institut de Protection et de Surete Nucleaire

Commissariat a l'Energie Atomique - France

Abstract

The first part of the paper :• s devoted to the characteristics
of the iodine adsorbers which equip French air cleaning systems and
to their operating conditions.

The analysis of the data obtained with in place testing of
iodine filters is developed further on. Data already available and
new complementary data to be obtained are examined.

An analysis of the results of in place tests will give an ideai
of the rejection level observed for acceptance tests and will show
the possible influence of several parameters (air velocity, relative
humidity, ageing) upon the measured decontamination factors.

Finally, an assessment is made of the evolution of French
cleaning systems during the last few years and of the complementary
measurements to be carried out in the frame of the standardized test
method.

I. Introduction

French legislation on the inspection of ventilation systems
in nuclear facilities (D (2)stat-es that the efficiency of their
gaseous effluent cleaning systems must be measured at least once
a year.

Moreover because of the TMI2 accident the Permanent Group in
charge of Nuclear Reactors(3)has decided to bring the inspection
frequency to three months in the case of ventilation systems where
the iodine adsorbers are in service permanently.

The method adopted in France for many years is now covered by
and AFNOR Experimental Standard(4) .

The technique, consisting of an in olacetest on the air
cleaning system as a whole by the use of a radioactive tracer
(iodine 131 - labelledl2 or ICH-J,is the only method used so far on
all iodine filters fitted.

223



17th DOE NUCUEAR AIR CLEANING CONFERENCE

It gives the overall efficiency of the air cleaning unit at the
moment of testing, for working conditions as close as possible to
those for which the trap was designed.

The results obtained in this way on certain air cleaning
systems have been analysed with a dual purpose :

- to examine the data available now and the new data required
to improve the analysis and management of the filters to maximum
advantage ;

- to show up any correlations between the decontamination
factor and certain parameters affecting its measurement (air velo-
city, relative humidity, weathering).

In our opinion the method used in France, and more generally
in Europe, to measure the decontamination factor of iodine traps
must on no account be questioned or fundamentally changed, since no
other available method can evaluate the efficiency-of the system as
a whole for working conditions close to those found in normal
operation or in the event of accident.

However from the results obtained by this method it is often
difficult to estimate the relative contributions of the leakage rate
and the intrinsic efficiency of the active charcoal in the overall
decontamination factor, especially when this is small.

For other technical reasons examined below, other measure-
ments, besides the present one,are needed to enrich the data used for
calculating the efficiency at the time of inspection and estimating
its variation in the time interval between two decontamination
factor measurements.

The test method has already been published(5),(6) and will
therefore not be described again here.

General remarks

All power reactor systems and most laboratory and experimental
reactor air cleaning units are equipped with standard 610 x 610 x
292 mm cells, installed either in bag-in bag-out housings or on
honeycombed metal frames (filtering walls).

These cells contain about 35 kg of active charcoal impregna-
ted to 1 % with potassium iodide. Coal base charcoal 3-16 mesh ASTM,
has usually been used in preference to coconut base charcoal because
of its better efficiency at high relative humidity but the fitting
of preheaters on new facilities could eventualy lead to a review
of this choice.
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The charcoal bed is 5 cm deep ; at the nominal flow rate of
1200 mV'n for 25 cm/s the residence tine averages 0.2 s.

A sairpic of this active charcoal is checked in the laboratory
beforehand (2-ton batohns). To be accepted the sample must have a
K fujf^r • 3) groater than 8 Lor a 2b cm/s air velocity and a 90 %
relative humidiLy.

It is practically impossible to correlate the efficiency of
the samples with that of the adsorbers these generally being equip-
ped with cells from different active charcoal batches.

2. Working_conditions

a) Air velo£ity_

The gas velocity through the active charcoal, too fast on the
earliest ventilation systems, has gradually been brought to a value
of around 25 crn/s and even less in certain cases.

b) Acjtive_charcoal^ bed dep_th

For new reactors, especially the 1300 MW(electric)
type the bed depth has been increased to 10 cm.

c) Re La tiv.e_hu.mic*itY.

To improve the efficiency of the adsorbers the systems are
being equipped more and more with preheaters, which guarantee a
relative air humidity below 40 %-

d) Degree_of_ use

.\ few circuits are ventilated permanently and the efficiency
of the adsorbers deteriorates fairly quickly as a result. In all
other cases the adsorber is by-passed in normal operation. The insu-
lating dampers must be particularly well made to avoid by-pass leaks
On new ventilation systems the increasing tendency is to use double
dampers with the inner part under pressure.

e) Cha r co ,a l_condi ti on i ng_

Pneumatically rechargeable carbon adsorbers have been developed
over the last few years and are being fitted on certain circuits.

The use of these devices is likely to modify the test pro-
cedures .o

This point will be examined below.
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II.Ar>Tlyisis of data concerning iodine adsorbers

" These data are obtained either at the time of testing of
during the working period between tests.

a) Dajta^supjolied by_the_test.

The first information is obtained by visual inspection of the
trap when faults can be detected on the cells themselves (active
charcoal leaks; poor air-tightness assembly). During this inspection
the ventilation flow sheet is also checked for testing purposes.

The measurements carried out next concern :

- the flow rate through the iodine adsorbers. Whenever pos-
sible the pressure drop of the adsorber is measured and checked for
consistency with the flow rate determined in the duct ;

- the relative humidity at which the test is performed, to
check that the preheaters are working properly ;

- the overall efficiency of the system, obtained from esti-
mates of the iodine 131 activity fixed on the charcoal samples taken.

b) Operational. da_ta_

In most cases the only working data available are those ob-
tained from periodic flow rate measurements and pressure drop rea-
dings for traps on continuonsly operating circuits.

2 • §uEP.I§ir.entarY_data

Certain additional information is necessary to improve the
evaluation of iodine traps.

a) Acce p_ t anc e_t e s t.s

These should be supplemented by a sampling qualification mea-
surement applicable to each new kind of circuit or facility . This
would be especially useful for older types of circuit where require-
ments for sampling points have not always been foreseen at the design
stage,
b) P_eriodi.c_te_sts

It is becoming more and more necessary to have a fast and
accurate means of estimating leakage of the facility (assembly,
by-pass dampers,...) so that in certain cases, when the measured
overall efficiency falls below the required level, repairs can be
made without changing the cells.
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c) Opera.ti.on

- For circuits which in normal operation are normaly by pas-
sed and brought into play only on special occasions (refuelling
operations, gaseous effluent handling line...) it would be possible,
knowing the number of hours in service, to estimate the probable
ageing of the traps and to inform the operator of the risks
involved in working with an air cleaning system of efficiency below
safety standards.

- It would also be advisable to generalise the periodicity
of flow rate measurements on circuits in permanent use, since
any operational or configurational anomalies would then be detected.

III. Analysis of results

The results were analysed from two viewpoints, : 1 - the re-
jection level observed at reception of air cleaning units before start
up of the facility ; 2 - possible correlations between the measured
efficiencies and the different parameters involved (air velocity, re-
lative humidity and weathering of the charcoal).

1. Rejection levels observed on reception

The analysis was carried out on twelve 900 PWR type reactors
iistributed over 3 different sites.

The results are given in the table below :

Table. Rejection ratio
Expressed in percentage of the total number of tests performed

Site

A

B

C

TOTAL

Number of
absorbers
per site

34

35

37

106

Rejection ratio

Acceptance
test

0

2.9

8.1

3.8

First routine
test

30

38.5

50

39.5

Second
routine
test

0

33.3

44.4

25.9
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In most cases of below standard efficiency the causes are not
known exactly. For one circuit the poor measured value was due to a
fault in the filter housing design which was remedied on the spot. In
the other cases failure can be attributed to defective assembly of
the elements or to paintwork carried out after the adsorbers weie
fitted. Once the filter elements had been changed the values were up
to standard.

2 . Inf luence_of _the_air_velocit^_and_relative_humidity.

Attempts were made to correlate the efficiencies measured on
reception with the air velocity and relative humidity.

The analysis was performed on all the air cleaning systeius of
the containment buildings for the 12 reactors mentioned above.

The nominal flow rate of these systems, which work in close
circuit, corresponds to an air velocity of 26.1 cm/s .and a 0.19 s.
apparent residence time in the charcoal.

For this series of tests the relative humidity of the air
passing through the adsorbers ranged from 15 to 40 %.

a) Influence of_the_ai^r_veloci_ty_

to'

7 .

5 .

1 .

3 to'.

3

S s .

25 IS 27 50 39 30 31

Fig.l
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The results, given on figure 1, show no correlation between
the measured efficiency and the air velocity in the range 23 to
3 0 cm/3.

Figures 2 to 5 show the air velocity distribution expressed
in percentage deviation from the design flow rate for the systems at
the 3 sites taken separately and together.

b) _Infl_uence _of_ £e_lative_huiTud.ity_

The results are shown on figures 6 and 7.

Figure 6 corresponds to the measured efficiency and figure 7
to the efficiency reduced to the design flow rate by a logarithmic
correction. Again no correlation can be established.

This analysis of results, which should be extended to all air
cleaning units, suggests that the efficiency of the air cleaning
system is limited by the quality of the system, the assembly
tightness and the leak rate of the units installed (usually around
1 to 2 x 10~4) and is independent of air velocity and relative humi-
dity (below 4 0 %} for a rather large range about the nominal operating
conditions.

3- J2flu§nce_of _weathering_

The weathering effect on iodine adsorbers in permanent opera-
tion has been studied on a systt ti fitted with 4 charcoal filter
trains working in parallel at an air flow rate of about 40.000
each.

The efficiency of each train was tested at 3 monthly intervals,
the lifetime of the traps being about 6 months.

The results, given on figures 8 and 9, correspond to tests
carried out on the sai:ie system at different times and are expressed
by the apparent K factor of the adsorber (K = l£2__it, with E the mea-
sured efficiency and T the average air residence"̂ tirr.e in the charcoal;

It is observed that :

- the initial efficiency of train D is systematically below
average, showing a fault in the ventilation design ;

- since weathering is more pronounced during the second six
month period the initial efficiency is limited by design and assembly
defects ;,

- weathering varies from one train to another, showing that
their flow"rates must be more carefully balanced after the test.
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Lack of attention to this flow rate equilibrium factor is
troublesome for two reasons :

- the train taking the greatest flow rate ages more quickly
(proportionately, in a first approximation, to the volume of air
passing through) ;

- its efficiency is lowered, all other things being equal, by
the higher air velocity.

In the event of an accident the efficiency of the set-up may
in fact be unnecessarily reduced.

IV. Development of equipement and means of inspection

The main improvements made to iodine adsorbers over the last
few years (9} (10) concern :

- systematic by passing of iodine filters wherever possible ;

- fitting cf new facilities with preheaters to lower the
relative humidity and improve efficiency, especially for methyl io-
dine trapping ;

- use of rechargeable carbon adsorbers, accompanied by a
systematic increase to L0 cm in the bed depth.

2• Deyelgpment_gf_insgection_methods

a) Need£

An inactive testing method to supplement the normalised ins-
pection should be develop for the following reasons ;

- Qualification of sampling points

A conventional tracer method must be used here so that the
representativity of sampling points specific to iodine tests may be
determined and if necessary their position changed, or if this is
impossible a correction factor applied to the measured activity. This
application is intended above all for circuits of an older design
where the configuration cannot always guarantee the homogeneity of
the tracer at the sampling points or at the trap itself. This appli-
cation refers to a standard tracer method.

- Leak measurements on ventilation systems under pressure

On a few circuits the air cleaning units are placed downstream
from the blower and are hence under higher pressure than the surroun-
ding premises.
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In such cases a leak measurement is necessary in order to de-
tect any anomaly liable to cause radioactive contamination of person-
nel or premises when the adsorber is tested. There again a standard
tracer method is fitted for use.

- Leak rate evaluation

The leak rate of iodine adsorbers is determined at present by
means of a double injection of molecular iodine then methyl iodide.
Comparison of the results obtained generally shows whether the ef-
ficiency is limited by leakage. However the method is long, costly
and ill-suited to adsorbers containing weathered charcoal.

The use of rechargeable carbon adsorbers has led EDF to propose
a test procedure based on reference samples measured every 6 months
A standardized radioactive efficiency test would be carried out on
reception and after each active charcoal replacement (maximum life-
time : 4 years).

If this procedure were to be adopted, assuming the results
obtained could be correlated with the findings of in-place tests, a
yearly or twice-yearly check on the leak rate of the facility would
be necessary in our opinion, the initial measured value being dif-
ficult to guarantee for 4 years.

For this last application a specific method must be used
in keeping with the behaviour of the active charcoal.

b) Caracteristics of the method

The method to be developed must meet the above 3 requirements
and possess the following characteristics :

- Tracer gas. This must ;

. be non radioactive,

. non inflammable,

. non toxic,

. non corrosive,

. non degradable,

. easily injectable,

. not affect the sorption properties of the charcoal and be
quickly eliminated,

. stay in the active charcoal for a time consistent with leak
rate measurements,

. not interfere with any other gases present in the effluent
cleaned up.
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- Detector. This must be :

. small and light-weight,

. robust,

. autonomous for electricity supply and gas intake (at least
lOh) ,

. highly sensitive and if possible specific for the gas
injected,

. capable of continuous tracer gas measurement,

. able to give a direct and rapid, response.

The "tracer gas plus detector" pair must be able to measure
leak rates > 10~4 for the general working conditions of the systems
tested (flow-rate, temperature, air relative humidity, moisture con-
tent of the charcoal, etc...). Such an apparatus is being studied in
our laboratories.

V. Conclusions

Analysis of the results of in place tests on French facilities
is not yet perfect, but certain facts emerge :

- The method used at present to measure the decontamination
factor of iodine adsorbers, the only one of its kind to be covered
by statutory rules, should be supplemented when necessary by other
techniques allowing the leak rate of the facility in particular cases
to be determined ;

- Certain additional information is necessary to improve the
analysis and gain better control of the efficiency changes taking
place with time in systems used only occasionally in normal operation
(repairs, fuel handling, gaseous effluents treatments) ;

- No correlation has been observed, within the range
of variation of these parameters, between the efficiency of iodine
traps, as measured on reception and the air velocity or relative
humidity ?

- Special attention must be paid to the balancing of flow-rates
on systems in permanent operation and equipped with several charcoal
filter trains working in parallel, otherwise the efficiency of the
whole is undermined.

235



17th DOE NUCLEAR AIR CLEANING CONFERENCE

VI. References

1< Deeret n°75.306 relatif a la Protection des Travailleurs
contre lee Dangers des Rayonnements lonisants dans 1'In-
dustrie Nucleaire (1975)

2. Arrete fixant la Periodicity des Controles des Installation
de Ventilation (1977)

3. Premiers enseignements tires de I1analyse de 1'accident de
Three Miles Island - Groupe Permanent charg§ des R§acteurs
Nucleaires - Ministere de I1Industrie (1979)^

4. "Me'thode de contrfile du coefficient d'epuraticn des pidges
a iode"
Norme Experimental AFNOR NF.M.62.206 (1982)

5. Sigli P. and Trehen L.
"ContrSle des pieges a iode des centrales nucleaires"
CEC Seminar on Iodine Filter Testing - Karlsruhe (1973)

6. Deckers B., Sigli P. and Trehen L
"Operating experience with the testing of iodine adsorbers
on the air clean up systems of the Belgian PWR power plants"
14th ERDA Air Cleaning Conference CONF. 76.0822 (1976)

7. Taylor L.R. and Taylor R.
"The ageing of impregnated charcoals"
CEC Seminar on Iodine Filter Testing - Karlsruhe (1973>

8. Decoursiere P.
"Evolution de la filtration des iodes dans les centrales
nucleaires"
CEC Seminar on Iodine Removal from Gaseous Effluents in the
Nuclear Industry - Mol (1981) - To be published

9. Madoz J.P. and Decoursiere P.
"Principes de conception retenus pour assurer la fonction
"piegeage des iodes" des systSmes de ventilation des
r§acteurs a eau lSgere du palier 1300 MWe"
IAEA Seminar on the Testing and Operating of Off Gas
Cleaning Systems at Nuclear Facilities - Karlsruhe (1982)
To be published.

236



17th DOE NUCLEAR AIR CLEANING CONFERENCE

DISCUSSION
DEIT2; Does the relative humidity reach a higher value
than 40 % during weathering? What is the activity of the test gas?
What are the atmospheric contaminants in weathering?

MULCEY; Relative humidity can reach higher values than
40 % for the circuits which are not equipped with preheaters. Never-
theless, for the corresponding adsorbers, the humidity control
performed before testing (after the 16 hours service needed for
equilibrium in case of stand-by adsorbers) very rarely shows rela-
tive humidities greater than 60 %. The activity of the test gas
during the injection is of the order of 1O~7 Ci per m3 with a
maximum of about 10~° Ci per m^ in the case of deep-bed adsorbers.
The injection technique used (in-place production of the radioactive
tracer) does not allow the test gas activity to be constant during
the injection time. The concentration of the atmospheric contami-
nants, partly responsible for the weathering of the charcoal (SC>2
for example) mainly depends on the industrial surroundings of the
nuclear site. These contaminants have not been measured in France.
For the site studied here, the values measured every 3 months show
a rather good agreement with the weathering formula proposed by
Taylor.

THOMAS; Do you wish to supplement the tracer method with
a leak test similar to the Freon test used in the U.S.? Is 6 months
the typical service life of your charcoal adsorbers? Are you requi-
red to do in-situ tracer analysis every 3 months by French law?

MULCEY; To answer your first question, I can say that
this method will be similar in its principle to the U.S. one, but
that the tracer gas and the detector to be used could be somewhat
different. A study is starting now in our laboratory and I should
be able to bring more informations in a few months. Regarding your
second question, 6 months is the typical service life for conti-
nously operating 5 cm bed depth charcoal adsorbers. As was said
before, this service life is in accordance with what can be expected
using Taylor's formula. French law only requires a yearly test of
each ventilation system (Reference 2 of the paper). As a consequence
of the T.M.I. 2 accident, safety authorities have required the
licensee to perform an in-place test of the continously operating
charcoal adsorbers every 3 months. This decision only concerns
some circuits of the 6 first 900 Mwe PWRfS.

DEUBER: Could you elaborate on the drawbacks of using 12
for in-site leak testing?

MULCEY; The technique uses the well known fact that the
decontamination factor of a given impregnated charcoal bed is
higher for molecular iodine than for methyl iodide (generally by
one order of magnitude). For new carbone the efficiency of the
adsorber is mainly governed by the leak rate of the system and a
comparison between the D.F. for 12 and ICH3 can easily indicate
a leak rate, the D.F. for I2 being then a good estimation of the
maximum leak rate of the system. For aged carbon, the overall
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efficiency is also governed by the intrinsic efficiency of the
carbon which can be be greatly affected by ageing and weathering.
Then, the leak rate estimation using the D.F. obtained for I2 is
no longer valid. This technique {rather expensive and time consu-
ming) is then used only when a significant leak rate is anticipated
from an anomalously low value obtained in a ICH3 acceptance test.

WILHELM: The important parameter with respect to the
influence of wet air is the water adsorbed on the carbon. So, a
correlation between the relative humidity of the air to be filtered
and the removal efficiency will only, under operational conditions
during the test, give meaningful numbers when the adsorption-
desorption equilibrium is reached for the water on the carbon sur-
face.

MULCEY; I fully agree with your comment. It is the reason
that we ensure that for each test performed the preconditioning
time under all operational conditions (flow-rate, heating, etc..)
is at least 16 hours.
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Abstract

This paper describes the study of iodine trapping performed on a test rig
called "SIRROCO" on a scale 1 cartridge filled with adsorbent AC 6120 and the tests
on samples done in parallel to compare the removal efficiencies of the industrial
filter with those of the sorbent. Influence of the major parameters encountered in
French operating conditions are discussed. The sorbent tests have to be further
pursued, particulary those concerning influence of No.

I. Introduction

Recommandations made in France for gaseous releases coming from fuel
reprocessing facilities require that iodine 129 is filtered in two stages. The
first stage of the removal consists of chemical primary trapping in a soda
scrubber. Cleaning is finalized with secondary trapping by adsorption on a
specific silver impregnated sorbent.

The requirement for this second barrier on new reprocessing plants has
necessitated the selection of a feed material and the test of a filter at one-one
scale in representative conditions of operation.

This paper describes the study performed on a test rig called "SIROCCO" and
the tests on samples done in parallel to compare the removal efficiencies of the
industrial filter with those of the sorbent and to evaluate the influence of the
major parameters in French operating conditions.

II. Study on "SIROCCO" rig

11.1. Description of the experimental installations

Test were made on a cartridge filled with adsorbent AC 6120 which has been
chosen because of the good removal performances described by the team of J.G.
WILHELM.

Characteristics of the rig ap well as of the cartridge are given in table I
and figure 1.

11.2. Preparation of the experiment

To start the experiment, it has been necessary to :

- verify the representativity of upstream and downstream sample points as well
as airflow measurements, by helium tracing,

- design and realize several systems with new sampling tubes in glass and
teflon for the injection of iodine 127 and 131.
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Table. I

FEATURES Or THE "SIROCCO* TESTING INSTALLATION

TESTING VK\&

Nommal Flou; rate

VblumeSnc Flow rare

ABSORBENT

.. GeomeWical

. Inside foce

. Ouhsid*. face

200 N ms/W
450°C ± S°c
3iO m*/h

. Shape
• Inside, nadiuks
, Outside radiu-s

Total he^hlr
O,sef*uJ height*
Absorbent" bed deprh
Inside. useFu! area
Ouhside useful area

JDynomical parameters

cooKial cylindrical
4 5 ; 6 5 cm
28,15 cm
56 cm
43,5 cm
12,5 cm

0,^3 in*
0,1-? m*

AC 6120 3ORPTION MATERIAL,

_ KiaKtre •. impregnated amorphous silica
.S i lver mass rai-e,
- Apparent" balk density
_ Tohxl volume
. Tohxl mass

20,1 cm/s
441 2

Ag NO 3
12*^

96,3
67,AI
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11.3. Tests

The housing containing the cartridge is placed in an air stream at 150°C and
is permanently loaded with iodine 127 vapour.

Weekly injections of molecular and methyl iodine labelled with iodine 131 were
made to measure decontamination factors and follow their time-dependant evolution.

11.4. Results

- The test rig has been continuously operated for 7 560 hours with a iodine
127 loading time of 5 300 hours.

- Figures 2 and 3 show DF evolution for ICH- and I_ as a function of the
cartridge saturation.

Trapping efficiency of AC 6120 falls rapidly for 1CH_ above a saturation level
of about 80 mg/g. For !„, figure 3 shows a DF decrease at a saturation levsl above
100 mg/g.

Two reasons could explain this apparent better behaviour of AC 6120 for
molecular iodine :

. a partial adsorption of I. on duct walls between the cartridge outlet
and the downstream sample point (which would increase DF value in
decreasing downstream activity),

. other trapping mechanisms than those for ICH«.

- Data gathered for elution confirm, for ICH^ as well as for !„, the
degradation of cartridge removal efficiencies ovef a saturation level of about 85
mg/g.

II.5. Conclusion

Ths study realized on SIROCCO rig with AC 6120 sorbent has allowed us to :

- determine the useful parameters for filter design
- confirm the removal efficiencies at high temperature in the absence of NO
- obtain the values of DF which would indicate the necessity for replacement
of the sorbent.

These results achieved on an industrial type installationr had to be fulfilled
by laboratory tests on sorbent under all conditions representative of new French
reprocessing plants.

III. Tests on sorbent samples.

The tests performed on AC 6120 samples had the following objectives :

- to reveal an eventual isotopic exchange of iodine 131 or iodine 123 with
iodine 127. This exchange could occur on the rig while it cannot occur in the
reprocessing plant, since the isotogic ratio between active and inactive iodine is
5 on the plant, whereas it is 5.10 "' on the rig for iodine 131,

- to compare the saturation curve obtained for samples with the ones obtained
on SIROCCO, which might indicate leakages from the filter,

- to measure the sorbent removal efficiency as a function of gas velocity,
- to study the influence of nitrogen oxides.
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11.1,1. Estimation of isotopic exchange

The method of estimating isotopic exchange consists in DF measurement of two
AC 6120 beds presaturated in molecular iodine.

This DF can be attributed to several phenomena i.e. trapping by some nnn
saturated residual silver, iodine physical adsorption on sorbent and isotopic
exchange.

The measured DF gives then an estimation at the uppei limit of the isotopic
exchange.

The DF values obtained and given in table II, are low : 4,5 average for
molecular iodine and 1,2 average for methyl iodine.

They indicate that if it occurs, isotopic exchange is very slight. Utilization
of iodine 123 or iodine 131 as a radioactive tracer is then justified.

TABLE II - Estimation of isotopic exchange

Test conditions

Sweep gas : air at 150°C, due point : 30°C, velocity : 25 cm/s

Loading : 2 beds of AC 6120, 2.5 cm deep
Equilibrium time of the beds : 2 h
injection ̂  200 mg of I- or ICH traced with I 123
( M u d ) during 1 h.
air flow continued for 2 h.

Tests with molecular iodine

Test

1

2

1st

4

3

Overall DF
bed 2nd bed

,8

,7

26,4

15,6

Individual DF
1st bed 2nd bed

4

3

,8

7

5,5

4,2

Tests with methyl iodine

Test

3

4

1st

1

1

Overall DF
bed 2nd bed

,2

,2

1,5

.1.4

Individual DF
1st bed 2nd bed

1

ls

,2

2

1,2

1,2
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111.2. Comparison of sorbent and filter removal efficiencies

Removal efficiencies for the cartridge of "SIROCCO" and those of sorbents with
equivalent depth are comparable : efficiencies are about as high and DF drops,
registered over 80 rag/g, correspond approximately to 56 % of silver consumption by
iodine.

These comparable performances of the filter and the samples indicate that
leakages from the filter are very low.

111.3. Removal efficiencies as a function of gas velocity

For safety of the environment, it is necessary to know the variations of
removal efficiencies around normal operating conditions.

The results for several velocities are given in table III, which shows that
velocities around the nominal value for the industrial trap are acceptable.

TABLE III - Removal efficiency as a function of gas velocity

Test conditions

Temperature : 150°C
Due point : 30°C
Air velocity : 10 to 50 cni/s
Equilibrium time of the beds : 3 h
Injection ̂  20 mg of ICH traced with 1123 (̂  /mCi)
Air flow continued for 3 h
5 beds of AC 6120 of 2.5 cm depth.

Results

Test

1

2

3

Air
velocity
(cm/s)

10

25

50

Overall DF

Bed number

depth (cm)

1st

2,5

1 900

210

20

2nd

5

-

59 000

580

3rd

7,5

-

-

-

Individual DF

1st

2,5

1 900

210

20

2nd

5

-

280

29

3rd

7,5

-

-

28

III.4. Influence of nitrogen oxide

The influence of NO. has been extensively studied by the team of J.G. WILHELM,
but information concerning NO is rather scarce. This is of concern for French
reprocessing because NO/NO2 ratio at the level of the filter is quite high.
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It is possible that NO reduces impregnated silver nitrate, and thus reduces
removal efficiency.

Initial tests have been carried out but the results have to be confirmed by
other tests.

IV. Conclusions

ITie study performed on an industrial iodine filter have allowed approval for
thfi secondary trapping for new French reprocessing plants.

To optimise the operating conditions, the study had to be completed with
sorbent tests. These have to be further pursued, particularly those concerning
influence of NO. A new test rig called "TEAM" will be utilized. This rig has been
described in reference (2).

The placement of such a cleaning system is meant to complete the removal of
iodine 129 in the gaseous effluents of reprocessing plants. This involves the
development of monitors able to control periodically the removal efficiency and
operate the sorbent management to obtain the best possible conditions.

V. References

(1) G. BRUZZONE, Ph. MULCEY, J.L. ROUYER, Essais de qualification d'un dispositif
de piegeage de l'iode a haute temperature, Seminaire sur la retention de l'iode
dans les effluents gazeux de l'industrie nucleaire, Mol, Belgique (1981)

(2) G. BRUZZONE, Ph. MULCEY, Un testeur d'echantillons d'adsorbants, Seminaire sur
la retention de l'iode dans les effluents gazeux de l'industrie nucleaire, MOL,
Belgique (1981)

(3) J. FURRER, R. KAEMPFFER, J.G. WILHELM, Entwicklung von abluzifiltern iiir
Wiederaufarbeitungsanlagen, KFK 2262

DISCUSSION
THOMAS, T.R.; Are you testing AC 6120 adsorbent in the
dissolver offgas of a fuel reprocessing plant? If not, when do you
plan to install it in a French facility?

ROUYER: No, we made the tests under simulated conditions.
UP?, the next French reprocessing facility where our iodine trap will
be installed, will be started in 1987.
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RETENTION OF ELEMENTAL RADIOIODINE BY DEEP BED CARBON FILTERS
UNDER ACCIDENT CONDITIONS

H. Deuber, J. G. Wilhelm
Laboratorium fur Aerosolphysik und FJ.ltertechnik

Kernforschungszentrum Karlsruhe GmbH
Postfach 3640, D-75OO Karlsruhe 1

Federal Republic of Germany

Abstract

New German guidelines require a minimum retention of elemental
radioiodine of 99.99 % by the filters used to vent the annulus of
pressurized water reactors in the case of a design basis accident
(LOCA) . On the basis of e.n analysis of the results from various
laboratory investigations on the retention of elemental radioiodine
by activated carbons it is concluded that this requirement will be
met with the deep bed annulus exhaust air filters. Taking into
account that the radioiodine penetrating a deep bed iodine filter
is in a nonelemental form, as shown in our investigations/ there
even seems to be a wide safety margin.

1. Introduction

German pressurized water reactors are provided with iodine
filters to vent the annulus in an accident ('). According to new
guidelines the minimum retention to be achieved with these filters
in a design basis accident (LOCA) is 99.99 % for elemental radio-
iodine (2;m Tne corresponding value for organic radioiodine (which
has not been raised) is 99 %.

We have concluded that in the event of a LOCA this new
requirement will be met with the deep bed annulus exhaust air
filters, both with respect to the performance of the activated
carbon and the leaktightness. That the leaktightness of the filters
is sufficient can be inferred from surveillance tests (3,4)< m n a tis sufficient can be inferred from surveillance tests
also the performance of the activated carbon contained in the
filters suffices can be concluded from an evaluation of the results
of laboratory investigations on the retention of elemental radio-
iodine by activated carbons. In this paper we present this evaluation
in which both results of studies described in the literature and of
studies, recently performed in our laboratory have been taken into
account.
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2. Design and operation of accident filters

As already indicated, in German PWRs annulus exhaust air
filters containing activated carbon are installed to mitigate
the consequences of an accident. Mostly the activated carbon 2O7B,
8-12 mesh, impregnated with KI, is used. Bed depth and face
velocity are about 5O cm and 50 cm/s, respectively (residence
time: £ 1 s) <3'4) .

During normal situations the filters have to be in the stand-
by mode. During an accident the filters can be challenged by leakage
of steam and radioactivity as well as transfer of heat through the
inner containment shell. However, during a LOCA the effect of leakage
can be neglected even if the design basis leakage (0.25 %/d) is
exceeded to a certain extent.

Therefore, in a LOCA temperatures and relative humidities
of < 150 °C and < 10 %, respectively, have to be anticipated in
the annulus during the major part of the first phase of the accident
in which a pressure differential across the inner containment shell
exists. The length of this phase may be of the order of 10 h.
Afterwards, temperatures and relative humidities near to 30 °C and
100 %, respectively, have to be envisaged. Filter operation under
these conditions could last up to two months.

As regards the iodine concentration in the inlet air of the
annulus exhaust air filters and the iodine loading of the carbon,
values of < 1 mg I/m̂  and < 1 mg I/g carbon, respectively, have
to be reckoned with.

From data pertaining to serious accidents * ' it can be con-
cluded that, if the integrity of the inner containment shell were
maintained, in serious accidents the challenge of the annulus ex-
haust air filters would not be much more serious than that outlined
above.

3. Results of previous investigations

This chapter contains results which various experimenters
obtained in investigations on the retention of elemental radio-
iodine by activated carbons. To a certain extent these results
have already been reviewed a few years ago (1*6).

In these investigations a small bed depth or residence time
was used in general (2.5 to 5 cm and 0.1 to 0.2 s , respectively).
In addition, the purging time was often short (several h). The
retention test according to ASTM D3803 (?) is a typical example.
In this test, performed at 18O °C, the bed depth and residence time
are about 2.5 cm and 0.13 s , respectively; the purging time is 4 h.
It seems that attempts to establish the chemical form of penetrating
radioiodine have rarely been made.
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In this review both the influence of various parameters on
the retention of radioiodine and the chemical form of penetrating
radioiodine are dealt with. Emphasis is placed on studies performed
under conditions which are of importance in the present context.

3.1 Influence of various parameters on the
retention of elemental radioiodine

Base material

It was observed by Caron et al. that up to some 150 °C
the base material exerts no significant influence. The deconta- _
mination factors (DF's) found with coconut and coal carbon were 10
to 10^ (impregnant: none, KI or TEDA; dry air; residence time: 0.17s;
purging time: several h). However, at higher temperatures, coconut
carbon was ascertained to perform best in general (9,8,10,11)#
This finding has been attributed to the high potassium content and
high basicity of coconut carbon. It has been concluded that, in
addition to physical adsorption, formation of KI is of importance
in the retention of elemental iodine by carbons (11).

Particle size

The retention of I2 decreases with increasing particle size
of the carbon. This may be explained by longer diffusion time with
higher particle size. We have observed a decrease of DF from between
105 and 106 to 104 with increase of particle size from 8 - 1 2
to 5 - 10 mesh (2O7B (KI); 30 °C; 98 - 100 % R. H.; residence time:
0.1 s; purging time: 2 h ) . In other experiments the particle size
was varied from 16 - 32 to 2 - 4 mesh (12). The DF's always exceeded
the maximum measurable value of 104 (BC727 (KI); 25 °C; 25 % R. H.;
residence time: %, 0.13 s; purging time: ^ 3 h) .

Impregnant

Up to some 150 °C the influence of the impregnant is not
significant in dry air as can be seen from the DF's of between
10* to 10*> found by Caron et al. (8) for carbons impregnated with
KI, TEDA or not impregnated, under the conditions mentioned above.
In these experiments the same was observed for humid air at ambient
temperature except for a low DF for carbons without impregnants.
The last finding can be attributed to poorer retention of organic
iodine species formed from I2. We have obtained similar results
in humid air at 30 °C ('3). At temperatures higher than 150 °C
both insignificant and significant ( detrimental) influence of
impregnants have been noticed (°»1°).

Service life

Various authors have reported on the decline of DF due to
aging (14-18,4) . r̂ e have observed a decrease of DF by two orders
of magnitude due to aging in a nuclear power station for one year
(wood carbon impregnated with KI3; 30 °C; 40 % R. H.; residence
time: 0.1 s, purging time: 2 h or 2 weeks) '4'. By purging for two
weeks the DF of the aged carbon was diminished to between 10^ and
10 4. A similar decrease of DF was observed in other
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cases for the same length of aging v' . The DF fell to between
102 and 103 over one year of service (coconut carbons impregnated
with KI and TEDA, 18O °C, dry air, residence time: £ 0.1 s; purging
time: 4 h ) . In these cases the decrease of DF could be correlated to
the decrease of pH of the water extract of the carbon.

I? concentration

With a rise of the 12 concentration to values much higher than
1 mg/m3 a fall of DF has been observed (19/20). This can be attrib-
uted to exceeding of the loading capacity which is approximately
1 mg I/g carbon. However, the DF may also drop if the I? concen-
tration declines to values much lower than 1 rng/m^ (21,19,20). This
performance has not to be expected from theoretical considerations
(22) . it may therefore be assumed that the effect is caused by the
formation of more penetrating iodine species whose proportions
increase with decreasing 12 concentration.

Temperature

Because a high temperature is not favorable for physical
adsorption a decrease of DF with increase of temperature has to
be expected. This effect has been found to be very dependent on .„.
the purging time. At a purging time of several hours, Caron et al.
found no significant influence up to a temperature of some 150 °C
(carbon: coconut or coal; impregnant: KI, TEDA or none; dry air;
residence time: 0.17 s). However, at a purging time of approxi-
mately one week, the DF dropped from between 10^ and 10*> to between
1O-3 and 10^ at the same conditions. Insignificant influence of
temperature up to nearly 150 °C in dry and humid air has been
noticed by various investigators when the purging time was kept
short (23,21,24,25,19,8).

Relative humidity

With impregnated carbons ordinarily little influence of the
relative humidity on the retention of I2 has been observed (25,19,8,
26,27) ̂  Evan with water-clogged carbon a good retention was noticed
(25,19). However, with unimpregnated carbons a decrease of DF with
increase of relative humidity was found (21,8,27) _ This may be
attributed to the formation of other iodine species which are
difficult to trap with unimpregnated carbons in humid air.

Face velocity

At the same residence time the influence of the face velocity
appears to be negligible in a wide range. We have found the same
DF's of between 105 and 106 at 25 and 50 cm/s (carbon: 2O7B;
impregnant: KI or TEDA; 30 °C, 98 - 100 % R. H.; residence time:0.1s;
purging time: 2 h ) .

Residence time

In accord with expectation, an increase of DF with increase
of residence time has been found (21,28,1,3,4,13). However, when
the residence time becomes longer than about O.1 s, the increase
usually becomes relatively small. This has to be ascribed to the
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formation of more penetrating iodine species whose influence becomes
evident when the bulk of elemental iodine has been removed. With
aged carbons this may occur at a residence time much higher than
0.1 s (3T.

Purging time

With extended purging iodine may desorb from the carbon. This
effect depends strongly on temperature. With impregnated carbons
usually little influence has been noticed at ambient temperature
in dry and humid air 18#27)# However, with a certain carbon (wood
carbon impregnated with KI3) we observed a marked effect even at
a low temperature '4'. If the temperature approaches 150 °C the
effect becomes very pronounced. In the experiments of Caron et al.(8)
the DF was mostly lower than 104 at 150 °C at a purging time of
approximately one week (carbon: coconut or coal; impregnant: KI,
TEDA or none; dry air; residence time: 0.17 s).

Radiation

Intense gamma radiation may significantly influence the DF.
In a radiation field of about 10' rad/h, Svans ''°' mostly found
DF's of between 103 and 104, compared with DF's of greater than
or equal to 105 with no radiation at all (various impregnated
carbons; 80 °C; 75 % R. H.; residence time: ̂ 0.1 s; purging time:4h).
These values translate to a desorption rate of the order of 10~4 %/h.
With no impregnation desorption was even stronger. The influence of
radiation was due to generation of organics (see Sec. 3.2 ).
Lorenz (29,30) investigated the influence of radiation (and heat)
by loading highly radioactive iodine on carbon (up to about 10^ Ci
1^°I equivalent to about 108 rad/h). The desorption rate of radio-
iodine was of the order of 10~4 to 10~3 %/h.

The influence of the various parameters on the retention of
elemental radioiodine by impregnated activated carbons, in the
range of interest in the present context, is summarized in Table I.
It is obvious that the critical parameters are service life,temperature,
purging time and radiation. With unfavorable values of these para-
meters, in the range of interest here, there is a potential that
a DF of 104 is not achieved if the residence time is in the range
of 0.1 to 0.2 s only.

3.2 Chemical form of penetrating radioiodine

Because only small amounts of radioiodine usually desorb
from carbons it is not easy to determine the chemical iodine species
involved.

Evans succeeded in identifying four organic iodine
species which desorbed from the carbon when an intense radiation
field was applied. These were methyl iodide, methylene iodide,
ethyl iodide and vinyl iodide.

Other investigators have tried to distinguish elemental and
organic iodine by passing the desorbing iodine through samplers
with components for selective retention. Lorenz et al. (29,30)
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employed silver plated honeycombs to selectively trap I2 desorbing
from the carbon loaded with highly radioactive iodine. Mostly they
found small percentages of 12 only, particularly in the experiments
with humid air,

Carcn st al. ' collected 12 with copper screens. Often
they observed an abundance of I2 in their desorption tests (carbon:
coconut and coal; impregnant: KI, TEDA, none; 2OO °C; dry air;
residence time: ̂  0.17 s; purging time: up to about 1 week).

We usually trap I2 on a specific sorbent (DSM11; see appendix).
In desorption tests we did not find measurable percentages of I2
(carbon: wood; impregnant: KI3; 30 °C; 4O % R. H.; residence time
(total): 0.35 s; purging time: 2 weeks) ^ .

4. Results of recent investigations

In this chapter results are given which we obtained in recent
investigations on the retention of elemental radio:.odine by activated
carbons. The aim of these studies was to more realistically deter-
mine the retention of elemental radioiodine to be expected with the
deep bed annulus exhaust air filters of a PWR in the case of a LOCA.
In particular, these studies aimed at assessing the safety margin
to be anticipated.

Investigations with four activated carbons are dealt with
here. Data on these carbons are given in Table II. As can be seen,
carbons of different base materials and different impregnants were
used. The first two carbons (2O7B (KI) and 2O7B (TEDA)) have been
on the market for several years. The other two carbons (Kiteg II
and Radshield 25) have been developed in recent years.

Other relevant experimental data are presented in Table III
and in the appendix. As can be seen from Table III two combinations
of temperature and relative humidity were employed: (a) 30 °C and
98 to 100 % R. H. and (b) 130 °C and 2 % R. H.. The second combi-
nation may be regarded to conbervatively represent the conditions
in the annulus of a PWR during the first phase of a LOCA and the
first combination the conditions thereafter (see Sec. 2.).

Total test bed depth and residence time (25 cm and 0.5 s,
respectively) were shorter than those mostly used in the annulus
exhaust air filters (50 cm and 1.0 s,respectively). The test bed
was sectioned to establish retention or penetration as a function
of^bed depth or residence time and to facilitate analysis of the
iodine species involved.

Purging time (after end of loading) was 2 h or 1 week (168 h).

In the following sections first the influence of various
parameters on retention of elemental radioiodine, than the chemical
form of penetrating radioiodine are covered.
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4.1 Influence of various parameters on the
retention of elemental radioiodine

The results are presented in terms of retention in Tables IV
to VII and in terms of penetration in Figs. 1 to 8. The following
discussion will be mainly based on Figs. 1 to 8. It should be borne
in mind that in these penetration profiles the ste^p part has to
be ascribed to elemental iodine and the flat part to more penetrating
iodine species present as impurities or formed in the test bed.

131The penetration of the carbon 2O7B impregnated with KI by I
loaded as I2 at different purging times and at different temperatures
is given in Figs. 1 and 2. As regards the penetration at 3O °C
(Fig. 1), at a purging time of 2 h there is a strong decrease with
increasing bed depth. The detection limit corresponding to a pene-
tration of 10~5% is reached at a bed depth of 7.5 cm (residence time
of 0.15 s). At a purging time of 168 h there is practically the
same decrease of penetration up to a bed depth of 3.75 cm. Then
the penetration curve levels off. A penetration of about 10~4% is
reached at a bed depth of 25 cm (residence time of 0.5 s).

At 130 °C the penetration of 2O7B (KI) is as follows (Fig. 2):
At a purging time of 2 h the penetration is similar to the corres-
ponding penetration at 30 °C. However, at a purging time of 168 h
the penetration is much higher at short bed depths. There is a
difference of partly more than one order of magnitude compared
with the corresponding penetration at 30 °C. For the long purging
time the penetration found at larger bed depths is little different
from the corresponding penetration at 30 °C.

The penetration of 2O7B (TEDA) is shown in Figs. 3 and 4.
At 30 °C (Fig. 3) there is little difference in the values obtained
for different purging times. Both penetration curves, initially
very steep, level off at a bed depth of 3.75 cm. At a bed depth
of 25 cm the penetration is equal to or less than 10"4 %.

At 130 °C the penetration of 2O7B (TEDA) can be described
as follows (Fig. 4): It is similar to the corresponding penetration
at 30 °C in the case of the short purging time. However, in the case
of the long purging time the penetration is much higher, both at
small and large bed depths. There is a difference of up to two orders
of magnitude compared with the corresponding penetration at 30 °C.

The penetration profiles found with Kiteg II (Figs. 5 and 6)
are rather similar to those found with 2O7B (KI), both qualitatively
and quantitatively. A notable difference is the relatively small
slope of the penetration curve at higher bed depths in the case
of the low temperature and the low purging time.

As regards the penetration profiles obtained with Radshield 25
(Fig. 7 and 8), they are also rather similar to those obtained with
2O7B (KI). The slope of the penetration curve at higher bed depths
in the case of the low temperature and the low purging time is
relatively small, similar to that observed with Kiteg II.
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A summary of the penetration values for the four carbons
investigated is given in Table VIII. Values for bed depths of 5 cm
and 25 cm are presented. The former may be largely attributed to
elemental iodine, the latter to more penetrating iodine species.

As regards the penetration values for a bed depth of 5 cm,
at 30 °C they are similar for all carbons at the same purging time.
However, the influence of purging is minimal at this temperature.
(This is more obvious if values for bed depths of smaller than 5 cm
are compared.) At 130 °C there is a wide scatter of the values at
the same purging time. However, those for 2O7B (KI), Kiteg II and
Radshield 25 are relatively similar compared with those for 2O7B
(TEDA). The latter are at least one order of magnitude higher than
the former. The influence of purging is pronounced with all carbons
at 130 °C. The penetration increases by roughly two orders of
magnitude over one week of purging.

The penetration values for a bed depth of 5 cm show also
that at the small purging time there is little influence of the
temperature (and relative humidity). Except for 2O7B (TEDA), even
somewhat smaller values have been found at the higher temperature.

As regards the penetration values for a bed depth of 25 cm,
those for 2O7B (KI), Kiteg II and Radshield 25 are similar and
generally much lower than those for 2O7B (TEDA).

Our data show that the performance of 2O7B (TEDA) is rela-
tively poor with respect to retention of elemental iodine at
elevated temperature and extended purging. It appears that this
peculiar behavior, attributable to the TEDA impregnant, has not
been reported in the literature.

2O7B (TEDA) exempted, our data compare favorably with
literature data if retention of elemental radioiodine by new
activated carbons in the same range of parameters is considered
(see Table I ) :

(a) There is no significant influence of the type of carbon
(base material, impregnant).

(b) Temperature and purging time exert a detrimental influence
if they are raised simultaneously.

Our results also confirm that even with new activated carbons
there is a potential that under unfavorable conditions, in the
range of interest in this context, a DF of 10 4 for elemental radio-
iodine is not achieved if the residence time is in the range of 0.1
to 0.2 s only. However, our results demonstrate that at a higher
residence time there is no such a potential with suitable new
activated carbons.

The influence of aging is being assessed in supplementary
studies although no dramatic effect is anticipated with a high
residence time.
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4.2 Chemical form of penetrating radioiodine

As described in the appendix, in the tests with long purging
the normal back-up beds (2O7B (KI) ) were preceded by other
components to determine the percentages of particulates (particulate
filter), of 12 (sorbent DSM11) and of organic species relatively
easy to trap such as CH3I (sorbent AC 6120).

131The distribution of I among test and back-up beds in the
long purging runs is displayed in Figs. 9 to 12. The particulate
filters have not been indicated because in no case was any 131i
detected on these components.

131The I distribution found in the long purging runs in which
2O7B (KI) was tested is shown in Fig. 9. As regards the back-up beds,
at 30 °C 131l was found on the first AC 6120 bed, at 130 °C on both
AC 6120 beds. No 131j was detected on the other back-up beds.

The 131I distribution in the tests with 2O7B (TEDA) is shown
in Fig. 10. At 3O °C the distribution in the back up beds was
similar to that in the corresponding test with 2O7B (KI). Only
the first AC 6120 bed contained 131j. However, at 130 °C the
distribution was very different. 131i was found on all the back-up
beds, except for DSM11.

The 131I distribution in the tests with Kiteg II and
Radshield 25 is given in Figs. 11 and 12. The distribution in
the back-up beds was largely similar to that in the tests with
2O7B (KI).

131From the fact that no I was detected on the back-up
component DSM11 in any of the tests, it has to be concluded that
only nonelemental 131j penetrated the carbon beds. This is in
agreement with the penetration profiles shown in Figs. 1 to 8.
The nonelemental 13ij w a s mostly easy to retain on AC 6120. However,
in the high temperature test with 2O7B (TEDA) it was highly
penetrating.

The above results on the chemical form of iodine desorbing
from the test beds are in agreement with the results of our
previous investigations **' described in Sec. 3.2. They differ
from the results of Caron et al. (°' who found high portions of
12 desorbing from the test beds as mentioned in Sec. 3.2. This
difference may be attributed to the fact that in the tests of
Caron et al. the temperature was higher and the residence time
shorter.

5. Summary

New German guidelines require a minimum retention of elemental
radiciodine of 99.99 % by the filters used to vent the annulus of
pressurized water reactors in the case of a design basis accident
(LOCA).
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Studies of various experimenters on the retention of elemental
radioiodine by activated carbons, performed mostly with a residence
time of between 0.1 and 0.2 s, reveal that with shallow beds there
is a potential that a retention of 99.99 % is not achieved in the
range of conditions of interest in this context (Table I). However,
our investigations demonstrate that at. a higher residence time there
is no such a potential with suitable new activated carbons
(Table VIII).We are conducting supplementary studies on the influence
of aging although we do not expect a dramatic effect with a high
residence time.

On the basis of the results so far available on the retention
of elemental radioiodine by activated carbons it is therefore
concluded that the requirement mentioned above will be met with
the deep bed annulus exhaust air filters. Taking into account that
the radioiodine penetrating a deep bed iodine filter is in a non-
elemental form, there even seems to be a wide safety margin.

The work was supported by the Minister of the interior of the
Federal Republic of Germany.

K. Bleier, W. Sellien, S. Winkler, H. Fischer and A. Ladanyi
participated in the performance and evaluation of the tests.
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7. Appendix; Experimental

Relevant experimental data of our investigations on the
retention of elemental radioiodine by activated carbons are given
in Table III. The reasons for the choice of the parameters are
dealt with in the text.

As indicated in Table III, ten successive test beds of a depth
of 2.5 cm each were used the first two of which consisted of
sections of a depth of 1.25 cm each.

As regards the back-up beds, in the tests with long purging
the normal back-up beds (2O7B (KI) ) were preceded by other
components to allow differentiation of the iodine species pene-
trating the test beds. These components were (in direction of
flow):

1 particulate filter;

2 beds of sorbenL DSM11 for retention of I_;

2 beds of sorbent AC 6120 for retention of
organic species that are relatively easy to
trap, such as CH^I.

Details on the performance of these sorbents have been
reported in the literature (31,32).

All the back-up beds were maintained at a temperature which
was favorable for trapping the iodine species (30 °C). All the
back-up beds had a depth of 2.5 cm corresponding to a residence
time of 0.05 s.

, __ ...The investigations were performed with our standard test rig
. The elemental iodine was tagged with 131I. The detection

limit for <'^1j/ measured with a Nal(Tl) detector, was 10"'''' Ci
per bed (100 % error at the 3 o confidence level)• Total activities
of greater than or equal to 1O-<* Ci 131j Were used. These values
correspond to a minimum detectable penetration of 10~5 %.
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Table I Influence of various parameters on the retention of l_ by impregnated activated

carbons according to literature (temperature °150 °c)

Parameter

Base material

Particle size

Impregnant

Service life

I2 concentration

Temperature

Rel. humidity

Face velocity

Residence time

Purging time

Radiation

Change of DF with change
or increase of parameter

Not significant

Decrease

Not significant

Decrease

Possibly significant

Decrease

Not significant

Not significant

Increase

Decrease

Decrease

Remarks a'

DF ^ 104 reported

4
DF < 10 reported

Formation of other I species;
exceeding of loading capacity

At long.purging time;
DF < 10 reported

At same residence time

At high temperature;
DF < 10 reported

Formation of other I species;
DF < 10 reported

aom

o
m
3)

o
oo

m
30
mzom

a) DF's:minimum values at residence times of between 0.1 and 0.2 s
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Table II Activated carbons investigated

Designation

2O7B (KI)

2O7B (TEDA)

Kiteg II

Radshield 25

Base
material

coal

coal

coconut
shell

coconut
shell

Particle
size
(mesh)

8 - 12 a )

8 - 12 a )

8 - 16 b )

8 - 16 b:

Impreg-
nant

KI

TEDA

KI,
tertiary
amine c>

tertiary
amine

Supplier

Sutcliffe
Speakman,
U.K.

Sutcliffe
Speakman,
U.K.

Nuclear
Consulting
Services,
U.S.A.

Charcoal
Engineering,
U.S.A.

a) BSS 410

b) ASTM D2862

C) additionally buffer and antioxidant
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Table III Values of test parameters

Parameter

Carrier concentration

Temperature

Relative humidity

Face velocity

Pressure (absolute)

Bed depth b )

Residence time per bed

c)Preconditioning time

Injection time

Purging time

Unit

3
mg/m

°c

%

cm/s

bar

cm

s

h

h

h

Value

1

30 or 130

98-100 or 2

50

1

2.5

0.05

> 16 or 1

1

2 or 168

a ) 98 - 100 % at 30 °C; 2 I at 130 °C (dew point : 30 °C)

b)

c)

Ten successive test beds of depth 2.5 cm were used. The
first two test beds consisted of sections of depth 1.25 cm.
Details of the back-up beds are given in the. appendix.
(Diameter of all beds: 2.5 cm)

> 16 h at 30 °C; 1 h at 130 °C.
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Table IV Retention of 131i loaded as I, by 2O7B (KI) a)

10

Bed
depth

(cm)

2.5

5.0

7.5

10.0

12.5

15.0

17.5

20.0

22.5

25.0

Residence
time

(s)

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

0.45

0.50

30

2

99

99

99

°C, 98 -

hb),c)

.9 30

.99935

.99999

-

-

-

-

-

-

100 %

168

99.

99.

99.

99.

99.

99.

99.

99.

99.

99.

Retention

R. H.

h b )

971

9973

99911

99957

99972

99977

99981

99984

99986

99988

(%)

1

2 h

99.

99.

99.

30 °C, 2

b) ,c)

9908

99985

99997

-

-

-

-

-

-

-

% R. H

168

99.

99.

99.

99.

99.

99.

99.

99.

99.

99.

•

h b >

42

9970

99900

99946

99958

99964

99971

99976

99978

99981

a) Values of additional parameters: see Table III

Purging time
- : Retention higher than maximum detectable retention (99.99999 %)

ao
m

c
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30

o
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30
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Table V Retention of 1 3 1I loaded as I 2 by 2O7B (TEDA)
 a)

to

-4

Bed
depth

(cm)

2.5

5.0

7.5

10.0

12.5

15.0

17.5

20.0

22.5

25.0

Residence
time

(s)

0.05

O.10

0.15

0.20

0.25

0.30

0.35

0.40

0.45

0.50

30 °C, 98

2 h b )

99.925

99.99948

99.99969

99.99977

99.99982

99.99987

99.99990

99.99993

99.99995

99.99996

- 100 %

168

99.

99.

99.

99.

99.

99.

99.

99.

99.

99.

Retention

R. H.

h b>

933

9985

99931

99955

99966

99973

99979

99983

9998C

99988

(%

2 h

99.

99.

99.

99.

99.

99.

99.

99.

99.

99.

)

130 °C,

b)

942

9982

99952

99965

99973

99978

99982

99985

99987

99988

2 % R. H

168

96".

99.

99.

99.

99.

99.

99.

99.

99.

99.

•

h b )

0

62

979

9918

9938

9947

9953

9957

9960

9963

a)

b)

Values of additional parameters: see Table III

Purging time
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Table VI Retention of 1 3 1I loaded as I 2 by Kiteg II
 a )

to

00

Bed
depth

(cm)

2.5

5.0

7.5

10.0

12.5

15.0

17.5

20.0

22.5

25.0

Residence
time

(s)

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

0.45

0.50

30

2

99

99

90

99

99

99

99

°C, 98

h b) , c)

.988

.99977

.99989

.99994

.99996

.99996

.99998

-

-

-

- 100 %

168

99.

99.

99.

99.

99.

99.

99.

99.

99.

99.

Retention

R. H.

h b )

976

9976

9985

99905

99935

99953

99965

99972

99977

99981

130 °C,

2 h b )' G )

99.969

99.99993

-

-

-

-

-

-

-

-

2 % R. H

168

98.

99.

99.

99.

99.

99.

99.

99.

99.

99.

•

h b )

9

957

9981

9988

99909

99924

99935

99944

99950

99956

a)

b)
Values of additional parameters: see Table III
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33
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Purging time

- : Retention higher than maximum detectable retention (99.99999%)



Table VII Retention of 131I loaded as I2 by Radshield 25

IO

VD

Bed
depth

(cm)

2.5

5.0

7.5

10.0

12.5

15.0

17.5

20.0

22.5

25.0

Residence
time

(s)

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

0.45

0.50

30

2 h

99.

99.

99.

99.

99.

99.

°C, 98 -

b) ,c)

967

99979

99991

99996

99998

99999

-

-

-

-

Retention

100 % R. H.

168 h b )

99.989

99.9989

99.99952

99.99976

99.99985

99.99990

99.99993

99.99995

99.99996

99.99997

(%)

130 °C, 2

2 h b )' c )

99.987

99.99997

-

-

-

-

-

-

-

-

% R. H.

168

99.

99.

99.

99.

99.

99.

99.

99.

99.

99.

h b >

904

9948

9984

9989

99920

99940

99950

99958

99962

99965

a)

b)
Values of additional parameters: see Table III
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Purging time

- : Retention higher than maximum detectable retention (99.99999 %)



Table VIII Penetration of various activated carbons by 131I loaded as I~ a)

to

o

Carbon

2O7B (KI)

2O7B (TEDA)

Kiteg II

Radshield 25

Bed
depth

(cm)

5

25

5

25

5

25

5

25

Residence
time

(s)

0.1

0.5

0.1

0.5

0.1

0.5

0.1

0.5

Penetration (%)

30 °C, 98 - 100 % R. H.

2 h b )

6.5 • 10"4

< 1 .0 • 10~

5.2 • 10"4

3.8 • 1O"5

2.3 • 1O"4

< 1 .0 • 10~5

2.1 • 10"4

< 1.0 • 10"5

168 h b )

2.7 • 10"3

1 .2 • 10"4

1.5 • 10"3

1.2-10

2.4 • 10~3

1.9 • 10"4

1.1 • 10~3

3.0 • 10~5

13O °C, 2 % R. H.

2 h b )

1.5 • 10"4

< 1 .0 • 10"5

1 .8 • 10"3

1.2 • 10"4

7.3 • 10"5

< 1 .0 • 10

3.0 • 10"5

< 1.0 • 10

1 68 h

3.0 • 10" 3

1.9 • 10" 4

3.8 • 10"1

3.7 • 10" 3

4.3 • 10~ 2

4.4 • 10"

5.2 • 10~ 3

3.5 • 10" 4

8
m

z
m
30

30
O

o
oo
•nm
30

m
o
m

a)

b)

Values of additional parameters: see Table III

Purging time
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DISCUSSION

DEITZ: Do your results apply to weathered carbons?

DEUBER; The results of this paper apply to new carbons only.
The effect of aging is being investigated.

WILHELM; Regarding the question of Dr. Deitz, I would like to
add that the desorption experiments will be continued on carbon
samples aged in reactor stations. The results are not yet available.
We may get the results of the weathered carbons in time for the next
Air Cleaning Conference. You have to keep in mind that the real
bed is double that shown here. If we used the real bed depth for these
studies it would not be possible to detect activity on the downstream side
as the decrease would be six orders of magnitude or more. With the real
filter we are sure we meet the German standard.

DEUBER: I would like to add that what is coming out of the
adsorber is not elemental iodine. This, of course, increases the
safety margin.

BURCHSTED: The tests reported were all impregnated carbons.
Did you make comparative tests with unimpregnated carbons, and if so,
what were the results for elemental iodine?

DEUBER: We made some test? with unimpregnated carbons at 30°C.
As regards penetration of I2 (steep part of the penetration curve), no
significant difference was found compared with impregnated carbons.

BANGART: Why was it necessary to increase the removal efficiency
guidelines and are you required to meet the same quidelines regardless
of differences in facility design or siteing factors, such as dif-
ferences in the distance to the nearest offsite residents?

DEUBER: The minimum I2 retention to be achieved with accident
filters of PWRs was raised in the new guidelines because otherwise
unacceptably high doses would be calculated. The dose calculation
requirements have been changed. The new guidelines apply to all new
PWRs.
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EXPERIENCES WITH A CHARCOAL GUARD BED IN A NUCLEAR POWER PLANT

L.C. Scholten
Environmental Research Department

N.V. KEMA
Joint laboratories of the electric utilities in The Netherlands

Arnhem, The Netherlands

Abstract

Deterioration of the charcoal in an iodine filter is
a well-known problem. At a Dutch nuclear power plant the
life-time of the charcoal was less than 3 months, at continuous
service. A simple guard bed filled with unirapregnated charcoal
was placed in front of the main bed. Now the life-time is
several years. Results are shown of laboratory tests on
charcoal from test canisters.

I. Introduction

The quality of impregnated charcoal in iodine filters
at nuclear power plants decreases during service./The static
and dynamic ageing can be more or less predicted ,
but poisoning causes more often a much faster decrease. This
problem has been distinguished for a long time ^ '. Several
countermeasures are suggested. M.W. First has pleadedUfor
guard beds in which organic vapours are prefiltered
A concept for prefiltering is given by Ohlmeyer which
uses the old charcoal from the main bed as prefilter material
in a multi-way sorption bed. Wilhelm has pleaded/for organizational
measures and the use of overdimeiisioned filters ^ .

Soon after the start-up' of a Dutch nuclear power
plant a severe deterioration of the charcoal in an iodine
filter was detected and the charcoal had to be rejected
immediately. The cause of the deterioratioruwas' a poisoning
by aromatics as was predicted by Wilhelm . The problem
had to be solved at short notice and a simple guard bed was
constructed. The bed proved to be a good solution for this
particular plant. The construction of the bed and experimental
results are given below.

II. Description of the system

The realtor involved is of standard German design with
a nominal power of 450 MWe. It is situated at an estuary and
in the vicinity are an oil refinery and an aluminium foundry,
so poisoning of the charcoal by air-pollutants from outside
the plant in not unlikely. The containment consists of a
spherical inner containment and a cylindrical outer containment.
The inner containment is divided in two parts. The upper
part has service rooms and is normally accessible In the
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lower part the primary loops are situated with all the
greater components as reactor vessel, steam generators and
so on. The air in the equipment room is internally recirculated,
partly over an absolute-charcoal-absolute filter installation.
The equipment room is kept at underpressure in respect of
the service room by sucking off over a deep-bed charcoal
filter direct to the stack. A simplified ventilation scheme
of the plant is given in Figure 1. The secondary containment
is normally ventilated over absolute filters and will only
be sucked over a charcoal filter after an accident.

• t I* i !

iodine
monitor

Figure 1 Simplified ventilation scheme of a PWR

The filter installation for the suck-off of the equipment
room originally contained two 100$ redundant absolute-
charcoal-absolute filters. Therefore, only one of the filters
is in continuous service. In the licensing of the plant it
is stated that these filters should have an efficiency for
methyliodide of at least 99% 3 at a relative humidity of near
100$ at 30 C. The charcoal filter consists of a vessel
filter with a bed-depth of 50 cm and a nominal staytime of
1 second. In front of and behind the charcoal bed a HEPA
filter is provided with the standard dimensions of 610 x 610
x 292 mm. Parallel to the main bed are two control filters
with the same bed-depth.
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By regulatory demand the quality of the charcoal from
the control filters must be tested yearly at the laboratory,
and in-situ tests must be executed every 2 years and after
each refill. The same figures are applicable for the emergency
filter of the secondary containment exhaust. So far the
service-time of this filter has only been for trial.

III. Performance of the charcoal

The charcoal for the first initial filling of the beds
was previously tested with CH,I and showed a K-factor of
4,5 s_.at the specified conditions. The required K-factor is
>_ 2 s . Also the in-situ test was satisfactory. After a year,
in which the reactor was started up, the charcoal from the
control filters was submitted to the first periodical test.
The testfWas done at our laboratory installation, as described
earlier w . The test conditions are given in Table I. The
charcoal was rejected. The beds were refilled with charcoal
from stock and tested in-situ. After half a year the charcoal
from the control filters was tested for security. Again the
charcoal was rejected. This batch had a content of aromatics
of 14 mg.g . From interpolation the life-time was estimated
at 4 to 5 months.

Table I Test conditions

Challenge gas
Loading
Bed diameter
Bed length
Superficial velocity
Staytime
Relative humidity
Temperature
Preconditioning time
Sweep time

CH,I
20^
25
50
50
1.0

> 99
~ 30

16
1

Pg-g
mm
cm _1
cm. s
s
%
C

h
h

Post sweep time 2x2

A quick solution was desired. Therefore, a simple guard
bed was constructed (Figure 2). The content is 50 dm ,
which is about 10% of the main bed. It is filled with pure,
unimpregnated charcoal of 6 4 mm bars. A simple prefilter
mat is placed in front of the bed. The casing,,dimensions are
equal to a standard HEPA filter of 1800 nr.h . So it could
be placed in front of the main bed instead of the projected
HEPA filter.

No reconstructions of the filter housing were necessary.
No time was available to measure the type and quantity of
the air-pollution, neither their influence on charcoal. So
the performance could not be calculated exactly. From the
content of organic solvents on the rejected charcoal from
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the main bed, and some general adsorption figures of aromatics
on pure charcoal, a life-time for the guard bed was estimated
of at least 3 months. A procedure was set up whereby every 3
months the charcoal in the guard bed was replaced.Thereby no
retesting or a costly in-situ test is required.

Figure 3 shows the per-formance of the main bed after
the installation of the guard bed. In the beginning the
charcoal was tested every 3 months, but later on the frequency
was decreased to once every year. As can be seen from the
figure, a life-time of many years may be expected, any how
much better than those few months without the guard bed.

IV. Discussion

The deterioration of the charcoal in the main bed was
due to organic vapours. For this particular plant a simple
guard bed placed in front is already adequate to protect the
main bed against vapours. The low-volatile organic components
in the air are captured in the guard bed. The high-volatile
components will pass the guard bed, but consequently also
the main bed. In our laboratory tests we use a preconditioning
time of 16 hours. So we do not measure the influence of the
high-volatiles. But for those components which are blown
away during preconditioning, the material balance on the
charcoal will be low in actual practice. So their effect
on the quality of the charcoal will also be low.

We had to make the design of the guard bed in a hurry.
The results, however, are very satisfactory. The cost of
one filling is about $ 50. The pressure drop is 10-15 nun WG.
We believe that this simple design can be used satisfactorily
at more plants, at low operational costs, especially because
the frequency of costly tests can be reduced. Due to its
standard dimensions it can often be installed without additional
costs for rebuilding.
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DISCUSSION

DEUBER; Do the K values shown in Figure 3 apply to carbon
samples from by-pass cartridges?

SCKOLTEN; Yes, the figures are from samples tested in our
laboratory installation.

BELLAMY: Please define your term, "K-factor".

SCHOLTEN: It is the logarithm of the decontamination factor
divided by the stay-time. It is a very useful figure to compare
the removal efficiencies of different batches of carbon.
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DEPOSITION OF AIRBORNE RADIOIODINE SPECIES
ON SURFACES OF METALS AND PLASTICS

M.J. Rabat
Ontario Hydro

Health and Safety Division
P.O. Box 160

Pickering, Ontario
Canada

Abstract

In this study the deposition velocity of gaseous
radioiodine species I2» HOI and CH3I on several materials,
which are commonly used in nuclear industry, was experimentally
evaluated. Materials were identified which cause minimal
deposition loss of airborne radioiodine sample in remote sampling
systems. It was found that carbon steel and stainless steel,
both extensively used in the construction of sampling lines, have
high affinity for elemental iodine vapour. This causes
significant loss of iodine sample due to wall deposition,
particularly at high humidities which prevail under emergency
release conditions. Aluminum, polyethylene and teflon cause
minimal loss of iodine sample in remote sampling applications
under both normal and emergency release conditions in nuclear
power plants.

I. Introduction

It has been generally recognized that high chemical
affinity of iodine can lead to significant sampling errors due to
its wall deposition in sampling lines. For this reason it has
been recommended in the ANSI N 13.1 standard (I) that "Materials
to be avoided for sampling iodine are rubber, copper and some
plastics". However, while all essential requirements for
airborne particles sampling were clearly specified, no actual
values and limits on iodine sample loss, due to deposition, were
found in this standard and other available literature.

Practical expedience from our experimental
investigation on the behaviour of gaseous iodine species
indicated that significant deposition of airborne inorganic
iodine species occurs also on other metals and plastics, commonly
used in the construction of lines for remote sampling of airborne
radioiodine from operational areas and gaseous effluents of
nuclear facilities. To correctly define and minimize
experimental errors involved in gaseous radioiodine monitoring,
an experimental study was performed on the deposition of its
airborne species on sampling line internal surfaces under most
common sampling conditions. The experimental setup and
procedures are further described and results discussed.
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II. General Requirements on Remote Sampling of Iodine

Accuracy requirements for gaseous effluent
monitoring nave not been officially established. A
simplified assumption was made in this experimental study
that the overall error, which is the total of sampling and
detection, experimental and statistical errors, should not
exceed +40%, Then, if the detection system performs with an
accuracy as high as +15% and the air sample in the sampling
nozzle is perfectly representative, only +25% is allowed for
sample loss error due to the combination of:

1. Iodine deposition in sampling line.
2. Gaseous iodine absorption in particulate sample

collector.
3. Iodine penetration through the iodine sample collector.
4. Air sample bypassing the collector.
5. Ambient air in-leak into the collection system.

The above factors are variable and can reach
significant values under typical operating conditions. All
of them cause negative errors, some of which can result in
unacceptable underestimates of iodine levels in monitored
areas or gaseous effluents.

Iodine loss in particulate collectors can be
minimized with the use of suitable (pure glass fibre) filter
which does not chemically react with elemental iodine vapour
and hypoiodous acid.

The identification of sample loss, from the above
factors 3, 4 and 5, was described in publication (2). The
experimental determination of iodine sample loss due to wall
deposition is further described.

III. Theoretical Aspects of Iodine Deposition

For field applications it is not possible to
accurately define, or control operational conditions and
state of materials which are associated with iodine
deposition on internal surface of sampling lines.
Therefore, only essential theoretical aspects of iodine
deposition were evaluated, which were relevant to this
experimental project.

The rate of gaseous iodine species deposition on
surfaces is comprised of two components:

- the rate of iodine molecule diffusion through a carrier
gas to surfaces

- the rate of chemical reaction of the surface materials
with molecules of iodine species
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From experimental data in publication (3) it is evident that
suppression effect of the diffusion process can be neglected
when surfaces are exposed to rapidly exchanging, turbulent
challenge gas in small diameter sampling tubes. Therefore,
chemisorption controls the rate of iodine deposition.

Furthermore, it can be assumed, even for emergency
release conditions, that the airborne concentration of
airborne species in sample stream is very low (< 10 pg/l).
Therefore, surface saturation with iodine reaction products
does not occur through reasonably long sampling periods.

Under the above conditions, the rate of iodine
deposition dl/dt is proportional to the deposition velocity
constant Vg, the exposed surface area A (m ) and airborne
iodine concentration Ic (Bq«m~ )

dl
= Vg x A x Ic (Bq-s"1)

dt

Vg is proportional to the reaction rate of iodine with a
specific element or chemical compound under defined reaction
conditions:

Vg = — (m's"1)
Ic x t

Ig = iodine deposited per unit of
exposed surface (Bq*m~2)

t = exposure period (s)

Then the deposition of iodine Du per unit length of the
sampling line is:

vu

A = internal surface area per unit of length

Ru = residence time per unit of length

Vu = internal volume per un?t of length

and the fraction of iodine, DL, deposited from air sample
at any length L of the sampling line, is:

-D X L
DT = 1 - e
L
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Since the iodine deposition mechanism is based on
its chemisorption, it can be assumed that impurities,
oxidation products and air humidity have significant
influence on the deposition rates. The value of Vg is also
affected by mass transfer conditions. For example slow
transfer is provided by pure diffusion in large volumes of
steady air, while more rapid mass transfer occurs in laminar
flow or turbulent flow conditions in small diameter sampling
lines.

IV. Materials Tested

The iodine deposition velocity values were
evaluated with copper, carbon steel, stainless steel,
aluminum, polyvinylchloride, polyethylene and teflon. Test
strips of the above materials were cut out of sheets 0 . 5 - 1
mm thick and tested "as received" with an original surface,
established during long-term storage in clean atmosphere.

Since various solvents or solutions are used in
some facilities to decontaminate or remove corrosion
products from sampling lines, iodine deposition on clean
metal surfaces was also evaluated. For this purpose the
tested metals were initially rinsed in methanol. Then
copper, carbon and stainless steel were etched in 1% HCL
solution, and aluminum in 1% NaOH. The metals were then
washed in distilled water and rinsed with methanol.

V. Experimental System

Method Description

The deposition velocity of elemental iodine vapour
and gaseous HOI and CH3I, on surfaces of above listed
materials, was evaluated under both laminar and turbulent
flow conditions. Well defined samples of tested material
were exposed to continuously passing air, containing single,
almost pure, chemical species of iodine. Sufficiently high
air flow was applied to minimize the effect of iodine
depletion from challenge gas, passing the exposure chamber.
A species selective iodine samplers collected iodine,
downstream of the tested material. The airborne
concentration of the iodine species was determined from
iodine activity, measured in each section of the sampler and
total volume of air that was passed through the chamber
during the test period. Radioiodine deposited on the tested
material was also measured and Vg calculated from the
equation given in paragraph 2.
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Selective samplers containing Cu screens, HOI
absorbent and TEDA charcoal, described in publication (4),
were applied for the analysis of gaseous iodine species.

Testing Parameters

The deposition experiments were performed under
the following conditions:

Physical Conditions:

Temperature Range 20 to 24°C
Relative Humidity 5 and 97 + 3% RH
Challenge Gas laboratory air, containing

specific iodine forms
Pressure atmospheric
Concentrations I2; 10 wg/i + 30%

HOI; 0.01 - 0.05 ug/i
CH3I; 1 jig/A + 20%"

Flow 0.1 Jtpm through eech test
line

Tested Materials:

- Copper, carbon steel, stainless steel, and aluminum
(tested with both original and chemically cleaned
surfaces).

- Polyvinylchloride, polyethylene, teflon, rubber (tested
only with original surfaces).

Surface Areas;

single s
chambers

2
- single strips, 560 mm each, in type 1 exposure

- eight plates, 1600 mm each, in type 2 exposure
chamber
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Equipment and Procedure

The experimental setup, used for the evaluation of
iodine deposition under laminar flow conditions is
illustrated in Figures 1 and 2.

AIR

PURGE

GAS J

IG

HC

MC

ET2 SS2

Figure 1

Diagram of iodine deposition test system

Figure 2

Experimental setup, used for the evaluation
of iodine species deposition
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Individual chemical forms of gaseous radioiodine
(12/ HOI and CH3I), formed in the generator IG, were mixed
with air conditioned to the required humidity level in HC,
and carried into the mixing chamber MC. Two samples of
tested material were installed in glass exposure tubes ET
and simultaneously exposed to passing challenge gas.
Subsequently, iodine species were collected with selective
samplers SS. Two samples of each tested metal, "as
received" and "chemically cleaned", were simultaneously
exposed to identical challenge gas to evaluate the effect of
surface protection, impurities and corrosion products on
their" surface.

The exposure tubes, illustrated as a part of
experimental setup in Figures 1 and 2, contain single
strips(40 x 7 mm) of tested material in glass tubes (9 mm
ID) to present laminar flow conditions in a sampling line.
The "type 2" exposure chamber, illustrated in Figure
3,containing up to eight samples (40 x 40 mm each) was used
to evaluate the difference between laminar and turbulent
flow conditions. The first set of plates was exposed to
laminar flow in the chamber while the second set was
installed across the flow direction, to develop turbulent
conditions. Only a single exposure chamber of the second
type was tested at a time.

Figure 3

"Type 2" chamber, containing eight samples,
used for the testing of iodine deposition

in laminar and turbulent flow.

Elemental iodine vapour was generated from
chilled, 5 x 10-iM solution of elemental iodine in distilled
water, hypoiodous acid was purged from 5 x 10"* 8M solution of
elemental iodine in distilled water and methyliodide
released from a pressure cylinder.
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VI. Discussion of Results

Iodine Deposition on Metal Surfaces

The experimentally determined values of the
deposition velocity, Vg, are listed in Table 1. Each value
of Vg was confirmed by at least two measurements.

Table I

Measured velocity values of Iodine species deposition on metal
surfaces

Exposure Conditions

Iodine
Form

I*

HOI

CH3I

Relative
Humidity
% <*3»)

S

97

5

97

5

97

Surface

N.Cl.
Ch.Cl.

N.Cl.
Ch.Cl.

H.Cl.
Ch.Cl.

N.Cl.
Ch.Cl.

H.Cl.
Ch.Cl.

N.Cl.
Ch.Cl.

Depojition Velocity Vg. (m*«~:)

Copper

2.0(-3)
2.3(-3)

2.K-3)
2.3(-3)

1.0(-5)
1.4C-4)

2.2(-4)
2.7(-4>

2 (-8)
K-7)

7 (-8)
7{-8)

Carbon
Steel

3.4{-4)
l-K-3)

1.3(-3)
2.5(-3)

1.4{-5)
B.0(-6)

2.0(-5)
3.8C-S)

8(-8)
8(-8)

4(-8)
4(-Si

Stainl.
Steel

1.8(-4)
8.7(-4)

1.6(-3)
2.0C-3)

4.0(-6)
3.3(-5)

1.8(-5)
4.4{-5)

1C-7)
7(-8)

8(-8)
8 (-8)

Aluminum

8.4{-5)
1.7{-4)

8.0(~4)
1.8(-3)

1.9(-6)
2.S(-5)

1.2{-5)
5.6 -5)

8(-8)
l(-7)

4{-8)
K-6)

Vg - deposition velocity (exp)

H.Cl. «• non-cleaned surface

Ch Cl » chemically cleaned surface

For easier comparison of iodine loss, E>L values
in 30 m length of 12.5 mm ID sampling line, at 100 lpm
sampling flow, were calculated for all tested materials.
The D L values for tested metals are listed in Table II.
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Table II

Loss of iodine sample D L due to wall deposition in a 30 m
long, 12.5 m diameter sampling line, at 100 lpm sampling flow

Exposure Conditions

Iodine
Form

HOI

CH3I

Relative
Humidity
% (*3%)

5

97

S

97

5

97

Surface

N.Cl.
Ch.Cl.

N.Cl.
Ch.Cl.

N.Cl.
Ch.Cl.

N.Cl.
Ch.Cl.

N.Cl.
Ch.Cl.

N.Cl.
Ch.Cl.

Deposition Loss D (%)
L

Copper

76.2
80.8

77.9
80.8

0.7
9.6

14.6
17.6

0.001
0.007

0.005
0.005

Carbon
Steel

21.7
54.6

60.7
S3.4

1.0
0.6

1.4
2.7

0.006
0.006

0.003
0.003

Stainl.
Steel

12.1
46. S

68.3
76.7

0.3
2.3

1.3
3.1

0.007
0.005

0.006
0.006

Aluminum

5.9
11.5

43.7
72.5

0.1
1.8

0.7
3.9

0.006
0.01

0.003
0.10

The measured deposition velocities of airborne I2»
HOI and CH3I on metal surfaces followed the expected
pattern:

12 > HOI > CH3I

It has been confirmed that the reactive forms of
airborne iodine, I2 and HOI, are more rapidly absorbed on
chemically cleaned metal surfaces than on original
non-cleaned surfaces. Apparently, surface protection films,
eventually oxides, have lower affinity for the reactive
forms of airborne iodine. Slightly higher Vg, for HOI
absorption on non-cleaned surface of carbon steel at low
humidity, was confirmed by repeated measurements. This
effect was probably caused by the presence of organic,
surface protection components.

Further, it was found that the deposition loss of
both I2 and HOI rapidly increases at high humidity. The
rate of copper reaction with HOI was accelerated with high
humidity more than the reaction of other tested metals,
while no significant change was found on the reaction of
copper with elemental iodine vapour. Apparently the above
effects result from different redox mechanisms and/or
different degree of their involvement in the reaction of the
tested metals with airborne 12 and HOI.
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The results of elemental iodine deposition
tests, performed in a "type 2" exposure chamber, were not
sufficiently conclusive, because I2 depletion within the
chamber was too rapid. More satisfactory results were
obtained from HOI tests, which did not show any significant
difference between deposition rates measured under laminar
and turbulent flow conditions.

Iodine Deposition on Plastic Surfaces

The values of both measured deposition velocity
and calculated deposition losses, are listed in Table III.

Table III

Measured 'deposition velocity values Vg and sample loss D^ from iodine deposition in a 30m long,
12.5 ran ID sampling line, at 100 lpm flow

Exposure Conditions

Iodine
Form

*2

HOI

CH3I

Relative
Humidity
% (T3t)

5
97

5
97

5
97

Surface

HCl
HCl

NCI
NCI

NCI
NCI

Tested Plastics

Polyvin;

Vg
-1

m.s

1.0<-3)
2.7(-3)

1.2(-3)
1.3(-3)

3.4(-6)
6.0(-6)

flchlor.

DL
%

51.2
85.6

57.8
60.7

0.24
0.43

Polyetl

Vg
-1

13.•

4.0(-5)
l.S(-4)

3.3(-4)
2.2(-4>

1.0(-6)
3.2(-7)

lylene

DL

*

2.8
10.2

21.1
14.6

0.07
0.02

Tef]

Vg
-1

m.s

3.5<-4)
2.0C-4)

2.5(-6)
9.5(-6)

3.4(-7)
2.5(-7)

Lon

DL

%

22.2
13.4

0.2
0.7

0.02
0.02

"Bun.

Vg
-1

a.s

2.0J-3)
2.7{-3)

1.5(-3)
1.6C-3)

1.9(-6)
4.5(-6)

> N"

t

76.2
85.6

65.9
68.3

0.14
0.32

The measured deposition velocities also followed the
pattern:

I 2 > HOI > CH3I

The deposition of HOI was much more efficient on
plastic than metal surfaces. Polyvinylchloride and rubber
have significantly higher affinity for Izt HOI and CH3I than
the affinity of teflon and polyethylene. However, 12 and
HOI react with teflon and polyethylene in rather interesting
ways:

The deposition of 12 is more rapid on teflon than
on polyethylene. On the contrary, HOI has much higher
affinity for polyethylene. Also the sorption of both 12 on
teflon and HOI on polyethylene is more efficient under low
humidity conditions. Apparently physical adsorption
contributes, to some degree, to iodine species deposition on
plastic materials.
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VII. Conclusions

The following conclusions have been made from the
results of this experimental study:

• Deposition rates of 12, HOI and CH3I on raw surfaces of
tested metals are in the following order:

I2 > HOI > CH3I

Copper > Carbon Steel > Stainless Steel > Aluminum

Aluminum is the optimal metal for the construction of
sampling lines.

• Significant loss of elemental iodine, due to its wall
deposition, occurs in carbon steel and stainless steel
sampling lines, > 10 m long, under typical sampling
conditions.

• High humidity significantly increases deposition loss of
12 on tested metals, with the exception of copper.

• The deposition loss of HOI in 30 m long sampling lines,
made of aluminum, stainless steel or carbon steel, are
within acceptable limits.

• Practically no CH3I loss occurs in sampling lines from
wall deposition on tested metals.

• Gaskets and other components, made of polyvinylchloride or
rubber are to be avoided in iodine sampling systems.

• The use of polyethylene will minimize deposition loss of
elemental iodine.

• Teflon is the optimal material for systems, sampling
airborne radioiodines in which HOI is the major component.

• The deposition loss of CH3I on plastic materials can also
be neglected.

Maximal loss of iodine samples occurs under
accidental release conditions, when I2 and HOI are the major
iodine forms and high humidity is present in the effluent
stream, particularly during initial stages of the accident.
Graphical comparison of three optimal materials is made in
Figure 4, which illustrates the fraction F of elemental
iodine, and HOI reaching a sample collector, for any
sampling line length up to 30 m, diameter 12.5 mm, at sample
flow of 100 lpm and 97% RH.
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HOI

3Om

Figure 4

Fraction (F) of elemental iodine, reaching
sample collectors through sampling lines up to
30 m long, at 12.7 mm diameter, 100 lpm flow.

It is evident from this graph that under the above
conditions, minimal deposition loss of iodine sample would
happen in teflon lined aluminum sampling line. It is
logical that both length and internal diameter of the
sampling line should be minimized to obtain sample with the
least possible loss.

296



17th DOE NUCLEAR AIR CLEANING CONFERENCE

REFERENCES

1. ANSI N13.1-1969, Guide to Sampling Airborne Radioactive
Materials in Nuclear Facilities.

2. M.J. Rabat, Recent Developments in Gaseous Effluent
Monitoring in Ontario Hydro. IAEA Symposium "Monitoring
of Radioactive Effluents from Nuclear Facilities", pp.
261-276, Portoroz, Yugoslavia, 1978.

3. P.J. Barry, Sampling for Airborne Radioiodine by Copper
Screens. Health Physics, J_5_, pp. 243-250, 1968.

4. M.J. Rabat, Selective Sampling of Hypoiodous Acid.
14th ERDA Air Cleaning Conference, Sun Valley, Idaho,
August 1976, Proceed, pp 490-506.

DISCUSSION
DEITZ: How were the tubing samples cleaned before the test?

RABAT; Copper, carbon steel and stainless steel were
etched in HCi, and aluminum in NaOH solutions. The procedure is
briefly described in paragraph IV of this paper.

WILHELM: I wish to point out that the adsorption of radio-
iodine species will be much affected by impurities and dust, which
will plateout on the walls of the sampling tubes. Under accident
conditions, condensation of water is to be expected and should be
avoided by heating. Short length of sampling tube, large tube
diameter, and high air velocity are important for reliable results.

RABAT; Yes, condensed moisture, oil, and dust deposits will
have significant effect on deposition loss of iodine species. Most
materials will increase the loss of elemental iodine. Oil and most
other organic deposits will increase the loss of HOI. Therefore, I
have recommended that sampling lines be flushed with chemically
inert solvents at intervals determined from the rate of deposition of
impurities. I am not aware of any experimental data on the effect
of tracer heating on the loss of iodine species. I suspect that
iodine chemisorption and the rate of corrosion of internal surfaces
would be accelerated with increased temperature.

DEUBER; It might be worthwhile to mention that we have found
negligible deposition of I2 in sampling lines of polyethylene
(lengths greater than 10 m) used in nuclear power stations for several
years.

RABAT: This observation is in good agreement with our results,
listed in Table III.
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BURCHSTED: Jesse Thomas gave* a discussion on sizing sampling
lines in the 9th or 10th Air Cleaning Conference, and his information,
including equations for calculating size, was summarized in The
Nuclear Air Cleaning Handbook. Mr. Wilhelm's comment reiterates
Thomas' conclusions, which were to keep sampling lines large, short,
and as near vertical as possible.

KABAT; Almost all previous work on airborne activity
sampling lines was related to particulate samples. When designing
delivery lines for both particles and radioiodine, it must be con-
sidered that some recommendations for particulate sampling line
sizing and materials and for sample collectors might contradict
recommendations for optimal sampling of airborne radioiodine species.
For example, the use of equation (6 _ 15», for the optimal size of

sampling lines would cause unacceptable loss of iodine samples.
Deposition loss of I2 in a stainless steel line of 12.5 mm dia.,
I m long, would increase from 3.7 to 33.5% under conditions in Table
II of this paper. Under the same conditions, more than 90% sample
loss of I2 would occur in a 7 m long sampling line. Further, we
have recommended sole use of pure glass fiber filters as a partic-
ulate collector, whe-. installed upstream of iodine sample collectors.
We found that filters based on cellulose, synthetic fibers, and
metalic fibers retained significant portions of gaseous I2 and HOI.

BANGART; Please comment on the influence of sample flow
velocity on iodine deposition. Some plants in the U.S. are planning
to sample at a velocity of approximately 0.06 cfm over sample line
lengths of tens of meters in order to minimize buildup of activitv
on the cartridges.

KABAT: An "as high as practical" flow should be applied to
minimize the residence time of iodine in a samplina line. There are
certain contradictions in optimizing for particulate and iodine
sampline, which were discussed in my answer to the previous comment.
Therefore, sampling lines should be optimized for the more critical
component i.e., for radioiodine or for larger particles. From Table
I, it can be derived that sample velocity of 0.06 cfm would result
in an unacceptable deposition loss of elemental iodine in lines 5-0.5
in. diameter, T 10 m long.

BURCHSTEAD; There has been much speculation about the existance
of HOI over several air cleaning conferences. Is this HOI really
a serious consideration?

KABAT; I cannot comment on the significance of HOI in U.S.
nuclear power stations because I do not have experimental data on
airborne radioiodines in light water reactors. However, HOI was
identified to be the major airborne iodine species in Candu nuclear
power stations. The results of our field measurements were sxmr
marized in a paper presented at the IAEA Seminar "The Testing and
Operation of Off-gas Cleaning Systems at Nuclear Facilities",
held in Karlsruhe in May 1982. The title of this paper is "Canadian
Nuclear Air Cleaning Standards and their Application in Ontario
Hydro".
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KOVACH, J.L.; In all other investigative studies, it was found
that HOI was an artifact of the adsorbent used and both ORNL and AECL
studies show that HOI does not exist in the vapor phase- How do
you justify identifying products as HOI and, is the existence of HOI
a formal position of Ontario Hydro, or it its existence your personal
opinion?

KABAT; The challenge is quite clear. However, its
basis is somewhat inaccurate. I shall try to rectify the major
points.

1. I have never seen a published statement that "HOI was an artifact
of the adsorbent used." In the past, some doubts were expressed
about the existence of HOI as a result of preliminary theoretical con-
siderations. However, no conclusion was made in the recent ORNL and
AECL studies on iodine chemistry, that "HOI does not exist in the
vapour phase." On the contrary, I quote R. Lemire (AECL): "Based
on currently available thermodynamic data, the predominant chemical
form of iodine in the gas phase is predicted to be HOI except under
moderately oxidizing conditions where I2 and HOI would be present
in roughly equal concentrations."

2. The reaction of pure elemental iodine with distilled water is
generally recognized to be hydrolysis, resulting in the formation of
HI and HOI, as primary products. Since we have experimentally es-
tablished that gaseous species released from dilute aqueous solutions
of elemental iodine are not iodine vapour or HI, we consider the
presence of HOI to be sufficiently evident from the above elementary
facts. (HOI might also occur in clustered or hydrated forms under
certain conditions.) Most results of our experimental studies on the
chemical behaviour of this volatile product of iodine hydrolysis have
substantiated this interpretation. Further, absorption characteris-
tics of the major airborne radioiodine species, which we have identi-
fied in Candu power stations, are identical with the properties of
HOI generated in a laboratory under controlled conditions from di-
luted aqueous solutions of elemental iodine.

3. -The answer is, no. The existence of HOI is not just my personal
opinion. The requirements for testing charcoals for HOI removal ef-
ficiency have been included in the CSA N288.3 Standard. Many techni-
cal comments and recommendations had been received from AECL, Ontario
Hydro, AECB, and other organizations before the standard was ap-
proved. However, no negative comment was received and no doubt was
expressed on the existence of HOI and on its inclusion into charcoal
testing requirements.

Several expsrts in U.S.A. (particularly at Science Applications,
Inc.) have measured and reported the occurrence of airborne HOI in
U.S. nuclear power stations. Amazingly, charcoal samples from TMI-2
were also evaluated by NUCON for its HOI removal efficiency.
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To summarize my position:

From our developmental work on the chemistry of airborne radio-
iodines and from field applications we introduced and systematically
performed during the last ten years, we have learned that (1) much
practical experience in "low concentration iodine chemistry", (2) a
very thorough and systematic experimental approach, and primarilv.
(3) the availability of a dependable species selective monitoring
system are essential for successful generation, isolation, and
determination of airborne HOI. It is a highly reactive compound and
it is unstable at concentrations which would be detectable with
classical physico-chemical methods. Several attempts were made in
some laboratories to determine airborne HOI, which did not meet with
much success. Therefore, several investigators have taken a reserved
position on its existence. However, good portions of delta can be
found which support the claim of the existence of airborne HOI in
nuclear power stations, operational areas, and gaseous effluents.

Even at very low concentrations, HO131T presents a very signifi-
cant radiobiological hazard (1 ppb *v 108 MPCa occupational) . No
business or personal interest has ever been involved in our investi-
gations and its existence is not for us a matter of academic dis-
cussions. We are directly responsible for the protection of our
occupational personnel and the public. We cannot admit any super-
ficiality or major omissions in the control of airborne radioiodine
hazard. Therefore, our effort still continues, to improve the
understanding of its properties and to develop optimal methods for
its efficient control, monitoring, and personal protection. The
possibility of this product being identified as another chemical
compound of iodine is very remote because no other realistic alterna-
tive has ever been suggested. However, even if this ever happens,
its behaviour will be reasonably understood and its hazard well
under control.
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CLOSING REMARKS OF SESSION CHAIRMAN:

I would like to wrap up the session with a brief summary. We
had seven papers and a lot of new information. R. T. Jubin studied
the use of silver mordenite adsorbents for the recover of methyl
iodide and found that the pickup of methyl iodide is comparable to
elemental iodine. This is new information because four years ago we
weren't sure that these materials would work for organic iodide.
Operating temperature is about 2C0°C. Water vapor has a positive
effect, N0x has no effect, and now he is looking at the use of
partial exchanged silver zeolites, 5-10% by weight, to maximize the
use of silver. He has done some preliminary cost estimations and it
looks to be between $500,000 and $700,000/y for a full size reproces-
sing plant.

Mr. Shiomi studied the removal efficiencies of methyl iodide on
charcoal and silver exchange zeolites as a function of five variables-
bed length, packing density, temperature, relative humidity, and
face velocity. The important thing is that it was done with new
adsorbents in the absence of contaminents. We are all aware that
weathering and contamination drastically change the performance of
a bed. He did a semi-empirical fit of data to an equation that has
four constants and five variables. My concern would be that the
four constants would change each time there is a new batch of material
or there are contaminants on the adsorbent or agent. This remains
a problem.

Mr. Mulcey gave a paper on in situ testing and performance of
iodine adsorbents in French nuclear facilities and their pressurized
water reactor. French law requires an annual check, and in some
cases a three month check, on beds in continuous use. They use a
tracer method with elemental iodine or methyl iodide. They believe
this gives them the actual performance of the adsorbent in situ,
rather than a leak test, such as is used in the U.S. They have found
the following problems: (1) The lifetime of some of the traps is less
than six months, a very short time. (2) It is difficult to get equal
flow through parallel beds. We have the same problem in this country.
(3) Defective assembly construction means leakage around the frame.
A comparable problem here. They believe that the tracer method is
costly and difficult and would like to partially supplement it with
a leak test in between the initial installation test and retests
every two years using the radioactive tracer technique. They found
no correlation between efficiency and face velocity or relative
humidity in the in situ test.

Mr. Rouyer has been doing laboratory testing of iodine adsorbents
in French facilities using a German material, AC 6120, which has been
thoroughly demonstrated in their reprocessing facilities by both
hot and cold testing. The French are planning to install this
adsorbent in their French nuclear reprocessing facilities by the end
of 1986. This, I might add, is the only silver exchange adsorbent
of silver nitrate on silicic acid that has been tested in hot service,
in actual plant dissolver offgas.
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Dr. Deuber gave a review paper on iodine adsorbents to see if
they would meet the new German guidelines of September 4th that
require iodine efficiency of 99.9%. In the case of the design basis
accident, or a loss of coolant type accident, these adsorbents would
have to survive and operate at temperatures as high as 150° C and
relative humidity less than 10% for ten hours, and then, perhaps,
drop down to 30° C and relative humidity of 100% for two months. So
the question is, would they provide the kind of efficiency under these
conditions. Dr. Deuber looked at about ten variables i.e., base
material, particle size, impregnant service live, radiation field,
iodine concentration, iodine species, temperature, relative humidity,
face velocity, residence time, and purging time. Can you imagine
an equation which describes all the parameters at once? It is very
complicated. It was concluded that deep beds of potassium iodide
impregnated charcoals would provided the necessary decontamination
factors.

Dr. Scholten has been testing the performance of charcoal
adsorbents in the Netherlands nuclear power plant. I believe it is
a PWR. Initially, they found problems in that the material would
last less than three months and they would have to pull out the
whole bed containing several tons of charcoal. They were aware of
repeated advice by Dr. Melvin First, for example, that they should
have had a guard bed. Dr. Wilhelm has indicated that they should
use a bigger bed. To solve this problem, they installed a guard bed
in front, l/10th the size of their iodine adsorbent bed, and changed
it every three months instead of the adsorbent bed. At least, they
have l/10th the waste they would have had otherwise, so I would say
that is a pretty good technique although they still don't get away
from the problem that they have organic contaminents in the atmos-
phere that have to be removed.

Dr. Rabat studied the deposition of gaseous radioiodine species
in sampling lines and I think this information will be very useful
for up-dating ACN 13.1 for sampling methology. He found that the
deposition rates followed a trend where elemental iodine is the
worst (something we have always known\ that HOI is next, and methyl
iodide is the least problem. He looked at four different metals
and found that aluminum is the best metal, i.e., has the least
deposition. He recommends that we avoid polyvinyl chloride and
rubber type materials. Polyethylene is the best for elemental iodine
and Teflon is best for HOI. He has attempted to calculate the
deposition rate to determine the fraction that might be lost.
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OPENING REMARKS OF SESSION CHAIRMAN:

Welcome to Session 4 of the 17th DOE Nuclear Air Cleaning
Conference. Eight papers will be presented on radioactive waste
processing and radiocarbon treatment systems. We are aware of the
possibility that long-lived, volatile fission and activation products
could cause in the future an increase in ambient radiation levels
on a global scale, if they are allowed to accumulate in the biosphere.
Their global impact has not been clearly established; however, to
comply with the ALARA policy, their release from fuel cycle operations
should be maintained at minimal achievable levels. Requirements for
their removal should be based on realistic cost-benefit analysis.

Four radionuclides represent this class: Carbon-14, Krypton-85,
Tritium and Iodine~129. There is no significant hazard from 12^i
liberated from fuel cycle operations because its efficient effluent
control has been well established. The removal of -^C complies with
cost-benefit criteria because it is based on relatively simple and
inexpensive processes. The high proportion of presentations on l̂ C
at this session indicates that this task has been given proper atten-
tion. However, systems for the immobilization of °5 Kr and its long
term storage are also being developed and the volatilization and
trapping of other radiobiologically significant radionuclides is also
being investigated.

Let us hear from experts about recent developments in this area.
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OFF-GAS CHARACTERISTICS OF LIQUID-FED IJ
JOULE-HEATED CERAMIC MELTERS*

R. W. Goles and G. J. Sevigny
Pacific Northwest Laboratory
Richland, Washington 99352

Abstract

The off-gas characteristics of liquid-fed, joule-heated ceramic
melters have been investigated as a function of melter operational
conditions and simulated waste feed composition. The results of
these studies have established the identity and behavioral patterns
of gaseous emissions, the characteristics of melter-generated aero-
sols, the nature and magnitude of melter effluent losses and the
factors affecting melter operational performance.

I. Introduction

Liquid-fed, joule-heated ceramic melters are to form the basis
of the planned Defense-Waste Processing Facility (DWPF) to be con-
structed at the Savannah River Plant (SRP). The purpose of this
facility (DWPF) is to isolate and immobilize defense-related nuclear
waste as a borosilicate glass. The Pacific Northwest Laboratory
(PNL) is assisting the Savannah River Laboratory (SRL) in establish-
ing the design criteria for the DWPF by providing a technology trans-
fer and all necessary liquid-fed ceramic melter research and
development.

Off-gas characterization studies have been established as part
of the SRL-DWPF melter development program being conducted at PNL.
The objective of these studies is to establish the off-gas properties
of liquid-fed, joule-heated melters as a function of melter opera-
tional parameters and feed composition.

The scope of these studies is quite broad and covers all aspects
of off-gas concern including: 1) effluent, characterization, 2) emis-
sion abatement, 3) flow rate behavior, and 4) corrosion effects.
This paper will discuss the results obtained from each of these areas
after a brief description of the liquid-fed melter process.

II. Liquid-Fed Melter Processing System

The following is a brief description of the liquid-fed melter
processing system which was developed at PNL in support of the SRP-
DWPF. A much more detailed account of the liquid-fed melting process
can be obtained from Reference 1.

Melter

Several processes for solidifying and immobilizing high-level
(radioactive) liquid waste as a stable borosilicate glass have been
and are currently being evaluated at PNL.(2) The process being

* W o r k performed for the Office of Nuclear Waste Management under
U.S. Department of Energy contract TDO-954{AR-O5-15-1O).
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evaluated in this study utilizes a joule-heated ceramic-lined raelter
which is directly fed a uniform slurry composed of glass formers and
simulated liquid radioactive waste. Upon entry into the melter, the
waste components of the slurry are oxidized and melted with the glass
formers present in the feed to form a molten borosilicate glass. The
power required to maintain this continuous glass production process
is supplied by resistive ac heating of the melter glass pool. In
addition to the primary source of power, auxiliary radiant heaters
located in the melter plenum above the glass melt surface have also
been employed to increase or "boost" feeding and glass production
rates. Limited use has also been made of plasma and propane combus-
tion torches to supply supplemental heating to the melter plenum.
Figure 1 schematically illustrates the liquid-fed melting process.

Two different joule-heated ceramic melters were used in these
developmental studies and are referred to as the Liquid-Fed Ceramic
Meltei: (LFCM), which has a melting surface area of 1.05 IR2, and
the Pilot-Scale Ceramic Melter (PSCM) , which possesses a 0.73 m2
surface area. The maximum glass production rates associated with

OFFGAS
(STEAM AND VOLATILES)

FEED

f t f t t t

DRIED FEED
(COLD CAP)
'AND BOILING
AQUEOUS SLURRY

MELTER
ELECTRODES

Figure 1. Liquid-fed, joule-heated ceramic melter system-.
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these melters are nominally 40 kg/h-m2 for unboosted operation, and
60 kg/h-m2 when auxiliary plenum heaters are employed. Table I
summarizes all important operational parameters associated with
liquid-fed melter tests involving the LFCM and PSCM melters. These
melter tests, which are arranged chronologically in Table I, form the
bases of the experimental off-gas studies which are discussed below.

Melter Off-Gas System

Both melters being studied in this report share a common O.l-m
(4-in.) stainless steel off-gas system consisting of an ejector ven-
turi, a downdraft condenser, a packed scrubbing tower and a final
absolute filter, physically arranged in the order listed. In addi-
tion to these common off-gas elements, both melters are equipped with
a close-coupled HEPA filter receptacle and a total (condensible and
noncondensible) off-gas flowmeter. Since the purpose of the DWPF
off-gas support studies was to establish melter off-gas characteris-
tics, the performance of the generic off-gas processing equipment
present in the common melter off-gas system was of little program-
matic interest and consequently will not be discussed here.

Feed Composition

The liquid slurry feed used in the SRL-DWPF melter development
program is a uniform mixture of simulated defense waste sludge and
glass formers (frit). The composition of this slurry as equivalent
oxides is detailed in Table II. The actual waste loading of the
slurry is 29 wt% of the total oxides present. In addition to the
major elemental constituents listed in Table II, SRL simulated waste
also contains stable elemental substitutes for all volatile and semi-
volatile isotopes which are present in typical defense waste and
which are of radiological concern. The trace elemental composition
of the SRL feed slurry is presented in Table III.

Although the waste composition of the liquid feed remained essen-
tially constant throughout the period of testing covered in this
report (see Table II), the rheology of the feed was dramatically
affected with the addition of formic acid to the DWPF waste stream
flowsheet. Initial experiments were conducted with an alkaline
(pH 11 to 12) slurry having the physical characteristics of a Bing-
ham plastic fluid. Acidification (pH 5 to 6) of the liquid waste
stream with formic acid resulted in slurries which behaved more like
an ideal Newtonian fluid. The presence of formic acid in melter feed
slurries not only changed the fluidic properties of the feed, it also
dramatically influenced the off-gas emission properties of the
liquid-fed melter.

III. Melter Effluent Characterization

One of the major tasks involved in the DWPF off-gas studies was
that of determining melter emission characteristics. The nature and
extent of melter-generated effluents had to be established before
off-gas system criteria could be finalized for the DWPF melters.
Consequently, an off-gas sampling system was developed to provide
this basic off-gas design data.
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Operational

Table I. Liquid-fed melter operational parameters.

Expec intent
Parameters PSCM-1 LFCM-4 PSCM-2 LFCM-6 PSCM-3 LFCM-7 PSCM-4 PSCM-5 PSCM-6 PSCM-7

Feed Type Basic Basic Basic Basic Acidic Acidic .Acidic Acidic Acidic Acidic

Feed Rate,
L/h-m2 45 90 110 100 62 121 83 100 122 68

Glass prod.

Rate,

kg/h-m2
22 41 50 45 28 57 39 50 60 43 s

m

Plenum

Temp., °C 400 6OO 400-800 600 300 500 400 520 850 300

o
00

Boosting

Type None

Elec.

Lid

Heat

Propane

Combus-

tion

Elec.
Lid &

Plasma

Torch

None

Elec

Lid

Heat

Elec. Elec.

None Lid Lid

Heat Heat

None

Boosting

Power, kW -- 3O 35 40 — 15 -- 36 55

Off-Gas

Temp., °C 375 375 375 400 250 300 275 375 400 270

o
S
O
oo

asm
cm

Off-Gas

Cooling, 0

L/h

Experiment 120

Duration, h

8 23 24 0 Vari-

able

23 23

120 120 120 125 111 107 99 138 115



Table II. Simulated waste slurry and glass compositions.

vD

Waste Slurry Composition
Alkaline Waste

Compound

Frit-131

Zeolite

A

Fe(OH)3

A1(OH)3

MnO2

Ni(OH)2

CaCO3

S.iO2

NaOH

NaNO3

Na2SO4

* Feed slurry

Cone
g/L

338.

14.
•J
j.

90.
21.
19.

10.

8.

5.

4.

2.

0.

0

7

9

0

5

4
90

84

93

01

73

Acid

Compound

Frit-131

Zeolite

HCHO

Fe(OH)3

A1(OH)3

Mn (CHO2)

Ni(CHO,)

Ca (CHO^)

SiO2

NaCHO2

NaNO3

Na2SO4

glass content = O.

Waste
Cone
g/L

341.

9.
>18.

81.
34.

2 28.

2 8-

2 X 6 -

15.

8.

2.

0.

48 kg/I

(t) Frit-131 Composition (-200 mesh).

Oxide

SiO2

B2°3
Na2°
L12O

MgO
TiO2

La70,

ZrO2

TOTAL

Wt%

57.

14.

17.
5.

2.
1.

0.

0.

100.

9

7

7
7

0
0

5

J5
0

• r

3

9
0

2
2

2

3

7

6

42

01

72

•

Typical Slurry and Glass Oxide
Equivalent Oxide Concentration, q/L

Oxide

Fe2°3
A12O3

MnO

NiO

CaO

SiO2

Na2O

Na2SO4

B2°3
Li2O

MgO

TiO2

La2o3

ZrO,

TOTAL

Waste
Sludge

60.7

22.3

13.8

4.1

7.2

15.6

4.6

0.7

129.0

Frit-
131+ Zeolite++

1.9

1.1
197.6 4.7

60.4 0.2

50.2

19.4

6.8

3.4

1.7

1.7
341.2 7.9

Composition*

Total

60.7

24.2

13.8

4.1

8.3

219.9

65.2

0.7

50.2

19.4

6.8

3.4

1.7

1.7
480.1

(tfr Zeolite Composition [Linde Ionsiv

CaAl2

Na4Ca

Component

Si4°12 6iI2°
1.5A13Si8°24 8 H2°

TOTAL

Assumed Oxide Forms

CaO
A12°3
SiO2

Na2°
H,0

Final Glass
Composition/

"wt. %

12.7

5.1
2.y

0.8

1.7

45.6

13.6

0.1

10.5

4.1
1.4

0.7

0.4

0.4

100.0

IE-95)

Wt%
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20

100
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10.6
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47.7

2.5
20.0

s
fit

z
o
I
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o

©

8

I
m

TOTAL 100.0
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Table III. Concentration

Trace
Additives

Cs2o

SrO

Sb2°3
SeO2

CdO

T e 02
RuO2

Melter Off-Gas Sampling Network

of trace melter feed

Concentration, g/L
Oxides

0.25

0.098

0.16

0.04

0.38

0.05

0.085

Elemental

0.24

0.083

0.060

0.029

0.033

0.036

0.064

The sampling network, which was developed in support of melter
emission characterization studies, is schematically illustrated in
Figure 2." The components making up this network were designed to
determine -the composition of melter exhaust with regard to the efflu-
ents listed below.

• ParticulatesGases: H2
N2

°2
CO

co2

S02

• Semivolatiles: Cs
Sb

Se

Te

Mn (Tc)

Ru

Cd (Cm)

Sr

Halogens

Others

The gaseous composition of melter off-gas emissions was estab-
lished using a gas chromotograph (GC) and real-time gas analyzers.
The gas sample stream used for this purpose is extracted prior to any
off-gas processing. This hot, water-laden gas stream is first passed
through a tube and shell condenser, which reduces the water loading
of the gas while minimizing the gaseous interactions with condensed-
phase water. The quenched gas stream is subsequently passed through
a filter and a permeation dryer and is finally distributed to the
individual gas analyzers using a stainless steel bellows pump.

The GC used in these studies is programmed to sample and analyze
the composition of the continuously-flowing gas stream every 30 min.
The gaseous components, which are routinely quantified by this
instrument, include O2, N2, CO and CO2. In addition, the GC pro-
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vides semi-quantitative information with regard to gaseous con-
centrations of H2, SO2 and NOX=

Real-time measurements of melter off-gas concentrations were ini-
tiated during the latter part of this study with the installation of
five continuous gas monitors. These instruments have provided con-
tinuous compositional off-gas data with regard to H2, O2» CO, CO2
and SO2 for all melter tests following the PSCM-4 experiment.

Characterization of the pathways and magnitudes of melter-
generated semivolatile emissions were assessed using a differential
sampling system composed of a filter, a heat-traced sampling line, a
condenser and a series arrangement of three gas scrubbing units (Fig-
ure 2). The distribution of semivolatiles across the five discrete
sample fractions generated by the system were analytically determined
using emission spectrometry (ICP), atomic absorption (AA), ion chrom-
atography (IC) and x-ray fluorescence techniques. All semivolatile
studies conducted have been exclusively concerned with characterizing
the unquenched melter exhaust composition.

Melter-generated aerosols were characterized with reqard to con-
centration, size and composition. Total off-gas particulate loading
was most directly established, gravimetrically, by HEPA filtration
of the entire melter off-gas stream (Figure 2). Particle size infor-
mation is obtained from a cyclonic sampling system consisting of a
series arrangement of three cyclones and a final absolute filter.
The cut points of the cyclones employed are 16 vim, 6 um and 1 um at
18 actual L/m. The final absolute filter is designed to collect
submicton fines which are able to pass through all three preceding
cyclones. The elemental composition of the particulate matter col-
lected by these sampling devices is established using ICP, AA and IC
analytical techniques.

Melter Exhaust Composition

The noncondensible (20°C) gases generated by liquid-fed melters
are functionally dependent upon the slurry feed composition as well
as melter operating conditions. The alkaline waste feed used during
the initial stages of this study possessed very low concentrations
of organic matter. Consequently, the gross melter off-gas composi-
tion was essentially C02~enriched inleakage. The emission rates
of the combustible gas CO during all of the alkaline feed tests were
always less than 1/10 the rate associated with CO2. Table IV
summarized the average gross compositional data associated with
alkaline-feed melter exhausts. The dramatic difference existing
between the PSCM-2 data and that of all other experiments listed in
Table IV is due to the method of boosting used in chat test. During
PSCM-2, a propane torch was used to supply supplemental heat to the
melter plenum in order to facilitate increased feeding rates. Con-
sequently, the major source of off-gas combustion products was the
boosting torch and not the melter. Figure 3 illustrates the time-
correlated behavior of the gross composition of the melter exhaust
during the PSCM-2 test. The relationships illustrated are consistent
with the propane combustion process.

The composition of melter-generated, noncondensible gases was
dramatically affected when formic acid was added to the simulated
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Table IV. Melter noncondenslble off-gas composition
Melter

Inleakaqe,
Experiment scfm

PSCM-1
LPCM-4
PSCM-2
LPCM-6

u>

5-10
32
45
29

Experiment

PSCM-3*
LFCM-7
PSCM-4
PSCM-5
PSCM-6
PSCM-7

Hi

6 . 4
1.1
8 . 6
0.87

Table V.
Melter

Inleakage
scfm

20
90
20
30
30
12**

CO?
Avg

3 . 4
0.58
4 . 6
0.54

Melter

Hi

2 . 9
2 . 2
4 . 4
6 . 5
6 . 5
8 . 0

* Sample stream diluted ~2.5
** Off-gas dilution was used.

Lo

1 .8
0.40
0.20
0.13

Hi

<0.01
0.03
3 . 0
0.07

generated

CO?
Avg

1 . 3
0.74
2 . 9
2 . 8
4 . 1
5 . 0

times.

Lo

0.26
0.03
1.5
2 . 0
2 . 0
1.5

CO
Avg

_ _
0.02
0.50
0.02

off-gas

Molar =i

Lo

0.001
0.001

<0.001

Hi

20
21
21
2 0

(basic waste).

0 ?
Avg

1 4 .
2 0 .
1 4 .
2 0 .

0
5
0
0

LO

7 . 1
20.0

8 . 0
18.0

components (acid waste).
Molar %

Hi

1.3
0.44
0.75
0.90
0.60
1.2

CO
Avg

0.40
0.13
0.44
0.35
0.09
0.75

Lo

0 .
0 .
0 .
O.

<0.
0 .

04
002
20
10
005
10

Hi

1.11
0.63
1.3
1 . 8
1.2
3 . 5

H2
Avg

NA
0.54
1 . 1
0.80
NA
1 . 9

Hi

89
78
82
8 0

Lo

0.17
0.40
0.94

<0.10
<0.05
0.30

N2
Avg

8 1
78
8 0
79

Lo

73
78
79
78
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20 30 40 50 60
ELAPSED TIME (HOURS)

70 80 90 100

Figure 3. Combustion boosted melter exhaust composition.

melter feed. This compositional alteration increased the organic
loading in the melter feed by approximately an order of magnitude.
Consequently, melter exhaust gases were of particular interest during
these acidified feed tests due to the possibility of generating H2
and CO (water gas) in sufficient quantities to present a flammability
hazard after off-gas quenching. Figure 4 illustrates the time-
related behavior of gross melter exhaust gases during a 120-h melter
test which employed 100 h of radiant lid heat boosting followed by
20 h of unboosted operation. The presence of plenum heaters during
liquid feeding clearly reduces melter emissions of the combustible
gases H2 and CO. With the termination of lid heating, the melter
plenum cooled, reducing the oxidation rates of these gases suffi-
ciently to allow significant quantities of each gas to escape the
plenum through the off-gas system. This result is quite reproduc-
ible; however, virtual elimination of combustible gas emissions
during boosting, as is illustrated in Figure 4, may not always be
achievable. Similarly, the concentration of combustibles leaving an
unboosted melter may be significantly higher than is indicated in
Figure 4 since they are slurry composition-, temperature-, feed and
inleakage rate-dependent variables. Indeed, dilution air was
required during the unboosted PSCM-7 test to reduce H2 in the
quenched off-gas stream to below 70% of its lower inflammability
limit (~4%). A summary of the gaseous concentrations of organic
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decomposition and reaction products generated during all formate feed
melter testing is presented in Table V, along with average melter
inleakage rates.

The off-gas data presented in Figure 4 clearly illustrates that
melter generated emissions are not smooth and continuous functions
even under the most controlled operational conditions. This behavior
is due to the erratic., nonuniform way in which melter feed is dried,
oxidized and melted during the liquid feeding process. Large excur-
sions in melter gas generation rates usually occur when dammed up
liquid feed lying atop an insulating layer of dry feed (the cold
cap) abruptly flows out upon a hot glass surface. The liquid quickly
flashes off this hot surface, producing a flow pulse composed of
steam and volatile organic reaction products. Figure 5 illustrates
the behavior of some of the more important melter-generated gases
accompanying flow surging events. The frequency and magnitude of
these surging events are positive indicators of melter system insta-
bilities which are most often associated with erratic or overfeeding
conditions.

The ability of meiter-generated gases to accompany steam flow
surges suggests that the evolution of combustible gases from the mel-
ter cold cap is quite prompt. Figure 6 portrays the time-dependent
compositional behavior of the melter exhaust stream upon feed inter-
ruption or termination. With the exception of SO2, none of the
melter-generated gases increase in concentration when feeding was
terminated. This fact implies that volatile decomposition and reac-
tion products generated from the melter feed are formed soon after
introduction of the feed into the melter environment. Consequently,
significant accumulations of chemically-reactive organic feed com-
ponents within the melter cold cap apparently do not occur under
stable steady-state feeding conditions.

On the other hand, the increase in terminal SO2 exhaust con-
centration (illustrated in Figure 6) suggests sulfur, as Na2S(>4, may
be accumulating within the melter as a molten salt. This was indeed
found to be the case, as post-run inspection of the idling melter
glass surface later proved. This observation stimulated speculation
that accumulations of Na2SO4 could be responsible for changes in
the melting capacity of liquid-fed melters that occur during the
initial ~24 hours of liquid feeding (the startup phase). Melter
emission characteristics of SO2 further support this notion, as is
shown in Figure 7. During the initial startup phase, when the
melter*s ability to handle feed is limited, feed-rate normalized
SO2 emission rates are uncharacteristically low, indicating that
accumulation of Na2SO4 is probably occurring. As processing con-
tinues at a fixed feeding rate, SO2 emission rates gradually
increase along with the melting capacity of the liquid-fed raelter.
It is known(3) that the presence of a molten Na2SO4 phase within a
ceramic melter will increase the heat transfer rate between the mol-
ten glass and the feed, thereby boosting melting capacity. All of
the above-mentioned liquid-fed melter characteristics are consistent
with this fact.

Although Figure 7 suggests that SO2 evolution is an important
mechanism responsible for sulfur melter feed losses, this is true
only for boosted experiments where plenum temperatures are greater
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20 30 40 50

TIME(min)
60 70 80

Figure 5. Compositional behavior of noncondensible melter exhaust
gases accompanying a flow surge. (Maximum extent of
the surge event: flow-3X; H2 <3.5%; CO »O.5%;
CO2-15%; 02-17%.)

than 7OO°C. Emission rates of SO2 during unboosted runs are at
least an order of magnitude lower than when boosting techniques are
employed. However, total melter losses of sulfur are found to be
more or less independent of boosting, indicating the presence of
other volatile chemical channels of escape (SO3). Filtered gas-
scrubbing techniques have further verified that significant
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Figure 6. Melter off-gas compositional behavior associated with feed
termination. (The t = 30 min compositional spike is due
to the injection of a small quantity of liquid feed.}

concentrations of acidic volatile gases of sulfur as well as the
halogens always exist in unquenched melter exhaust streams
independent of any and all melter operating conditions. This
subject will be further developed in discussions that follow.
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Figure 7, Melter SO2 emission characteristics accompanying a
<M24O-h test.

Nature of Melter Feed Component Losses

In order to characterize the pathways and magnitudes of melter
feed component losses, a differential sampling system composed of an
aerosol filter, condenser and a series arrangement of three gas-
scrubbing units was employed. The manner in which any given element
is distributed across the five discrete sampling fractions of this
device is indicative of the physical state or states assumed by the
effluent. Typical data generated with this differential sampling
system during a formate-feed melter test is summarized in Table VI.
The DF values listed in this table are melter decontamination
factors, which are ratios of the rate at which feed components
enter the melter to the rate at which they are evolved. Particulate
DFs are partial DFs relating to only a single loss mechanism: aero-
sol emission. The data presented in this abridged table clearly
shows that melter gas-phase losses to the off-gas system are only
significant for Cl, S and B, which readily form volatile acid gases
previously referred to. This is not to say that melter-induced vola-
tilization has no influence upon melter losses of other feed compo-
nent elements. On the contrary; the low DFs associated with the
semivolatile elements Cd, Cs and Te, as well as Se and Sb, clearly
underscore the importance of this volatilization process. What is
being said is that apart from the mechanisms responsible for
producing airborne effluents, particulate transport through the off-
gas system is the predominant loss mechanism associated with liquid-
fed melter operation.
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Table VI. PSCM-6 particulate and total feed component DFs.

Average DF
Element

Al
B
Cd
Cl
Cs
Fe
La
Mn
Na
S
Sr
Te
Zr 22,000 22,000

Characteristics of Melter Aerosols

Since most melter off-gas system losses are associated with aero-
sol emission, establishing the characteristics of these aerosols was
of particular engineering interest. The size distribution of melter-
generated aerosols was established using a cyclonic particle-size
analysis system, which was described earlier. Table VII details the
manner in which melter particulate matter was distributed across the
cyclonic sample fractions as a function of melter experiment. All
melter tests, with the exception of PSCM-4, exhibited aerosol-size
distributions which were definitely bimodal in nature. This suggests
that the overall aerosol distribution may be comprised of two inde-
pendent components, each having its own characteristic size distribu-
tion. Gross compositional dissimilarities between the discrete
cyclonic size fractions illustrated in Table VIII strongly reinforce
this argument. Moreover, since the submicron size fraction detailed
in this table (LFCM-7) contains only 12% of the total sample mass,
but possesses essentially all the semivolatile matter of the sample,
the mechanism responsible for the small diameter component of the
overall distribution is probably a volatilization/condensation pro-
cess that occurs within the melter plenum. The composition of the
large cyclonic size fractions are very similar to that of the slurry
feed as shown in Table IX. Consequently, the large component of the
bimodal distribution must almost certainly be associated with a gross
entrainment mechanism.

Since the major melter loss mechanism associated with the radio-
logically important semivolatiles is associated with submicron aero-
sol emission, the elemental makeup of this size fraction is of
particular interest. Table X presents representative submicron com-
positional data collected during the PSCM-4 experiment. If one
attempts to conduct a material balance for this subroicron matter by
assuming an oxide form for all elements except for a stoichioroetric
quantity of Na, which is associated with the Cl in the sample, one
can account for 99% of the matter present. It should be noted that
while the submicron sample fraction is quite rich in semivolatiles,
it is essentially salt (83 wt% NaCl).

320



17th DOE NUCLEAR AIR CLEANING CONFERENCE

Table VII. Size distribution

Average wt%
Experiment 16

LFCM-7
PSCM-4
PSCM-5
PSCM-6
PSCM-7
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Melter performance with regard to effluent emission is commonly
expressed in terms of a unitless decontamination factor or DF. By
definitionr a melter feed component DF is the ratio of the rate at
which that particular feed component enters the inelter to the rate
at which it is evolved from it. Consequently, melter DFs are related
to the liquid-fed melter process efficiencies for converting feed
components into a borosilicate glass. Table XI presents experimental
feed component DFs for all pertinent DWPF melter tests conducted at
PNL. The entries in this table are grouped according to feed type
and each group is ordered with respect to the experimental melter
employed. This ordering has significance with regard to the inter-
pretation of the data. The initial melter tests conducted with
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Table IX. Composition of 16 pm cyclonic sample fraction.

wt%
Compound

M2°3
B2°3
CaO

Fe2°3
La2°3
LiO2

MgO

MnO

Na2°
S i 02
TiO2

Z r 02

16 y

3.

9.

1.

14.

0.

3.

1.

3.

13.

38.

0.

0.

im

4

0

6

4

3

5

1

2

0

0

7

3

Feed

5.1

1O.5

1.7

12.7

0.4

4.1

1.4

2.9

13.6

45.6

0.7

0.4

alkaline feed were, with one exception, all boosted experiments (see
Table I). Consequently, a major goal of all of these tests was to
establish maximum melter feeding rates under a variety of plenum
heating conditions. To complicate matters, an evolving slurry feed
system being developed during this same period was often responsible
for inconsistent feed delivery to the melter. As a result, stable
steady-state operating conditions during these early melter scoping
tests were rarely, if ever, achieved. The spread in melter emission
performance data during this initial testing phase is in large part
a reflection of the unequilibrated conditions that existed when this
data was collected. The average DFs listed for the alkaline feed
components should, however, provide a fairly representative descrip-
tion of the ceramic melter effluent emission behavior that occurred
during this initial development period.

With the exception of the LFCM-7 test {melter capacity scoping
study), all acid feed melter experiments sought to establish opera-
tional stability under a variety of running conditions. Table XII
presents partial melter DFs associated with off-gas aerosol emission
for the PSCM-5 and PSCM-6 experiments. The data associated with
each of these tests were collected over several days of stable,
steady-state melter operation using three independent sampling
devices. The internal agreement between results obtained in each
test is, without question, indicative of the stability associated
with each of these experiments. Consequently, effluent results of
individual acid feed experiments should be more representative of
average melter behavior than were those associated with the alkaline
feed.

A comparison of melter DFs achieved with alkaline and acidic
waste slurries reveals that, with only a single exception, higher
effective emission rates (lower DFs) were observed for the

322



17th DOE NUCLEAR AlP CLEANING CONFERENCE

Element

Al

B

Ca

Cd

Cs

Cu

Fe

K

Li

Mg

Mn

Na

Ni
Pb

Si

Te

Zn

Cl

Table X. Submicron particulate c

Elemental
Wt%
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0.

0,

1.
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.1
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Form
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CaO

CdO
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CuO
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Li2O

MgO

MnO2

j NaCl

NiO
PbO

s i 02
TeO2

ZnO

Compound
Wt%

0.

0.

0.

0.

2.

0.

0.

0.

2.

0.

0.

83.
6.

0.

0.

1.

0.

0.

08

24

20
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2

09

41

43

4

03

13

0
7

04

05

4

71

02

Feed Composition,

4.95

9.86

1.66

0.006

0.044

13.69

3.98

1.29

3.25

13.88

0.76

44.47

0.006

0.4

TOTAL 98.8

radiologically important semivolatiles when acidified melter waste
was employed. The reducing power of the formic acid feed component
apparently promotes volatilization in the plenum and thereby pro-
duces greater effective off-gas losses of these elements.

Ruthenium is an exception to the above statement. Ever since
melter experiments with a formate feed formulation began, no signifi-
cant airborne ruthenium has been detected in melter exhaust streams,
except for the very atypical LFCM-7 test. Feed and glass sample
analyses, on the other hand, indicate significant ruthenium melter
losses (DF = 2), and yet no specific sink has been conclusively
identified to account for these losses. In all probability, ruthe-
nium is being reduced by the formic acid to its elemental state,
whereupon it is lost to the melter floor as slag. A surface plate-
out mechanism is a possible, but less likely, explanation for these
losses; however, no evidence of off-gas line plating has ever been
found. A thorough examination of the melter and its plenum is
planned to establish the nature of the observed ruthenium losses.

The effect of feed-boosting techniques upon overall melter emis-
sion performance has been studied under controlled conditions. If
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Element

Al
B
Ca
Cd
Cl
Cs
Fe
La
Li
Mg
Mn
Na
Nd
Ni
Ru
s
Sb
Se
Si
St
Te
Ti
Zr

Total ±o

PSCM-1

11000
210
1840
190

3.1
51

38OO

19OO
9000
5700
830
__

1500
32
1

—
15OOO
7400
17O
--
--

1100

Table

Alkaline Feed
LFCM-4

530
130
260
70
2.2
57
260

310
350
420
340
--
260
26
)

1800
--

420
204
62
.,-
--

290

PSCM-2

990
160
610
47
3
3

680
--

340
920
630
130
—
--
48
19
100
—

1600
640
58

1400
--

430

XI. Melter efflu

Melter DFs
! LFCM-6

330
90
180
80
2.7

10
230
--

160
260
330
90
—

9 30
13
11
_-
--

280
290
210
170
--

180+10

Average

3200
150
720
100

2.8
30

1200
--

680
2600
1800
350
—

900
30
8

950
--

4300
2100
130
790
--

500

lent emission per

LFCM-7

190
75
62
8.0
--
12
69
--
89
120
76
60
--
--
16
--
67
1

120
55
5.6

120
--

120+50

PSCM-3

6000
200
1100

--
4
3.8

1600
--

2600
8200
3300
900
--

9400
--
8
--
--

3000
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32
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- —
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23O
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* Slightly different frit used in this test.
** LFCM-7 not used in averaging.
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PSCM-5 Boosted

Feed Rate,
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93

Steady state aerosol emmission performance
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Particulate

Loading,
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—
0.48
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--
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S
C
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67 0.37
74 0.25
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the previous melter stability comments are neglected, Table XI
strongly suggests that melter DFs are dramatically reduced when
boosting is employed. However, tests designed to illustrate this
effect have failed to show any significant relationships between
feeding rates and melter emission performance. Table XII presents
gross aerosol DF values associated with the boosted PSCM-5 and PSCM-6
tests. Cleanly, this data shows no correlation between feeding rates
and DF. Moreover, the boosted PSCM-6 experiment did not utilize
electric radiant lid heaters for the entire melter test, yet no
significant differences in melter emission performance were observed
throughout the experiment. Consequently, this data suggests that
electric radiant plenum heaters can be employed to boost liquid feed-
ing rates of ceramic melters without significantly deteriorating mel-
ter emission performance.

The implementation of feed-boosting techniques, however, are not
without operational difficulties. The high exhaust stream tempera-
tures (>600°C) resulting from the auxiliary plenum heaters present
various off-gas problems associated with the formation of fused off-
gas-line deposits and accelerated material corrosion rates. A cool-
ing spray (see Figure 1) has been successfully used to control
exiting melter exhaust gas temperatures to 400°C or less. However,
the spray nozzle itself acts to collect entrained feed. These feed
deposits ultimately grow to form a local obstruction to melter off-
gas flow. Although these deposits are soft and easily removed, the
current cooling spray configuration clearly compromises melter off-
gas system design.

IV. Melter Idling Test

Because of the high (~1000°C) plenum temperatures associated with
idling (unfed) joule-heated ceramic melters, volatilization losses
of radiologically important glass components sustained during these
periods could overwhelmingly influence the overall melter source
term. The composition of typical melter idling emission deposits,
which appears in Table XIII, verifies the importance of this loss
mechanism for the semivolatiles. In order to determine the overall
importance of this melter loss mechanism, emission rates of semivola-
tile elements were investigated as a function of plenum temperature
and, consequently, melter surface glass viscosity. Temperature con-
trol was maintained through use of plenum water sprays, which cooled
but did not disturb the surface of the melter glass pool.

This study was immediately initiated upon completion of a 12O-h
liquid-fed melter test (PSCM-5). With a 42 L/h water spraying rate
and the melter under automatic resistance control, the melter glass
surface was cooled to the point that it formed a continuous noncon-
vective layer above the bulk melter glass pool (plenum 28O°C). At a
27 L/h spray rate, the surface viscosity decreased significantly.
Convective mixing opened vents in the glass surface that migrated
at random across the melter glass pool. However, plenum temperatures
were not high enough to melt feed deposits formed upon the melter
walls and lid during the preceding PSCM-5 experiment. Finally, the
cooling spray was terminated and the melter was allowed to idle at a
fixed current rate, which slowly brought the melter plenum up to
85O°C. Samples were collected from the plenum during all phases of
this study.
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Table XIII. Melter idling deposit

Elements
As Oxides

A12°3
B2°3
CaO

CdO

Cr2°3

Fe2°3
K2°
Li2°
MgO

MnO2
Na2°
NiO

R u 02
Sb2°3
S i 02
SrO

T e 02
TiO

ZnO

Weight Percent
Gray Deposits

1.2

14.2

0.22

0.02

0.57

3.7

0.10

0.79

1.92

<0.05

0.05

31.0

0.25

0.82

<0.01

<0.02

<0.005

0.70

<0.01

0.02

White Deposits
O.ll

1.6

0.46

0.02

0.58

8.3

O.17

0.85

2.6

<0.05

0.05

31.0

<0.02

2.1

<0.01

0.47

<0.005

0.70

<0.01

0.02

Glass
3,7

10,0

1.2

O.009

0,02

0.05

14.8
*

4.4

1.4

3.9

15.7

1.2

0.01

O.O2

45.1

0.02

0.002

0.8

0.008

* Used in sample preparation.

The results obtained from these plenum samples are graphically
summarized in Figure 8, which characterizes the emission rates of the
sernivolatile elements under various idling conditions (temperature)
employed during this test. These data indicate that emission rates
of all semivolatile elements decreased as a function of time after
the completion of PSCM-5 under the influence of a 42 L/h water-
spraying rate. Reducing the cooling spray rate to 27 L/h caused
measurable increases in both plenum temperature and semivolatile
emission rates; however, an equilibrated plenum temperature was not
achieved during the brief period (24 h) of reduced spraying.

Termination of the water-cooling spray caused the plenum tempera-
ture to increase steadily to the point where plenum surface deposits
formed during PSCM-5 began to melt and "burn" away. This period was
responsible for the dramatic peaking of emission rates of the semi-
volatile elements. The fact that all semivolatiles do not form max-
ima at the same point in time is most probably due to temperature,
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Figure 8. Melter idling emission rates of semivolative elements,

which was steadily increasing throughout the interval over which
these maxima occurred.

The plenum temperature during the last two sampling periods was
~85O°C, and all plenum surfaces appeared clean. The emission rates
occurring during these periods are, with the exception of Se and Te,
significantly greater than the minimum emission rates exhibited by
these elements during full 42 L/h spray cooling. However, these
elevated idling emission rates are still significantly below those
rates observed during moderate liquid feeding conditions. Specifi-
cally, the Cs emission rate expected from the PSCM for a liquid feed-
ing rate of 50 L/h (1.1 kg/min) would be of the order of 10 mg/min.
This is more than twice the value observed during the hot melter
idling conditions. Consequently, it appears that the plenum cooling
approach, although capable of reducing emission rates of most semi-
volatiles (by a factor of ~10 for Cs), is of little practical value
in reducing the overall melter off-gas radiological burden.

It should be noted that the effect of directly feeding water
onto the surface of an idling melter has also been investigated as
an alternative method for reducing idling emissions. On a qualita-
tive as well as a quantitative basis, this approach was a less satis-
factory means of cooling the plenum and melter glass surface than was
the plenum spray approach. The water feeding technique produced a
high degree of entrainment and aerosol carryover into the off-gas
system. Moreover, at the water feeding rates used (45 L/h), convec-
tive mixing was actually exacerbated, although total melter surface
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flooding was never attempted. On the other hand, the water plenum
spray initiated no observed entrainment and minimized or eliminated
convective surface mixing.

V. Melter Flow Rates

The off-gas flow rate behavior of the two liquid-fed melters has
been examined over the past year as part of the SRL-DWPF melter
development program. During this period of study, two separate feed
formulations have been used and a variety of melter operational run-
ning conditions have been employed. The results of these studies
have shown that both feed composition and melter feeding rates have
a preponderant influence upon the stability of melter off-gas flow
tate.

The effect of feed composition upon melter flow rate behavior is
related to the physical ability of the feed components to form a
structurally sound insulating layer (cold cap) between the incoming
liquid feed and the hot glass surface. As portions of the insulating
cold cap become calcined, structural collapse occurs, bringing dammed
up liquid feed into contact with the extremely hot glass surface.
This results in the flashing off of the water component (and volatile
reaction products) of the feed, producing a flow pulse or an off-gas
surge. The magnitude and extent of these surges are naturally depen-
dent upon the amount of liquid feed present on the cold cap that is
delivered to the hot glass surface. Consequently, an erratic melter
exhaust flow rate is often indicative of an unstable, overfed opera-
tional condition. Exhaust flow rate patterns associated with stable
and unstable melter operating conditions are illustrated in Figure 9.

The two melter feed formulations used in these studies exhibited
significantly different melter off-gas properties. The alkaline
waste formulation produced a noisy, erratic melter flow rate with
surges as high as seven times that of the average flow. The acid
feed, on the other hand, possessed a very compliant, nonbridging cold
cap, which reduced the frequency and magnitude of off-gas surging
events. Average melter flow characteristics associated with each of
these feed formulations are summarized in Table XIV. These data
clearly show the stabilizing influence of the formic acid feed com-
ponent upon melter flow rate behavior.

Due to the conservative, stable manner in which most PSCM runs
were conducted, PSCM flow rate data associated with acidified feed
are probably more representative of average melter behavior than are
the values associated with the LFCM. The LFCM data, on the other
hand, can be used in assessing the effects of heavy melter feeding
conditions.

VI. Corrosion

Extensive metal corrosion has been observed in liquid-fed melter
plenums and in associated melter off-gas lines and processing equip-
ment. The nature of the corrosion observed suggests acidic chemical
attack by volatile halogens and sulfur compounds. In order to iden-
tify suitably corrosive-resistant melter off-gas materials, corrosion
coupons representing different groups of alloys were exposed to the
plenum environment of liquid-fed melters during processing (300°C to
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Figure 9. Typical off-gas flow rate behavioral patterns
associated with liquid-fed melters.

Table

Experiment

LFCM-4
LFCM-6
PSCM-3
LFCM-7
PSCM-4
PSCM-5
PSCM-6

XIV. Liq

Feed

Alkaline
Alkaline

Acid
Acid
Acid
Acid
Acid

uid-fed melte

Average,
Flow r scfm

90
90
70
240
70
80
80

r flow rate be

Maximum
Surge, scfm

620
470
220
710
300
230
190

navior.

Average Surge
Duration, min

3
3
3
3
4
3
3

500°C) and idling (85O°C) conditions. The extent of corrosion as a
function of operating conditions was established gravimetrically
through coupon weight loss. The results of these studies, which are
summarized in Table XV, indicate that the corrosion rates occurring
during actual liquid feeding are much greater than those occurring
during hot idling, although temperature cycling between feeding and
idling conditions has been found to accelerate overall corrosion
rates. In addition, titanium, tantalum and all alloys having high
iron concentrations were found to be quite unsuitable for liquid-fed
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Material

Inconel®-69O

Inconel®-625

lnconel®-617

lnconel®-600

Haynes®-188

Haynes*-25

RA*-33O

HA*-446

Titanium

Tantalum

Exposure, h
Idling

1134
198

1256
320

1134
198

1256
320

122
122

122
122

1134
198

1134
198
60

1134
198

1134
198

122

122

Operating

214
214
214
330

214
214
330
330

116
116

116
116

214
214

214
214
110

214
214

214
214

116

116

Table
Weight
Change
g/cm2

-0.025
-0.014
-0.036
-0.O11

+0.015
+0.007
+0.013
+0.012

-0.004
-0.O13

-0.008
-0.002

+0.059
+0.004

+0.005
+0.003
+0.001

-0.025
-0.036

-0.18
-0.17

-0.063

-3.3

X V . (
Cor.
Rate,
cm/y

0.020
0.074
0.023
0.015

0.008
0.024

-.015
0.004

0.008

0.020
0.185

0.145
0.472

0.210

>3

Corrosion sample results.

Spalling

Light
Light
Light
Light

None
None
None
None

Med-Pits
Med-Pits

Medium
Medium

Light

Light
Light
None

Medium
Medium

Heavy
Heavy

Heavy

Observations
Deposits*

Light
None
Light
Light

Heavy
Heavy
Heavy
Heavy

Medium
Medium

Light
Light

Very Light
Light

Light
Light
None

None
None

None
None

None

Disappeared

Color**

Blk-Silver
Black
Multi
Black

Brown
Brn-Silver
Brn-Black
Brn-Silver

Gr-Silver
Gr-Silver

Multi
Multi

Bl-Black
Bl-Black

Bl-Black
Bl-Black

Black

Multi
Gr Spots

Multi
Multi

Silver-Brn

Cr

30

21.5

22

15.5

22

21

18

25

- -

Approximate
Compositionj Wt%
Co

- -

12.5

- -

40

54

—

- -

—

Pe

9 . 5

2 . 5

1 . 5

8

< 3

< J

47

75

- -

Ni

6 0

61

52

76

10

10

35

—

- -

* Feed material sintered on coupon surface.
** Bl - Blue

Blk - Black
Btn - Brown
Gr - Green

•inconel is a registered trademark of Huntington Alloys, Huntington, West Virginia
•Haynes is a registered trademark of the Cabot Corporation, Kokomo, Indiana.
*RA is a registered trademark of Rolled Alloys, Detroit, Michigan.
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melter service. The most promising alloys are those possessing low
iron, high nickel or cobalt and a chromium content greater than 20%.
Inconel®-625 and the Haynes® alloys were the most corrosive-resistant
materials employed during this study.

VII. Conclusions

The off-gas studies discussed in this report have sought to
establish the effluent characteristics of liquid-fed joule-heated
ceramic melters. The results of these studies have shown particulate
emission to be responsible for most melter effluent losses. More-
over, a large fraction of the total particulate mass evolved from an
operating melter is conveyed to the off-gas system by submicron aero-
sols which are almost exclusively responsible for semivolatile trans-
port. Melter operational conditions have had little effect upon
these results as long as quasi steady-state conditions are main-
tained. Even hot melter idling conditions do not significantly
affect the overall melter source term.

Melter-generated gases have been found to be potentially flam-
mable as well as corrosive. Hydrogen generation presents the
greatest flammability hazard of the combustibles generated by liquid-
fed melters. Off-gas dilution was required during a melter test to
maintain the H2 concentration below 70% of its lower flammability
limit in the quench melter exhaust. The combustible gas CO has
never achieved a quenched off-gas concentration greater than 1/10 of
its flaaimability iimit. Auxiliary plenum heating has been found to
significantly reduce melter emission rates of both these combustible
gases.

Significant concentrations of acidic volatile compounds of sul-
fur and the halogens exist in unquenched melter off-gas streams inde-
pendent of melter operational conditions, Thess gases have been
responsible for extensive corrosion observed in melter plenums and
in associated off-gas lines and processing equipment. Alloys pos-
sessing low iron, high nickel or cobalt and high chromium content
have been found to be most suitable for liquid-fed melter service.
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IMMOBILIZATION OF KRYPTON-85 IN ZEOLITE 5A*

A. B. Christensen, J. A. Del Debbio, D. A. Knecht,
J. E. Tanner and S. C. Cossel

Exxon Nuclear Idaho Company
P. 0. Box 2800

Idaho Falls, ID 83401

Abstract

This paper describes the technical feasibility and presents a
summary of a preconceptual design and cost estimate for a process
to immobilize krypton-85 by sintering in zeolite 5A at ?00°C and
100 MPa (1000 atm) for 2-4 h. Krypton loading of 30-60 m3 at STP
per m3 solid can be achieved. The initial water concentration in
zeolite 5A has a catalytic effect on the sintering rate and must be
kept at approximately 1 wt? by heating prior to the encapsulation
run. High initial water loadings and/or encapsulation times longer
than 4 h must be avoided because the sintered zeolite 5A recrystal-
lizes to an anorthite-type feldspar and releases the trapped kryp-
ton. Data are presented to show how the process conditions affect
krypton encapsulation in zeolite 5A and how to assure the quality
of the product. Krypton leakage experiments a*e used to predict
leakage rates of less than 0.03? and 0.3? for 10-year storage at
300° and 400°C, respectively. By adding a powdered glass frit
to the commercial zeolite 5A 2 mm beads, a solid mass is formed
during encapsulation, which can be further compacted using standard
hot isotatic pressing techniques at 33 MPa and 600°C to form a
fused glassy matrix enclosing the amorphous zeolite.

A process for encapsulating the annual krypton-85 production at
a commercial 2000 metric ton of heavy metal (MTHM) spent fuel re-
processing plant is developed. A hot isostatic press (HIP) with an
isolated work zone of 8 or 16 L capacity is required to operate for
600 or 300 cycles per year, respectively. Existing HIP technology
uses work zones from 1 to 3500 L capacity at similar production
rates. A combined encapsulation/compaction cycle is proposed as an
option to most effectively immobilize the krypton and the zeolite.
A preconceptual design and cost estimate is given for a commercial-
scale Kr encapsulation facility. The facility is designed to with-
stand a worst case rupture of the HIP. The maximum krypton-85 re-
lease is estimated to result in an off-site dose well below accident
protective action guidance levels. Major licensing concerns appear
to be in compliance with applicable codes for HIP fabrication and
with developments associated in scaling up demonstration encapsula-
tion plants.

•Work performed under DOE Contract DE-AC07-79IDO1675
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I. Introduction

U.S. regulation 40 CFR 190 limits krypton-85 releases to 50,000
Ci per gigawatt-year of commercial electric power production for
fuel placed into a reactor after January 1, 1983.1 For light
water nuclear reactors, the release limits would correspond to about
15Jt of the krypton-85 inventory in the spent fuel. If krypton-85
is recovered, storage methods would be required to meet the overall
release limits in the regulation.2 While storage in pressurized
cylinders is technically feasible, there may be large costs associ-
ated with long-term storage.3 By trapping krypton in a solid on
an atomic or microbubble scale, a less expensive disposal facility,
such as shallow dry wells,^ could be used, with potentially low
release rates. Ion implantation sputtering5»6 an{} zeolite/glass
encapsulation?"""!1 are two candidate immobilization processes cur-
rently under development. Both have krypton storage volumes com-
parable to that in pressurized cylinders, low krypton release rates
at 300 to 400°C, find mechanically strong structures.

The high temperature/high pressure encapsulation process uses
existing technology found in the hot isostatic pressing (HIP) in-
dustry, where molds containing metal or ceramic powders are com-
pacted and sintered under high pressure of argon to fabricate items
such as tungsten carbide bits, superalloy aircraft components, fer-
rite ceramics for computer memory and turbine components.'2,13
Typical commercial-scale HIP work-zone volumes range from 1 to
3500 L.

This paper summarizes recent technical and economic developments
in the process to encapsulate krypton in zeolite 5A. The technical
feasibility for the encapsulation process and of further immobiliz-
ing the granular zeolite 5A material in a compacted glass matrix is
demonstrated.

The design and cost estimate of a facility to encapsulate the
krypton-85 produced at a 2000 metric ton of heavy metal (MTHM)
commercial fuel reprocessing plant is presented, including consid-
erations necessary for obtaining a license to operate the facility.
The full- scale process design is based on existing commercial hot
isostatic pressing technology, using HIP work zone volumes of
8-16 L.

II. Technical Feasibility

Krypton trapping by sintering at 550°C ira zeolite 5A was re-
ported by Penzhorn', and the results were confirmed at the INEL
at 700°C.8»9 Typical gas loading of 46 cc at STP per gram of
solid were obtained in zeolite A samples at various pressures, tem-
peratures, and time ranging from 550-700°C, 1000-2000 atm, and
1-6 hours. A schematic for the process to encapsulate krypton by
sintering in zeolite 5A is shown in Figure 1.
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Figure 2 shows a structural representation11* of zeolite A and
the relative size of a krypton atom. The room temperature gas ki-
netic diameter of a krypton atom is 0.35 nm; the zeolite A cage
opening and internal diameter is 0.5 nm and 1.1 nm, respectively,
for calcium-exchanged zeolite A (zeolite ) ^

Krypton trapping will occur by sintering in zeolite 5A. The
mechanism in zeolite 5A may involve hydrothermal decomposition to
form an amorphous structure, which is catalyzed by residual
water.1^»15,16 Recrystallization from the amorphous phase to an
anorthite type feldspar occurs at high temperatures. The rate of
recrystallization is directly dependent on initial water loadings.
Hoss and Roy found that calcium-exchanged zeolite A transforms to a
silicate whose X-ray pattern resembled that of anorthite after being
exposed to 1000 atm H2O vapor at 270°C fo*' 10 days.16

Experimental

Zeolite 5A was obtained from W.R. Grace Co. in 2 mm spheres and
is produced by a 67$ exchange of calcium for sodium in zeolite 4A.
Zeolite 5A spheres are activated for a minimum of Zk hours in the
atmosphere at 460°C (1k Pa water vapor pressure) to remove the
adsorbed water so that the equilibrium water loading of 0.8 vt% is
achieved. Following drying, the sample is quickly transferred into
a glovebox with water vapor partial pressure of 10 Pa, where it is
weighed, loaded into sample holders, an sealed inside the autoclave.

The experimental system for krypton encapsulation has been de-
scribed elsewhere1?. The pressure vessel used for encapsulation
studies is a 25 mL Leco pressure capsule, surrounded by a cooling
jacket and two independently controlled heaters. Heating and cool-
ing times were 2 and 1 hour, respectively. The encapsulation tem-
peratures were calibrated at the sodium iodide melting point of
651°C.11

Experiments were also carried out using a hot isostatic press
(HIP) with a 1.0-vlitre work-zone volume. Argon was used in place
of krypton to minimize costs and because Ar behaves similarly to Kr.
The system is shown in Figure 3» The cooled pressure bearing walls
of the HIP contain a furnace in the high pressure zone and a heat
shield to keep wall temperatures below 200°C. Figure 4 shows the
furnace, thermocouples, work package, and heat shield. Heating and
cooling times were thirty minutes for the HIP.
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Figure 1. Schematic of the Process Used to Encapsulate Krypton
by Sintering in Zeolite 5A.

Figure 2. Structural Model of Zeolite 5A Containing a Krypton
Atom Encapsulated in the Middle Alpha Cage (0.5 nm Opening).
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Routine analysis of sintered zeolite 5A samples after encapsu-
lation use mass speetrometry to determine gas loading, x-ray powder
diffraction to determine zeolite 5A structure, and thermogravimetrie
analysis (TGA) to determine gross gas leakage. Krypton and argon
leakage rates were measured by gas chromatography and mass spectro-
metry at 150 to SOOOC 1 1 1

Results of Encapsulation Tests

Approximately 46 and 70 cm3/g STP of krypton or argon are en-
capsulated in zeolite 5A at 1000 and 2000 atm, respectively, at the
sintering conditions of 650-700<>c, 1-6 h, and 0.7 wt* residual
water content in zeolite 5A. The effect of initial water loading
on product form is shown in Figure 5. Amorphous product containing
large amounts of encapsulated krypton was typically formed at 700°C,
102 MPa (1020 atm), and 2-4 h with Grace-Davison zeolite 5A contain-
ing 0.8 vt% water in this work, while a similar product was formed
by Penzhorn at 520°C 100 MPa, and 2 to U h with Bayer zeolite 5A
containing 3 wtjl water.'*11
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Figure 4. Interior Components of the Laboratory-Scale HIP.

Thermogravimetric analysis (TGA) measures weight changes to
within 1% of the total sample weight. Kr loaded in crystalline
zeolite 5A quickly leaks out upon heating. As the zeolite becomes
amorphous to x-rays, the rate of leakage decreases until no leakage
is seen for samples heated to 750°C.

Figure 6 shows x-ray powder diffraction scans for zeolite 5A,
amorphous product, recr^tallized product, and an anorthite refer-
ence material. Based on the encapsulation experiments, the crys-
talline zeolite 5A appears to pass through the amorphous state,
which traps krypton, before it recrystallizes to an anorthite
material, which does not trap krypton.

Infrared scans of unsintered and sintered zeolite 5A show a
large broadening of the asymmetric stretching and bending vibrations
as a result of sintering.1'' This broadening and the almost com-
plete loss of the vibrations assigned to double ring structures in-
dicate that the zeolite structure has been eliminated.

Differential thermal analysis (DTA) of untreated zeolite 5A
show that the crystalline to amorphous (exothermic) transition oc-
curs at a higher temperature (825°C) than during encapsulation
(65O-7OO°C), probably due to lower water concentration in the
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Fieure 5. Effect of Encapsulation Temperature, Time, and _
Initial Water Loading on the Product Formed from Grace-Davison
Zeolite 5A.

DTA analysis. The amorphous transition is not observed in sin-
Sered zeolite 5A, indicating that the sintered material is already
amorphous. A small endotherm is observed due to the krypton release
in the sintered sample. Both untreated and sintered zeolites show
an exothermic transition due to recrystallizatxon at 800°C for
untreated and 1000°C for sintered samples.

Gas pressure does not seem to affect the sintering rate of zeo-
lite 5A; however, it strongly affects gas loading. The Kr loading
increases nonlinearly with gis pressure, but almost linearly with
gas density, indicating that the sorbed gas is at the same density
in the zeolite structure as in the gas surrounding it.

The effect of gas composition on Kr loading in zeolite 5A was
studied using gas mixtures composed of N2» O2, Ar, Kr, ana Ae,
uifh Kr content of 5*t or 68?. The encapsulation runs were made
S S g wSlitJ 5A containing 0.8 wt* H / and sintered at 700<>c
and 100 MPa (1000 atm). Compared to the partial pressures during
encapsulation, the component gases are loaded at slightly larger
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Figure 6. X-Ray Analysis of (a) Crystalline Zeolite 5A,
(b) Sintered Product, (c) Recrystallized Product, and
(d) an Anorthite Standard.

amounts for larger atoms (Kr and Xe) and at slightly smaller amounts
for smaller atoms (Ar, Oj, and N2). The Kr loading per atmo-
sphere of Kr gas partial pressure (0.05 cm3STP/g/atm) in the gas
mixture is the same as for pure Kr gas, and total leakage using TGA
analysis is as low as from runs using pure Kr as the encapsulated
gas.

The structural transformations occurring in zeolite 5A during
the encapsulation process are depicted in the electron micrographs
and electron diffraction patterns shown in Figure 7. Based on lower
resolution micrographs not shown, atoms are not pulled apart suffi-
ciently during sintering to cause a complete breakdown of the larger
structure of the crystal. The high resolution transmission electron
microscope (TEM) image shown in Figure 7a is a two-dimensional
structural image of zeolite 5A for the (001; orientation which is
parallel to the sides of the unit cell. The white dots represent
channels 1.1 nm in diameter formed by the alpha cages (see the zeo-
lite 5A model in Figure 2). This picture is similar to one obtained
by L. A. Bursill of zeolite 3A.^° Amorphous areas where the
crystal lattice has collapsed due to the energy of the electron
beam (200 kV) can be seen as dark patches. Figure 7b and c shows
the difference between partial and complete sintering. A sharp
interface between the amorphous (glassy) and crystalline areas can
be seen in 7b, whereas complete loss of crystallinity is evident
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Figure 7. Electron Micrographs and Electron Diffraction
Patterns of Zeolite 5A.
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in 7c. Krypton leakage on the TGA for the partially sintered zeo-
lite was 21 % Kr lost below 825°C, as compared with less than 1?
for the completely sintered material. Lower magnification images
of untreated and sintered zeolite are shown in Figure 7d through
f. Numerous irregularly shaped bright areas can be seen in 7d.
These represent amorphous material caused by electron beam damage.
The zeolite sintered at 700°C under krypton pressure shown in 7e
contains bubbles from 5 to 100 nm in diameter while the vacuum sin-
tered sample (7f) has none. These bubbles probably contain krypton
gas under the run pressure of 26 MPa (260 atm). Electron micro-
graphs of zeolite sintered at low pressure (20 atm) and 3.5 vt%
water also showed bubbles, indicating that pressure has no effect
on the structure of the sintered zeolite.

The appearance of the recrystallization product anorthite type
feldspar, which results from too much water (2.8 wt?) being present
at 700°C, is seen in other micrographs not shown here.^ The
large grains are observed with no bubles and no uniform contrast,
suggesting a sponge-like porous structure, which accounts for kryp-
ton leakage. The halo electron diffraction pattern in Figure 7h
indicates an amorphous structure, while the pattern in Figure 7g
and i indicates crystallinity.

Preliminary compaction tests of zeolite 5A have been carried
out, before and after encapsulation with argon or krypton. Figure
8 shows samples of zeolite 5A compacted after encapsulation. In
pellets which were formed before encapsulation, the krypton loadings
varied, presumably depending on the initial water content; further
work is required to determine conditions for obtaining the proper
initial water loading. In compaction tests after encapsulation,
activated Grace-Davison zeolite 5A beads were mixed with a borosil-
icate glass frit powder of composition in wtj: SiO2-57.7, B2O3-I9.4J
NajO-iS.I; CuO-1.7; Li20-5.1 and encapsulated at 700°C and
100 MPa (1000 atm) for 2-4 hours. During the encapsulation the
powdered glass frit fused. The mass was further compacted isostat-
ically at 700°C, 1000 atm, and 2 h. Figure 8 shows the reactants
before and products after encapsulation and compaction.

Samples of sintered zeolite 5A having krypton loadings of 30-50
STP cm3/g were stored at 460 and 600°C in ovens open to the
atmosphere for eight months. X-ray analysis after storage revealed
no structural changes. Amorphous samples showed no evidence of
recrystallization and samples which initially had traces or signif-
icant smounts of anorthite (a recrystallization product) showed no
further recrystallization. Apparently the amorphous product re-
crystallization rate is reduced significantly below 700°C.

Results of Leakage Measurements

Argon and krypton leakage results are reported for zeolite sam-
ples which appear by X-ray diffraction to be totally amorphous.
Samples which have an amount of crystallinity detectable by X-ray
diffraction show much higher initial gas leakage rates during TGA
and are not suitable products. Long term immobilization of
krypton-85 would require a fully amorphous product.
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Before Sintering After Sintering After Compaction

Figure 8. Zeolite 5A Samples Compacted
After Encapsulation.

Initial diffusion from a homogeneous body is proportional to the
square root of time, according to

The fractional leakage of krypton encapsulated in zeolite 5A is
shovm as a function of the square root of time in Figure 9 at 280,
375, and 450°C for samples which were heated to 60O-7OO°C under
vacuum for 1-4 h. The heat treatment apparently removes loosely
held krypton from the solid surface, cracks or unsintered portions,
resulting in initial constant slopes in Figure 9 when cumulative
release is plotted as a function of square root of time. In samples
which are not heat treated, the constant slopes are also apparent
after a small initially rapid release of krypton. The loosely held
krypton does not exceed a few tenths of a percent of the immobilized
gas in a sintered sample and can be removed following encapsulation
by heating the sample under vacuum for a short time. For samples
which are encapsulated at 700°C and then compacted at 600°C and
33 MPa (5000 psi), the leakage rate is the same, after a slightly
larger initial release of loosely held gas. The initial leakage data
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in Figure 9 can be extrapolated to give leakage rates of less than
O.O3JJ in 10 years' storage at 300°C; based on the observed curva-
ture at later times, these predicted values are clearly overpredic-
tions.
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Figure 9. Fractional Leakage of Tightly Held Krypton
from Sintered Zeolite 5A Samples (Heated to 700°C for
2-4 h).

Figure 10 shows the temperature behavior of the diffusivity.
The activiation energy of 197 kJ/mole was calculated from the leak-
age rate data, which is similar to a value of 209 kJ/mole obtained
by Penzhorn.' Similar results are observed in Figure 10 using
sintered porous Vycor containing krypton.

Long-term leakage studies were made using sintered zeolite 5A
samples immobilized with Xr, Xe, Ar, N2 and O2. Gas loadings
were proportional to the partial pressure of the component in the
gas phase. The relative leakage rates of these gases from sample
3tored at 370°C show that, except for an initial release of
loosely held gas, the release rate of each component is linear with
the square root of the storage time. A similar result was obtained
at 700°C. Generally, the gases leak with rates inversely propor-
tional to their smallest molecular dimension. The presence of other
gases does not influence the leakage of Kr. The diffusivites cal-
culated for gas mixture components are included in Figure 10.
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Figure 10. Temperature Dependence of Diffusivity of Krypton
from Sintered Zeolite 5A.

III. Preconceptual Design And Cost Estimates For A
Krypton Encapsulation Facility

A preconceptual design and cost estimate of a facility to en-
capsulate the krypton-85 produced at a 2000 MTHM per year spent
fuel processing plant was prepared under contract by the
R. M. Parsons Co. The basis for a commercial-scale encapsulation
facility is shown in Table I. The facility is assumed to be located
with the reference commercial spent fuel reprocessing plant and
noble gas cryogenic separation facility described in the DOE draft
environmental impact statement on waste management.3

The flow scheme for 85Kr encapsulation is shown in Figure
11. Zeolite is loaded into a capsule, activated and the capsule
loaded into the HIP. Krypton is pumped from two storage cylinders
into the HIP isolation work-zone, simultaneously with a balancing
pressure of He or Ar around the work-zone. After the soak time, Kr
and balancing pressure gas are vented to storage. The capsule con-
taining the sintered zeolite is removed and placed into a storage
container, which is then welded shut. After inspection the storage
container is placed into storage. Transportation casks are used to
transport the container^ to long-term storage. One year's produc-
tion is estimated at 5 nH of sintered zeolite.
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A HIP containing an isolated work zone, similar to one in oper-
ation at General Electric Aerospace Company in Valley Forge, PA, is
used to confine krypton-85 and the zeolite 5A. A schematic of an
isolation work zone HIP is shown in Figure 12. The isolation work
zone contains the work-load of zeolite 5A and krypton-85 gas during
encapsulation and is surrounded by a balancing pressure of inert
gas, such as helium or argon. As a result the krypton-85 inventory
is reduced, and the corrosion of the pressure-bearing vessel walls
by the decay product rubidium is eliminated.

The work-load may be preheated before placement to speed the
heating time, and the heat-shield, work-load, and furnace may be
placed into the HIP in one package, if desired. A crane is normally
used to load and unload a HIP. HIPs are placed in concrete pits to
facilitate work-package handling and minimize hazards from acciden-
tal failure at high pressures.

TABLE I

DESIGN BASIS FOR A COMMERCIAL-SCALE KRYPTON-85
ENCAPSULATION FACILITY

Process Throughput:

Total Volume of Feed Gas:
(at 110? Capacity)

Feed Gas Composition:
(by Volume)

Operation:

Lifetime:

HIP Operating Parameters:

Zeolite 5A Material
Characteristics:

Gas Lag Storage:

Product Storage:

110% of 17 MCi/yr of 85Kr, Based on
Reprocessing 2000 MTHM/Year of LWR Fuel

230 m3 at STP

2% Xenon
8% Argon
90% Krypton, with °5Kr Making up 6% of
the Total Kr

Batch Operation Using HIP

24 Hours/Day, 300 Days/Yr, for 30 Yr

100 MPa and 700°C

Bulk Density of 1.0
Void Fraction of H0

60 Days1 Production from Rare Gas Plant
or 3.6 MCi

1 Yr Production or 5 m3 Sintered Zeolite
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Encapsulation Step Compaction Step

Figure 12. Schematic of 85j(r (A) Encapsulation and
(B) Compaction in the Isolation Work Zone of a

Hot Isostatic Press. In (A), Pressures Are Balanced;
in (B) 85ftr is Withdrawn, Causing Isostatic Compaction

cf the Work Volume

The laboratory-scale HIP shown in Figures 3 snd 1 has recently-
been modified to accept an isolation work zone for radioactive
krypton-85 experiments. A photograph of the modified bottom cover
and isolation work zone canister is shown in Figure 13. The two
sets of inlets allow simultaneous pressurization of the isolation
work zone canister with krypton-85 and of the surrounding volume
with helium.

Mock-up vessels which simulate the laboratory-scale HIP vessel,
isolation work zone canister, and heat shield were tested for remote
operation. An additional alignment fixture, removable bayonet fix-
ture, and manipulator extention fingers (Figure 14) were designed
and fabricated. The remote tests demonstrated that the isolation
work zone canister containing krypton-85 sintered in zeolite 5A can
be remotely loaded and unloaded in the lab-scale, HIP. Radioactive
krypton-85 tests are currently under way using this equipment.
Modifications for full scale remote operation appears to be feasi-
ble, based on the lab scale tests and available HIP technology.

Figure 15, shows the conditions as a function of time during a
commercial scale encapsulation process, including temperature,
krypton pressure in the isolation work zone, and argon or helium
pressure in the volume surrounding the isolated work-zone. The
isolation work package is filled with zeolite beads, zeolite bead-
glass frit powder mixture or compacted zeolite and heated at condi-
tions necessary to give a residual water loading of approximately
1%. In order to avoid loss of solid material, a porous metal filter
is enclosed in the tubing connected to the isolated work package.
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H«llu:n Oat Inttt

Figure 13. Photograph of Modified Bottom Cover
to Lab-Scale HIP with Isolation Work Zone Canister Inserted

During the encapsulation soak time, the krypton pressure inside the
work package and the argon or helium pressure outside the work
package remain balanced. After the encapsulation soak time, the
inner krypton gas can be vented back to storage, resulting in a
compaction of the solid in the canister to form a monolithic block.
If no compaction is desired, both gases can be vented and the work
package cooled. The compaction step is included in the processing
conditions shown in Figure 15 and is illustrated schematically in
Figure 12. The compacted work package can then be removed remotely
and sealed into a second container for long term storage. The total
time required for the encapsulation and compaction cycle is about
ten hours, including loading and unloading the isolated work pack-
age.
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Figure 14. Mock-up of Lab-Scale HIP Components
and Tools Required for Remote Operations
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Figure 15. Temperature and Pressure Inside and Outside
the Isolated Work Zone as a Function of Time

for a Commerical-Soale Krypton-85 Encapsulation Process

The facility floor plan is shown in Figure 16. The facility is
rectangular with dimensions 84 feet long by 52 feet wide and a total
floor area of 4,368 square feet. All radiation areas are con-
structed with reinforced concrete. The facility consists of cells
to contain the HIP processing, krypton-85 gas storage, immobilized
product storage, and other support activities. The structure was
designed to withstand and contain the dynamic and static overpres-
sure and fragments resulting from a worst case rupture of the
HIP.11*20

A krypton-85 release of «r 128,000 Ci is estimated to result
in an off-site dose at 3 km of «r 17 mrem for an ORNL Hydroftacture
facility.21 A maximum krypton-85 accidental release from an en-
capsulation facility is expected to be similar, resulting in a sim-
ilar off-site dose.11 Thus the maximum emergency off-site dose
is well below the emergency protective action guide level of 5 rem
thyroid and 1 rem whole body."22
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Based on a review of nuclear licensing procedures and require-
ments, it was concluded that major concerns appear to be in compli-
ance with applicable codes for HIP fabrication and with developments
associated in scaling up demonstration plants.11 The licensing of
a krypton-85 encapsulation facility should not be excessively expen-
sive or lengthy.1*

Total facility and operating costs were evaluated on a life-
cycle cost basis, following procedures of the Life-Cycle Manual for
the Federal Energy Management Program.23 The manual specifies
that the total present value of the facility is calculated, using a
7 percent per year discount rate for annual costs. The facility
was assumed to operate for 30 years, with no salvage value
remaining thereafter.

The costs of a Kr encapsulation facility described above are
provided in Table II for two sets of design conditions, operating at
300 and 600 cycles per year. Details are provided elsewhere.11

TABLE II

KR ENCAPSULATION PROCESS LIFE-CYCLE COSTS

1.

2.

3.

4.

5.

6.

300
Present Value Initial Capital
Investments (90$ of total)

Present Value of Life Cycle

Present Value of Life Manpower

Present Value of Life Cycle
Materials

Present Value of Life Cycle
Replacement/Maintenance

Present Value of Life Cvcle

cycles/yra

9.

0,

5.

0.

.1

.5

,1

>1

• 9

600 cycles/yrk
9.5

0.6

6.8

4.1

0.9

Replacement/Insurance 0.1 0.1

Total Present Value of All Life
Cycle Costs 19.8 22.0

5 Calculated using the base case from Parsons11,
b Base case from Parsons11.
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IV. Conclusions

The process to encapsualte krypton-85 in zeolite 5A is techni-
cally and economically feasible and can be used to produce a product
with a compact solid mass at 700 °C and 100 MPa. A 2000 MTHM
per year reprocessing plant would result in up to 5 m3 of zeolite
containing krypton-85. At long terra storage conditions of 300 or
400°C, less than 0.03? or O.3J6 of the krypton inventory, ) sspec-
tively, will leak from sintered zeolite 5A.

The encapsulation process requires a hot isostatic press (HIP)
with an 8 or 16 L isolated work zone to operate for 600 or 300
cycles per year, respectively. Since existing HIP technology uses
work zones ranging from 1 to 3500 L in capacity at similar produc-
tion rates, a great deal of flexibility is available, such as oper-
ating with a larger volume work zone, fewer cycles per year, or
lower encapsulation pressures.

Based on a preconceptual design and cost estimate of a krypton
encapsulation facility, the process is economically feasible. No
major technology development is required for the process. Maximum
krypton-85 release from a worst-case incredible accident wGuld re-
sult in maximum doses at the site boundary which are well below the
Protective Action Guides for accidental releases. The licensing of
a krypton encapsulation facility should not be inordinately lengthy
or excessively expensive.
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DISCUSSION

SIEGLER; What is the feed stream and where do you get the
concentrated feed streams?

KNECHT: The compositions are given in the paper. We have
encapsulated mixtures of N2/ O2r Ar, Kr, and Xe with a Kr content
of 54 or 68%. The Kr loading and leakage were not affected by the
added components if based on the partial Kr pressure. There 4©es
not seem to be a limitation on the source of a concentrated feed
stream. It could come from a Kr recovery facility using cryogenic
distillation or fluorocarbon absorption.

MCNSON; Why did you choose zeolite 5A over all other materials
and what is the krypton loading capacity for zeolite 5A encapsulation?

KNECHT: We initially used sodalite, which trapped krypton
physically and did not change its structure. Dr. Penzhorn at KFK
discovered that zeolite 5A could be sintered in the presence of
krypton, trapping the gas atoms by changing the alumino-silicate
structure. We find that the sintered zeolite 5A exhibits much lower
leakage rates than sodalite and is available commercially at low
cost. The krypton loading capacity is quite high, 30 to 60 m3 of
gas at STP per m3 of zeolite solid. This density is equivalent to
krypton storage in pressurized cylinders at 1,000 psi.

MOELLER; Would it be practical to use this system for the
immobilization of 85 ĵr from commercial nuclear power plants?

KNECHT; Yes. This system is being designed for a 2,000
MTHM per year commercial-scale reprocessing plant which would
reprocess the fuel from 67 commercial nuclear power plants.

KABAT: Have you considered that there is any need for
krypton-85 removal from the nuclear power plant?

KNECHT: No. The U.S. regulation, which applies to nuclear
fuel in"the reactor and goes into effect on January 1, 1983, limits
the amount of krypton-85 that you can release to 50,000 curies per
gigiwatt year of electrical generation. About 86% of the krypton
that is in the fuel cannot be released. The regulation does not say
exactly when the release can take place, so presumably you could
recover more of it and then release it later, or use some other ar-
rangement. The regulation is there even though most people recog-
nize that the fuel cladding will retain most of the krypton within
th«> reactor core.

BONKA: I want to coftwtent on the last question. The reten-
tion of 85 Kr at nuclear power plants in not important. The emission
rate is only approximately 20 Ci/GW(e). Without 8 5 Kr retention, che
emission rate at a reprocessing plant with 1,400 T/y is nearly
107 Ci/y
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THE LONG-TERM STORAGE OF RADIOACTIVE KRYPTON BY FIXATION

IN ZEOLITE 5A+.

R.-D. Penzhorn, H. Leitzig, K. Giinther, P. Schuster and H.E. Noppel

Kernforschungszentrum Karlsruhe, IRCh/PWA , 7500
Karlsruhe, Postfach 3640, Federal Republic of Ger-

many.

ABSTRACT

A process developed in Karlsruhe for the long-term storage of radioactive krypton is based
on the observation that, in the temperature range 340 - 650 °C and at pressures above
100 bar, krypton can be trapped efficiently in zeolite 5A. The fixation involves a trans-
formation of the original crystal framework into an amorphous state of the solid substrate.
After conditioning the gas is neither liberated by elevated temperatures, l iq. Rb at 150 °C
nor gamma radiation.

In this report data are presented on the presumable temperature profiles in a final storage
vessel,expressed as a function of the immobilized Kr-85 inventory.The obtained results
correlate well with data estimated from measured thermal conductivities of zeolite 5A.

To verify the process hot experiments were carried out that so far have led to samples with
up to 0.03 [Ci/g ] . Qualitatively, these samples were shown to be stable. A quantitative
evaluation, also with samples having much higher specific activity, is in progress.

A demonstration facility is now under construction. The immobilization of Kr will be
carried out at t < 520 °C and p < 300 bar in a thick-walled one-way autoclave, having
a capacity of 5 litres. Gas pressurization will take place by one of two alternatives : a]
sorption/desorption of Kr in zeolite 5A at above atmospheric pressure and room tempera-
ture or b] sorption/desorption of Kr in zeolite 5A at low temperature and atmospheric
pressure. The one-way autocla^concept leads to a very simple process and provides a highly
safe second containment during final long-term storage.

+ Supported in part by the Commission of the European Communities under its program on
radioactive waste and storage.
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INTRODUCTION

85
Zeolite 5A was recently proposed as a matrix for the long-term storage of Kr , after it

was discovered that noble gases can be immobilized in this molecular sieve by hydrothermal

chemifixation and it was shown that the conditioned gas is very stable towards elevated

temperatures, radioactive radiation and certain chemicals [ 1,2,3 ] . Work carried out

in Idaho has confirmed and extended these first observations [4].

The present paper contains results on the chemifixation of Kr in compacted zeolite 5A.

Data are also given on the thermal conductivity of zeolite 5A, the transport of heat in

the final storage vessel and the fixation of radioactive krypton in zeolite 5A. In addition,

the demonstration facility presently under construction is discussed.

RESULTS AND DISCUSSION

Krypton fixation in compacted zeolite 5A

The bulk density of 2 mm 5A zeolite pellets and the density of activated pellets,measured
3

pycnometrically in toluene, were found to be 0.83 and 1.58 [ g/cm ] respectively. The

resulting external void fraction is 0.47 . If this void fraction is reduced by compaction a
85

decrease in free Kr inventory during chemifixation is achieved. Also, heat transport

during final storage is improved and less waste is obtained. Therefore,it appeared interes-

ting to examine compaction techniques like mechanical compression and dessication of a

slurry. By mechanical compression of 2 mm zeolite pellets, with pressures up to 178
2

[ kN/cm ] , tablets having diameters between 12 and 50 mm and heights up to 30 mm

were prepared. Application of progressively increasing hydraulic pressures yielded tablets

showing a regular increase in bulk density [ see table I ] . As apparent from the data, the

specific BET surface area experiences a significant decrease only, when the employed
2

hydraulic pressure exceeds 100 [kN/cm L In consequence, since the BET determination

is carried out at atmospheric pressure, it is anticipated that at several hundred bar pressure,
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Table I . Manufacture of tablets from 2 mm 5A zeolite pellets

Hydraulic pressure

[ kN/cm2 ]

25

50

75

100

125

175

Density

[ g/cm ]

J.31

1.40

1.46

1.52

1.56

1.66

Specific surface area

[ m2/g ] +

479.0 *• 10.9

-

458.4 + 8.4

445.8 + 12.0

367.1 + 10.6

-

+ the specific surface area of 2 mm 5A zeolite pellets, determined with NL at - 196 °C ,
is 459.9 + 10.2 [ m 2 / g ] .

i.e. during chemifixation, compaction will have little influence on the rate of gas

diffusion into the zeolite crystals. That this is indeed the case is apparent from the results

compiled in table l i . They demonstrate that under identical fixation conditions the volu-

Table II . Krypton fixation in various Ca exchanged type 5A zeolites [ p = 1000 bar ]

Zeolite
[ M O / A I 2 O 3 , M = C a ]

0.102

0.298

0.466

0.550

0.600

0.910

Loading [ cm3STP

2 mm pellets

1.4

8.4

26.6

35.7

35.7

22.4

3
Kr/cm zeolite 1

tablets"""

1.12

52.4

43.4

69.7

71.2

67.1

+ tablets with ? = 1.4 C g/cm3 ] , prepared with a hydraulic pressure of 50 [ kN/cm2 3

metric loading of tablets is at least twice as high as that of 2 mm pellets.
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In one run Kr was trapped in a dessicated 5A zeolite slurry. Employing a fixation pressure

of 1000 bar at a temperature of 520 °C , a loading of 57.3 [cm STP Kr/g ] was obtained,

which is higher by a factor 1.8 than that achieved under identical fixation condition! in

2 mm pellets.

The effect of compaction on the volumetric loading of an autoclave is illustrated in table I I I .

Table III Degree of filling of an autoclav

Aggregation form of
matrix

2 mm pellets

slurry

tablets

tablets + pellets

Density of matrix
[kg/I]

1.4

1.0

1.4

1.4

Filling
[kg/I autoclav]

0.7

1.0

1.1

1.2

Loading
[1 STPKr/l autoclav]

14

20

22

24

3
+ based on a loading of 20 [ cm STP Kr/g zeolite ]
++ 0 tablet/ 0 autoclav = 0.33

The highest loading is achieved when the autoclav is filled with a combination of pellets

arid ablets.Filling can also be improved when pellets of two different diameters are

employed [ 5 ] .

Thermal conductivity of zeolite 5A

85

Because most of the 6-radiation [ average energy = 0.246 MsV ] emitted by Kr is ab-

sorbed by the solid matrix a temperature rise in the fixation media is expected. For a re-

liability assesment, but also to maximize loading without sacrificing safety gained by

immobilization, it is necessary to know the temperature profile that developes.The maximum
85

temperature will depend upon the specific Kr activity, the thermal conductivity of the

fluid media surrounding ths solid, the void fraction of the solid and the thermal conducti-

vity of the solid. At atmospheric pressure the heat conductivity of most gases is low. There-

fore, heat transport will take place essential I ly near the contact points of the granular

material. 361



17th DOE NUCLEAR AIR CLEANING CONFERENCE

To measure the thermal conductivity of zeolites a comparison method was chosen, which

involves a measurement of the temperature difference between two points in a material

when, under steady state conditions, heat flows linearly from one point infthe direction of

the other. The temperature difference is related to the heat flow by Fourier's equation.

Several types of samples were examined, employing Pyrex 7740 as the reference material:

fluid medium/fiber glass, 2 mm 5A pellets in several fluid media and zeolite 5A tablet.

No attempt was made to determine accurate thermal conductivity values of the gases. A

few measurements with argon, krypton and air were only carried out to calibrate the system.

For this purpo$e,a fiber glass filling material,having a bjlk density of O.I1 L g/cm ] and a

thermal conductivity about 25 times lower than that of Pyrex 7740, was placed between

the reference cylinders.

Che aspect that needs to be considered when determining the thermal conductivity of

zeolites is the high affinity of these molecular sieves for water. For instance, a activated

sample, left under ambient conditions for several hours, will sorb up to 21 weight % of

water. It is thus clear that, in a study on the temperature dependance of the thermal con-

ductivity, the initial water content of a non activated zeolite will not remain constant.

Since the water content in the crystalline framework has an influence on the thermal con-

ductivity it is difficult to obtain meaningful results. These considerations may explain the

observation that, whereas at lew temperature, i .e. 300 K , the thermal conductivity of

non activated 5 A tablets [ 0 = 50 mm, height = 15.8 mm and I = 1.5 [g/cm TJ is

is higher by approx. 0.03 [ w / m - deg] than that of a pretreated tablet [ 0.19

[ w / m • deg ] , at temperatures above 550 K both samples have about equal thermal

conductivity [a t 550 K 0.25 [ w/m • deg] .

Zeolite 5A containing trapped gas will no longer sorb water [2]. its internal void fraction

is nearly zero as indicated by the specific surface area, which decreases from an initial
2 2

450 [ m / G ] of the pretreated, unloaded 5A zeolite to about 2 - 3 [ m / g ] after noble

gas fixation. Thus the thermal conductivity in air of zeolite 5A containing 43 [ cm *>TP/g]

noble gas was measured both in form of 2 mm pellets and as a tablet [ dimension;; as above ] .

It was found that t!ie thermal conductivity of the pellets increases linearly with temperature

from 0.11 isp to 0.16 [ w/m • deg] in the range 20 - 280 °C . hi the same temperature
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range the thermal conductivity of the tablet was about twice as high.

The thermal conductivity of zeoSiite pellets increases in the order 1 : 1.3: 1.5 when the

measurement is carried out in the presence of Kr, Ar or air. Analogous measurements with

a monolithic zeolite block indicate that after compaction the influence of the surrounding

fluid medium becomes negligible*

A very crude estimation of the absolute thermal conductivity of zeolite type A. gives a value

of about 1 [ w/ni • deg ] at 300 °C, similar to that glass or quartz

Heat transport measurements

Christensen [6] calculated the heat transport through cylinders containing pilled zeolites

cooled by natural heat convection. He examined the interaction af cylinder radius, ° Kr

loading, and centerline temperature for sodalite pellets. An experimental verification of

the calculation was however not carried out.

To simulate a final storage vessel 'rwo stainless steel cylinders of equal length [ 1000 mm ]

but different diameters, i.e. 89 and 134 mm, were employed.The respective wall

thicknesses were 3 and 4.5 mm. Each cylinder was provided with 12 axial Ey and

radially distributed Fe/constantan thermocouples as weli as four heating coils [ see f ig. 1 f

which shows zeolite pellets in a pyrex glass tube ] . Al l measurements were carried out with

activated, unloaded 2 mm 5A zeolite pellets. Cooling occured by natural convection.

Fig. 2 shows a tridimensianal plot giving the axial cylinder temperatures vs the radioactive

gas loading and the cylinder radius of the larger vessel. Fig. 3 shows similar data together

with temperature profiles [dotted lines ] estimated with thermal conductivity values obtained

in this work. The agreement between the experimental temperature profiles and those

calculated employing appropiate heat conduction equations, is satisfactory. It is seen that
or

natural convection will remove the heat generated by radioactive Kr decay and will

maintain the maximum centerline temperature in a 134 mm 0 storage vessel at tempera-

tures below 80 C, provided the specific loading is lower than 30 [ em STP/g 1. These

temperatures are to considered upper limits, because activated zeolites conduct heat less
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Fig. 1 Experimental set-up showing heating coils, and thermocouples.

w
210

I «0

ISO

«0

<0

30

Fig. 2 TridJmensional graph of the axio! temperature vs loading and radius of a 134 mm 0
vessel containing 2 mm 5A zeolite pellets.
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Fig. 3 Temperature profile in a 90 mm 0 cylinder as a function of zeolite loading
with radioactive krypton. The dotted lines correspond to temperatures calculated
with thermal conductivity values obtained in this work.

efficiently than non activated zeolites or zeolites containing trapped noble gas. Furthermore,

for commercial krypton disposal,some form of compacted zeolite, having higher thermal

conductivity, will probably be employed.

Chemifixation of radioactive krypton

To verify the process and obtain n product for observing the long-term effects oF decaying

radioactive krypton several hot samples have been prepared. The employed equipment, shown

in fig. 4, is very simple. It consists essentially of a one liter storage cylinder, a 4 cm
3

pressurizetion vessel and a 1 cm autoclave,containing the zeolite. To carry out a fixation

the system is first evacuated. Then the zeolite is activated and radioactive krypton ex-
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ponded into the storage cylinder until a pressure of about 1 bar is reached. Next, Kr is

frozen out with l iq . NL in the pressurization vessel and, after closing the appropiate

valve, expanded into the pressurization vessel and the autoclave.When the pressurizotion

vessel is heated up to 400 C a pressure of approx. 180 bar builds up. At the same time

Kr is sorbed by the zeolite [ still at room temperature]. Fixation takes place when,finally,

the autoclave is heated up to 520 C. By the above procedure three active samples have

been prepared. Their loading and specific activity were 19.6, 20.6 and 19.4
3 85

[ c m STP Kr/g ] and 0 .2 ,28 .3 and 24.3 [mCi/g] respectively. Q ualitative inspection

of these samples for a period of approx. three month showed them to be stable. A quanti-

tative evaluation, designed to examine leakage [ effect of temperature] and chemical

stability is in progress.

Within the next few month's additional samples, having a specific activity of the order of

3 - 10 [ Ci /g ] wi l l be produced. This specific activity is equal or higher than that expected

during final storage.

Facility for the immobilization of krypton

A fac i l i ty , illustrated schematically in f i g . 5, is presently under construction. The major

equipment includes an thick-wafled externally heated one-way autoclave provided with a

quick connector, an oven for the pretreatment of the zeolite also to be employed for the

hydrothermal krypton f ixat ion, several pumps, a compressor [ up to 7 bar ] , several storage

cylinders manifolded together with stainless steel lines, safety devices, temperature and

pressure registration, etc. Gas densification wi l l be achieved by sorption/desorption either

at 4.5 bar and room temperature or at 1 bar and - 20 C [see f i g . 6 ] . Under these

conditions enough gas wi l l be sorbed by the zeolite so that, upon raise of temperature up to

520 ° C , a pressure of approx. 300 bar wi l l build up in the autoclave due to desorption, and

about 22 [ cm STP/g ] noble gas wi l l be immobilized by chemifixation. By this procedure

the process is considerably simplified, because gas pressurization is achieved without a

high pressure compressor or a complicated cryopump. The faci l i ty wi l l provide information

onlarge scale pretreatment,heat transport, material behaviour,energy consumption, opera-

tion t ime, loading homogeneity, safety devices, etc.
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520" C

pressure [bar]

Fig. 6 Sorption and fixation isotherms for krypton in zeolite 5A

The main advantage of the one-way autoclave concept is seen in the simplicity of the process.

In addition, the one-way autociavecan be considered a highly safe secondary containment

during finai disposal Jbecause of its inherent resistance towards internal and/fc>r external

corrosion, mechanical destruction and temperature excursions.
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DISCUSSION

KNECHT: I would like to comment on tii1? differences in scale
of your and our envisioned commercial-scale encapsulation facilities.
We are considering a design for a Kr immobilization facility for a
2,000 MTHM per year reprocessing plant while you are considering a
design for a 300 MTHM per year reprocessing plant.

PENZHORN: That is correct. We believe that the one-way auto-
clave concept will be particularly suitable for conditioning the
krypton-85 produced in small reprocessing plants (300-350 MTHM per
year).

EBY: What do you see as the primary contributing factor
for the improvement in loading capacities that you have observed in
your recent work as compared to the 1978 studies?

PENZHORN; I like to distinguish between 1) totally reversible
sorption, 2) encapsulation, which involves trapping without destruc-
tion of the crystal framework and 3) chemifixation, an irreversible
process which takes place after the pores to the cavities are closed
by a hydrothermal reaction. It was the discovery of the latter
form of immobilization that led to improvements of the sorption
capacities. By chemifixation, gases can be trapped efficiently in
large cavities with large pore openings as opposed to encapsulation
were you look for pore openings smaller than the effective kinetic
diameter of the gas to be immobilized. Also, in chemifixation,
high pressures are no longer required because loading occurs by
sorption and not by activated diffusion.

VIKIS: Is the chemical purity of krypton, particularly with
respect to the air components, critical to the success of this
method?

PENZHORN: No. We think that the composition of the gas to be
conditioned is of no consequence to the process. In fact, we have
shown that Ne, Ar, Kr and Xe can be trapped in zeolite 5A. Also,
1:1 mixtures of Ar and Xe, as well as Kr and Xe, have been immobilized.
In this case, however, we noticed an enrichment of Xe in the zeolite.
This is due to the fact that Ar and Kr are sorbed less efficiently
by zeolite 5A than Xe.
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VOLATILIZATION AND TRAPPING OF RUTHENIUM
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Work performed within a contract with DWK in Germany in the
framework of the HAW technological programme for the vitrification of
HLW.

I. Introduction

Solid radioactive aerosols and semi-volatile fission products
e.g.. Ru, Cs, Sb are generated during high level waste calcination and
vitrification processes. The retention of Ruthenium has first been
studied because of its strong tendency to form volative compounds in
oxidative media. Since RuOu was the suspected form for the high
degree of volatilization during high temperature processes, the study
has started with testing of capture materials for the trapping of

II. Materials for the retention of

Two types of trapping materials were tested, either adsorbants
such as Silica-gel operating above the dew point of the gas, either
catalysts such as ferric-oxide/chromium oxide catalyst operating at
300 °C. Detailed results of this laboratory study are reported else-
where (1) (2) .

Three different cases were considered for the carrier gases :
- RuO^ mixed with dry air ;
- RuOij mixed with moist air till a dew point of 85 °C ;
- RuOi, mixed with NOx and water vapour produced by high temperature
calcination of nitric acid.

For the adsorption on Silica-gel, the bed temperature, which
must be higher than the gas dew point, determines the adsorption
capacity and the DF. At room temperature, an adsorption capacity of
1 mg/g and a DF of 1000 were obtained for an inlet concentration of
100 mg/m3. At 100 °C, with or without water vapour, the adsorption
capacity is lower than 0.2 mg/g and the bed is very rapidly saturated,
moreover the presence of high concentrations of water vapour de-
creases the adsorption capacity of the bed for RuOi,. For the adsorp-
tion of the volatile ruthenium on silica-gel at 100 °C, the presence
of NOx greatly improves the performance of the bed. Indeed, with NOXr
no breakthrough of the bed could be measured and the DF of the bed
increased with time (DF from 10 to 100).

In all the cases, the adsorbed species on the bed is slowly
reduced into a more stable species, probably ruthenium oxides.
Without N0x» the adsorbed species on the bed can generally be desorbed
nearly quantitatively (till 75 %) ; in presence of NOX» the desorption
is limited to 5 % maximum.
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For the retention on a ferric oxide/chromium oxide catalyst, in
all the cases the capture mechanism is a catalytic decomposition of
the volatilized species which is transformed into solid oxides. The
deposit of ruthenium oxides enhances the reaction rate so that the DF
increases with time. The capacities are higher than 10 mg/g since no
bed breakthrough are observed. The initial DF is one order of magni-
tude lower in presence of NOx which indicates that the reaction rate
is lower. Consequently the RuOi, very unstable at 300 °C is easily
trapped, but in presence of NOX the species formed is more stable and
so has a lower decomposition rate.

A general conclusion of this study is, that in presence of NOX>
the concept of a stable RuOi* is not any more valid and that the
volatile species is probably a nitrosyl ruthenium compound more
stable, and more easily adsorbable but more difficulty decomposable
than RuOi,. As a consequence, RuOi, trapping study was stopped and a
study on Ru behaviour during high temperature calcination or vitrifi-
cation of nitric acid solution of Ru was started.

III. Calcination of nitric acid containing ruthenium

In the CALCILAB laboratory unit described in (2), nitric acid
solutions containing RuNO(NOa)x(OH)3_x complexes are calcined in an
inconel calciner with a through-put of about 50 ml/h. The Ru-volati-
lity varies between 50 and 70 % at 600 °C and decreases to 30 % at
higher calcination temperatures of 800 to 1000 °C.

The nature of the volatilized species depends also on the calci-
nation temperature ; at 600 °C, the Ru coming out of the calciner is
almost completely condensed (DF condensor 360) and only a minute
fraction is in aerosol from (0.2 % ) . If the calcination temperature
increases, the % of Ru in aerosol form increases exponentially and
reaches respectively 1 and 8 % at 800 °C and 1100 °C, That means
that the condensor DF decreases from 80 at 800 °C to 13 at 1100 °C.
The condensed form of Ru is soluble in the acidic condensate (pink
purple colour) but is slowly reduced to an insoluble oxide. In these
conditions, if a specific Ru filter is placed at the exit of the con-
densor, the efficiency of the bed will be very small since only the
aerosol form of Ru is still present in the off-gases.

If the specific Ru filter is placed directly at thf? exit of the
calciner, the volatile species can be trapped. A silica-gel adsorbant
bed operating at 100 °C shows an efficiency from 10 to 100 which in-
creases with time. Saturation of this bed is not observed so that
the silica-gel capacity is at least higher than 1 mg/g. The adsorp-
tion mechanism seems to be similar to the mechanism occuring when

and NOX are mixed together.

A ferric oxide/chromium oxide catalyst can also achieve DF's
higher than 10. The mechanism is also similar to these observed when
RuOi» and NOx were mixed namely :
- increase of the DF with time i.e. with increasing ruthenium oxides
deposits ;

- irreversibility of the trapping by catalytic decomposition into
stable ruthenium oxides.
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IV. Behaviour of Ru in a liquid fed melter

In order to simulate the PAMELA concept for the vitrification
of H.L.W., a laboratory unit called VITRILAB with a 2 kg glass capa-
city and with liquid feed on the molten glass surface has been con-
structed. The off gas purification line comprises in series a packed
bed dust scrubber, a specific Ru filter, an ejector venturi, a conden-
sor and finally a washing bottle and an absolute filter. The liquid
feed is a simulated LEWC solution containing traced ruthenium species.
The flow sheet of the laboratory VITRILAB unit is given in fig. 1 and
the composition of the simulated LEWC solution is given in table I.

Volatilization of Ru from the glass melter

Volatility of Ruthenium with an LEWC liquid feed. The volati-
lity of Ru in a liquid fed melter depends on a number of factors such
as liquid flow rate, degree of coverage of the glass pool with a mol-
ten salt layer and air sparging flow rate. With a liquid flow rate
of 0.14 1/h and an air sparging of 90 1/h, the volatility ranges from
15 to 20 % in the begin of a run but rapidly decreases to values
ranging from 10 to 7 % when a molten salt layer covers the glass
surface. An increase of the liquid flow rate from 0.14 to 0.17 1/h
and a decrease of the sparging air flow from 90 to 60 lN/h result in
a decrease of the mean volatility till values of 7 to 3 I.

Composition of simulated LEWC solution.

154 g/1

75

68

9.5

9

7.9

7.4

3.3

4

3.6

1.9

1.9

1.2

6.3

Specific activity of traced Ru solution

0.1 to 2106 Bq/1

Special cars is necessary to avoid blockage of the off gas out-
let pipe by ruthenium oxides and dust deposition. In order to prevent
the formation of a dust layer in the off gas pipe, a small fraction
of the circulating liquid of the dust scrubber is fed countercurrent
into the outlet pipe, vaporizes in contact with the outlet tube and
so washes out the deposit.
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Table I. Con

NaNO3

Fe(NO3) 3.

A1(NO 3) 3.

Ni(NO3) 2.

Na2MoO.» .

Ce(NO3) 3.

Cr(NO3) 3.

Ba(NO3) 2

La(NO3) 3

CsNO3

Y(NO 3) 3 .

Sr(NO3)2

Zn(NO3) 2.

RuNO(NO 3)

iposit

9H2O

9H2O

6H2O

2H2O

6H2O

9H2O

6H2O

6H2O

3
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The distribution of Ru present in the off-gases between the
aerosol and the volatile form have been determined by sampling with a
cascade impactor followed by a condensor, a wash bottle and a final
fiber filter. The flow sheet of the sampling unit is given in Fig.2.
Very short sampling times (a few minutes) can only be used with the
cascade impactor due to clogging of the jet nozzles of the two last
stages (0 1 and 0.6 mm) so that the representativity of the sample is
not excellent. Moreover, the impactor must be heated up till 150 °C,
in order to prevent water condensation, so that volatile Ru present in
the off-gases could be partly decomposed on the walls of the impactor.
Nevertheless, it seems that the fraction of Ru still volatile is
smaller than 10 % (values down to 0.1 % have been obtained). This
fraction, passing through the impactor, is trapped in the condensor
and no Ru is found in the wash bottle and in the final filter.
The activity mass median aerodynamic diameter of the aerosol at the
exit of the oven lies between 1 and 7 ym and the distribution is quite
large (geometric standard deviation Sg = 3)

Volatility of different Ru species. Experiments have been per-
formed with the aim of comparing the volatilities of different Ru
species fed simultaneously with LEWC on a glass pool.

The different tests were :
- RuNO(NO3)x(OH) 3-x 2 g/1 ruthenium in LEWC at a flow rate of 0.14 1/h
corresponding to 280 mg Ru/h ;

- RUO2 2 g/1 as a suspension in LEWC at the same flow corresponding to
280 mg Ru/h ;

- RuOi, 280 mg Ru/h sparged with air, fed at the top of the glass oven
and mixed with the off-gases coming from the LEWC feed ;

- RuNO(NO 3)x(OH)3-x 2 g/1 in LEWC and with the addition of 100 g/1
SUGAR (SACCHAROSE) in the LEWC solution.

Clogging problems at the Ru inlet and at the off-gases outlet'
appeared during the RuOi* tests. High dust concentration during the
sugar test lead also to clogging problems at the outlet of the oven.
Due to these experimental difficultiesf the interpretation of the
results is not simple, nevertheless it seems clear that the DF of the
oven varies in function of the Ru species fed. With RuNO(NO3)x» the
mean DF is 13 ; for RUO2 the DF is much higher and reaches a value of
40 ; for RuOn, the error on the DF is great but it seems that before
clogging, the DF lies between 3 and 8. For RuN0(N03)x

 + SUGAR, the
DF of the glass oven is 1, for the packed bed scrubber 6 and for the
venturi ejector 400. The washing solutions contain a very great
amount of insolubles. The addition of sugar seem to induce the for-
mation of a great amount of dust which is not trapped in the molten
glass layer.

Volatility of Ru from the glass-oxide melt. When the glass
oven containing molten glass and waste oxides is sparged with air a
reentrainment of Ru occurs. The fraction of Ru present in the spar-
ging air represents a release of 0.1 to 0.01 % pro hour of the Ru
activity in the glass. The release increases with the gas flow rate
so that the activity released pro hour increases linearly with the
square of the gas flow rate. A decrease of the glass temperature from
1100 °C to 800 °C result in a decrease of the Ru entrainment by a
factor of 10 to 100.

375



17th DOE NUCLEAR AIR CLEANING CONFERENCE

Packed bed dust scrubber for the capture of Ru

The characteristics of the glass packed bed dust scrubber, used
as first purification device in the off gas line, are given hereafter
- geometric characteristicsistxcs :

100 1/h.

diameter
height
packing

: 5 cm
: 25 cm
: Rashig rings
outside diam.
height
inside diam.

: 0
: 0
: 0

.7

.7

.4

cm
cm
cm

- liquid flow rate

In order to avoid an increase of the volume of the circulating
solution, the scrubber operates at a temperature regulated in such a
way that the water vapour content of the off gases does not condense
out in this scrubber. Therefore, the operating temperature depends
on the LEWC liquid feed rate and on the sparging air flow rate. The
table II gives the operating temperature for different LEWC and air
flow rates.

LEWC
liquid feed

1/h

0.14

0.J.7

Air
gas feed

lN/h

90

60

Table II

Operating
temperature

°C

89

93

Water
content
% V/V

65

78

The operation of the dust scrubber is very sensitive to varia-
tion in the operating temperature since a 4 degrees variation means
an increase of the total gas flow through the scrubber by a factor
1.6. The liquid flow rate is choosen to work below flooding condi-
tions for the highest operating temperature. The representativity of
the liquid sampling during a test is doubtful due to the presence of
insolubles and to the deposit of ruthenium on the Rashig rings. A
mean global DF is determined after each test by measurements of the
circulating solution and of two successive rinsing solutions. The
distribution between soluble and insoluble fraction is generally 1/1
and the fraction of Ru deposit on the Rashig rings can reach 25 % of
the total quantity of Ru trapped in the scrubber. The global DF of
the dust scrubber varies between 10 to 50 with a mean value about 20.
The activity mass median aerodynamic diameter of the aerosol leaving
the dust scrubber lies between 0.3 and 0.6 urn and the distribution is
quite narrow (Sg = 2).

No significant quantities were found after the cascade impactor
which means that the ruthenium at the outlet of the dust scrubber is
only in aerosol form.

Specific volatile ruthenium trapping bed

The second barrier for Ru in the off gas line as initially
foresesn in the Pamela project, was a silica-gel bed operating at
120 °C in order to avoid condensation problems. Such a filter, which
had given favourable results when placed at the exit of a calciner
appeared useless in the Vitrilab off gas purification line. The
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ferricoxide-chromiumoxide catalyst gave also very low decontamination
factors.

Preheating of the gases between the outlet of the dust scrubber
and the inlet of the silica-gel bed resulted in an increase of the DF
of the bed with an optimum preheating temperature of 400 - 600 °C. In
these conditions, DF higher than 10 could be achieved. In spite of
the improvement of the bed efficiency, it has been noted that the
activity first decreases with the length of the bed till a minimum and
then again increases till the end of the bed. In the last layer, a
loose dust deposit containing Ru oxides is accumulated and represents
the majority of activity of this layer, whereas in the first layer the
Ru is trapped on the silica-gel pellets and reduced to a gray deposit.
These observations have led to a modification of the installation in
order to determine the distribution of Ru between the aerosol and the
volatile form in function of the preheating temperature.

A flow sheet of the modified installation is described in
figure 3 and in table III are given for preheating temperatures of
180, 400 and 600 °C :
- the ratio O/I which represents the ratio of the quantity of Ru in
the off gases after the preheater to the quantity present at the
inlet of the preheater ;

- the distribution of Ru after the preheater between the filterF, the
condensor C, the caustic washing bottle B, and the final fiber fil-

ter FF.

Table III. Distribution of Ru after the preheater

Preheating temperature
°C

180 400 650

O / I

F %

C %

B %

FF

0 . 8 - 0 . 9

9 9 . 7

0 . 2

0 . 1

BG*

0 . 8 - 0 . 9

99.7

0 . 1 5

0 . 1 5

BG

0 . 3 - 0 . 5

9 3 . 1

6 . 6

0 . 3

BG

BG : measurement not significantly different than
the background.

At preheating temperatures from 180 °C to 400 °C, only a small
difference was observed between the activity in the off-gases before
and after the preheater. But at 650 °C, the activity after the pre-
heater was 30 to 50 % of the activity before ; this means that ruthe-
nium is deposited on the surface of the preheater. Washing of the
preheater with water removes only 15 % of the total activity depo-
sited, the rest is only removed from the surface by chemical attack
of the stainless steel. At 650 °C the DF of the glass fiber filter
is quite lower (15) than for the lower preheating temperatures (DF
greater than 300). The ruthenium not trapped by the filter is mainly
trapped in the condensor.
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Impactor

Fi l ter

Wash bott le
JCondensor

Fig. 2. Flow sheet of the sampling unit

0

Preheater
F i l t e r

I

B

Final
filter

FF

Wash
bottle

Condensor

Fig. 3. Modified installation for the study of the influence of
the preheating temperature
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Some qualitative observations can be made on the basis of these
experimental results :
- at 650 °C, there is a chemical reaction between the Ru and stainless
steel (in the literature, the optimum temperature for volatile Ru
deposit lies in the range 400-650 °C) ;

- at 650 °C, there could occur a partial volatilization of the aero-
sols of oxides of ruthenium by the combined action of NO2 and O2.
This volatile species is not stable at high temperature and reacts
with stainless steel, this species at low temperature is condensable
and soluble in the acidic condensate.

Ejector venturi

The ejector venturi operates with a nozzle pressure of 3 bars
and a liquid flow rate of 300 1/h. The circulating solution is
saturated with nitrates to avoid NO degassing problems in the pump.
When the ejector venturi is not cooled, the temperature of the cir-
culating solution stabilizes at 84-86 °C so that the volume of the
circulating solution is nearly constant. When the circulating solu-
tion is cooled, the temperature is stabilized at 50 °C so that the %
of water vapour in the off-gases decreases from 55 % to 12 %. The DF
of the ejector venturi increases when the DF of the system glass oven-
dust scrubber decreases, but decreases in the opposite case so that
the over-all DF glass oven-dust scrubber - venturi ejector remains
high. During the experimental campaign, over-all DF of 5.103 to 2.101*
were obtained for the three units in series which corresponds to DF's
for the ejector ranging from 10 to 50.

V. Conclusion

This experimental study has indicated the importance of moisture
and NOx vapours on the volatility and trapping conditions of ruthenium
in high temperature processes. Also the process operating conditions
have a great influence on the ruthenium behaviour in the off-gas puri-
fication units.

Of particular interests is the observation that the ruthenium
release during direct vitrification of simulated high-level liquid
waste is a factor of about 5 smaller than the ruthenium release during
calcination of this type of waste. Moreover, in the direct vitrifi-
cation case the ruthenium escapes mostly in the form of an aerosol
whereas in the calcination case a volatile ruthenium compound is domi-
nating. Consequently, a specific ruthenium filter is not any more
needed in the off-gas line of a direct vitrifier simplifying in this
way the number of units in this off-gas line and avoiding the handling
and controlling problems of such a ruthenium filter.

In the future, a similar programme will be started on the vola-
tility of cesium and antimony in a liquid fed melter and on the tech-
nical reliability of the liquid fed melter and its assiciated gas
purification units on a semi-pilote scale under simulated conditions.
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DISCUSSION

CHRISTIAN: With regard to the suggested ruthenium nitrosyl
vapor species in the presence of NOX, I obtained spectral evidence
for chemical interaction between gaseous ruthenium tetroxide and
nitrogen dioxide. When the tvo gases are placed at measured
concentrations in a quartz cell, the uv-visible spectra of both
RuO4(g) and NO2-N2O4(g) are diminished and a new strong charge
transfer band appears. Similarlyr the infrared spectrum of the
system exhibits no vibrational bands of RuO4 or nitrogen oxide
species and two uncatalogued bands appear. Also, the equilibrium
pressure of RUO4 over RuO2 in O2 or NO2 is insufficient to account
for the observed partial pressure of ruthenium in the offgas of a
fluidized-bed calciner. This provides additional evidence of the
formation of a more volatile, stable species than RUO4 in the
presence of NOX.

KLEIN; Our observations were quite similar. The fol-
lowing observations, not mentioned in the paper, were made.
RUO4 and NOX, mixed in the presence of air, react to give a pro-
duct which deposits in the glass tubing. This deposit is not
stable; indeed this deposit is only soluble in nitric acid solu-
tion when tube washing is performed immediately. Otherwise,
insoluble compounds are formed if the washing is not performed
immediately. RUO4 and NOX, mixed in the presence of air in a
bubbling column containing nitric acid, also react to give
various RuNO(NO3>x compounds soluble in nitric acid.

DEUBER; Did I understand that in your investigations
the gaseous Ru specie most difficult to trap was found to be
RUO4?

KLEIN: Indeed, the adsorption tendency of RUO4 on
silica-gel is lower than the adsorption tendency of the RuNO
complex. However, RuO4 has a lower stability than the RuNO
complex so that, in the case of catalytic beds such as ferric-
oxide/chromium oxide catalyst operating at 300°C, RUO4 is more
easily trapped than the RuNO complex.
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ABSTRACT

The 14C produced from nuclear power plants is actually totally emitted from
nuclear power plants and reprocessing plants. Using the radiation protection prin-
ciples proposed in ICRP 26, 14C should be retained at heavy water moderated reactors
and reprocessing plants due to a cost-benefit analysis. In the frame of a research
work to cost-benefit analysis, which was sponsored by the Federal Minister of the
Interior, an industrial plant for ^^C retention at reprocessing plants for LWR fuel
elements has been planned according to the "double alkali process". The "double
alkali process" has been chosen because of the sufficient operation experience in
the conventional chemical technique. In order to verify some operational parameters
and to gain experiences, a cold test plant was constructed. The experiment results
showed that the "double alkali process" is a technically suitable method with high
operation security. Soldifying CaCO3 with cement gives a product fit for final dis-
posal.

I. Introduction

Since about 1972 the radiological significance of 14C emissions from nuclear power
plants and reprocessing plants is discussed. It started with the expected emission
of reprocessing plants for high temperature nuclear reactor fuel elements /I/.
Comparative calculations for other reactors and reprocessing plants showed that
their emission rates cannot be neglected while considering radiologically all radio-
active emissions /2/.

The retention of 14c has been discussed in Germany in connection with the
"Gorleben-Project" /3/, which has been upset in the meantime. At that time a deci-
sion was not possible, because no technical solution was available. The Federal
Ministry of the Interior in the F.R.G. sponsored within the scope of a cost-benefit
analysis, made by the Professorial Chair for Nuclear Reactor Technology of the
Technical University Aachen /4/, /5/, the Linde company in Hollriegelskreuth, F.R.G.,
for designing a plant with data for investment and operation costs. Simultaneously
special processing problems should be researched in an nonactive plant /6/.

II. Production and release of 14c from m-.lear power
plants and reprocessing plants

is mainly produced in nuclear power plants due to fission and neutron
capture in 13c, 1 % and 1?O in the fuel elements, in the coolant, in the moderator,
and in the air respectively the nitrogen at the outside of the reactor pressure
vessel.

This work was sponsored by the Federal Minister of the Interior of the F.R.G. under
Contract No. St. Sch. 68Oa ans St. Sch. 68Ob.
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The l̂ C production rates and the expected emission rates from the different
nuclear power plants have been calculated in various publications, see table I. The
total results agree quite well, although greater differences for some reaction rates
occur. The calculation results agree extensively with the measured results, see e.g.
/27/, /28/, /29/, /3O/, /31/, /32/. Table II gives a detailed survey of the produc-
tion rates according to /16/. The calculations were based on the C-, N- and O-impu-
rities listed in table III.

The expected *4C emission rates from nuclear power plants and reprocessing
plants during normal operation are listed in table IV. For water-cooled reactors the
14c that is totally produced in the coolant and moderator is emitted from the nuclear
power plant. Measurements showed that in boiling water reactors *4C is emitted to
up to more than 95 % /28/, /31/, /32/ as CO2 and in pressurized water reactors to
up to more than 90 % as CH4, C2H5 and other hydrocarbons /27/, /31/, /32/, due to
the hydrogen addition. In reprocessing plants the total *4C in the fuel element is
released during the dissolution and emitted to more than 99 % as CO2/ as measure-
ments at the reprocessing plant Karlsruhe showed /29/, /30/.

III. Radiological significance of the *4C emissions

When regarding the maximum possible individual dcses in the vicinity of repro-
cessing plants, it is obvious, that the radiological impacts of an emission rate of
5OO Ci/a via a 2OO m stack are small. Fig. 1 shows e.g. the average air concentra-
tion at ground level in main wind direction (eastern direction), if 500 Ci/a 14C
were emitted via a 100 respectively 200 m stack. The meteorological data of Hannover
were used for the calculations. Fig. 2 shows the maximum possible total body annual
dose according to the specific activity model /33/ for this case. The natural total
body annual dose due to *4C is approx. 1.3 mrem/a for a CO2 concentration in the
atmosphere of 330 vppm. Total body annual doses due to globally distributed i4c in
the range of 1 up to 2 mrem/a could be possible in the future, if nuclear energy
would be used more intensively /34/, /35/. Fig. 3 showes as an example the change
of the total body annual doses due to globally distributed 1 4C, if the total 14C
would be emitted- from 1000 nuclear power plants with light water reactors with an
electric capacity of 1000 MW each and the corresponding reprocessing plants. The
changes due to the combustion of l4C-free fossile fuels and the 14C of the nuclear
weapon tests /34/, /35/ has been neglected. 5O % of the annual dose occur due to
the emissions of nuclear power plants, see table IV.

A totally different impression occurs, when using the new radiation protec-
tion principles in ICKP 26 /36/. According to these principles the aspired reten-
tion of radioactive material in nuclear power plants should be determined according
to a cost-benefit analysis. On the first path exposure the collective dose due to
14C is 3 man«rem/Ci. The global contribution can be taken from fig. 4; for an in-
tegration time of 5OO years it is 55 man• rem/Ci. Based on a time of e.g. 5OO years,
the relation between annual costs, see chapter V, and reduced collective dose (cost
effectiveness) results a value of approx. 30 J{/man-rem, taking into account that
due to a *4C retention facility in a 1400 t/a reprocessing plant 450 Ci/a are re-
tained and finally disposed. For the retention and the final disposal of 3H, SSĵ r,
129i and the aerosols a cost-effectiveness of approx. 2OO, 250, 5 respectively
20 0/man*rem /4/, /37/, /38/ occurs. 129I and the aerosols have to be retained in-
dependent from a cost-benefit analysis because of the maximum individual dose. That
means, 14C has to be retained before 3H and 8 5 K T are retained according to the radi-
ation protection principles in ICRP 26. As a standard value for the costs of detri-
ment it is suitable to base on approx. 100 0/man-rem according to the costs of fatal
road accidents /39/. In the literature values of 10 up to 10O0 jS/man-rem are used.
Argentine demanded first a *4C-retention facility for a nuclear plant in the heavy
water moderated reactor Atucha I.I /4O/.
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TABLE I: Calculated producticr.- and release-rate of 11

a) after measurements at /27/ and /28/
b) 1O *. of production rate at fuel
c) nitrogen impurity at coolant 5 to 4O ppm

C in different nuclear reactor types and reprocessing plants /16/

d) only coolant
e) with graphite Moderator
f) up to 7 Ci/day calculated, aost fixed in structural

materials

Reactor
type

BWR

PUB

HWR

MAGNOX

AGR

HTR

FBR
jUO2-fuel

[(U.PlUN-
tuel]

FUSION

Thermal
efficiency

M
33
33
33
33
33
34
34
33

33

33
33
33
33
34
33
33
33
33

30
33
32

30
30

40
41

41

41

41
38.5

41

41
35
35
35

41

41
41

Calculated prcxiuction rate [ci/(GW(e)-a)J

Coolant and fuel of fueL clement

Coo ̂  **n *

Assumed
ft
N2

[ppm]

5
o

1
o
1
1

5

5
0

6.4
5
1

5

5

200
200

2OO
2OO

1

1

1

Acti vi ty

f Ci
Lewie)-aj

11.2
11.5
1G a)
9.2
1O.7
8
8
4.7
8
5.7

11.1
3.6
6 a)
18
5.2
3.3
5
5
7

410
557
320
200

J
8.5

7.5
8.1

0.05

O.02

O.OO3

0.O2

0.003

Fuel am graphite
raotterator at HTH
Assumed

M2
[ppm]

G
10
20
20
0
1

1O
20
1O
1O

6
10
20

2O
20
lo
10

b
1O

SO
50

2O
50

26

1O
25
5

30
10

6

10
25
75
2O
10

(U,Pu)N
(U.Pu)H

Activity

r cs
lcW(e)-a

16.>J
32.7
13.6
22
9
4.9
12.2
14.8
16
12.6

16.1
12.1
13.6

22
15.7
12
12.9

50
20
23
4O

87
130

11.7
16.B

M
160
25O
54
142
76

17b
91

2.6
2.6
C.3
18.5
4.8
5.5

l.r.F.4

J.7E4

Total

r ci il.GW(e)-aJ

30.1
44.2
29.7
31.2
19.7
12.9
20.2
19.5
24
18.3

27.2
15.7
19.6
:s d)
5.2 d)

25.3
2O.7
17
19.9

46O
577
44J
24O

90
140

19.2
24.9

61
160
2:0
54
142
76
175
•31

2.6
2.6
6.3
18.5
4.8
5.1

1.5E4
I.7E4

Air

around
pressure
vesse1

r ci llGW(e) -a}

S-E-4

5-E-4

O.O05

0.005

5-E-4

O.OOl

0.004

O.OQ4

0.005

1

1

1

I 5OO f)

Struc-

tural
material

' Cl 1
.GW(e)-aJ

3

20-30
20-30
43.2

17

3.6

30.4

20

34

213 e)
325 e)

255 e)
126 e)

14.5
12.5
17.5
12.5

8

M.5

Calculated
release into
atmosphere

Reactor

r ° 1lGW(el-aj

11.2

1O.7

6-1O c)

11.1

18

7

2OO

10

O.I

1

1

1

Repro-
cessing
plant

r ciLGWKI -4J

18.9

1.5 b

12-6

16.1

1.5 b

12.9

4O

61

142

91

2.6

4.8

2.6

j

Reference

m.n/
/B/,/9/

no/
n\i
/12/
/13/
/13/
/14/
/15/
/lfc/

Z2/./7/
/B/,/9/
/1O/
/17/
/IB/
/!!/
/14/
/IS/
/I6/

/15/
/19/./2O/
/21/
/16/

/10/
/16/

no/
/16/

/1/./2/
722/
/23/
/JO/
/24/

n/
/«4/
/16/

nt.nt
n*t
/I4/
/14/
/25/
'16/

PI

| /26/
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T*bl« II: Calculated production of 1iC in th« different
reactor type* In Ci/(GWe-a) /16/

•iftcation

Around prts-
iyrt ttuit

Coot

1
at

1

mod*

ant

I

Ca
nn

in
g

phite

rator

»c

'•'o
rission

"c

"o
13C

Total
production rate

^-Production in Ci/lGV/w-a)
BWR

sxf4

?-itf7~

0.6

5.1

0.6

2-10'1

7.6

t.<

3-Iff*

17

0.015

—

—

—

35

PWR
0.005

• 10*J

O.«

6.2

0.6

2-ttf'

7»

(.5

510"*

20

0.02

—

—

—

HWn
0.005

3-10^

25

175

0.6

7-itf4

26

13

7-icr*

34

0.03

—

—

—

2X

WO

s-xr*

aoc
7.3

i.i

0.6

• 10"*
130

001

i.10*
35

C003

110

1(0

0.02

500

AGR
0001
COS

7.1

1

0.5

210-'
13

3.3

«KT*
3*

0.003

35

59

710-*

SI

HTR

0.005
<-xr'

0.02

5-lfi8

0.5

9l f f S

3.1

1.6

—

-

—

32

5t

7-10"1

91

FBR
i

5 I f7

0,02

2104

0.5

1 10*
2

3

1 Iff*

«

2-10*

-

-

-

15

T«bl« 111: C. N «nd O i£gMEitics u»«<3 co c«lcul*^« tb« rate
Of "C production ID tbe 4£ft*r*nt rvitctor

Srplt* of (u*l «l«wst IsMilu l^urltln In
grjphlt* of aaatrstor of HAGMK-nactoir and AC«)

Rtoctor-
•yp«

BWR

PWR

HWR

MAGNOX

AGR

HTR

FBR

Impurities in ppm or vppm

Cooiant

t

1

i

CQj

li::
20

N
5

5

S

200

200

1

0

>¥>

CO 3«pr

i

rW ~
c
so
50

90

S3

SO

50

50

N
10

n
10

so
20

10

»

9

UOj

u
MO
OOj

UOj

»merits
Cannina

270

270

270

too

100

SraphM
*

WOO

N
80

to

90

SO

50

n
*wo

<p
1500

1600

600
MM*

MO

m

3
<

30

Table IV: Expected U C «Blaalo« rate ot nuclear poner plant*
at noraal operation and of a nproceuins plant
without '<c retentionwithout " c retention
• t o I n COj

Nuclnr facility

Rtactcf
HOOD MW»|)

Rtproascing
pkml

MOOOfl MWwi
full toad)

BWR

PWR

HWR

MAGNOX

A6H

H I R

FBIt

8WR u. PWR

HTR

FBR

Emiision rate in Cifa

At«iM«ll*ra

10

7 "

M0- 400

10

10
1

1

|_ 500
itoa
220

Stxtcct m t t r

0.01

HOI

Fig. 1: 14C concentration of the air near
ground level in the main wind di-
rection (east) ,E * 5OOCi/a

Fig. 2: Maximum radiation exposure due to
14C of an adult in main wind direc-
tion (east),E * 5OO Ci/a
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Fig. 3: 14C activity In the air at ground level after global
distribution, If 1 Ci 14C is emitted per year; total
body annual dose for an annual emission of 2-1O4 Ci
without 1 ̂ -concentration changes due to nuclear weapon
tests; CO2 concentration in the air 330 vppm - const.
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IV. Methods for 14C separation in reprocessing plants

As carried out :Ln chapter II,in reprocessing plants the *4C is practically
released to 1OO % as CO2 into the dissolver-off gas during the dissolution of the
fuel. J.-'or a reprocessing plant of 14OO t/a the dissolver-off gas amount is approx.
300 m3/h. CO2 is adsorbed at the molecular sieve beds installed in front of the low
temperature rectification facility for ^Kx separation, if a ^Kr retention is
assigned. Fig. 5 shows the conducting of the dissolver-off gas, as it had been de-
signed in the "Entsorgungszentrum" Gorleben /41/. Here, the 14C release occurs with
regeneration gas (mainly N2) of the molecular sieve beds. The CO2 concentration in
the nitrogen varies considerably during the regeneration phase. It mounts up to
approx. 3600 vppm at the beginning of the regeneration and then slowly falls down
to a few vppm at the end of the regeneration process.

The retention of CO2 of the regeneration gas can be carried out by absorption
in liquids /42/, /43/ or solids /44/, /45/, /46/. Because of the reliability of all
operating conditions, the high separation degree, and the high standard of operating
experience in the conventional chemical technique, the "double alkali process" has
been chosen as reference process, which works according to the following chemical
reactions:

1. C02 + H20 » H2CO3

H2CO3 + 2NaOH * Na^O, + 2H O

2. Na_CO + Ca(OH) »> 2NaOH + CaCO..
£• J £ 3

The resulting CaCO3 is chemically stable and after appropriate conditioning
it is suitable for final disposal. The use of other alkali or earth alkali metals
than Ca, e.g. Ba, is possible. In Argentine Barium is used for the *4C retention of
the heavy water moderated reactor Atucha II /4o/.

V. Layout for a *4C retention facility for a 1400 t/a
reprocessing plant for LWR-fuel elements

The Federal Ministry of the Interior ordered to Linde AG, Werksgruppe TVT,
Munchen, a basic engineering of a 14C retention facility according to the "double
alkali process" in order to obtain from the industrial point of view technical
data and realistic costs. In addition, the results from the Linde-engineering for
a 85JQ- separation based on the low-temperature rectification /47/ should be taken
into consideration and a suitable connection point at the dissolver-off gas system
should be determined.

Fig. 5 shows a block diagram with ^Kr separation by low-temperature rectifi-
cation and 14C retention. After the uranium dissolution the cff-gas consists of air
as carrier gas, aerosols, iodine, N0x, Kr, Xe, CO2, CxHy and H2O. First, the aero-
sols and the iodine compounds are separated in the aerosol- and iodine filter train.
The hydrocarbons are removed by catalytic oxidation; oxygen and rest parts of N0x

are removed by catalytic reduction. H2O and CO2 are retained by the adsorption
stretch. The pre-purified off-gas is then fed into the low temperature section which
consists of two columns. The Kr-Xe-collecting in the bottom of the first column is
separated in the second column, thus removing Kr as the head product from the top.
The N2 that appears at the top of the first column is used to regenerate the H2O-
and CO2~lcaded adsorbers and is then fed into the *4C retention facility. This con-
nection point was chosen, because the iodine, aerosol as well as Kr-activity has
been separated already and carbon 14 appears nearly exclusively as C02. A rest volume
of approx. 15 vppm CO results from the catalytic reduction of oxygen and N0x that is
carried out with surplus H2. Assuming a reprocessing plant with an annual capacity
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of 14OO t uranium, the gas mixture entering the l̂ C retention facility has the
following compounds (at balance point <§> of fig. 6):

N O.O937 kg/s

CO max. (3650 vppm) O.O0O6 kg/s
-4

H20 1.4-10 kg/s

pressure 1.5 bar

temperature approx. 573 K up to 283 K

In the heat exchanger, position 1, this gas mixture is cooled down to a tempe-
rature of approx. 313 K and is transported to the scrubbing column, position 2, to-
gether with the H2O condensate produced there. In this packed tower the CO2 is
scrubbed with NaOH (6 wt %) up to a residue of approx. 15 vppm (achieved decontami-
nation factor max. 240).

In the head of the column the water is condensed to saturation point at a
temperature of approx. 288 K and a pressure of 1.47 bar. The leaving nitrogen is
controlled regarding its CO2-contents, then heated up in the heat exchanger, posi-
tion 1, (balance point ^ ), and mixed with other waste air it is emitted via the
stack:

N 0.0937 kg/s
—6

CO max. 2.45-1O kg/s
"* _3

H O 0.69-1O kg/s
pressure 1.47 bar

temperature approx. 548 K up to 288 K

The lye circuit is maintained by a caustic solution pump, position 4. 9
caustic solution with a total volume of 2.25 m^ are recycled in the washing circuit.

After about 9 days 62 % of the caustic solution is used. Up to this point it
is guaranteed that the CO2 content in the cleaned gas does not exceed 15 vppm.

The composition of the caustic solution which has been used to 62 % is:

NaOH 54,7 kg
Na2CO3 118.4 kg
H2O 1849.1 kg

This caustic solution is transported into the recovery stirring vessel, posi-
tion 5, by the caustic solution pump. Then, with the same pump, a second charge of
NaOH is drawn from the caustic solution vessel, position 8, in order to substitute
the scrubbing solution to be regenerated. The addition of the fresh caustic solu-
tion is carried out during CO2~free operation. (Only during approx. 3 hours CO2 is
desorbed in an 8-hours cycle).

In the suspension stirring vessel, position 12, 74.5 kg of Ca(0H)2 are sus-
pended in 434 kg H2O which is then transported into the recovery stirring vessel
by a spiral pump, position 13.

To avoid possible clogging of the scrubbing column by non-reacting Ca(OH)2
that remains in the caustic solution, the addition of Ca(0H)2 (90 %) is carried'out
non-stoichiometrically. Accordingly, a residue of Na2CO3 can be detected in the
regenerated caustic solution.
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Fig. 6: Processing scheme of the 14C retention cind solidification
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When the stirring of approx. 1 hour is completed, the crystallized CaCO3 floa-
ting in the caustic solution deposits to the bottom of the recovery stirring vessel.
This deposition procedure is completed after approx. 2 hours. The regenerated cau-
stic solution is pumped into the NaOH-vessel via a suction tube by the pump, posi-
tion 7, except for a residue of approx. 7O kg (rest-moisture and caustic solution
column). The retention of non-deposited CaCC^-particles within the lye is carried-
out in the filter, position 6.

As a substitute of the remainder of the lye in the recovery stirring vessel,
approx. 42 litres of soda lye (25 wt %) is pumped from the vessel, position 14, in-
to the caustic solution storage with the aid of a metering pump, position 15. Thus,
together with the caustic solution removed from the recovery stirring vessel, a
6 wt % fresh caustic solution is obtained.

After the removal described above, the waste to be solidified remains in the
recovery stirring vessel with the following compounds:

NaOH 2.2 kg
Na2CO3 O.2 kg
H2O 37.8 kg
CaCO3 100.6 kg

Once the waste discharge has been -completed, the was';e container is transported to
the mixing station, position 11, with the aid of a transfer car. There, 5O kg cement
is metered off and added to the sludge in the waste container. The mixing of the
waste material with the cement is carried-out with counter-current, intermeshing
mixing elements, thus reaching all parts of the vessel.

After a mixing time of approx. 15 minutes, the mixing elements are turned
aside and the vessel with the solidified waste and an activity of approx. 14 Ci are
removed from the mixing station.

After the waste has been hardened, the vessel is closed and canbe transported
to a deposit.

The dimensions of the most Important equipments and the space requirements
of the complete facility can be taken from the lay-out plan in fig. 7.

The investment costs for this plant including installation and start-up amounts
to approx. DM 6.1 million, taking into account the regulations, standards, and
guidelines applicable to the construction and operation of nuclear facilities. The
annual operation costs are approx. DM 1.1 million (cost index August 1982).

VI. Cold experiments for the "double alkali process"

In order to gain operating experiences, a testing facility according to the
"double alkali process" has been built at the professorial chair for nuclear reac-
tor technology of the technical university Aachen.

Experimental setup

Fig.. 8 shows the- flow scheme and Fig. 9 a photograph of the facility.

The gas which contains C02 (generally air with a CO2 concentration of 330
vppm) flows - after having passed the pre-pressure regulation (1) - in reverse direc-
tion to the caustic solution through the caustic solution scrubber (2). If necessary,
the (X>2 concentration can be varied via the feed-in (7). The adjustment of the gas
mass flow is carried out via throttle (3) and flow meter (4). A part of the off-gas
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Fig. 8: Flow sheet of the experimental set-up for C02~separation
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Fig. 9: Photograph of the test facility with main data
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is analyzed after a water separation (5) with an infrared gas analyzer (6) in order
to determine the C02~rest concentration. The current resistance at the gas side is
determined with the aid of an u-pipe manometer (8).

With the aid of a pump (1O) the caustic solution is fed from the storage
vessel (9) into the head of the column. The flow rate is regulated with a regula-
ting valve with pressure indication (11) and a flow meter (12). The caustic solution
discharge has been adapted to the inlet via an opto-electronical detector (13) and
a magnetic valve (14). In danger of flooding, danger-off is initiated by the detec-
tor.

The regeneration facility which is made of the settling tank (15) with ball
valve (16) for sediment deduction, Ca(OH)2~feed-in and electric stirrer, is adapted
to the caustic solution circuit in that way that a continuous as well as a discon-
tinuous regeneration is possible. The inlet and outlet of further process media -
e.g. cleaners - into as well as out of the caustic solution circuit is possible via
intersecting points.

Test results

Fig. 1O shows some results for a constant CC^-inlet concentration of 330
vppm. A better absorption reaction can be stated for higher pressures, higher cau-
stic solution ccicentration and lower gas flow rate. Fig. 11 shows the mass trans-
fer constant Kg*a of the facility according to the equation /41/:

G
KG
a
P

h
y
VG

G-dy = KG-a-p-(y - yQ)-dh (1)

gas load (kmol/h m^ tower cross section)
mass transfer value on the gas side (kmol/h m2 bar)
exchange surface in the scrubbing tower (m2/m^ tower volume)
total pressure (bar)
height of the exchange layer in the scrubbing tower
breaking up of the mole of the gas to be scrubbed out
breaking up of the mole of the gas to be absorbed at the phase boundary
layer in the gas.

The change of the mass transfer constant in dependence of the CO2~inlet con-
centration, of the caustic solution flow rate> and the caustic solution concentra-
tion is shwon in Fig. 12 for a constant pressure of 2 bars. Only a small decrease
of the mass transfer constants can be stated for high C02~entering concentrations.
If the caustic solution flow rate is increased, the mass transfer constant is im-
proved.

Experiments showed that for an operating pressure of 2 bars and gas flow ra-
tes of 20 to 30 kg/h for the test facility used here, the optimum caustic solution
concentration lies between 1.5n and 1.7n NaOH.

A further analysis was made in order to determine the flow processes in a
packed column which is flown through by gas and thrickling liquid in counterflow.
The processes can be described very well with the aid of the flow pressure loss in
dependence of the gas flow rate and the caustic solution flow rate. The caustic so-
lution flow rate has been increased up to the flood point while keeping the gas
flow rate constant. Fig. 13 shows the current density_curves for 2 operation pres-
sures with the gas speed as a parameter. Up to line AA no fundamental difference
of the facility could be stated. After that the liquid volume mounts in the scrub-
bing tower, in process engineering line 55 is called flood limit respectively high-
est dead load limit.
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Operation behaviour

Extensive measurements to test normal behaviour and to determine operation
parameters and a stationary long-time test of 200 hours at constant operating con-
ditions (gas flov rate 20 NmJ/h, caustic solution flow rate 15O l/h, facility
pressure 1.5 bar) were carried out. The test facility is distinguished by the fact
that it reacts nearly immediately selfregulating with additional feed, when outer
interventions like e.g. change of the gas- and caustic solution flow rate res-
pectively of the CO2 concentration occur. This flexibility towards given operating
conditions allows its use at varying demands. Because of the simple starting and
stopping processes, it is also very suitable for discontinual operation. Undesired
influences, like variations of pressure, which would have influenced the stationary
behaviour, habe been compensated with the advanced pressure regulator.

For discontinual operation the regeneration which is necessary in time inter-
vals, allows a regular cleaning of the filling material column. Sedimentations on
filling materials and on the bottom of the storage bunker were removed with re-
peated scrubbings with water. The impurity of the facility, however, remained with-
in certain limits. Even after numerous regeneration periods a CaCO3 sedimentation
could not be noticed. Because of the very good solubility of Na{OH>2 the danger of
obstruction of the filling material column did never occur.

Regeneration of the used caustic solution

In order to determine the optimum process conduction for caustification para-
meter studies were carried out. The analysis of the sedimentation behaviour of the
CaCOg were of particular interest. The studies were carried out in a sedimentation
vessel - according to Imho'Jf - with a content of 1000 ml.

After the reaction participants had been aixed with the aid of air stirrers
or with electric stirrers , a compression zone was built nearly without transition
in about 3O s (no sedimentation zone). The hydrous Na-solution obove this zone is
clear.
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Fig. 14 shows e.g. the reaction in the compression zone, if 1 1 O.5m-Na2C03-
solution with 0.5 mol pulverized Ca(OH)2 is regenerated and mixed for 1 minute with
the aid of an air stirrer.

The caustifications carried out in the test time showed that 2O minutes after
the stirring period the bottom body is comprimised to 80 % of the final density in
the liquid. The final density was achieved after approx. 24 hours. The regenerated
caustic solution above the bottom body can already be sucked off 2O minutes after
the stirring operation is finished and is so clear that it can again be fed into
the caustic solution circuit without further filtering. Experiments showed that
even after 200 hours CaC03 fl°wecl off without problems as viscous mud.

Conditioning for final disposal

It has to be guaranteed by conditioning and final disposal of the precipita-
ted CaCO3 that 14C is sealed off biosphere for a period of approx. So.OOO years
(that is approx. tenfold half life period). The secure sealing off is mainly detrac-
ted from two etfects: possible solution of CaCO3 in water which contains CO2 con-
stituting Ca(HCO3>2; possible exchange of isotopes with C-compounds in other phases,
particularly with atmospheric *2c.

Taking these effects into consideration, the above-ground final disposal and
the dumping into the deep sea are not suitable for the final disposal of l^C. Tk e

best is the final disposal in salt rock. Actually the salt dome in Gorleben is ana-
lyzed to determine its suitability for the final disposal of radioactive material
in the Federal Republic of Germany.

For final disposal CaC03 is homogenized with cement glue and filled into
flange top casks, where the mixture can harden. After that the casks are placed
into the underground final depot. The conditioning, packing and final disposal is
carried out together with the final treatment of the remaining radioactive waste.
Approx. 7 m V a o f waste containing *4C with a specific activity of approx. 65 Ci
l^c per m^ result from ^-^C retention.
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MECHANISM OP THE CQ2=Ca(OH)2 REACTION

V.S. Chew, C.K. Cheh and R.W. Glass
Ontario Hydro Research Division

800 Kipling Avenue
Toronto, Ontario, Canada M8Z 5S4

Abstract

Recent studies clearly showed the importance of moisture in
achieving high Ca(0H)2 absorbent utilization for removing CO2 from gas
streams at ambient temperatures. However, the role of moisture and
the mechanism of the reaction was not well understood. This paper
summarizes the results of a study of the mechanism of the CO2-Ca(OH)2

reaction with emphasis on the role of moisture. The reaction between
Ca(OH)2 and CO2 in moist N2 was found to be first order with respect
to the reactants with a rate constant of about 100 min"1. At high
humidities, the rate of reaction was chemically controlled, but at low
humidities, the reaction rate was limited by the diffusion through the
carbonate layer formed by the reaction. Calculations showed that
capillary condensation could have occurred only in about 2% of the
pore volume and was unlikely to have affected the reaction rate
significantly by allowing the reaction to occur in the liquid phase.
It. was, therefore, concluded that the main role of moisture was to
improve the Ca(OH)2 utilization by lowering the resistance to
diffusion through the carbonate layer.

Nomenclature

C A = concentration of gas phase reactant A

k = rate constant

k , k,, k - rate constants
g d s

R = particle radius

t = reaction time

T5 = time at 5% breakthrough

X = fraction of gas at bed outlet

X_ = fraction conversion of B
a

p = molar density of B in the solid

T = time/(time at X = 0.5)

0 = bed volume/volumetrie gas flow
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II I. Introduction

ji Recently we presented performance data on an ambient
I temperature, fixed bed, Ca(OH)2 absorber developed to remove

 1'*fQQ2
j from the moderator cover gas system of CANDU nuclear reactors.**'
i During the development of this process the importance of moisture in
; achieving high absorbent utilization and, to some extent, removal
\ efficiency, was clear; however the role of moisture in the reaction
I was not. The present work was conducted to study the mechanism of the
I reaction, with particular emphasis on the role of moisture.

| II. Previous Studies

I The reaction of C02 with a suspension of Ca(OH)2 in water has
[ been well studied since early this century*^) # «phe absorption of
•i C02 by dry sorbents, in particular soda lime, has been known for many
j years and this material is widely used today in medical anaesthetic
f applications and has been extensively studied in divers' re-breather
| apparatus*3'. Nevertheless, the mechanism of the reaction between
[ C0 2 and soda-lime is not well understood. Ca(OH)2 has been used at
[ elevated temperatures to absorb CO2(4)(5) faut t n e mechanism was not
! well understood. Ba(OH)2 has been studied by Haag et al»°J where

again moisture appears to play an important role in the mechanism of
the reaction.

Theory

For the reaction:

A(g) + bB(s) + products (1)

a first order reaction in a fixed bed reactor is given by ^':

(2)

Thus a plot of ln(X/(l - X)) versus (T - 1) will give a straight line
of slope k, the rate constant.

To identify the rate controlling step in the reaction, the
"shrinking unreacted core" model appears to be appropriate***'.
In this model, the major controlling resistances are, gas film
diffusion, diffusion through product layer and chemical reaction.

Gas film diffusion is given by:

PRR
t = '* • - -

3b kg C A '
 X3 ( 3 )

Diffusion through product:

" 12 3XB 2 U *B> J b k, CA
 {q)

a A

Chemical reaction;

t = (1-(1-Xn)
1/3) P B R (5)
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Although the gas film resistance remains unchanged throughout
the reaction, the resistance to chemical reaction increases as the
surface of the unreacted core decreases and the resistance to
diffusion through the product layer increases as the product layer
builds up. The mean rate constant, k, defined as the average over the
time necessary for the reaction to go to completion, is given by (8)

k =
l/kg + 37k"

k can be calculated if k-, kd and kg are known, k , kd and
ks can be calculated from Equations_(3), (4) and (5), It should be
noted that the mean rate constant, k, and the rate constant, k, from
Equation (2) are related to each other by the total surface area in a
unit volume of packed '^'

III. Experimental Studies

The Ca(OH)2 was prepared using a technique described
earlier1'1). The physical characteristics of the Ca(OH)2 are listed
in Table I and a typical chemical composition, determined by a thermal
gravimetric analyzer (TGA), is shown in Table II. The pore size
distribution of the absorbent by volume and by area is plotted in
Figures 1 and 2, respectively.

Table I Calcium hydroxide characteristics.

Bulk density

Particle size

Apparent (skeletal) density

BET surface area

Total intrusion volume

Total pore area

Median pore diameter (volume)

Median pore diameter (area)

Porosity

0.56 kg/L

-2.38 + 0.50 mm

197 kg/L

28.5 m2/g

1.29 mL/g

36.1 m2/g

2.46 pm

11.1 nm

0.718
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Table II Thermal gravimetric analysis of Ca(OH)2 samples^' .

February, 1981

March, 1981

July, 1981

March, 1982

Moisture
(gAg)

13
13

13

21
16
13
12

16

Ca(OH>2
<g/kg)

906
877

898

923
898
894
906

896

CaCO3
(gAg)

57
86

57

18
45
50
52

51

CaO
(gAg)

24
33

33

38
50
43
30

37

i

FIGURE 1

PORE SIZE DISTRIBUTION (BY VOLUME) OF Ca(OH)2 ABSORBENT

FIGURE 2

PORE SIZE DISTRIBUTION (BY AREA) OF Ca(OH)2 ABSORBENT
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Procedure

A bench scale flow reactor described earlierd) was used to
determine the breakthrough characteristics of the Ca(OH)2 bed to test
the assumption of a first order reaction between CO, and the number of
moles of Ca(OH)2 available for reaction per unit bed volume
(Equation 2).

The rate constants kg, kd and kg were determined using
thermal gravimetric analysis. For these experiments, about 50 mg of
Ca(OH)2 particles (-2.38 + 2.00 mm) were supported on glass wool on
the microbalance pan. Moist nitrogen gas was then passed through the
system for about one hour to hydrate any remaining CaO present in the
Ca(OH)2 sample and to condition the sample. A N2/CO2 mixture was then
passed through a water bath and the humidity of the gas stream
measured using a dewpoint hygrometer (General Eastern; model 1100AP).
This humidified stream entered the microbalance system and the weight
change of the Ca(OH)2 sample was recorded continuously at constant
temperature until no further change in weight was observed. The used
sample was then transferred to a platinum pan and analyzed for its
chemical composition using the TGA.

IV. Results

Order of Reaction

The data from bench scale experiment No L-32 (see Table ill) were
used to construct a plot of In (X/X-l) versus (t-1) to test the
validity of Equation 2 for the reaction. Figure 3 shows that the
experimental data fit Equation 2, hence the reaction is first order
with respect to the two reactants and the rate constant, k, is
100 min .

Table III Summary of bench scale experimental conditions and results,

Experiment
No

L-13

L-20

L-21

L-22

L-23

L-32

Gas
Plow
Rate
U/min)

2.0

1.6

4.0

1.0

4.0

2.0

co2
Concentration

(vi/l)

330

308

300

300

305

415

Bed
Height
(cm)

4.5

4.0

3.8

1.9

7.6

8.0

Utiliza-
tion at

T5
(gAg)

495

538

101

514

550

660

Length of
Unused Bed,

(LUB)
(cm)

2.0

1,6

3.4

0.81

3.0

2.0

Bed
Height
LUB

2.25

2.5

1.1

2.3

2.5

4.0
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FIGURE 3

DETERMINATION OF REACTION ORDER AND RATE CONSTANT

Rate Controlling Step

Bench scale experiments (Nos L-13, L-22 and L-23) were conducted
at a constant gas residence time (0.6 s) but different flow rates (1
to 4 A/min). The results summarized in Table III show that the
Ca(OH)2 utilization remained the same for the gas flow rates studied
indicating that gas film resistance does not influence the rate of the
reaction.

Typical data obtained from TGA experiments at high humidities
and CO2 concentrations of 400 \it/t are shown in Figures 4 to 6. The
results show that there is a linear relationship between
1 - (I-X3)1/3 and time; ie, the reaction rate is chemically
controlled (Equation 5) depending mainly on the surface area of the
unreacted Ca(OH)2. It is only in the latter stages of the reaction
that the (1/2 - 1/3 XB " 1/2 (l-XB)2/3) v e r s u s t plot becomes
linear; ie, the resistance caused by diffusion through the carbonate
layer becomes significant. It is primarily because of this resistance
that only -850 g/kg of Ca(OH)2 is reacted at the end of typical TGA
experiments.
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5 Relative Humidity - 9<ft M 21°C

400 500

FIGURE H

DETERMINATION OF RATE CONTROLLING STEP FOR HIGH HUMIDITY
EXPERIMENT (G6U2) (ASSUMING GAS DIFFUSION CONTROLLED)

Relativ Humidity - 9ffi At

Relative Humidity = SOS At 24°C

" 100 200 300 400
TiiK fain)

FIGURE 5

DETERMINATION OF RATE
CONTROLLING STEP FOR HIGH
HUMIDITY EXPERIMENT (G642)

(ASSUMING DIFFUSION THROUGH
PRODUCT LAYER CONTROLLED)

0
500 0 200 300

Tine brin)

FIGURE 6

DETERMINATION OF RATE
CONTROLLING STEP FOR HIGH
HUMIDITY EXPERIMENT (G642)

(ASSUMING CHEMICAL
REACTION CONTROLLED)
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Table IV lists the values obtained for ks, kd and kg under
different experimental conditions. These data suggest that kg is
relatively constant in the gas velocity range of 0.8 to 3.3 cm/s and
was estimated to be about 28.8 cm/min. It should be noted that the
maximum gas velocity that could be used in the TGA system was 3.3 cm/s
which is only half of the superficial gas velocity used in the fixed
bed bench scale experiments and the actual velocity across the
particles in the bed could be much higher. kd has an average value
of 6.24 cm/min for the high relative humidity condition (90% at
24°C). ks is relatively independent of C02 concentrations in the
range 400 to 1000 vl/l and has an average value of 23.1 cm/min.

These TGA results indicate that the mean rate constant is
3.0 cm/min (or 77 min"1) for the -2.4 and 2.0 mm Ca(OH)2 particles at
24°C. This is somewhat lower than the mean rate constant obtained
from the fixed bed bench scale system (100 min
lower gas velocity in the TGA apparatus.

-1 ) probably due to the

Table IV

Experiment No

Ca(OH)2 s i z e (mm]

Temp I°C]

RH <»)

CO; cone lnL/L)

Flowrate (L/min)

Slope B* (min-1)

Slope d " (min-' )

Slope c" I(min-1 )

kg (cm/min)

kd (cm/min)

ks (cm/rain)

* slope g ' in i t ia l slo
•* slope d => slope of 1/

Summary of

G635

2.38+2.00

24

90

1000

1 .0

4.5X]0"3

1.25X10"*

l . iXlO" 3

27.3

4.55

24.2

G636

2.38+2.00

24

90

1000

0 . 6

3.3xl0"3

1.32x10"*

1.4X1O"3

20.0

4.80

20.7

pe of X versus time
2 - 1/3 X -1/2(1 - X)1

TGA experimental conditions and

G639

2.38+2.00

24

90

1000

0 . 4

3.4X10"3

1.59x10"*

1.6xlO"3

20.6

5.79

20.9

G64 7

2.38+2.00

24

90

1000

0.25

3.3xl0"3

1.99x10"*

1.3X10-3

20.0

7.24

2J .3

/ 3 versus time

G642

2.38+2.00

24

90

400

1.0

1.7xlO"3

7.2X10-5

68X10-3

2S.8

6.55

34.4

G64 3

2.38+2.00

24

90

4 0 0

0 . 6

1.7X1O-3

8.0X10"5

6.1x10"*

25. B

7.24

25.2

G644

2.38+2.00

24

90

400

0.25

1.8X10-3

8.3X10-5

6.1x10"*

27.3

7.50

24.9

G640

2.38+2.00

24

50

400

1.0

-

2.7x10"'

-

-

0.244

-

results.

G657

2.38+2.00

51

60

400

1 . 0

2.1x10" '

2.1x10"*

31.3

18.9

43.5

G658

2.38+2.00

55

24

400

1.0

-

3.2x10"'

-

-

0.288

I

S l o p e d s l o p e of 1/2 1 /3 X 1 / 2 ( 1 X ) /
• " s l o p e c = s l o p e o f 1 - U - X ) 1 / v e r s u s t i m e

Role of Moisture

The Ca(0H)2 samples (with an initial moisture content of
-14 gAg) were exposed to CO2-free nitrogen of different humidities
and the moisture absorbed by or desorbed was determined by TGA (see
Figure 7). The weight gain of the sample increased sharply as the
relative humidity of the gas stream increased beyond 80% at 25°C.
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20 40 60 80 100
Relative Huiridity At 25°C C )

FIGURE 7

THE EFFECT OF HUMIDITY ON THE WEIGHT GAIN
AND UTILIZATION OF Ca(OH)2

Previous bench scale experiments showed that the Ca(OH)2 utilization
(at 5% breakthrough) also increased sharply as the relative humidity
increased beyond 80%(1). This seems to indicate that the increase
of utilization is directly related to the increase of moisture content
at high relative humidities.

Since the Ca(OH)2 absorbent used was very porous (porosity
=0.72), it is possible that capillary condensation could have
occurred in the small pores and the reaction between CO2 and Ca(OH)2
could have proceeded in the liouid phase. However, calculations using
a simplified Kelvin equation*^' show that at a relative humidity of
85% at 25°C, capillary condensation can only occur in pores with
diameters less than 13 nm, but only 2.5% of the total pore volume of
the Ca(OH)2 samples was found to be less than 13 nm {see Figure 1) as
determined by mercury porosimetry. Furthermore, according to the
Kelvin equation, the extent of capillary condensation occurring at 45
and 25°C (identical relative humidities) would be approximately the
same, but the bench scale experiments showed that the utilization of
the Ca(OH)2 bed was considerably better at 45°C and 65% relative
humidity than that at 25°C and at the same relative humidity'*'.
Again, this suggests that capillary condensation does not play an
important role in the present reaction.

It has been suggested that water vapour can increase the
porosity of the carbonate layer by modifying its microstructure'^)^
thus permitting CO2 gas to penetrate the carbonate layer. As
discussed earlier, the reaction rate for high relative humidity (90%)
experiments is chemically controlled. When the relative humidity is
lowered from 90% to 50% at 25°C, the reaction is no longer chemically
controlled. Instead, the reaction is controlled by diffusion through
the product layer (see Figures 8 and 9) and the reaction rate is much
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lower. Therefore, the main role of moisture in the reaction is to
increase the reaction rate and improve the Ca(OH)2 utilization by
decreasing the resistance to diffusion through the carbonate layer.

FIGURE 8

DETERMINATION OF RATE CONTROLLING STEP
FOR LOW HUMIDITY EXPERIMENT (C640)

(ASSUMINC DIFFUSION THROUGH PRODUCT LAYER CONTROLLED)

0.04 -

„ 0.03 -

200 300
Tine (mini

FIGURE 9
DETERMINATION OF RATE CONTROLLING STEP

FOR LOW HUMIDITY EXPERIMENT (G640)
{ASSUMING CHEMICAL REACTION CONTROLLED)
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At 506C, TGA experiments (see Table IV experiment No G658 and
G657) show that increasing the relative humidity from 24% to 60% is
sufficient to change the reaction rate diffusion control through the
product layer to chemical control. This is probably because the
vapour pressure of water at a relative humidity of 60% at 50°C is
sufficiently high to modify the microstructure of the carbonate layer
and improve diffusion through the layer.

Reactor Design Considerations

Results of the bench scale experiments showed that the Length of
Unused Bed (LQB) was independent of the bed height and was only a
function of the gas velocity - the higher the gas velocity, the longer
the LUB'1'. AS the gas velocity was increased from 3.3 to
13.3 cm/s, the LUB increased from 0.8 to over 3 cm (see Table IV).
furthermore, the utilization of the Ca(OH)2 at 5% breakthrough
increased from 100 g/kg to 660 g A g as the bed height-to-LUB ratio
increased from 1 to 4 (see Figure 10). Hence, in order to achieve
good utilization (eg, utilization of over 600 g/kg), the bed height-
to-LUB ratio should be maintained at above 4 by either increasing the
bed height or reducing the gas velocity (to reduce the LUB).

< «oo-

BED LENGTH/LENGTH OF UNUSED BED

FIGURE 10

THE EFFECT OF (BED HEIGHT/LUB) RATIO ON Ca(OH)2 UTILIZATION

V. Conclusions

1. The reaction between Ca(OH)2 and CO2 in moist N2 is first order
with respect to the two reactants with a rate constant of
100 min"1.

2. The main role of moisture in the reaction is to improve the
Ca(OH)2 utilization by lowering the resistance to diffusion
through the carbonate layer formed by the reaction.

3. The Ca(OH)2 absorbent used was very porous with a porosity of 0.72
and a surface area of 36.1 m /g.
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4. Capillary condensation could have occurred only in about 2% of the
pore volume and was unlikely to affect the reaction rate
significantly by allowing the reaction to occur in the liquid
phase.

5. At high humidities, the rate of reaction is chemically controlled
but at low humidities/ the reaction rate is limited by the
diffusion through the carbonate layer.

6. The bed height-to-LUB ratio should be kept above 4 in order to
achieve good utilization of Ca(0H>2«
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DISCUSSION

RINGEL; In the process, water is needed for high utilization
and reaction. What would it mean if you used Ca(0H)2 slurry instead
of Ca(0H)2 particles?

CHEH: The dry Ca(OH)2 p r o c e s s developed by Ontario Hydro has
the advantages of a Ca{0H)2 slurry process^ such as high absorbent
utilization and high DFs,'but avoids the many disadvantages of a wet
process which involves more complicated operations such as filtration
and handling of contaminated liquid and slurry streams.

HAAG; What is the assumed particle geometry in your studies?
What is the maximum reactant utilization and required relative
humidity? Is ceiking a problem at 100% relative humidity?

CHEH; The particles are assumed to be spherical in this study.
Utilization of the Ca(0H)2 absorbent can be as high as 85% and the
relative humidity should be in the range of 85-100% at 25°C for the
same bed temperature. Our pilot plant results showed that caking is
not a problem at 100% relative humidity if the bed temperature is
20-25°C. This result is reported in another paper presented at the
IAEA Seminar on the Testing and Operation of Off-gas Cleaning
Systems at Nuclear Fficilities, 3-7 May, 1982.

HAAG: Just a point of observation. In our studies on the
barium hydroxide system, we noticed that our surface area is a
definite function of relative humidity. Dr. Paul Edment of Oregon
State University has observed in his systems that when he obtained
two or three monolayers of water on the surface, it acted as if it
were a liquid solution with respect to transport properties. In our
own studies, what we feel to be happening is that solution is
resulting in transport of the barium ions and hydroxide ions, and
our surface does decrease as our humidity increases. So, it is
almost as if there is a liquid solution sitting there on the surface.
Also, we have noticed that our surface area tends to decrease as the
rate of reaction decreases. It appears that the slower the rate of
reaction the more defined the crystal structure is within the material.
In essence, if the reaction takes place in a more orderly environment,
our crystalites are much bigger. I think what you are seeing, and
what we are seeing, are very closely parallel.

CHEH: It makes sense that the CO2 and the calcium hydroxide
react in the liquid phase, but we don't seem to get evidence of it
in our studies. Perhaps a study similar to yours could tell us a
bit more on this point.

BONKA: The highest ^*C emission rates from nuclear power
plants are from heavy water reactors. Argentina decided after a cost-
benefit analysis to retain 14C at the reactor Atuche II. Has there
been a similar decision or discussion in Canada?

CHEH: Although the 14C emissions from Ontario Hydro's
nuclear generating stations are below 1% derived emission limit, an
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effort has been devoted by Ontario Hydro to further reduce ^C emis-
sions. The development of the dry air ambient temperature Ca(0H)2
system for the moderator cover-gas and nitrogen annulus gas of the
Candu reactor is part of this effort. An engineering design of this
procedure is being prepared and testing of this system in our nuclear
stations is under consideration.

RABAT: I have a comment to this point, too. Carbon"14 removal
in Canada is not officially required by regulation. It is a volun-
tary action of Ontario Hydro to reduce the carbon~14 stack emissions
in order to remove l̂ C from the systems. The moderator system is
the major contribution to the stack. In Pickering,.where we have a
nitrogen annulus gas in two units^ a carbon-14 recovery system will
be installed on the annulus gas systems, eventually. The point is
that/since the process we developed is so simple and reliable (we
tested it for a long period of time) with very little maintenance
required, if we put it in the moderator cover gas system it would
probably last well over two years before it will need to be changed.
This is one of the main reasons we are thinking that perhaps we
should put it in anyway.
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^C RELEASE AT LIGHT WATER REACTORS

C. Kunz
Center for Laboratories and Research
New York State Department of Health

Albany, New York 12201

Abstract

The quantity, discharge pathway, and chemical form were determined for the
released from two pressurized water reactors (PWR) and one boiling water

reactor (BWR) in northeastern U.S. Continuous stack samplers were used to measure
either total il+C or 14CC>2 in the gaseous effluent. In addition, grab samples were
taken of stack gas, containment air, and gas in decay tanks and analyzed for ^ C in
specific chemical species such as CO2, CH4, C2Hg, C3H8, and C I ^ Q . Samples of
primary coolant taken before and after passage through the clean-up demineralizers
were also analyzed to determine the ^ C in the coolant and the decontamination
factors for the demineralizers.

The 14C gaseous discharge rate for a 490 MW(e) PWR was 11.6 Ci/GW(e)-yr.
Venting of gas decay tanks accounted for 42% of the total l^C released; 35% was
discharged through auxiliary building ventilation and 23% through containment
venting. The average chemical composition was 69% as 12tCH4, 16% as

 litC2H5, 5% as
1 4C 3H 8 and 1

4CUH1O, and 10% as
 1UCO2.

The 14C gaseous discharge rate for a 1000 MW(e) PWR was 8.0 Ci/GW(e)-yr.
Venting of gas decay tanks accounted for about 7% of the total 14C released. The
predominant pathway for -^C gaseous discharge at this PWR was pressure relief
venting and purging of the containment air. -^CC^ made up 19% of the total l^
with the balance as -̂ ĈHii and other hydrocarbon gases.

The l4C gaseous discharge rate for an 850 MW(e) BWR was 12.3 Ci/GW(e)-yr.
Approximately 97% of the gaseous l^C release was as off-gas discharge, and the
chemical composition of the discharge was about 98% -^CCU.

There was no measurable removal of -^C by the coolant demineralizers for the
PWRs. A decontamination factor of 7 was observed for the clean-up demineralizer at
the BWR, resulting in a 14C removal rate of approximately 0.5 Ci/GW(e)-yr.

Introduction

In light water reactors C is produced as an activation product in the
coolant, fuel, and structural material. The most important production reactions
and their thermal neutron cross-sections for ^ C formation in light water reactors
are:

170(n,a)l'*C cr-th = 0.24 barns
l^NCn.p)1^ cf-th = 1.8 barns

The isotopic abundance of 1 70 is 0.04% of oxygen, which is a major constitu-
ent of the coolant water and oxide fuel. Production of -^C from ^70 is therefore
unavoidable. The isotopic abundance of ^S is 99.52% of the nitrogen, which is
present as an impurity in both the coolant and fuel. Production of -^C through the
activation of 14N is difficult to estimate, since the nitrogen concentrations in
the coolant water and the fuel are not well known. If approximately 50 ppm of
atomic nitrogen is present in the coolant, the amount of 1**C produced from
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dissolved ^ N is about equal to that from the activation of the -70 in the H2O.

In 1974 Bonka et al/ 1^ estimated the rate of formation of 14C in nuclear
reactors; Magno et al.^2) discussed the radiological significance of ^ C dis-
charges; and Kunz et al.^3^ reported on measurements of 14C at pressurized water
reactors (PWRs). Since 1974 there have been a number of publications on the
calculated and measured production and discharge of ^C at light water reactors.
The most extensive measurements have been made in the Federal Republic of
Germany.(4)

has summarized eight studies, including his own work, to calculate
estimates of the production of -"C in light water reactors. The average calculated
production rates in the primary coolant were 6.7 and 8.2 Ci/GW(e">-yr for PWRs and
boiling water reactors (BWRs) respectively. Although -^C is also formed in the
fuel and the structural material of the core, only the l̂ C formed in the coolant is
subject to release during normal plant operation.

Two-year studies of the l̂ C discharge have been conducted at each of three
light water reactors; a 490 MW(e) PWR, a 1000 MW(e) PWR, and an 850 MW(e) BWR. The
studies at the 490 MW(e) PWR have been completed, and the results are discussed
here in detail. Samples and data are still being analyzed for the 1000 MW(e) PWR
and fhe 850 MW(e) BWR, so only the results obtained as of this writing will be
summarized here.

Experimental

Stack samplers were operated continuously to obtain integrated samples for
measurement of total ^C or -^CC^ in the gaseous effluent. In addition, grab
samples of stack gas, containment air, off-gas, and gas in decay tanks were
analyzed for -^C content as specific chemical species: CO2, CH4, C2Hg, C3H8, and
Ci|Hio- The several chemical species were separated by gas chromatography,^°' and
the l^C was measured by internal gas proportional counting.(?)

A schematic of the continuous sampler is shown in Fig. 1. A sample flow of
100 cc/min is maintained in the sampler by using a diaphragm pump. The sampled
gas is drawn through a tube furnace at 600°C containing palladium-on-alumina and
platinum-on-alumina pellets. All carbon species, such as CH4, C2H6, and CO, are
oxidized to CO2. From the furnace the gas flows through a solid absorbent, such
as Drierite, to remove the water vapor and then through a cartridge containing a
solid absorbent of 8- to 20-mesh Ascarite, which contains NaOH on a solid support
material to trap CO2. Water vapor must be removed, prior to the Ascarite step, in
order to avoid dissolving the NaOH snd clogging the tube. The CO2 absorbent
cartridges contain 25 g of Ascarite and are changed at biweekly intervals.

To prepare the sample for measurement of ^C content, CO2 must first be
evolved by acidifying the Ascarite. The 25 g of Ascarite are added to 50 ml of
water in a flask attached to the gas flow apparatus, and helium is bubbled through
the mixture. Approximately 50 ml of concentrated HC1 is added to the Ascarite-
water mixture, and the helium flow is maintained for 30 min. The helium containing
the evolved CO2 is passed through a cold water condenser and a cold trap at
approximately -60°C to remove water vapor and finally through a liquid nitrogen
cold trap to collect the CO2. The volume of collected CO2 is measured (̂  650 cc
for a 2-week sampling period), and about 50 cc is chromatographically purified and
loaded into an internal gas proportional tube for counting.
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The specific activity (l^C/cc of CO2) is measured, and the ^ C concentration
per cubic centimeter of vent gas is calculated. The volume of air sampled is
determined from the sampler flow rate and also from the total amount of COg
trapped, assuming that the sampled gas contains the ambient concentration of CO2 in
air (325 ppm).

The analytical uncertainty associated with the measurement of the concentra-
tion of 14C in each 2-week sample is less than ± 10%. In determining the quantity
of l^C discharged, additional uncertainties are associated with determining the
volume of gas sampled and the flow rate of the plant vent. Considering these
three factors, the uncertainty in determining the quantity of l̂ C released is
estimated at + 25%.

Results and Discussion

490 MW(e) PWR

Plant Ventilating System. The two main vents at this plant - the plant vent
and the containment vent - are both rooftop vents discharging gas at a height of
about 45 m. Four gas decay tanks are used to hold cover gas from the primary
system to allow time for short-lived gaseous radionuclides to decay prior to
discharge. The gas decay tanks and all building ventilation air except for
containment are exhausted through the plant vent at a flow rate of 2.97 x 10 7 cc/s.
The building air is exhausted continuously. The gas decay tanks are vented
approximately 20 times each year, and about 10 h are required to vent each tank.
The containment building is vented at 1.18 x 107 cc/s during refueling outages and
some repair outages. When the plant is operating, containment is not vented. All
releases through the plant vent and containment vent pass through charcoal and HEPA
filters to remove radioactive iodine and particulates.

Gaseous Grab Samples. Grab samples of decay tank gas, containment air, and
stack gas have been collected at various times since 1973 and analyzed for the
concentration of 1!*C as CHi;, € 2 % , C3Hg» Ci|Hio» sa^ CO2. For some of the samples
aliquots were passed through a combustion furnace to oxidize all carbon compounds
to CO2 which was measured for l^C. These results were compared to the total ^4C
obtained by summing the specific chemical species measured separately. The results
agreed within 10%, indicating that all major species of ^C were accounted for.

The average chemical composition of the -^C in the gas decay tanks was 74% as
, 16% as 14C2H6, 6% as

 1 4C 3H 8 and
 14CitHi0, and 4% as

 lkiC02.

The cover gas for the primary coolant was predominantly hydrogen. In this
hydrogen atmosphere and under the intense radiation of the reactor core any carbon
present tends to be reduced to form hydrocarbons. Our results indicate that the
more hydrogen-saturated volatile species, CH4 and C2H6, were preferentially formed.

The average concentration of total -^C in the gas decay tanks was
1 x 10~3 uCi/cc. During an 88-week period when the discharge of 14C was measured
with continuous stack samplers, gas decay tanks were vented 3.\ times. The volume
of each tank is 13.3m and they are normally filled to a pressure of 6.3 x lO^Pa
(92 psi). The average concentration of 1**C and the total volume of gas released
corresponds to a release rate of 1.5 Ci/yr from the gas decay tanks.

In the containment a i r the to t a l 14C concentration ranged from 8 x 10~7 to
6 x 10~6 uCi/cc. The chemical composition of the 1**C in containment averaged
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as 14CH4, 21* as
 14C2H6, 3% as

 14C3Hs and ^C^Hio, and 2% as
 1 4C0 2. This is

similar to the chemical composition of the -^C in the gas decay tanks, with only
a small percentage as -^CC^. Apparently the -^C found in the containment air is
formed in the reactor vessel and leaks into the containment building. If the llfC
were formed in containment by interaction of neutrons with containment air, the
predominant gaseous chemical•species should be 1̂ CC>2 and l^CO, due to the oxidizing
conditions of the containment air.

Containment is purged during shutdowns and isolated when the reactor is
operating. The rate of accumulation of -^C in containment can be estimated from
the length of time containment is isolated before grab samples are taken, assuming
that containment was well purged of radioactive gas during venting. The average
rate of accumulation determined from three containment samples was 0.4 Ci/yr. This
corresponds to the amount of ^ C leaking into the containment building when the
reactor is operating. It does not include ^ C leaking into containment during an
outage.

Two samples of building ventilation air from the main plant vent were taken
when the gas decay tanks were not being vented. The chemical composition of the
•^C in one sample was similar to that found in the decay tank and containment
samples. However, in the other sample the L^CC^ comprised 49% of the total -^C.
The origin of the higher fraction of 14CC>2 in the main plant vent is not known.

Continuous Gas Sampling. To more accurately measure the rate of discharge of
gaseous J-4C, samplers were used to draw off continuously a small flow of gas from
the main plant vent and the containment vent. The main plant vent is the discharge
point for the gas decay tanks and for all building ventilation except in the
containment building, which is vented through the containment vent. The contain-
ment vent is normally operated only during refueling operations and other outages.
At such times containment is continuously vented; it is then isolated when the
reactor is started up.

When containment was not being vented, the containment sampler was used to
sample the main plant vent for l^C02 only. This was accomplished by not using the
oxidizing furnace. In those periods the main plant vent was thus sampled simulta-
neously for total 14C and for 1JtC02.

The continuous 14C samplers were placed on the vents on 14 March 1980. The
results for the next 88 weeks of continuous sampling of the main plant vent are
shown in Fig. 2.

During and just before outages the 1**C releases were the greatest, most
probably for the following reasons: During outages the gases covering and
dissolved in the primary coolant system are purged into the gas decay tanks. The
tanks are vented to make room for the cover gas9 and after a hold-up period the
cover is discharged. During an outage, therefore, when radioactive gases that have
accumulated in the primary coolant are removed and released from the gas decay
tanks, the discharge of 1£*C is the greatest. After an outage the concentration of
radioactive gases in the primary system is reduced, and less 1'*C is discharged.

The release of -^C is greater during periods when gas decay tanks are vented.
However, even when decay tanks are not being vented, a substantial quantity of lliC
is discharged. The release of 14C during such periods indicates that l^C is
leaking from various reactor components in auxiliary buildings outside the contain-
ment building. Foz> example, there may be some leakage of radioactive gases from
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Figure 2 Biweekly measurements of ll+C discharge from main plant vent of a "490 MW(e) PWR.
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the primary to the secondary coolant, and these gases could be released in build-
ings outside the containment building. Gases released in auxil,-\.ry buildings are
discharged through the main plant vent.

During 50 weeks of the 88-week test period there were no releases from the
gas decay tanks through the main plant vent. During these 50 weeks a total of
1.48 Ci of l^C were discharged from the main plant vent, for a discharge rate of
1.5 Ci of -̂4C/yr from auxiliary building ventilation.

The ltfC02 fraction of the total C in the main plant vent was measured
during 44 weeks of the test period. A total of 0.37Ci of 14C02 w a s released,
which corresponds to a discharge rate of 0.4 Ci of l^CC^/yr. The concentration of
1^002 in the main plant vent does not appear to be affected by the release of gas
from the decay tanks. This is not surprising in view of the very low concentra-
tion of l**C02 in the grab samples from gas decay tanks. The ^ CO2 appears to be
associated primarily with the continuous auxiliary building discharge from the
main plant vent. The source of the ^C02 is not known. Analyses of grab samples
from gas decay tanks and of containment air indicate that very little -^Cl^ is
formed in the pressure vessel, decay tanks, or containment building.

The results for continuous sampling of the containment vent are shown in
Fig. 3. During the first outage a total of 0.91 Ci was released from this vent.
During the second and third outages 0.31 and 0.43 respectively were released. The
total amount of 1**C released from the containment vent during the 88-week test
period was 1.65 Ci, for a rate of 1.0 Ci/yr.

The grab samples indicated that -^C was accumulating in the containment
building at a rate of 0.4 Ci/yr during periods when the plant was operating. It
appears that over half of the 14£ discharged from containment was released from
reactor components during the outages. Apparently ^ C in the pressure vessel,
steam generators, and other reactor components is released during refueling and
repairs and is discharged with the containment venting.

Considering the discharge from both the main plant vent and the containment
vent (Fig. 4), the total amount of -^C discharged during the 88-week test period
was 7.2 Ci. This corresponds to a discharge rate of 4.3 Ci/yr.

The sources or location of the ^ C discharges can be roughly apportioned.
The -^C release rate from the containment vent was 1.0 Ci/yr. The l^C discharged
continuously through the main plant vent from the venting of auxiliary building
air was estimated at 1.5 Ci/yr. This leaves a balance of 1.8 Ci/yr for the 11+C
discharged from the gas decay tanks, a value which agrees within analytical error
with the rate of 1.5 Ci/yr estimated from the grab sample data.

Therefore about 58% of the total ^*C is discharged by ventilating the
containment and auxiliary buildings and about 42% in the gas decay tank releases.
The stack flow rates for the containment and auxiliary building vents are
1.18 x 10? and 2.97 x 107 cc/s respectively. These flow rates seem too great to
make practical any processing of the gas for ll|C removal. However, the discharge
from the gas decay tanks could be processed to remove 14c.

The release rate for total -^C, determined by continuous sampling for 88
weeks, was 4.3 Ci/yr. During this test period the reactor operated for about 75%
of the time at close to its design power level of 490 MW(e) gross. Therefore
the llfC release rate of 4.3 Ci/yr corresponds to a release rate of 11.6
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Figure 4 Combined -^C discharge from main plant vent and containment
vent of a 490 MW(e) PWR.

Ci/GW(e)-yr.

The average value calculated for production of -^C in the coolant of generic
PWRs is 6.7 Ci/GW(e)-yr.(5) The 490 MW(e) reactor is one of the older reactors
and has about one-half the generating capacity of newer PWRs. The unique design
of this reactor may result in higher production rates of 14C in the coolant than
has been calculated for generic designs.

Liquid Grab Samples. Primary coolant samples were analyzed for inorganic
and organic 11+C. Samples were taken before and after passage through the primary
coolant clean-up deraineralizers to determine the decontamination factor for ^ C .
The total -^C concentration, obtained by adding the inorganic and organic concen-
trations, indicates that there is no measurable removal of l^C by the ion-exchange
resins.

If, however, only 10% of the -^C in the.primary coolant were removed in
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passing through the clean-up demineralizers, a quantity not recognizable by
differential analysis of the primary coolant, the removal rate would be
1.7 Ci/GW(e)-yr, or about 15% of the gaseous discharge rate. Measurements of the
•^C concentrations in the dernineralizer resins and filter sludge should be made in
addition to the coolant measurements to determine the amount of ll*C discharged as
low-level solid wastes.

The average concentration of total C in the primary coolant was
1.1 x 10"^ uCi/ml and varied by less than a factor of 2 from sample to sample. By
measuring the leak rate of primary coolant, the discharge of -^C via this pathway
could be estimated. Assuming a primary coolant leak rate of 130 cc/min and an
average concentration for total -^C of 1 x 10-^ yCi/ml, the liquid discharge rate
was 0.007 Ci/yr.

A wastewater composite sample was also analyzed for inorganic and organic
C. The composite included contaminated water from sources such as controlled

area equipment and floor drains, radiochemistry laboratory drains, and laundry and
shower drains, which is collected in a wastewater hold-up tank. Evaporators are
used to concentrate the radioactive material as evaporator bottoms or sludge and
to recover the distilled water. The evaporator sludge is packaged in drums for
disposal in low-level burial sites. Based on the measured -^C concentration of
5.1 x 10"7 uCi/ml in the wastewater and assuming that a maximum of 8000 cc of
wastewater/min is processed and that all the 14C is collected in the evaporator
bottoms, a total of 0.002 Ci/yr would be shipped to burial.

1000 MW(e) PWR

Plant Ventilating System. All building air, containment air, and gas decay
tanks at this reactor are vented through the main plant vent at a flow rate of
2-4 x 107 cc/s. Building air is continuously vented; containment air and gas in
decay tanks are released periodically.

Gaseous Grab Samples. Samples of decay tank gas collected in 1976 and 1S78
contained 3% to 4% of the total 14C as 14CC>2, whereas a sample taken in 1981
contained 25% of the total 11+C as 14C02. The balance of the 14C was in the form
of -^CHu and other hydrocarbon gases. During the recent test period (August 1980-
April 1982), gas decay tanks were vented at a rate of 48 tanks/yr. The volume of
each tank is 14.9m3, and they are normally filled to a pressure of 6.9 x 105 Pa
(100 psi). The average concentration of total 14C in the gas decay tanks was
5.3 x 10~5 uCi/cc, which results in a release rate of 0.26 Ci/yr.

The ^C02 concentration in a sample of containment air collected in 1978 was
7% of the total 14C concentration. In a 1981 sample 14C02 was 15% of the total,
with the balance as -̂ CHi). and other hydrocarbon gases. The containment air is
vented at a rate of 7.1 x 105 cc/s for about 3 h every 3 days to relieve excess
pressure. This corresponds to exchanging the containment air every 23 days, or
about 16 times each year. In addition the containment is purged two or three
times each year. The average concentration of 14C in the containment air was
3.4 x 10~6 uCi/cc, which indicates a ^ C discharge rate of 3.5 Ci/yr through
pressure relief and purging of containment air.

Continuous Gas Sampling. Continuous samplers x-rere used to measure both
total J-̂ C and J-̂ CĈ  releases from the main plant during an 84-week period begin-
ning in August 1980. Measurements of total 14C (Fig. 5) show that the rate of
discharge of 1£*C tended to increase with time after an outage. The amount
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of ^ C released varied considerably from week to week, with no apparent correlation
between the quantity discharged and the gas decay tank releases.

During the 68-week period when total -̂4C was measured, 4.9 Ci was discharged,
a rate of 3.7 Ci/yr. Since the reactor was operating at 48% of full power, this
rate corresponds to 8.0 Ci/GW(e)-yr.

During 26 weeks when no gas decay tanks were vented, a total of 1.8 Ci of C
was released, - a rate of 3.7 Ci/yr - the same rate as for the entire 68-week
sampling period. Thus indicating that the amount of ^C discharged via gas decay
tank releases was only a small fraction of the total. The grab sample data
further indicated that 0.26 Ci/yr, or about 7% of the total 1 4C, was discharged
through gas decay tank releases. The grab sample estimates of ^ C released
through pressure relief venting and purging of containment indicate that contain-
ment releases were the major pathway for ^ C discharge.

The amount of 14C discharged as 1 4C0 2 is shown in Fig. 6. The 1I+C02 dis-
charge was greatest during outages. For the last 54 weeks of the test period both
total 14C and i4CC>2 were measured. During this period 0.81 Ci of 1 4C0 2 was dis-
charged, and the total ll*C discharged was 4.25 Ci. Therefore lt*C02 represented 19%
of the total i£tC released.

Liquid Grab Samples. Samples of primary coolant were taken before and after
passage through the clean-up demineralizers and were analyzed for inorganic andthrough
organic C. There was essentially no change in ^C concentration, indicating that
the decontamination factor for 14C is small. A decontamination factor of only 10%
would be unmeasurable by this method but would result in about 1 Ci of l^C/yr being
removed by the clean-up demineralizers. The average concentration of C in the
primary coolant was 7 x 10" ̂ yCi/ml, about half organic and half inorganic carbon.
Assuming a primary coolant leak rate of 2000 cc/min, a liquid discharge rate of
0.07 Ci/yr is estimated for this possible pathway.

850 MW(e) BHR

Plant Ventilating System. The off-gas stripped from the primary steam at the
BWR is released through a 117-m stack. The unprocessed off-gas has a flow rate of
about 7 x 104 cc/s, which is reduced to about 2 x 101* cc/s when the advanced
off-gas system is used. The off-gas is diluted with outside air, resulting in a
stack flow rate of 3 x 10^ cc/s. The reactor building, turbine building, refuel
floor, and radwaste building each have a separate building vent.

Gaseous Grab Samples. Three samples from the off-gas stack were analyzed for
-L4co2 comprised between 97% and 99% of the total ^ C , with the balance as
and other hydrocarbon gases. Under the oxidizing conditions in the coolant

of a BWR, carbon appears to be predominantly oxidized to CO2. The average concen-
tration of total **C in the off-gas stack was 9 x 10"8 uCi/cc. Since the stack
flow rate was 3 x 106 cc/s, the estimated *^C discharge rate was 9 Ci/yr based on
grab sample measurements.

Continuous Gas Sampling. The stack gas was sampled for total ^ C for 98
consecutive weeks, beginning in July 1980 (Fig. 7). During outages the ^ C release
dropped rapidly to essentially zero. When the plant was operating, the quantity of
•^C released tended to be directly related to the reactor power level. During the
98-week test period a total of 11.9 Ci of -^C was discharged from the off -gas
stack, a discharge rate of 6.3 Ci/yr. Since the reactor operated at 61% of full

425



to

Ld

o
o

PLANT VENT-I4CQ2
• Plant operating
E3 Plant outage

20 40 60

WEEKS (start 6 Aug 80)

s
m

I
S

8
s
9
m

i

Figure 6 Biweekly measurements of discharge from plant vent of a 1000 MW(e) PWR.



17th DOE NUCLEAR AIR CLEANING CONFERENCE

or
ID
O

0.6

0.4

0.2

2400

2000

1600

1200

800

4 0 0

pi

r-n -rTLr-n r-n-

i -

-

r" l~l

-

r Th Ti
1 -1

r

i i

20 40 60 80

WEEKS (start 16 July 80)

100

Figure 7 Biweekly measurements of 1**C discharge from off-gas stack and
average power levels of an 850 MW(e) BWR.

power, the discharge rate is equivalent to 12.3 Ci/GW(e)-yr.

A continuous sampler was used to sample the total ^C discharge from each of
the building vents for a period of about 3 months on each vent. The reactor
building, turbine building, and radwaste building vents were sampled when the
reactor was operating; the refuel floor vent was sampled during an outage. The
rates of 14C discharge were 0.018 Ci/yr for the reactor building, 0.035 Ci/yr for
the turbine building, 0.0^8 Ci/yr for the radwaste building, and 0.12 Ci/jn? for
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the refuel floor. Thus gaseous llfC appears to be discharged almost entirely via
the off-gas stack.

Liquid Grab Samples. One set of coolant samples taken before and after pass-
age through both the clean-up and condensate demineralizers was analyzed for
inorganic and organic 1!*C. A decontamination factor of 7 was found for the
clean-up demineralizer, whereas the condensate deminer-alizer showed no removal of
l^C. The concentration of ^ C in the coolant before the clean-up demineralizer
was 2 x 10~6 yCi/ml, which, when combined with a decontamination factor of 7,
results in a ^ C removal rate of 0.5 Ci/yr. Additional coolant samples, as well as
resins and filter sludge, could be analyzed for lllC to determine more accurately
the amount of llfC removed by the demineralizers.

The primary coolant leak rate was about 3 x 101* cc/min. This water is
recycled after demineralizer cleanup. Assuming that all the ^ C is removed during
cleanup, 0.03 Ci/yr would be retained in the recycled water cleanup systems.

Conclusions

Continuous stack samplers with a solid absorbent to trap COg were used to
monitor the gaseous ^C released from two PWRs and one BWR. The samplers were run
continuously for 84 to 98 weeks at each reactor; sample cartridges were exchanged
biweekly,

The 1UC discharge rates measured for a 490 MW(e) PWR and a 1000 MW(e) PWR
were 11.6 and 8.0 Ci/GW(e)-yr respectively. In other studies the average calcu-
lated estimate for the production of ll*C in the coolant of a PWR was 6.7
Ci/GW(e)-yr/5^ and the average measured value for five PWRs in the Federal
Republic of Germany was 6 Ci/GWCeJ-yr.'1^ The somewhat higher rate of 11.6
Ci/GW(e)-yr determined for the 490 MW(e) PWR may be due to the unique design of
this older reactor. Otherwise there is fairly good agreement between the calcu-
lated and measured values for PWRs.

The chemical form of the 1£tC gaseous discharge at the PWRs was( over 80% as
i4CH^ and other hydrocarbon gases, with the balance as 14C02. The 1!*C release was
quite variable from week to week, with substantial quantities released during
outages. Most of the 14C was released through containment and auxiliary building
ventilation, where the large volume flow rates would appear to make 14C removal
impractical.

The 14C discharge rate measured for an 850 MW(e) BWR was 12.3 Ci/GW(e)-yr.
The average calculated estimate for production of -^C in the coolant of a BWR was
8.2 Ci/GW(e)-yr/5' and the average measured value at four BWRs in the Federal
Republic of Germany was 1H Ci/GWCeJ-yr,'1*' These initial results indicate that
the actual production rate for a BWR is over 50% higher than the average calcu-
lated estimate. The chemical form was almost entirely 14C02, and the discharge
pathway was almost entirely via the off-gas stack. The off-gas flow rate of
2-7 x 101* cc/s would appear to be amenable to -^C removal. The release of ^ C
showed a correlation to reactor power, dropping to essentially zero during outages.

From initial measurements of the 14C decontamination factors for the primary
coolant clean-up systems it appears that the discharge of W C in solid wastes is
small compared to the gaseous discharge.
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DISCUSSION
BONKA: You mentioned that the measured ^C emission rate of
boiling water reactors is nearly 503 higher' than the calculated rate.
The reason should be a higher nitrogen impurity in the water of the
primary circuit. In the literature I found one value for the nitrogen
impurity in the water. That is a nitrogen measurement in a
water sample of the boiling watar reactor Muhlegerg/Swiss at a
laboratory in New York. The nitrogen impurity was nearly 50ppm.

KUNZ: I am not aware of the Swiss measurement or any other
measurement of the nitrogen impurity in the coolant of boiling water
reactors. It may be possible to estimate the nitrogen in the coolant
from the nitrogen content of the off-gas. Assuming that the source
of the nitrogen in the off-gas is the coolant and is not due to air
in-leakage to the off-gas stream, I believe the coolant concentration
could be as high as 20ppm atomic nitrogen.
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SIEGLER: Commenting on the last question, I believe that the
speaker's estimate of 20 ppm N2 in BWR reactor water is high by a
factor of 50 to 100 based on measurements made at operating BWRs.
Also, N2 in off-gas is due to air in-leakage.

HAYE£: Can you explain the reason why the 490 MW{e) PWR
shows 45% (about 5 Ci/GW(e)-yr) of C~14 released from the waste gas
decay tanks while the larger (1,000 MW(e)) PWR shows only 7% or
0.56 Ci/GW(e)-yr released from the waste gas decay tanks?

KUNZ; Our results indicate that at the 1,000 MW(e) PWR
most of the C ^ is leaking from reactor components into the con-
tainment air during plant operation. At the 490 ME(e) PWR the radio-
active gases are better contained in the primary system during plant
operation and a higher fraction of the total ^ C is transferred to
the GDTs..

BANGART: As a further comment on the last question, I would
like to add that the amount of C~14 released from WG-DT will be
dependent upon the type of gas stripping of the let-down flow, i.e.,
full or partial stripping. Similarly, C"̂ -̂  releases to building
ventilation may depend upon the amounts of mainenance being con-
ducted.
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CARBON-14 IMMOBILIZATION VIA THE Ba(0H)2»8H20 PROCESS*

G. L. Haag, J. W. Nehls, Jr., and G. C. Young
Chemical Technology Division
Oak Ridge National Laboratory

Oak Ridge, Tennessee

Abstract

The airborne release of 1I*C from various nuclear facilities has
jen identified as a potential biohazard due to the long half-life of
*C (5730 years) and the ease with which it may be assimilated into

the biosphere. At Oak Ridge National Laboratory (ORNL), technology
is under development, as part of the Airborne Waste Management Pro-
gram, for the removal and immobilization of this radionuclide. Prior
studies have indicated that 1**C will likely exist in the oxidized
form as C02 and will contribute slightly to the bulk C02 concentra-
tion of the gas stream, which is airlike in nature (~33O ppmv CO2).
The technology under development utilizes the C02-Ba(0H)2'8H20 gas-
solid reaction with the mode of gas-solid contacting being a fixed
bed. The product, BaCO^, possesses excellent thermal and chemical
stability, prerequisites for the long-term disposal of nuclear
wastes. For optimal process operation, studies have indicated that
an operating window of adequate size does exist. When operating
within the window, high CO2 removal efficiency (effluent concentra-
tions <100 ppbv), high reactant utilization (>99>), and an acceptable
pressure drop across the bed (3 kPa/m at a superficial velocity of
13 cm/s) are possible. This paper will address three areas of exper-
imental investigation: (1) inicroscale studies on 150-mg samples to
provide information concerning surface properties, kinetics, and
equilibrium vapor pressures; (2) macroscale studies on large fixed
beds (4.2 kg of reactant) to determine the effects of humidity, tem-
perature, and gas flow rate upon bed pressure drop and CO2 break-
through; and (3) design, construction, and initial operation of a
pilot unit capable of continuously processing a 34-nP/h (20-ft3/min)
air-based gas stream.

I. Introduction

The release of 1i*C from the nuclear fuel cycle has been identi-
fied as a potential biohazard because of its long half-life (5730
years) and the ease with which it may be assimilated into the bio-
sphere.1"20 In nuclear reactors, C is produced primarily by neu-
tron interactions with '3c, i^u, and ''0, which are present in the
fuel, the cladding, and the coolant. The bulk of the 1^C is released
in gaseous form either at the reactor or when the spent fuel is re-
processed. Presented in Table I are representative release rates at
various nuclear facilities.

•Research sponsored by the Division of Waste Products, Office of
Nuclear Waste Management, U.S. Department of Energy under contract
W-7405-eng-26 with the Union Carbide Corporation.
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Table I. Approximate production and release rates
of several types of facilities

Facility [Ci/Gw(e)yr]

Nuclear reactors

LWR 8-10
CANDU 500

Reprocessing plants

LMFBR 6
LWR 18
HTGR 200

Source: ref. 2.

Carbon-14, like 3H, 85Kr, and
 129i, is a global radionuclide.

That is, upon release to the environment, its dosage impact is not
limited to the region of release, a release which may be legislated
by local government, but rather the net dosage is distributed glob-
ally in a nearly uniform manner. Furthermore, because of its long
half-life, '̂ C release poses a health hazard to both present and
future generations. Modeling studies have been conducted for pre-
dicting the dosage effects from 1^C release. However, these studies
require major assumptions concerning the effects of low-level radia-
tion, future population growth, and time span of dosage integration.
Depending upon the assumptions, total dosage estimates typically vary
from 400 to 590 man-rem/Ci. In a modeling study by Killough and
Rohwer at ORNL, a total dosage estimate of 540 man-rem/Ci was ob-
tained. This study also predicted dosage estimates for time periods
of 30 and 100 years of 18 and 23 man-rem/Ci, respectively." More
recent modeling studies by Killough et al. have indicated that for
14C release from a 30.5-m (100-ft) stack at the Morris, Illinois, or
Barnwell, South Carolina, reprocessing plants, 0.02 and 0.002JC of the
total dosage would occur within 100 km of the respective points of
release.1B A study by the Nuclear Energy Agency (NEA) on the release
of global radionuclides ^H, 1HC, "Kr, and TZ9I restricted the time
period of interest to 10,000 years. Hence a partial dosage for ""c
of 290 manjrem/Ci was used.'6 With knowledge of the worldwide re-
lease of 14C, the resulting dosage per curie released, and assuming
146 fatal effects, 105 nonfatal cancers, and 76 serious genetic
effects per million man-rem of dosage as estimated by Fowler and
Nelson,20 an estimate of the health effects resulting from '̂ C re-
lease may be made. However, these health effects must be placed in
proper perspective; that is, they may occur any place and any time
within the time limits of dosage integration. For global radionu-
clides with long half-lives, the often cited cost-effective values
for controlling radionuclide release, $100 to $1000 per man-rem, may
not be justified, as certain questions of a philosophical and tech-
nical nature must first be answered. However, if a technology with
suitable cost-effectiveness is shown to exist, the control of 14C

432



17th DOE NUCLEAR AIR CLEANING CONFERENCE

release will then be warranted. Therefore, the primary goal of this
research effort is to develop such a cost-effective technology.

II. Technology Development

In the development of technology for controlling the release of
1^C from the nuclear fuel cycle, we have established the following
criteria for candidate processes:

1. acceptable process efficiency, with a nominal decontamina-
tion factor of 10;

2. acceptable final product form for long-term waste disposal;

3. excellent on-line process characteristics;

4. process operation at near-ambient conditions; and

5. acceptable process costs (<$10/man-rem).

Based upon these criteria, an operationally simple process that
utilizes fixed-bed canisters of Ba(0H)2#8H20 has been developed at
ORNL. At ambient temperatures and pressures, this process is capable
of removing CO2 (330 ppmv) in air to concentrations <100 ppbv. Ther-
modynamic calculations indicate equilibrium concentrations to be at
the part-per-trillion level.21 The product, BaC03, possesses excel-
lent thermal and chemical stability as it decomposes at 145O°C and is
sparingly soluble in water, 0.124 mg-mol/L at 25°C.22»23 Further-
more, the soluble reactant undergoes 100$ conversion, thus ensuring
an extremely stable material for final disposal. Gas throughputs are
such that reactor size remains practical for the treatment of antici-
pated process streams. For a design superficial velocity of 13 cm/s.
a reactor with a diameter of 0.70 m (27 in.) would be required for
the treatment of a 170-m3/h (100-ft3/min) off-gas stream. Although
extensive cost studies have not been completed, initial comparative
studies with alternative technologies have indicated the process to
be extremely cost competitive.16,20,24-31 xne estimated process cost
is <$10/man-rem.

This paper highlights the contents of two major technical re-
ports that are in preparation.32»33 For additional information,
these reports should be consulted. Studies concerning the develop-
ment of the Ba(0H)2*8H20 process for 1*C02 removal will be broken
into three areas: (1) microscale studies, (2) fixed-bed macroscale
studies, and (3) design and operation of a pilot plant.

Experimental studies have concentrated upon the use of flakes of
)28H20. As shown in Fig. 1, the material is a free-flowing

solid and when reacted with CO2 under proper conditions, the flake
form remains intact upon conversion to BaC03« Vendor specifications
indicate that the material is substoichiometric in water and pos-
sesses an overall hydration of 7*0 to 7.9 H2O. Discussions with ihe
vendor indicated that the water deficiency is intentional so as to
ensure a free-flowing, nonsticking product.
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Fig. 1. Commercial Ba(0H)2«8H20 flaked reactant and BaC03
flaked product. The product was obtained at a process relative hu-
midity <60%.

The flake3 are prepared by distributing a Ba(0H)2 hydrate magma
(~78°C) on a stainless steel conveyor belt, which is cooled on the
underside with cooling water.34 The resulting flakes have variable
thicknesses [an average thickness 0.10 cm (1/16 in.)]. The results
of a particle-size analysis on material originating from two batches
are presented in Table II. Analysis of samples obtained from these
batches indicated stoichiometries of approximately 7.5 and 7.0 H20

Table II. Particle-size analysis of commercial Ba(0H)'8H20
flakes obtained from two different batches

;Particle
Mesh

4 -

8 ̂

20 i

50 ->

120 -»

*•

• 4

> 8

- 20

120

size

4.75

2.36

0.850

0.300

0.125

mm

• 4.75

+ 236

* 0.850

+ 0.300

* 0.125

Weight
Batch 1

18.5

46.9

31.6

2.0

0.4

0.6

percent
Batch 2

5.8

33.0

54.5

4.9

1.2

0.6
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respectively. For a given batch, little variation was observed
in the extent of hydration. X-ray analysis of the two samples
failed to confirm the presence of Ba(OH)2#3H2O, the next stable
hydrate of lower stcichiometry. However, the existence of a
Ba(0H)2*3H20—Ba(0H)2*8H20 eutectic with an overall water stoichiome-
try of 7.19 has been reported.35»36 \je speculated that the trihy-
drate species was not detected because of its extremely small
crystallite size. Sorption isotherm studies indicated that the reac-
tant displayed negligible micro-porosity (d < 2 nm) or restrictive
mesoporosity (2 nm < d < 150 nm). Mercury porosimetry studies indi-
cated that the pore size distribution was bimodal with maximas of
0.17 and 1.0 Mm and that the flake porosity was 1256. When a flake
was exposed to a water vapor pressure less than or greater than the
vapor pressure of Ba(OH)2'8H2O, the material either dehydrated to the
trihydrate or hydrated to the octahydrate. Rehydration was observed
to proceed in one of two regimes and was dependent upon the relative
humidity. This factor will be addressed in subsequent sections. The
best correlation for predicting the vapor pressure of Ba(0H)2*8H20
appears to be that presented by Kondakov at al.:3<

log P = - iffij-5T + 13.238 ,
where

P = pressure, Pa or nt/m^,

T = temperature, K.

With respect to published vapor pressure data on Ba(0H>2*8H20, a
comprehensive, chronological review of the published vapor pressures
is presented in ref. 32.

As shown in Fig. 1, operating conditions exist for which the
integrity of the flake form is retained upon conversion to BaCC>3.
Because of the low molar volume of the product as compared to that of
the reactant, a ratio of 0.31, and an initial particle voidage of
^2%, one would predict a final product porosity of 73%• Mercury
porosimetry studies have indicated product porosities of 66 to
72£.21»32 visual evidence of this porosity may be observed by com-
paring scanning electron micrographs of the reactant and product
(Fig. 2).

The following Ba(0H)2 hydrate nomenclature, will be used in the
remainder of this paper: The substoichiometric flakes will be re-
ferred to as commercial Ba(0H)2»8H20 (7.5). Where it is of signifi-
cance, the term in parenthesis will refer to the initial hydration
sfcoichiometry. The term Ba(0H)2*8H20 will refer to the stable
crystalline species with 8 waters of hydration.

III. Miorosoale Studies

Realizing that an understanding or at least an awareness of phe-
nomena which occur on the microscale is often required to develop an
understanding of maeroscale phenomena, basic studies were conducted
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Fig. 2. Scanning electron micrographs of a flake of commercial
Ba(0H)2*8H20 (top) and the BaC03 product. The product was obtained
at a process humidity <6OJS (original photo, 8.9 x 11.4 cm; magnifica-
tion, 5000x).
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i

on the hydrates of Ba(0H)2 and the BaCC>3 product. Analytical tech-
niques consisted of scanning electron microscopy; mercury intrusion
for porosimetry determination; acid-base titrations and overall mass

| balances to determine the extent of conversion and hydration; x-ray
diffraction analysis; single-point BET analysis; and operation of a

; microbalance system whereby studies of a kinetic, thermodynamic, and
i surface morphological nature could be performed on 150-mg samples
i (Fig. 3). Results from these studies were useful in the character-
! izing the Ba(0H)2*8H20 reactant, which was reported in the preceding

section. The intent of this section is to highlight experimental
results from the microscale studies, which are as follows.

1. Methods to prepare Ba(0H)2'H20, Ba(0H)2'3H20 and
Ba(0H)2'8H20 were developed, and the presence of these species was
confirmed.

2. Commercial Ba(0H)2'8H20 flakes were found to display negli-
gible surface area. Hydration to Ba(0H)2'8H20 was observed to pro-
proceed in one of two regimes. For relative humidities <60%, the
increase in surface area was small and the flake form remained in-
tact. For relative humidities >60?, the flake rscrystallized in a
manner which resulted in greater surface area, but the increase in
activity also resulted in a more fragile product.

3. Dehydration of commercial Ba(0H)2*8H20 to Ba(0H)2*3H20 and
subsequent rehydration to Ba(0H)2*8H20 at relative humidities <60$
was modeled by a shrinking core model. The relative rate was found
to be dependent upon the difference between the water sorbed on the
surface for a given P/Po value (i.e., relative humidity) and that
required on the surface for Ba(0H)2*8H20 to exist in a stable form.

4. There was evidence of considerable hydrogen bonding within
the Ba(0H)2°8H20 crystal. These results paralleled the crystallogra-
phy studies of Monohar and Ramaseshan in which they cited difficulty
in differentiating the location of the hydroxyl ions from the waters
of hydration.38

5. T-ie vapor pressure correlation for Ba(0H>2*8H20 cited in the
previous section was indirectly verified at two temperatures.

6. At low CO2 vapor pressures, Ba(0H)2»8H20 was observed to
be 3 orders of Magnitude more reactive toward CO2 than either
Ba(0H)2'3H20 or Ba(0H)2*H20.

7. For relative humidities <60£, the increase in surface area
with product conversion was found to be a very strong function of
the specific rate of reaction and was not a linear function of con-
version.

8. The surface area of BaC03 product was determined to be a
function of relative humidity. In a manner analogous to the dehydra-
tion of commercial Ba(0H)2*8H20 and the rehydration of Ba(0H)2*3H20,
surface water appeared to aid in the transport of the reactant and
product species, thus resulting in lower surface areas at higher
values of P/Po. However, the authors feel that the increase in
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surface water could not account for the drastic difference in CO2 re-
activity observed for the various hydrate species, The difference in
reactivity appears to result from the additional water in the crystal
structure and the greater mobility of the hydroxyl ions.

9. Based upon the analysis of nitrogen sorption isotherm data,
there were no indications of hysteresis. Therefore if capillary con-
densation should occur, one would speculate it to result from the
wall effects of noncircular pores (e.g., V-shaped points of intersur-
face contact).

Detailed information appears in ref. 32, which is as yet unpub-
lished.

IV. Fixed-bed macroscale studies

Over 18,000 hours of experimental operating time have been com-
pleted on fixed beds of Ba(0H>2#8H20. These beds typically contained
from 2.9 to 4.3 kg of reactant. A schematic of the experimental sys-
tem, which has been described in detail in a previous paper,21 is
presented in Fig. 4. The intent of this aspect of the study was to
determine the effects of air flow rate (superficial gas velocities of
7-21 cm/s), operating temperature (2£-42°C), and water vapor pressure
or relative humidity (0-80J) on the operational characteristics of
the fixed bed, most notably the shape of the breakthrough curve and
the pressure drop across the fixed bed. Since the reaction is endo-
thermic, the reactor was jacketed and the temperatures of the influ-
ent and effluent streams were held constant. Presented in Fig. 5 is
a typical breakthrough curve and pressure drop plot. For this par-
ticular run, the pressure drop increase was noticeable and was not
solely a function of bed conversion.

In the course of these fixed-bed studies, it was observed that
for a given mass throughput, certain process conditions resulted in
a greater pressure drop than others. In several instances, the in-
crease in pressure drop during a run behaved in an autocatalytic
manner and necessitated discontinuation of the run. The increase in
pressure drop appeared to result from two phenomena: a slow gradual
increase that was a function of bed conversion and a rapid increase
that was a function of relative humidity. The magnitude of the
latter often overshadowed the former. The observed pressure drop,
plotted as a function of relative humidity at two temperatures (295
and 305 K) and a superficial velocity of ~13 cm/s, is presented in
Fig. 6. It is significant that the data are consistent at the two
temperatures as the saturation vapor pressures differed by a factor
of 1.8. Furthermore, the dependency upon relative humidity indicates
the presence of a surface adsorption phenomenon. For physical ad-
adsorption on surfaces, the extent of adsorption is dependent upon
the extent of saturation, P/F<) 1 or in the case of water, the relative
humidity. The fact that the pressure drop became more severe at ~6OJ
relative humidity indicates that capillary condensation i3 likely
present. Since no hysteresis was observed during nitrogen adsorption
studies, we speculate that the condensation occurs at V-shaped con-
tact points or pores. The presence of the condensed water then pro-
vides sites of rapid recrystailizaton. Because the flaked reactant
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Fig. 5. Logarithm of the experimental breakthrough profile and
the change in pressure drop across the bed presented as function of
time (superficial gas velocity, ~13 cm/s).

was prepared by the rapid cooling of a magma that was substoichio-
metric in octahydrate (7.0 to 7.9 waters of hydration), the rate of
recrystallization is likely enhanced by a need to reduce internal
energy locked within the flake. This energy may be present as
defects within the crystallites or surface energy resulting from
the small size of the crystallites and the presence of the
Ba(0H)2'3H20—Ba(0H>2#8H20 eutectic. Photographs of commercial
Ba(0H)2*8H20 flakes after recrystallization at a relative humidity
>60j are presented in Fig. 7. For rehyctration at lower humidities,
external changes of the flake were small.

The functional dependency of pressure drop upon relative humid-
ity is helpful in understanding the autocatalytic pressure drop be-
havior observed at high relative humidities. For a fixed influent
water vapor concentration, any increase in system pressure at con-
stant temperature will result in an increase in the water vapor
pressure and likewise the relative humidity, P/Po« Therefore as the
pressure drop across the bed increases, so does the relative humidity
within the bed and each continues to increase until the run must be
terminated. At lower relative humidities, the rate of increase in
pressure drop as a function of relative humidity is not sufficient to
autocatalyze the process.
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Fig. 6. Pressure drop as a function of relative humidity dur-
ing fixed-bed studies on commercial Ba(0H)2*8H20 flakes (superficial
gas velocity, ~13 cm/s).

The pressure drop dependency upon relative humidity also re-
stricts the upper flow rate that the process may treat. Increased
gas flows result in greater pressure drops across the bed (i.e., a
greater pressure at the entrance to the bed). Therefore, the rela-
tive humidity at the entrance of the bed must be <6OJ6, but the
influent water vapor pressure must be greater than the dissociation
vapor pressure of Ba(0H)2*8H20.

Extensive modeling studies were performed on the breakthrough
curves from the fixed-bed studies. Because of the nature of the
governing partial differential equations and their respective bound-
ary conditions, solutions were of a numerical nature. An in-depth
review of the method of analysis and of the associated assumptions
is presented elsewhere.^2 The analysis indicated that the rate ex-
pression could be modeled by an equation of the form:

where

R = KFA0(1 - X)C ,

Kp = gas film mass transfer coefficient,

£ = initial surface area available for mass transfer,

X = fractional conversion of reactant,

C = bulk CO2 concentration.

Data analysis indicated KFA0 to be a weak function of tempera-
ture and a strong function of velocity, indicative of gas-film
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Fig. 7. Top and bottom views of a commercial
flake subjected to relative humidity >6Q%.
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control. Considerable dispersion in the value of the KpAo coeffi-
cients was observed for a given mass throughput. There were indica-
tions that the dispersion resulted from differences in the actual
area available for mass transfer and the possible presence of loca-
lized channeling. Based upon published correlations for the Kp
coefficient, the correlation for the KpA0 coefficient possessed a
greater functional dependency upon velocity than expected. Because
the studies were conducted on flaked material with considerable
interparticle contact, we speculate that the amount of surface area
available for mass transfer increased as a function of gas velocity,
thus resulting in the greater than anticipated functional dependency
of KpA0 upon velocity. This factor may also account for the greater
than anticipated dispersion in KFAO as some localized packing
arrangements would be more conducive to restructuring. Representa-
tive breakthrough curves and the model-predicted curves are presented
in Fig. 8.

V. Pilot Unit Development

In the development of this fixed-bed technology, a pilot unit
capable of processing 34 nP/h (20 ft^/min) was designed, constructed,
and is currently in operation. Specific goals of this aspect of pro-
cess development are to provide

1. the basis for the design of a 1J*C immobilization module for
future testing under hot conditions;

2. data at operating conditions not achievable with present
bench-scale equipment, in particular operation at near-
adabatic conditions;;

3. necessary scale-up data; and

4. operating data on key hardware items and instrumentation.

Presented in Fig. 9 is a flow schematic of the 1i*C immobiliza-
tion pilot unit; a photograph of the system is presented in Fig. 10.
The designed gas throughput at a superficial velocity of 13 cm/s in
the reactor is 34 m3/h (20 ft^/min). The system consists of two
reactors which contain canisters loaded with 32 kg (70 lb) of commer-
cial Ba(OR)2*3H2O reactant. Due to the size of the canisters and the
relatively long loading times prior to breakthrough, continuous
operation with only two reactors is possible. The steam, air, and
CO2 flow stations are unique to our pilot unit and will not be
discussed in detail.

The overall pilot unit is controlled by a 5TI logic controller
manufactured by Texas Instruments. The unit is currently capable of
monitoring 8 DC and 16 AC input signals and providing 24 DC and 16 AC
output signals. The logic controller monitors alarm signals from the
CO2 analyzer, hygrometer, flowmeters, timers, and pressure and tem-
perature sensors. Upon sensing an alarm condition such as a CO2 con-
centration of 1 ppmv in the effluent gas stream, valves are actuated
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in the proper sequence at prescribed time intervals thus diverting
flow to the second column. Numerous 3/4-and 1/4-in. Whitey ball
valves are located within the system for bulk flow control and for
gas sampling. For valve actuation, electronic DC signals from the
logic controller are converted to pneumatic signals using modular
Humphrey TAC^ electric air valves. The Whitey ball valves are then
actuated pneumatically via Whitey actuators. Gas samples may be
routinely taken and returned from any one of five points within the
system. Sampling from these locations may be controlled by the logic
controller. The sample gas is filtered and a portion of it fed to a
General Eastern model 1200 APS hygrometer sensor. The unit utilizes
the "vapor condensation on a mirror" principle, thus providing a true
dewpoint determination. Because of the small sensor volume and the
resulting small gas throughput (0.5 L/min), this portion of the gas
sample is vented to the atmosphere. The remainder of the sample gas
is pressurized via a metal bellows pump, fed to two knockout vessels
for H2O removal, and then moves to a Wilks-Foxbgro Miran 1A infrared
spectrometer. This unit, described elsewhere,21*32 is capable of
analyzing CO2 over the continuous 100 ppbv to 330 ppmv CO2 range.
Because of the 5.6-L sensor volume and to ensure an adequate instru-
ment response time, the gas throughput is appreciable and the sample
stream is recycled to the pilot unit.

Gas preheaters connected to Barber-Coleman series 520 tempera-
ture controllers are located before each reactor to provide the
desired influent temperature. The pressure drop across each column
and the gauge pressure at the base of the column are monitored via
Foxboro model E13DH differential pressure cells. Dwyer Photohelix
pressure gauges/switches monitor the pressure drop across the gas
distributors and HEPA filters. Thermocouples are located throughout
the system for temperature control and sensing. Original plans wero
to enclose the pilot unit in a thermal-regulated structure so that
studies could be conducted at 30 and 40°C under highly controlled
conditions. These studies are currently in jeopardy because of
funding uncertainties.

Whereas prior studies on the 10.2-cm-I.D. fixed beds were con-
ducted at near-isothermal conditions, the pilot unit studies are
being done under near-adiabatic conditions. For the treatment of an
air-based (33O-ppmv-CO2) gas stream, one would predict a temperature
drop of ~4°C in the gas stream due to the endothermic nature of the
reaction (364 kJ/mol). Such a temperature drop has been verified
experimentally. Because of the sensitivity of the operational char-
acteristics of the bed (i.e. pressure drop) upon relative humidity
and the dependency of relative humidity upon system temperature, the
results from these studies are extremely valuable in determining
conditions for optimal process operation. Experiments will also be
conducted to determine if preconditioning the bed prior to contact
with CO2 is beneficial in reducing pressure drop problems. During
the preconditioning step, the substoichiometric commercial
Ba(0H)2'8H20 will be hydrated to Ba(0H)2'8H20 at conditions which
ensure the retention of flake integrity (relative humidity <60J{). We
speculate that pressure drop problems during subsequent C02 removal
at relative humidities >60% will be reduced.
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VI. Conclusions

Extensive studies have been conducted on Ba(0H)2 hydrates, their
reaction wifi C02» and the operation of a fixed-bed process for CO2
removal. Microscale studies indicated that (1) the published vapor
pressure data for Ba(0H)2*8H20 is valid, (2) the rate of dehydration
or rehydration is proportional to the amount of free water on the
surface (i.e. a function of relative humidity), and (3) the reactiv-
ity of Ba(0H)2#8H20 for CO2 is 3 orders of magnitude greater than
that of either Ba(0H)2#3H20 or Ba(0H)2*H20. Macroscale studies under
near-isothermal conditions on 10.2-cm-ID fixed beds of commercial
Ba(0H)2*8H20 flakes indicated that the pressure drop across the bed
increased dramatically as 60J relative humidity in the effluent gas
was approached. It is speculated that this phenomenon results from
the capillary condensation of water at V-shaped contact points or
pores and that this facilitates the subsequent rehydration and re-
crystallization of the flake. Although the resulting flakes have
greater external surface area, they are more fragile and degrade more
readily upon conversion to BaCO^, thus resulting in increased pres-
sure drop across the fixed beds.

Experimental studies indicated that the transfer of the reactant
gas through the gas film is the major resistance to mass transfer. A
model, assuming ga3 film control, was developed, and exact numerical
solutions were obtained. An excellent correlation between the model-
predicted breakthrough curves and the experimental breakthrough curve
was obtained when the area available for mass transfer was modeled as
a linear function of conversion [i.e. A = AQ(1 - X)]. The magnitude
of the mass transfer coefficient was characteristic of literature
values. There were indications that the magnitude of the initial
surface area available for reaction, Ao, may be a weak function of
velocity due to a reallignment of the flakes. This reallignment re-
sults from fluid shear forces and an accompanying reduction in the
number of planar contact points between neighboring flakes, thus
increasing the area available for mass transfer.

Based upon the experimental data obtained during this study and
its subsequent analyses, a window or regime of optimal process opera-
tion under near-i3othermal conditions was determined to exist for the
fixed-bed process. The window is bounded on the lower side by the
dissociation vapor pressure of Ba(0H)2'8H20 and on the upper side by
the onset of appreciable capillary condensation and subsequent pres-
sure drop problems (~60$ relative humidity). An operating envelope
is presented in Fig. 11 for the treatment of a 33O-ppmv-CO2 gas
stream at a system pressure of 104=8 kPa (0.5 psig). The relative
humidity of the influent gas must fall within the envelope for opti-
mal gas throughput. If changes are made either in the CO2 concen-
tration, thus affecting the amount of water vapor produced, or in the
system pressure, which will affect the partial pressure of the water
vapor and subsequently the relative humidity (P/Po), the operating
envelope will change. The operating envelope also demonstrates why
operational problems at 22 and 32°C were not severe and why consid-
erable difficulty was encountered when trying to operate the process
at i»2°C.
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thermal conditions.

Successful isothermal operation of the process at higher efflu-
ent relative humidities (>60?) is possible by significantly reducing
the gas throughput. The effect of operating the bed at conditions of
water vapor saturation, whereby the water product would remain in the
bed and the reaction would become exothermic, was not examined in
detail. However, the reaction does proceed readily at these condi-
tions and the BaCC>3 product is extremely insoluble.

Studies are under way on a pilot unit to determine the effects
of operation at near-adiabatic conditions, whereupon the endothermic
reaction results in a 4°C drop in the gas temperature upon passing
through the bed. We speculate that complete reactant utilization and
an acceptable pressure is possible when the relative humidity, based
upon the effluent water vapor pressure and the effluent saturation
vapor pressure, falls within the operating window. This speculation
is based upon a relative comparison of the rate of axial movement of
the reaction zone through the bed and the rate of dehydration and
accompanying deactivation of commercial Ba(OH)2*8820 flakes. "Fur-
thermore, studies are under way to determine if prior hydration of
the water-deficient commercial Ba(0H)2*8H20 to Ba(0H)2*8H20 at con-
ditions which retain the integrity of the flake (a relative humidity
<60$ and a water vapor pressure greater than the dissociation vapor
pressure of Ba(0H)2*8H20), will enable subsequent C02 removal at much
higher relative humidites in the absence of significant pressure drop
problems.
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DISCUSSION
CHRISTIAN: With the present concept, most of your water product
will result from inactive atmospheric C02- Since you obtain less
that 100 ppb CO2 in the exit gas from the BaOH2-8H20 bed, the goal
DF of 100 could still be obtained if the inlet purge air to a dis-
solver were treated with molecular sieves to remove atmospheric CO2_
to about 10 ppm and the waste volume might be reduced by a factor of
30. Have you tested the bed at reduced inlet concentrations to
verify that this would, indeed, work?

HflAG; This is an excellent point. With present analytical
techniques, we are capable of analyzing CO2 to a lower concentration
limit of 100 ppb. Thermodynamic calculations indicate an equilibrium
concentration of the order of parts per trillion. Therefore, I see
no difficulty in obtaining a DF of 100 or a 1,000 for the treatment
of a 10 ppm CO2 gas stream. Our process model has indicated the
rate-controlling steps to be mass transfer across the gas film.
Therefore, the major effect may be a slight increase in the length
of the mass transfer zone. However, the pretreatment of the dis-
solver off-gas for a 100 ft3/min off-gas stream would decrease the
waste volume from .7 ft3/d to .02 ft^/d, the mass of waste from
26 lb/d to .81b/d, and the reactant cost from S15/d to $0.45/d.

EBY; As I understand it, your tests were evaluated at
330 ppm. Could you speculate what effects you might expect as far
as loading and breakthrough for CO2 concentrations in the neighbor-
hood of 50%. For instance, if we were to remove CO2 in a fluoro-
carbon process and concentrate it prior to final fixation?

HAAG: The bulk of our studies have been conducted with
330 ppm CO2. However, during initial studies, concentrations as
great as 88% were used with excellent removal efficiences. The
difficulty that arises under such conditions results from the fact
that 9 molecules of water are released per molecule of CO2 reacted
thus causing water condensation within the bed for higher CO2 con-
centrations. The condensation of water causes the reaction to become
slightly exothermic rather than endothermic. Because of the low
solubilities of Ba(OH)2 and BaCO3 in water, and the low gas flovz
rates required of the system, water condensation was not extremely
detrimental to bed operation. However, column cooling capabilities
would be required for a 50% CO2 gas stream. Additional studies are
required using a 50% CO2 gas streanuas a reference point. Such a
system would be required to handle only 0.03to0.33 ft3/min for a
typical 1,500 MTHM/y reprocessing plant with a .100-500 ft3/min,
330 ppm CO2 off-gas stream being fed to the fluorocarbon process.
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| CLOSING REMARKS OF SESSION CHAIRMAN:
j :
> In this session, results were presented from an off-gas study
L of liquid-fed joule-heated ceramic welters, which established the
I off-gas and effluent characteristics from which optimal effluent
f, control systems can be designed. The experimental study on the

volatilization and trapping of ruthenium resulted in the optimization
of airborne ruthenium species removal from high temperature processes.

The major part of this session was related to carbon~14 removal.
We were told about three removal systems presently being developed
in USA, Germany,.and Canada: the double alkali process, which was
tested and previously applied on a relatively larqe scale, and two
dry systems, which apparently have very good potential for this
application. These dry systems are: the barium hydroxide system
which is in the stage of pilot testing at ORNL, and the calcium
hydroxide system, which was developed in Canada, initially for the
selective seimpling of 14C airborne species. This sampler, which
requires elevated temperature for the catalytic conversion of hydro-
carbons to CO2, was developed in 1978 and was described at the
15th Air Cleaning Conference. It was used in 1979-1981 in Candu
nuclear power stations for the analysis of i4C species in gaseous
effluents. An alternative application is being developed for the
removal of -̂̂ C02 from Candu systems at ambient temperature. The
results, presented at this session, are also promising for this pur-
pose.

It is apparent from the presentations that all three systems
are cost effective, can efficiently remove CO2 from large streams,
and transfer it to solid, insoluble forms which are suitable for
long term disposal.

The analysis of ^C sources, its chemical forms and releases
from light water reactors, provides data for the evaluation of
environmental hazards from -^C and the need for its removal from
light water reactor systems.

From two papers, presented at this session, it is also apparent
that 85Kr solidification and its long term disposal will be feasible
at a reasonable cost in the near future.
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VERTICAL REMOVABLE FILTERS IN SHIELDED CASING
FOR RADIOACTIVE CELLS AND PROCESS GASEOUS WASTES

M. Pr inz
V e n t i l a t i o n Department

S.G.N.
(Societe Generale pour les Techniques Nouvelles)

Saint Quentin en Yvelines - France

Abstract

The installation of shielded filtration casing is necessary for highly
contaminated active cells (for example, fuel bundle shearing cells of reprocessing
plants) and process gaseous wastes containing active aerosols.

SGN and COGEMA have developed a filtration casing equipped with a vertically
removable filter element.

Two types of casing have been developed :

- one for a flow rate of 500 m3/hr,
- one for a flow rate of 3000 m3/hr.

The filter elements are fitted with high efficiency glass fibre media. They
are cylindrical in shape. The top flange of the filter is equipped with a gasket
to ensure sealing between the filter element and its casing.

The filter elemert is blindly installed and removed and its orientation,
inside the casing, is immaterial.

The shielding casing is made of a cast iron, or steel, shielding slab under
which is secured the filtration casing itself. This shielding slab is settled on
side shielding walls made of concrete or cast iron.

The filter element, integral with a plug, is placed in the horizontal slab.

The attachment of the filter element under the plug is made necessary for
the following two reasons :

a) so that the plug and filter may be removed as one unit,

b) to keep the filter on its sealing surfaces, according to sealing and
seismic resistance requirements.

Filter removal is performed with the help of an intervention cask, centered
over a removable trap door provided on the shielding slab of the casing.

First, the plug and filter element assembly is raised into the cask.

Then, the filtering element may be separated from the plug which is deconta-
minated and salvaged. The whole plug and filter assembly may also be sent to the
conditioning waste storage.

The installation of a clean filter element in the casing, is also performed
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with the help of the intervention cask, proceeding as above, but in reverse order.

The same intervention cask may also be used to remove the upstream and down-
stream dampers from the top of the casing.

The casings are provided with pressure pick-up points enabling pressure
measurement on site, in accordance with usual regulations.

I - Introduction

In some cases, the ventilation of active cells and gaseous wastes necessi-
tates the installation of shielded casings.

There exist some shielded casings suitable for 1250 m3/hr output filters,
from which the filter element can be removed horizontally.

The intervention cask accommodating the filter is placed against the front
face of the casing and enables withdrawal under <x . y protection.

The protective doors open vertically or horizontally and the filter element
is pulled inside the intervention cask with the help of a rod.

The doors are then shut, awaiting the introduction of a new filter element.

This system is at present in use in French reprocessing plants but its main
drawback is the difficult handling of the casing protection door latches and the
horizontal withdrawal of the horizontal filter element inside the intervention
cask.

A new type of shielded casing has been developed for use in projected new
reprocessing plants. This new type of casing enables withdrawal under o( . y
protection and differs from existing casings in that the filter element can be
installed or withdrawn vertically.

II - Why vertical handling ?

Filter element installation or withdrawal operations form part of the
installation maintenance program.

Maintenance

This covers all the operations normally carried out to keep the installation
in a state of permanent working condition and safety while the plants are in
production.

These operations are the object of procedures laid down during plant design
and testing.

Personnel protection

Maintenance operations must be carried out in normal working conditions, while
observing the following criteria :

- sustained containment,
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- limitation of equivalent activity level sustained by the operator,
- working position and protective clothing as little constraining as possible,
- limitation of risks for the operators, even of non-nuclear nature.

The maintenance operations may be carried out in accordance with established
criteria, taking into account the activities and the qualification of anti-
radiation equipment.

Risk of external exposure

To remain within the exposure limit of 0.5 Rem/year, the level equivalent per
operator is limited, during maintenance operations, to :

- 2.5 mRem/working hour, for the whole body,

- 30 mRem/working hour, for the hands.

Since the collective level is to be kept down to the minimum, the maintenance
operations are so designed that the number of operators required is as small as
possible.

Ill - Equipment design for modular exchange

The filtering equipment comes within that group of equipment which can be
maintained through an exchange of module.

There are some standardized modular units common to several workshops and to
several items of equipment :

- for standardization purposes, a series of devices is designed to enable modular
exchange in a remote maintenance cask.

These standardized modular devices are designed in such a way that :

- their role of containment barrier is fulfilled during normal operation,

- their connection with the remote maintenance cask is ensured without containment
failure during the maintenance operation,

- the amount of radioactive material they retain is kept down to the minimum,

- they may be rinsed and cleaned, provided that these operations are compatible
with the process and with safety.

IV - Application to filtration casing

The filtration casings used on contaminated cells and on gaseous waste
systems must be shielded.

Indeed, such filters can trap a high level of activity and the dust
retained can be a transmitting source of 0^ . JT radiation.

The installation and the removal of filter elements located inside shielding
casings must comply with plant maintenance operation and modular exchange concept
criteria.
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In order to use the remote maintenance cask employed for all other modular
assemblies, it has been necessary to completely redesign the filtration casings
used on the installations.

Since the modular assemblies are evacuated vertically, and blindly, the casing
and the filter have been designed accordingly.

The first step was to design a filter element capable of meeting the above
requirements.

Determination of filter element output

In the reprocessing plants, the two systems likely to necessitate the presence
of shielded filtration casings are those used for processing and gaseous wastes and
those used for exhausting areas with a high contamination risk.

In most cases, the gaseous waste systems have a low ventilation flow rate.
Following a study of existing plants and another study concerning future plants, it
appears that a gaseous waste exhaust flow rate of 500 m3/hr is often used.

The process gaseous waste filter therefore has an output of 500 m3/hr.

The exhaust of cells with a high risk of contamination necessitates a much
larger flow rate.

The 610 x 610 x 292 mm HEPA (THE) small pleats filters provide a maximum
output of 3000 m3/hr, with a pressure drop of 25 mmCE.

In order to enable the standardization of the installations and fo: dimen-
sional reasons, a 3000 m3/hr output exhaust filter element has been selected for
the ventilation system of cells presenting a high risk of contamination.

V - Why was a cylindrical filter element selected ?

The filter element installation and removal operations are carried out
blindly. It is therefore impossible to accurately locate a filter on its sealing
surface.

This is the reason why filter elements of cylindrical design have been
selected.

VI - Description of filter elements

500 m3/hr output filter element (see fig. 1)

Filtered air characteristics

- steady flow temperature s 50°C

- max. temperature : 120°C

- corrosion : high risk

- activity : greater than 1000 MPC
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~ FIGURE. 1 —
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Dimensions of filter element

- outside diameter

- height

- effective area

- diff. pressure at nominal
flow rate

- velocity over paper

- filtering coefficient
(average uranine granulometry
= 0.15 micron)

- decontamination factor

- DOP - NAcl. efficiency

- disposal in a 200 litre
capacity drum

- weight of filter element

Description of filter element

250 mm

618 mm

5 m2

26 mmCE

2.7 cm/s

greater than 5000

99.98% efficiency

99.99%

500 mm dia. x 790 mm high

5 kg

The filter element designed and produced by SOFILTRA POELMAN is composed of a
layer of glass fibre paper complying with standard MIL F 51079 B, with 20 mm
pleats, reinforced with glass thread.

This layer is sandwiched between two perforated stainless steel sheets
providing the necessary mechanical strength and protection of the filter paper.

The filter element is fitted with a dished bottom flange and an annular top
flange accommodating the sealing gasket.

Sealing, between the filter paper and these stainless steel end fittings
is provided by means of a PVC compound with the following characteristics :

- good resistance to acids,

- good resistance to heat (1 hour at 200°C),

- fire-proof.

Sealing between the filter element and its support is by means of a double-lip
seal in contact, on the one hand, with the machined face of the casing and, on the
other hands with the top flange of the filter element. Sealing is ensured by the
mere weight of the filter element (5 kg).

The grabbing device is welded to the top flange of the filter element.

3000 m3/hr output filter element (see fig. 2)

Filtered air characteristics

- steady flow temperature

- max. temperature

: 12 to 50°C

: 120°C
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- corrosion : high risk

- activity : greater than 1000 MPC

Dimensions of filter element

- outside diameter

- height

- effective area

- diff. pressure at nominal
flow rate

- velocity over paper

- filtering coefficient
(uranine)

- decontamination factor

- DOP - NAcl. efficiency

- disposal in a 400 litre
capacity drum : 710 mm dia. x 1100 mm high

- weight of filter element : 20 kg

Description of filter element

The filter element is composed of a layer of glass fibre paper complying with
standard MIL F 51079 B, with 50 mm pleats, reinforced with glass thread.

The layers are sandwiched between two perforated stainless steel sheets.

For production reasons, the filter element is made up of two superposed
cylindrical sections and an intermediate seal.

A central safety draw-bolt provides the mechanical link between the bottom end
of the filter and the grabbing device.

VII - Casing design criteria

Two filtration casings were designed : one accommodating a 500 m3/hr output
filter element and the other a 3000 m3/hr output filter element.

Common design for both filtration casings

Design : These casings are designed so as to enable filter element isolation
and removal under a remote maintenance cask while keeping contamination contain-
ment and protection within regulation limits.

Functional requirements : The air enters at the top of the filter so that
the dust remains at the bottom of the filter element.

Seism : In case of seism, the filter elements must remain in their normal
working position.
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Weight and size : The size of the filter elements is dictated by the
dimensions cf the corresponding storage drums which are :

- capacity drum : 200 litre or 400 litre

Operational requirements : Removal of filter element through the top of the
casing, under ô  , Y" protection.

Availability - Reliability : These filtration casings are used permanently.
The continuity of the filtration must be ensured during maintenance and while the
filter elements are being changed.

The average service life of the filter elements depends upon :

- clogging, which itself depends on the amount of dust contained in the air
to be filtered and on the maximum design pressure differential.

- the rate of irradiation (radioprotection check).

Maintenance : Casing maintenance ensures the highest possible level of
availability, consequently :

- the casing is designed so that, in case of breakdown, repair is carried
out as quickly as possible,

- the most sensitive elements, such as the isolation dampers, are designed
so as to allow easy disassembly in the remote maintenance cask.

Safety - Equipment inherent safety system : The casings are provided with a
biological shield, to protect the operators.

Specific precautionary measures i To prevent corrosion, metallic parts will
be made of stainless steel.

Behaviour requirements : It must be possible to replace a defective damper.
If the filter element is incorrectly installed, the installation operation must
be repeated.

VIII - Description of casing
(see fig. 3)

The filtration casing accommodates the filter element and is equipped with
isolation valves.

- the 500 m3/hr output casing weighs 500 kg

- the 3000 m3/hr output casing weighs 2000 kg.

The filtration casing is composed of :

- an horizontal, protective cast iron slab,

The casing and its two upstream and downstream dampers are fixed to the
protective slab.
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The filter element can be secured under a plug located inside the
protective slab.

The dampers are secured under the plugs provided in the protective slab.

Attachment of filter element

The filter element is hooked under the plug with the help of an element
comprising :

1) a link pin, securing the filter element supporting rod to the plug,

2) a spring mechanism, pressing the filter element against its sealing
surface.

3) a link pin, securing the filter element to its supporting rod.

Attachment of dampers :

The dampers are secured under plugs by means of supporting rods allowing them
to move vertically in both directions.

The plugs supporting the dampers and the filter element of a 500 m3/hr output
casing, are of identical diameter : 300 mm.

Similarly, the plugs supporting the dampers and the filter element of a
3000 m3/hr output filtration casing, are of identical diameter : 580 mm.

- these plugs are fitted in the protective slab where they are adequately
secured.

- sealing is obtained by means of a gasket housed in a groove under the plug.

- the damper position is indicated by an index flush with the protective
surface when the damper is open.

It is thus possible to know whether the damper is open or shut.

The protective slab, casing and damper assembly may be rested upon lateral
steel shields or upon concrete shields, depending upon the amount of space which
may be used.

IX - Filter element removal/installation

(see fig.4 )

The filter element is removed and installed from the top end of the filtra-
tion casing.

The casing isolation dampers are shut and a cover is placed upon the casing
to protect the environment.

A remote maintenance cask is then placed over the cover and the trap doors
provided on the remote maintenance cask and on the cover are open, to enable the
withdrawal of the plug and filter element assembly from the filtration casing,
into the maintenance cask.
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— FIGURE 4-
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The protective trap doors are shut and the remote maintenance cask containing
tha active filter can be evacuated.

Another remote maintenance cask containing a clean filter and plug assembly
is then placed over the cover.

The trap doors of the cover and maintenance cask are opened and the filter
element is lowered into the filtration casing, regardless of its orientation, since
both the filter element and its plug are cylindrical.

The spring located in the supporting rod presses the filter element against
its seat, under the load applied by the plug.

The remote maintenance cask and cover axe taken away.

It is then possible to open the filtration casing isolation dampers and carry
out the tests which will show whether or not the filter element is correctly
seated on its support.

Variant (see figs. 5 and 6)

The plugs may be designed for immediate re-use. In such a case, the filter
element is not attached to the plug located in the protective slab. The plug is
equipped with a spring rod which presses the filter element against its seat but
when the plug is raised by means of a remote maintenance cask, the filter element
remains in position. A second remote maintenance cask can then be used to withdraw
the filter element provided with a grabbing device.

A new filter element, located in a third remote maintenance cask, is then
lowered in position in the filtration casing and the plug lowered on top of it.

This solution presents the advantage of using lower remote maintenance casks
since the absence of the plug enables the vertical stroke of the maintenance cask
mechanism to be reduced to the height of the filter element, i.e. 780 mm, plus
the height of the grabbing system.

Another advantage of this solution resides in the fact that the plug can be
re-used immediately, thus limiting the number of technological wastes.

The only drawback of this solution is the increased amount of handling,
during filter element removal and installation operations.

Both these solutions may be used with the type of filtration casing described
herein.
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FIGURE. 5 —
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— FIGURE. B —
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X . DIFFERENT KIND OF USED OF FILTRATION CASING
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_TWO STAGES CASINGS WITH TWO SHIELDED DAMPERS
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XI - Filtration casing tests

The 500 m3/hr and 3000 m3/hr filtration casings and their installations are
designed to enable testing in situ.

In order to take measurements by the normally used methods, some pressure
inlet and outlet points are provided.

Two-stage filtration casing

To enable the testing of the 2nd stage, and improve the homogeneity of the
aerosol/air mixture, a metal plate is fitted between the 2 stages in order to set
up a turbulence at the outlet of the 1st stage of filtration.

Pressure drop measurements

3000 m3/hr output casing, with clean filter and 2 shielded dampers :

Flow rate

2000 m3/hr
3000 m3/hr
4000 m3/hr

17.0 mmCE
40.0 mmCE
70.0 mmCE

Filter

14.0 nmCE
23.0 mmCE
31.5 nmCE

TOTAL

31.0 mmCE
63.0 mmCE
101.5 nanCE

500 m3/hr output casing, with clean filter and 2 shielded dampers :

Flow rate

400 m3/hr
500 m3/hr
600 m3/hr

Casing

19 mmCE
31 nmCE
45 nanCE

Filter

20 mraCE
26 nmCE
33 nnCE

3000 m3/hr output two-stage casing, with clean filters
and 2 shielded dampers :

TOTAL

39 mmCE
57 mmCE
78 mmCE

Flow rate

2000 m3/hr
3000 m3/hr
4000 m3/hr

34 nmCE
69 mnCE
117 nmCE

Filter

28 mnCE
46 mmCE
63 nmCE

TOTAL

62 mnCE
115 mmCE
180 mmCE

XII - French reprocessing plant applications

These filtration casings will be used in the ventilation installations of
reprocessing plants, in France.

They will be installed in the process wastes ventilation and high-level
contamination cell exhaust systems.
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DISCUSSION
GERBER: How has the intergrity of the installed filters been
measured?

PRINZ: The casing is equipped with inlet and outlet points
to verify the integrity of the filtration. The measurement is made
by normaly used methods with uranime aerosol according to French
Standard AFNOR X99011.

BERGMAN; Does the air enter the cylinrical filter from the
inside or outside of the cylindrical filter element? The reason I ask
is because of the metallic screen on the outside. We have found that
if a metallic screen with small openings is on the upstream side of
the filter it acts as a template to effectively eliminate large
portions of the effective filtering element.

PRINZ; Surely the stainless steel perforated plate acts
as a template before the filtering element. Nevertheless, the open
section is about 70% of the face area. Theses plates ensure pro-
tection of the filter paper and the rigidity of the filter element.
We have decided to direct the flow from the inside to the outside,
thereby losing a pare of the filtration surface because the dust will
then be retained in a sort of pocket and can be better confined,
particularly when we move the filter element into the remote mainten-
ance cask, and during the cask travel.

WATSON: How do you dispose of the filters? Can they be
compressed?

PRINZ: The 500 m3/h filter element can be disposed of in
a 2Q0 liter capacity drum and the 3,000 m3/h filter element can be
disposed of in a 400 1 capacity drum. These two drums, situated in
the decontamination facility, can be compressed, When the remote
maintenance cask brings the plug plus the filter element 14 into the
decontamination cell, the filter element and its plug are separated
by withdrawing the link pin securing the filter element to its sup~
porting rod. The perforated stainless steel plate is not very resis-
tant and we can crush the filter element. It is for this reason that
for the 3,000 m3/h element, the safety draw bolt which provides the
mechanical link between the bottom end of the filter and the grabbing
device is thin.

At its raced flowrate, the resistance of the filter
a. greater tban that of the filter element. What is the reason

for deaigp&wr tlte* housing to have such a high resistance?

PRIN2; The filter element has a pressure drop (for normal
conditions) of 24 mm WG. The casing has a pressure drop of 40 mm WG.
This pressure drop is due to the several changes in the direction of
our flow in the casing, especially the last curve after the downstream
damper. But if we look at the pressure drop: 40 mm WG for casing +
24 mm WG for filter + 80 or 100 ;nm WG for reserve logging, we think
that it is not necessary to try fco reduce the pressure drop of the
casing by an increaseznent in the section. More especially, as this
type of filter is used for process gasecus wastes which do not have
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very large flow rates. Further, our active cells represent only
small part of the ventilation volume of a complete system.
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DEVELOPMENT OF FILTERS AND HOUSINGS FOR USE ON ACTIVE PLANT

S. Hackney and R. P. Pratt
United Kingdom Atomic Energy Authority

Abstract

New designs of housings for conventional HEPA filters have been developed and are now in use. A
further design is planned for future use. The main features to be developed are the engineering of double door
systems to replace bag posting and other methods of filter changing which expose personnel to hazardous
environments and the addition of a secondary containment to reduce the role of the gasket seal in the filtration
efficiency.

Also under development are circular geometry filters of HEPA standard which offer significant advantages
over rectangular filters for applications requiring remote shielded change facilities. Two types of filter
construction are being evaluated, conventional radial flow cartridge filters and spiral-wound, axial-flow filters.

The applicatiou of circular filters for primary filter systems on active plant is in hand. A push-through
change system has been developed for a new cell facility under construction at Harwell. Existing rectangular
filters en a high activity cell are being replaced with clusters of small cartridge filters to overcome changing
and disposal problems. A similar system but using 1700mVh filters for large volume off-gas treatment is also
being studied.

A remote change shielded filter installation is being developed for use in high alpha, beta, gamma extract
systems. The design incorporates large cartridge filters in sealed drums with remote transfer and connection to
duct work in the facility. A novel application of the use of double-lid technology removes the need for separate
shut off dampers and enables the drums to be sealed for all transfer operations.

I. Squire Section Geometry Filter Packs

1.1 Introduction

The particular new designs of filter housings described in this paper came into being from a requirement
to eliminate bag-posting of filters in the UK Fast Breeder Reactor Reprocessing and associated facilities
programme.

A design was evolved adopting the double door concept of posting which had been in use for some time
for the posting of small packages of active materials and waste. A valuable spin-off from this design work, was
the introduction of a secondary containment around the filter unit which eliminated the problems associated with
the effects of the gasket seal on the filtration efficiency.

The introduction of the secondary containment has lead to design proposals in which filters can be changed
without isolating the plant and with no loss of filtration efficiency during the process.

1.2 Des ip Description

Figure 1 shows the principle of the secondary containment and the double door isolation in schematic
form. The filter is housed in a removable box with a gasket seal on both edges of the casing isolating the
primary from the secondary containment. Housed in recesses in die ducts are the plugs which are used to isolate
the ducts and the filter box such that the box can be removed and transferred to a facility where the used filter
is replace*!

In the operating mode the air is drawn through the filter by the extract fans ensuring that both the entry
and exits are below atmospheric pressure. Any leakage via the gasket seals will flow from the secondary
containment into the primary. Leakage on the active side wiil pass through the filter whilst leakage on the
filtered side is clean air aad therefore of no consequence.
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483



17th OOE NUCLEAR AIR CSJEANING CONFERENCE

By-pass of the active air will only occur if the active gasket is leaking and the volume of flow by-passing
tbe gasket oa the filtered side is of such a magnitude as to draw down the secondary containment pressure to
below the pressure at the filter inlet on tbe active side. Nominal pressures for each of thi air spaces is shown
in figure 1 to illustrate the point. The circuit resistance tc flow on the secondary containment side is tbe small
filter which is there should a blow-back incident occur. This could be replaced with a flap valve in most cases
should it be necessary to increase tbe by-pass flow capacity.

An alarm can be fitted to tbe secondary containment, or a monitoring point to detect any pressure
difference between that and the atmosphere. This ensures that any gasket deterioration can be detected.

1.3 3 x 206 c&i Shielded Honsiag

This unit as shown in figure 2 consists of a leak-tight box with an air inlet and outlet duct running down
each side. These ducts can be isolated by moveable plugs to facilitate filter changing. The filter assembly
has a similar plug which is attached to tbe duct plug and withdrawn to tbe back of the duct to allow air to pass
through the filter. With the filter in tbe operating position any leakage across tbe filter gaskets is inwards from
the secondary containment surrounding the filter. Flow into the, secondary containment is filtered and monitored to
detect in-leakage into the primary circuit. The filtration efficiency and plugging of the filters can be checked by
isolating each filter in turn.

The filter units complete with end plugs are flasked in and out of the housing with no other form of
encapsulation being necessary. There are two plants in operation using this type of primary filtration unit.

FIGURE 2
FILTER HOUSING
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FIGURE 3
1000 cfm UNSHIELDED FILTER HOUSING

1.4 UasnieHed 10M ctm

The same principles are applied to the 1000 cfm filter units
used in non-shielded applications as illustrated in figure 3. The
three main components making up one unit are made of cast
aluminium. The box containing the filter is inserted between two
housings by swinging the filtered side housing on a sponge rubber
hinge. The whole assembly is clamped together using four bolts.
The isolating plugs are screwed together and removed to the back
of the housings during operations.

1.5 Filter Posting and Breakdown Facility

The filter box containing the filter is removed to a glove box
filter break down facility (see figure 4) where the used filter is
replaced with a new one and then the used one is broken down to
reduce the waste volume. The filter in its box is inserted between
the two glove boxes. Using the gloves the blanking plugs are
removed from the glove box and the filter box to gain access to the
filter. The filter is removed by inserting the clean filter via the
new filter glove box and pushing the spent filter into the breakdown
box. The gaskets and blanking plugs are replaced and the filter
box is returned with the new filter installed back to the filtration
plant.

BAGGED FILTER
INLET AND BAGGED
WASTE POSTING

SPENT
FILTER

SIDE VIEW OF BREAKDOWN GLOVE BOX SECTION A-A
[THROUGH GLOVE BOXES)

FIGURE 4
FILTER POSTING AND BREAKDOWN FACILITY
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There is something like a total of 24,000 cfm installed capacity in operation at the present time.
Figure 5 shows a large proportion of this installed capacity at Dounrecy, UK. Consideration is being given to
using the high flow filter packs to increase the capacity of the existing plants.

FIGURE 5

1.6 Application of the Air Purge to Multi-Unit PSants

The principle of reducing the gasket seal on the filter pack to an order of secondary importance removes
some design limitations and results in a much simpler design which is essential for shielded applications.

The improvements are related to the method of mounting and the replacement of the filter pack.

The assembly as illustrated in figure 6 consists of 2 rectangular steel boxes which extend through the
shielding and terminate in flanges against which shield doors at either end are sealed. The box is made to
contain the filter packs with the gap between the plates maintained to such tolerances as to ensure the gasket
seal is compressed enough to maintain a measure of sealing to isolate the primary from the secondary circuits.
Flow apertures are cut in the plates in the form of narrow slots to allow the air to flow through the filters. The
unit illustrated has an installed capacity of 10 x 1000 cfm filter packs. The filter units are surrounded by a
secondary containment in the form of a shield wall which is he'd at atmospheric pressure, with a filtered air inlet.

The filter packs are replaced by inserting a new filter at one end and discharging a used one into the
transport flask at the other. This procedure is repeated five times to replace one bank. When the filter packs
are traversing the inlet and outlet apertures the gap between the units is prevented from allowing active air to
by-pass the filter by the differential pressure sucking clean air from the secondary containment both into the
active and nan-active sides of the filtration system.

The spent filter is discharged into a box of similar dimensions to the filter housing. This ensures that
when the filter is in the box the gaskets are again isolating the active side of the filter paper. During the
transition from tie housing to the box an air purge is introduced at the joint between the housing and box flange
to ensure the sealing faces external to the containment are not contaminated. When the filter has been pushed
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into the filter box the latter is withdrawn into the flask and both shield doors are closed and sealed to maintain
containment. The used filter is discharged from the flask at some central waste treatment facility.

Further development is necessary on the flexible gasket seal to ensure flexibility to maintain an
acceptable seal and at the same time have a frictional resistance to movement that will allow the filter packs to
be moved along during replacement. The design illustrated in figure 5 shows a wooden case filter with a glass
fibre cloth outer skin to the gasket seal similar to the existing high temperature seals, the cloth edges being
retained by a wooden beading to form a firm fixing. If a more flexible filler than the glass-wool used at present
is required possibly sponge rubber could be substituted.

II. Circular Filter Development

2.1 Introduction

An assessment of the problems associated with the installation, removal and ultimate disposal of
standard deep-pleat rectangular filters has highlighted the need for alternative designs of filter inserts for remote
change filter systems where high levels of alpha, beta, gamma activity can be expected. The main disadvantages
of the standard filter insert result from its physical shape.

The rectangular filter is difficult to handle and position remotely, requires a high degree of flatness for
the sealing face of the housing, is difficult to post into and out of a containment and produces severe problems in
terms of its ultimate disposal into the standard 200 litre drum used by the UK nuclear industry.

An examination of alternative filte geometries highlighted several advantages for 'liters of circular
geometry. These were:-

1. Circular filters would be compatible with developed double-lid posting and containment systems.

2. Circular filters would be compatible with existing waste treatment facilities and disposal routes
based on 200 litre drums without breakdown or physical manipulation.

3. Circular filters could be sealed into the housings with circular pistons seal rings onto cylindrical
sealing surfaces which would be easy to generate to the required tolerances and surface finishes. They could
be designed such as to require no sophisticated clamping systems to effect a seal between filter and housing.

4. Circular filters would be easier to handle and move remotely.

5. Appropriate design considerations would lead to cylindrical filters significantly weaker in strength
than conventional rectangular filters with subsequent ease of volume reduction by crushing prior to ultimate
disposal should this be required.

Examination of current filter manufacturing technology and expertise suggest^ that production cf radial
flow cartndge filters of HEP A standard was entirely feasible at the required ratings up to 170ChnVh. Some
companies had been producing high integrity filters of this type with ratings up to 200 mVh for some time, and
with the introduction of manufacturing capability for pleated panels as used in high-capacity filters no
difficulties were anticipated in scaling up to 1700m-vii.

One possible disadvantage of the radial flow filter for some applications is 'that an air plenum is required
within the housing to collect the flow after its passage through the filter prior to ducting away to extract. A
such simpler, smaller and therefore cheaper housing could be envisaged if a cylindrical filter with axial flow
characteristic were developed. Designs available were found to be limited to a small respirator filter
approximately 100mm diameter by 25mm deep produced by spiral winding techniques, or to the use of a
rectangular deep pleat element set into a cylindrical case.

It was therefore decided that two parallel lines of development would be followed to produce circular
filters. Firstly is cocjuactioa with the industry existicg technology would be vised to develop 1700 m /̂h radial
flow cartridge filters. Secondly the spiral winding technique would be developed to produce axial flow circular
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filters in a range of sixes from 200 mm <& to 500 mm <£, with target rated air flows of 200 to 2000 m /̂h respectively.

2.2 Progress to Date

2.2.1 Radial flow cartridge filters. This filter design has been developed in collaboration with two
British manufacturers, Temperate Filtration Ltd and Machine Control Ltd. The target size for a rated flow of
1700m^/h was $00 mm^ by 620 mm long, compatible with the 200 litre waste drum For ease of disposal. This
target has been achieved by both companies, and a prototype filter is shown in figure 7. The filters consist
simply of an annulus of pleated paper supported within a perforated metal tube and sealed top and bottom, the
lower end being solid. Both companies are able to produce filters with conventional metal trays and sealed with
adhesives or with stiff polyurethane mouldings. In addition tc the simple single annulus design Machine Control
has developed an extended life version**) incorporating a second annulus of pleated paper inside the main
annulus, figure 8. Flow distribution for this filter is shown in figure 9. Performance testing of the filters has
demonstrated that the life of the extended-life design, in terms of dust loading versus pressure drop, is increased
significantly for both sub-micron carbon black and for BS No. 2 test dust (5ft mean size). Results of the test
programme are given in Table I.

Wm§WW$

FIGURE 7
RADIAL-FLOW ORCTJLAR FILTER RATED AT 17OOm3/h
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FIGURE 3
EXTENDED LIFE RADIAL FLOW CIRCULAR FILTER RATED AT 17OOm3/h

FIGURE 9
AIR-FLOW DISTRIBUTION WITHIN AN EXTENDED-LIFE RADIAL-FLOW

CIRCULAR FILTER
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Table 1. Performance of Circular Filters

Parameter

Physical size mm

Rated Flow (ra3/h)

Pressure Drop at
Rated Flow
(mm water gauge)

Efficiency
(BS Sodium Flame)%

Burst Strength
(mm water gauge)

Dust loading to
150 mm water gauge
BS Nos 2 (Kg)

Dust loading to
150 mm water gauge
(Carbon block) (Kg)

Radial Flow

Standard

4300x610

1700

25

99.95

300

13

0.4

Cartridge Type

Extended Life

4800x610

1700

25

99.95

300

18

0.65

Axial Flow Type

4500x300

800

25

99.95

300

0.36

Preliminary work has been carried out to assess the potential of volume reduction of the filter prior to
drum disposal. It has been shown th<tf the filter can be reduced to one quarter of its initial volume by simple
compaction by a hydraulic ram within the 200 litre drum (figure 10).

FIGURE 10 CIRCULAR FILTER CRUS1ED TO 25% OF ORIGINAL VOLUME
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Work is still progressing on the optimum design of gasket for this design of filter. Whilst the gasket
design has 10 be complementary to the housing design, it is anticipated that the best solution will be the use of
a "C" section ring in the inlet throat of the filter, (figure 11) enabling the filter to be sealed purely through the
location of the insert in the housing, and requiring minimum dimensional tolerancing of the insert except for the
inlet throat itself. No clamping would be necessary to effect a seal and the use of generous tapers on the seal
spigot of the housing would simplify remote positioning.

FIGURE 11
R/UDIAL FLOW FILTER SEAL CONFIGURATION

2.2.2 Axial Flow Filters. The flow distribution and construction of the spiral wound filter is shown in
figure 12. Preliminary work was aimed at scaling up the existing respirator filter to provide a 200mm<j> x300 long
filter with a target rating of 200ro3/h.

However, although from a production point of view there were few problems in producing larger prototype
filters, flow tests verified the need to provide spaced flow channels in filters longer than SO mm to reduce the
pressure drop through the filter.

Filters have been produced in limited numbers fcr evaluation in two sizes, 200 mm <f> and 500 mm ̂ 6, both
300mm long (figure 13). The volumetric flow rate for a differential pressure of 25 mm water gauge is 300nrVh
and 800m3/h for the 2C0mm diameter and 500 mm diameter filters respectively. Performance data for the 500 mm
diameter filter is given in Table 1.

It is anticipated that these filters when fully developed will be fitted into open ended ducts with simple
°C section piston seals (figure 12). The installation will therefore be extremely simple and no clamping will
be required to effect a seal. The strength of the fitter case need be sufficient only to overcome the friction of
the seals in the housing, allowing a low strength filter to be produced which would be correspondingly easy to
volume-reduce by crushing prior to disposal if required.

. Application of Circular Filters

3.1 Glove Box Filters

The first circular-bodied filters used in the UK nuclear industry were small 5 m3/h glove box filters,
introduced in the mid sixties. The filter element was a hand-folded radial-pleated glass fibre paper element
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FIGURE 12
AIR-FLOW DISTRIBUTION WITHIN AN AXIAL-FLOW CIRCULAR

FIGURE 13

PROTOTYPE AWAL-FLOW CIRCULAR FILTER
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seated into moulded housings to provide an axial flow through the unit. Recently the filter element has been
redesigned and is now constructed from an annulus of machine pleated glass-fibre paper sealed into the same
mouldings. The use of machine pleated paper has enabled a greater area of paper to be used with the result that
the filter is uprated to 20mVb. The efficiency and pressure drop at rated flow is unchanged at 99.998% and
10 nun water gauge respectively.

3.2 High-level Active Cell Primary Filters

The primary extract filters for a suite of high activity cells were designed to fit in a well under the cell
floor.

The filters specified are 2 standard deep-pleat filters measuring 380 x 380mm x 220mm rated at 400m^/h
and rely on their weight and generated pressure drop to effect a seal onto a feature in the well by conventional
gaskets. Operating experience has revealed that on two cells of the suite activity levels on the primary filters
were such that posting and transfer for ultimate disposal was restricted to the use of standard 7"<£ containers
within a shielded flask. Thus it has been necessary to dismantle the filters remotely within the cell after a
filter change into pieces small enough to be accommodated within the 7" <£ containers.

The primary filters are now being replaced with a cluster of 10 radial flow cartridge filters, (figure 14)
measuring 165mm<£ x 200 mm long rated at 85m-Vh each. The filters are sealed into a plate scaled into holes in
a metal plate by piston ' 0 ' ring seals fitted in the top flange of each filter. TLe plate is sealed onto a feature
of the weli using conventional gaskets which provides a lower plenum for the filtered air and space for the filter
bodies. Thus a seal is effected which requires no clamping, and which enables the filter to be changed easily
using cell master-slave manipulators. Disposal is directly into the container with no dismantling being
necessary.

FIGURE 14
CLUSTER OF RADIAL-FLOW FILTERS FOR ACTIVE CELL PRIMARY FILTER INSTALLATION
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The new design overcomes the basic sealing and remote handling problems associated with rectangular
deep pleat filters and removes the requirement for costly in cell operations in preparation for disposal.

3.3 Push Through Change System for Active Cell Primary Filters

Design work on a new active cell facility for radiation chemistry studies particularly on reactor fuel pins
was began in 1979, with a commissioning target date of 1984. The facility has been fully described
elsewhere^) (3),

The cell primary filtration was specified as a remote change system rated at 250 mVh. The physical
constraints for the filter system were that the housing should project no more than 500 mm from the rear wall of
the inner box, and filter insert itself should be small enough to be posted from the box via the installed posting
system, which limited the size of the element to 210 aim <p diameter by 400 mra long.

The derived scheme for the system is shown diagrammatically in figure 15.

Flonrra*e-150cfm
clean air pressure drop 25mm wg

FIGURE 15
PUSH-THROUGH FILTER CHANGE SYSTEM

The filter insert is of radial flow cartridge design. An annulus of pleated paper is supported inside a
perforated steel tube between end flanges, each carrying a piston ring seal. The seals currently employed are
of rectangular-section, glass-fibre reinforced PTFE, supported on an 'O' ring to provide the required rssiliance.
The use of PTFE gives a low friction seal as well as providing good resistance from chemical attack by acid
vapours in the extract air. In addition the square edge of the seal will remove debris deposited in the throat
of the housing during the filter change and provide a clean surface for the replacement filter seal.

The performance of the filter has been determined as 250m^/h at 25 mm water gauge with an installed
efficiency of 99.97%; BS.3928:1967 Sodium Flame.
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The housing is constructed from stainless steel. An annular plenum chamber collects filtered air which
is then carried away to extract. Ons feature of note is the provision of spring latches to prevent displacement
of the element in the event of a pressure excursion in the cell. Tests on seal performance and friction forces
revealed that the optimum surface finish for the sealing surfaces was a good machine finish of 1.6pm. No
advantages could be obtained from ground or honed finishes.

Stand-by filters are carried in a loading tube which mates up with the filter housing and penetrates the
concrete biological shielding. The end of the tube carries a push rod system and solid steel shield plug. The
loading tube is withdrawable to allow the inner box and housing to be removed for decommissioning and
refurbishing. The filter is changed by operating the push rod against the end of the stack of stand-by filters on
a fixed stroke. The used filter is ejected into the box as the new filter is positioned. During the filter change
operation the air extract could be shut off, which could allow a small pressure rise to occur in the box.
Alternatively the extract system could be left on to prevent a rise in box pressure, but allowing unfiltered air to
be drawn from the box rest the filter into the duct. However, no serious contamination spread is predicted as
the filter change time is short and filters downstream of the box extract duct would prevent release of activity
to the environment.

The principle advantages of this system are that the contaminated filters require no special handling and
are dealt with through the same route as other arisings; the change system is very simple and no filter clamping
is required.

3.4 Remote Shielded Filter Change System for Alpha, Beta, Gamma Contaminated Gas Streams

In 1978 a requirement was identified for a remote, shielded change system for Iodine 129 Absorber beds
for the off-gases from a BNFL fuel reprocessing facility.

The initial design study suggested that the AC6120 absorber material be contained in stainless steel
drums similar in size to the standard 200 litre drum. Double-lid technology is used to combine the function of
duct damper and drum port closure. Both inlet and outlet drum ports are in the top face of the drum together
with location features for the drum both in the flask and on a transfer trolley within the facility thereby ensuring
that close tolerance features would be contained in the drum top plate.

A modular design for the facility was chosen, each module containing its own gamma-gated load/unload
facility and transfer trolley to move the canister across the facility to the working position. The gas ductwork
runs across the top of the modules, with the drum connected from below the ductwork by raising the drum on a
tilting mechanism built into the transfer trolley.

The double lid operating mechanism, a developed version of the standard Drath-Schrader system is
mounted on the top shielding plate of the facility. A central shaft penetrates the shielding and gas duct and
carries the inner lid assembly. The port features are incorporated in a removable insert in the bottom of the
duct. Co-axially inside the shaft is the rod mechanism which operates over-centre claws to interlock the lids.
Both lids are then withdrawn into tl . iluct clear of the port to allow gas flow into and from the drum.

Shielding of the facility is accomplished by the use of 100mm steel plate for construction of the outer
shell of the facility, although the provision of extra shielding would not affect the design principles.

The design of the facility is shown pictorially in figure 16.

A prototype cell has been constructed and full testing and evaluation is now proceeding. The essential
features of the design are shown in figures 17 - 20.
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REMOTE SHIELDED CHANGE SYSTEM FOR FILTER CANISTERS
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REMOTE SHIELDED CHANGE SYSTEM SHOWING CELL CONSTRUCTION

FIGURE 18
REMOTE SHIELDED CHANGE SYSTEM SHOWING DRUM ON
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FIGURE 19

REMOTE SHIELDED CHANGE SYSTEM SHOWING DETAILS OF DRUM TOP PLATE ASSEMBLY

FIGURE 20

REMOTE SHIELDED CHANGE SYSTEM SHOWING DOUBLE-LIDS RAISEP INTO DUCTS
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During the design stage of the work, it because apparent that through the use of a demountable drum and
circular cartridge filters the facility design could be extended to provide a shielded remote filter cbange facility
for alpha, beta, gamma gas streams. One possible drum design is shown in figure 22. The top section of the
drum is modified to provide co-axial gas ducts for the inlet and exhaust gases. The filter is sealed into the top
section with a "C* section throat seal. The bottom of the dram is demountable with a double-lid feature to
enable the filter insert to be changed in an appropriate facility. Alternatively the drum could be split in tbe
plane of the filter seal if preferred.

FIGURE 21
DEMOUNTABLE HEPA FILTER DRUM

The operating features of the facility are such that no probleins are likely to be encountered should :t be
necessary to provide greater thicknesses of shielding. Thus the design is adaptable for any plant which
requires remote filter change facilities and the transfer of sealed filters.

The additional advantage in the use of filters in canisters is that leak tests can be carried out prior to
posting the drum into the facility thereby eliminating tiie problems of filter-to-housing gasket leaks normally
encountered with remote change systems.
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3.5 Application of Circular Filters for large Volume Installations

Because of the relative ease of sealing without clamping and ease of disposal, the use of circular filters
for large volume facilities should be of benefit compared to the use of conventional rectangular filters. The
principles outlined in Section 2.2 can easily be applied to 1700m^/h filters to provide a low volume installation
for high air throughputs.

The use of a double lid system to seal the filter combined with the manifold system could provide the
basis for an alternative system to bag changing. A typical installation is shown in figure 22.

FIGURE 22

RADIAL-FLOVf FILTER WITH DOUBLE-LID CONNECTION FOR ALPHA-CONTAMINATED
FACILITIES

The filter top flange would carry a double lid feature to carry one lid over the inlet port. The filter would
be raised up to engage in the port facility mounted in the plate separating inlet and extract plenums. The double
lid mechanism would be mounted in the top of the inlet plenum and the inner lid act as a flow damper as in the
remote change facility described in Section 3.4.

Engagement of the lids and withdrawal would bring the filter on stream and reversal would seal the filter
prior to removal. The filter body and double lid would provide a sealed containment for any alpha activity
within the filter.

IV. Conclusions

In all aspects of active handling the volume of waste generated is progressively being reduced or is being
treated to arrive at the minimum volume of package. It is essential that filters which will soon be the largest
single item of waste follows this pattern by the elimination of the waste bagging material and the reduction in
volume of the filter pack itself. In order that this may be achieved more engineered methods of handling such
as those described will be necessary.

Trie adoption of a secondary containment removes from ths gasket seal the arduous task of sealing to the
same standard on the filter paper itself. This change should result in much simpler and more efficient filter
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housings.

The development and test work carried out to date has demonstrated that high integrity filters of equal
performance to conventional deep-pleat designs can be produced in radial flow cartridge form in sizes up to
1700 m-Vh. The application of these filters to nuclear off-gas cleaning facilities should provide better systems
in terms of filter seal performance, reduced handling problems and ease of disposal of contaminated filters via
existing disposal routes. Filter systems incorporating these filters are being developed for high contamination
level applications, whilst their use for low contamination applications is being studied.

The development of axial flow filters should provide a filter insert which requires a simpler housing design
where the use of piston seals combined with axial flow characteristics will lead to extremely simple
installations.

It is unlikely that circular filters of either design will replace conventional filters where ladder or wall
mounted systems provide acceptable filtration installations, but the study of their application for all other
applications is recommended and should prove beneficial in terms of quality of installation, ease of handling
and ultimate disposal of used filters.
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DISCUSSION

GERBER: How is the spiral-wound axial flow filter constructed
so as to properly form the entry and exit flow channels?

PRATT: A spacer of the same form as used on conventional
filters is inserted continuously between the Iciyers of filter media
during winding. This ensures that the correct size of flow channel
is maintained. The sealing of the end of each flow channel to achieve
required efficiency is either by use of a thick bead of adhesive of
the same height as the flow channel spacer or the media are locally
crimped together with contact adhesive used' to effect a seal (see fig.
12 of paper.)

GERBER: How do you measure the integrity of your system?

PRATT: We do bench testing using sodium flame photometry.
We test the filter in a model housing to check the installed efficiency
of the seal.

HERMAN: How is the integrity of the filter verified consid-
ering the effect of the sealant?

PRATT: By pressure drop comparison. The integrity of
the filter is not affected by gasket leaks as the differential pres-
sures between the secondary containment and inlet and extract ducts
does not allow by-passing of contaminated air. Calculations indicate
that a 0.02" gap between the filter gasket and frame will result in a
net inflow of air from the secondary containment of only approximately
1% % of the rated flow of the filter. Therefore, integrity of the
filter can be measured by normal in situ DOP test techniques. The
particular system described has the added advantage that individual
units can be isolated for integrity testing.

HACKNEY: I would comment further that the integrity of the
gasket seal is measured by checking the flow into the secondary
containment and measuring the pressure differential between the
secondary containment and the atmosphere. Any flow measured will
signal a flow through the gasket seal. This is not hazardous as
the unfiltered air cannot by-pass the filter paper.
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Abstract

The filtration efficiency of stainless steei fibrous filters
(BEKIPOR porous mats and sintered webs)) is determined using sub-
Kiicronic monodisperse polystyrene aerosols. Lasers spectrometers are
used for the aer<_~ol measurements. Tne parameters varied are the fibre
diameter, the number of layers, the aerosol diameter and the super-
ficial velocity. Two selected types of filters are tested with poly-
disperse methylene blue aerosols to determine the effect of bed
loading on the filter performance and to test washing techniques for
the regeneration of the filter.

I. Introduction

In many nuclear process plants, the filtration of aerosols in
process streams is generally performed by various purification sys-
tems put in line. The final system always consists of high efficien-
cy HEPA filters arranged in series and in parallel ; a characteristic
of these HEPA filters is their high DF and their low dust loading
capacities in relation to the low pressure drop they can withstand.
The aim of this study is the development of prefilters with high dust
loading capacities and which could be in-situ regenerated in order to
extend their operational life time. They should retain most of the
aerosol charge of the gaseous effluent, should withstand the nature
of the process stream (NOX in the case of reprocessing streams or
HLLW calcination streams) and should support the stream temperature
in the case of high temperature processes (Incineration or vitrifi-
cations processes).

Various types of prefilters can meet these requirements, among
them the sintered metal filters, the glass fiber filters and the
metallic fiber filters. The latter type has been chosen in this
study. The experimental study has been concentrated on two types of
filters (high porosity mats and sintered webs) purchased by a Belgian
company BEKAERT N.V.

2. Description of BEKINOX filtration materials

BEKINOX is the trade mark of minute fibres made of various
alloys and metals such as : - Inconel 601

- Titanium, Nickel.

The fibres are available in different forms such as staple and
bulk fibres or yarns and in different diameters ranging from 4 to
22 ym. The high porosity mat type with its trade name BEKIPOR WB is
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a stainless steel porous medium with high porosity. The main charac-
teristics of the different types of mats tested are given in table I,

Type

04/300

08/300

12/300

Table I. Characteristics

Diameter of
the fibre

pm

4

8

12

of BEKIPOR WB mats

Superficial Porosity
weight of the web
g/m2 %

3J0

300

300

0.99

0.99

0.99

Thickness
of the web

cm

0.35

0.35

0.35

The second type tested is a sintered web with trade name
BEKIPOR ST. It is a depth type stainless steel filter medium composed
of very fine stainless fibres randomly laid into a 3 dimensional
labyrinth structure. This mat is furhter compacted and sintered to
produce a filter of high mechanical strength but of lower porosity.
The AL series have high dust holding capacities and can be used either
for liquid filtration of high viscosity fluids, either for gas fil-
tration. The main characteristics, of the 3 types BEKIPOR ST/AL
tested, are given in table II.

Table II. Characteristics of BEKIPOR ST sintered webs

BEKIPOR ST 10AL2 252L2 401L2

Absolute filter rating
for liquid filtration ym

Superficial weight g/m2

Porosity %

Thickness H cm

10

530

80

0

3, Theoretical considerations
with fibrous material

25

1100

75

.033 0.

on aerosol

40

1100

80

055 0.065

filtration

Theory predicts the collection efficiency by diffusion to
decline as fiber size df, gas superficial velocity u, and bed porosity
E increase. For a deep filter, such as the bekipor WB, diffusion
plays an important role for the particles smaller than 0.5 ym and the
efficiency must increase with smaller fibre diameter and decreasing
superficial velocity. For a thin, low porosity filter, such as the
Bekipor ST, the role of diffusion will be less important because the
residence time of the particle in the filter is one order of magnitude
smaller than for a deep filter.

The collection efficiency by interception can be shown to be a
function of the direct interception parameter R = dp/df. The direct
interception parameter increases with increasing particle size dp and
decreasing fibre diameter df. It becomes to play an important role
for the particles greater than 0.3 ]irn for the finest fibre diameter
i.e. for df = 4 pm.
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The collection efficiency by impaction depends mainly on the
parameter I = m.u.B/df which represents the ratio of the stopping
distance of a particle (product of mobility B and momentum m.u.) to
the dimension of the fibre df. The efficiency of impaction increases
with the particle mass m and the velocity of the gas and decreases
with increasing fibre diameter. This capture mechanism plays an im-
portant role only at high superficial velocities and for particles
greater than 1 \im.

Generally all the three mechanisms play a role in the filtration
of aerosols by fibre filters. The influence of dp, df, and u on the
efficiency of the different capture mechanisms can qualitatively be
given as follows

df + dp t u +

Diffusion + + i

Interception + f -

Impaction 4- + +

4. Description of the experimental procedure

The flow sheet of the test unit is given in Fig. 1. The main
parts of the unit are ; a Collison atomizer as aerosol generator, a
dilution system, a filter holder and an aerosol measuring system. The
flow ranges in the different parts are given in Fig. 2. It illus-
trates that the dilution system allows to perform tests in a super-
ficial velocity range of 3.5 to 19 cm/s with flat filters of an use-
ful diameter of 15 cm. The filter holder accepts up to 15 layers of
flat filters in series. The characteristics of the spectrometers
ASAS-X and CSAS are given in table III. These apparatus which operate
on the principle of light scattering by a particle illuminated in a
laser beam, produce a signal which depends on the size, shape and
refraction index of the particle.

The same experimental procedure was used for all tests ; a
diluted water solution of polystyrene monodisperse particles is
sprayed using the Collison atomizer. The water spray, containing the
latex aerosols is diluted and dried with clean air. The aerosol
particle flow (Part/s) is alternatively measured before and after the
filter with the two lasers spectrometers using the proper size range
channels. Three measurements are made before the filter and two after
the filter. A mean value of the particle flow before and after the
filter is determined for each monodisperse aerosol. The mean decon-
tamination factor, DF, is calculated on the basis of one set of flow
values for the range 0.092 to 0.33 ym where only the ASAS can be used
and on the basis of two sets of values for the range 0.33 to 2.2 urn
where both spectrometers can be used. During each filtration run,
also the pressure drop DP over the filter material is followed.
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Table III. Characteristics of lasers spectrometer

Size range

Working temper.

Sample gas flow

Sheat gas flow

Sample volume

Collecting
solid angle

Laser

Energy density

ASAS-X

0.60 - 3.00 ym
0.24 - 0.85 ym
0.15 - 0.30 ym
0.090 - 0.195 um
in 15 channels

25 °C

0.5 - 1.5 cc/s

20 cc/s

Hydrodynamically
focused jet 7 0 ym

-35 - 120 °C (> 211 sterad)

He-Ne 2 mw 6328 A
TEM°° mode

500 W cm"2

CSAS-100 KTS

0.32 - 0.755 ym
0.5 - 2.75 ym
1.0 - 12.25 ym
2.0 -20.0 ym
in 15 channels

max 370 °C

15 - 20 m3/n

Optically defined
volume 150 ym

He~Ne 5 mw 6328 A
High order random mode

30 W cm- 2

5. The parametric study of the BEKIPOR WB porous mats

During the experimental investigation of the porous mats, the
different parameters were varied as follows :

- nature of the web : 04, 08, 12
- number of layers n : 1, 3, 5
- superficial velocity u : 3.5, 10, 13, 19 cm/s
- particle diameter dp : 0.091, 0.109, 0.173, 0.220

0.330, 0.481, 0.620, 0.720
0.945, 2.20 ym.

During all the runs, the pressure drop over the filter remained
equal to the value measured before the run with clean air. It means
that the loading with latex aerosols at concentrations lower than
0.5 mg/m3 had no influence on the bed porosity during the short time
of a run. Also the DF remained constant during a run.

Qualitative observations on the influence of the tested para-
meters on the values of the DF and the DP are given hereafter.

df •!- u + n + dp +

DF

DP

u

The most important results obtained are shown in Fig. 3, 4 and 5.
Vertical lines around a data point indicate the uncertainty range of
the particular data point.

As illustrated in Fig. 3 and 5, a minimum of DF is observed in
the size range 0.11 to 0.173 ym due to the well known decrease of the
diffusion mechanism and to the increase of the interception mechanism
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Fig. 3. Influence of filter material and configuration
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as a function of aerosol size.

The main practical informations drawn from these tests are :
- the webs 08 and 12 show very low DF and DP unless the number of

layers is high ;
- the web 04 is the most effective when the superficial velocity is

lower than 5 cm/s and when the number of layers is high i.e. for
n = 5. In these conditions, the DF is higher than 100 for a 0.1 ym
aerosol and higher than 1000 for a 1 ym aerosol ; the pressure drop
remaining at a reasonable value of 70 Pa ;

- an alternative to this optimum situation, is to use the three webs
in series with the coarser layer WB12 first followed by the WBO8 and
finally the WB04 as last layer. With such a set of layers it is
also possible to reach satisfactorily results (DF of 40 for the
0.1 ym and 1000 for the 1 ym) with low pressure drop (DP = 80 Pa).
The advantage of the use of decreasing fibre diameters in series,
is, that in case of high dust loadings, the pressure drop evolution
is not so steep and the dust holding capacity is higher.

6. The parametric study of the BEKIPOR sintered webs

The parameters were varied as follows :
- nature of the mat : 10AL2, 25AL2, 40AL2
- superficial velocity u : 3.5, 6, 19 cm/s
- particle diamter dp : 0.091 to 2.2 ym.

The DF and DP of the different runs are given in fig. 6.
Qualitative observations on the influence of the tested parameters on
the values of the DF and the DP are given hereafter.

df + u t dp + t t

DF 4- V t f

DP 4- t * t

For the runs at low superficial velocity, no significant
increase of pressure drop is measured for the three kinds of mats.
At high superficial velocity (19 cm/s), and for the finest mat 10AL2,
a significant increase is measured during bed loading with PSL aero-
sols. In Fig. 7, the relative increase of the DF for an increase of
the pressure drop by a factor of 2 is given as a function of the
particle size.

During filtration, a layer of aerosol deposits on the filter
surface and produces an additional resistance to flow which depends
on the properties of the aerosol layer. A visual examination of the
filter after the runs revealed indeed the presence of a dust layer on
the surface of the bed. No significant penetration into the mass of
the filter was determined by 10 x microscope magnification. The
deposit of aerosols becomes the filtering medium for succeeding
particles which explains the increase of efficiency observed during
the two successive runs.

The main practical informations drawn from these tests are :
- only the 10AL2 gives a good DF. The webs 25 and 40 are not accep-

table as gas filtration materials for submicronic aerosols ;
- for the 10AL2, it is advisable to work at a low superficial velocity
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Fig. 6. Parametric study of BEKIPOR ST filter
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Fig. 7. Relative increase of the DF for a pressure drop
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i.e. u smaller than 5 cm/s, in order to have acceptable DP. The
effect of the superficial velocity on the DF obtainable with a nc -
loaded mat is negligeable within the experimental detection lir-i _s.

The low dependence of the DF on the superficial velocity and
the small residence time in the filter indicate that interception is
the main filtration mechanism at the superficial velocity range
studied. In this case, diffusion plays a minor role in the filtration
mechanism. Filtration by the accumulated dust becomes preponderant
after a certain operating period depending on the particle size and
on the aerosol concentration.

7. Study with a candle type filter configuration

The parametric studies performed with flat filters allowed to
make a proper choice amongst the different filter materials available.
For scaling-up purposes it is however necessary to get information on
the filtration performance of the best filter materials chosen under
cylindrical geometry in such a way that a candle type configuration
can be used. Therefore a study in a candle type filter holder was
started using polydisperse aerosols too.

7.1. Description of the experimental procedure

The candle type filter holder contains three candles (useful
height : 2 5 cm ; diameter ; 5.2 cm) in parallel so that the filtra-
tion area is 1150 cm2. The BEKIPOR WB or ST are rolled around the
candle in one or several layers. The filtration performance is
determined using PSL monodisperse aerosols before and after filter
loading with polydisperse methylene blue aerosols. During methylene
blue loading, the filtration mass efficiency is determined by sampling
filters before and after the BEKIPOR filter and photometeric deter-
mination of the quantity of methylene blue. The regeneration of the
filter after methylene blue loading by washing techniques has also
been tested.

7.2. Results with the BEKIPOR WB04 under cylindrical geometry

The BEKIPOR WB04 mat has been tested under the following con-
ditions :
- 5 layers BEKIPOR WB04
- diameter of the candle : •inlet : 90 mm

•outlet : 52 mm
- height of the candle i 250 mm
- bed porosity : 0.99
- total flow rate : 15.6 m3/h
- mean logarithmic superficial velocity : 2.9 cm/s
- methylene blue aerosol : 'concentration : 1.2 mg/m3

•count median diameter : CMD = 0.2 pm
geometric standard deviation sg = 2.15
•mass median diameter : MMD = 0.5 ym

sg = 1.6

As illustrated in Fig. B the DF, measured by methylene blue
sampling, increases with bed loading. After a filter loading of
0.87 mg/cm2 the DF is increased by a factor of 3 while the pressure
drop only increased by a factor 1.2.

516



17th DOE NUCLEAR AIR CLEANING CONFERENCE

DF
102

1 
1 

1 
2

—

—

BEKIPOR WB04

3 candles with 5 layers

• mass efficiency

• pressure drop

final bed loading =0.87mg/cm
DP0 =140 Pa

i i i i i i 111 i i i i i i 111

(Pa)
200

DUfSJ "

10 100

Fig. 8. Efficiency and pressure drop for a methylene blue aerosol

517



17th DOE NUCLEAR AIR CLEANING CONFERENCE

Fig. 9 indicates that the DF for monodisperse PSL aerosols
increases again with particle size and that after the filter loading,
the DF for each particle size is increased by a factor of 5 to 7.

According to analytical measurements, the quantity of methylene
blue inside the filter material decreases exponentially with the bed
depth so that the major fraction is accumulated in the first layer of
the bed. The regeneration of the filter by water washing has been
tested with low pressure jet and spraying nozzles. Good water pene-
tration of the filter and wetting of the fibres is only obtained by
spray washing. The drying of the filter by air sparging is very slow
mainly because the water tends to accumulate at the bottom of the
candle so that all the drying air flows in the upper part where the
pressure drop is the lowest and does not remove the water held by
capillary forces. Only heating of the air succeeds in removing the
accumulated water.

7.3. Results with the BEKIPOR ST 10AL2 under cylindrical geometry

The tests of the BEKIPOR sintered mat were performed under the
following conditions :
- one layer of ST10AL2 : 'diameter 52 mm

•height 250 mm
- total flow rate : 15.6 m3/h
- mean logarithmic superficial velocity : 3.8 cm/s
- concentration methylene blue : 3.9 mg/m3

•CMD = 0.27 p Sg = 1.85
•MMD = 0.60 um Sg = 1.5.

From Fig. 10 it is clear that the DF, measured by methylene blue
sampling, increases very rapidly with bed loading. After a bed
loading of 0.74 mg/cm2 the DF is increased by a factor of 20 while
the pressure drop is increased by a factor of 5.

Fig. 11 confirms that the DF, measured with monodisperse PSL
aerosols, increases with the particle size. After filter loading,
the efficiency is increased by a factor of 101* for particles greater
than 0.3 ym.

Visually, the methylene blue aerosols form a thin layer of
deposit on the, surface of the filter and nearly no methylene blue is
found in the mass of the filter. The removal of methylene blue by
water washing is very easy with low pressure jet or spraying nozzle.
The drying of the filter by air sparging is very rapid because only a
low amount of water remains in the filter after washing.

8. Preliminary conclusions and future programme

Stainless steel porous mats BEKIPOR WB and sintered webs ST
show good filtration performance in the submicronic range. The dust
loading capacity is higher for the porous mats than for the sintered
web but on the other hand the regeneration of the sintered web is
easier.

The future programme consists in :
- determination of the regeneration cycle and its influence on the

filter characteristics ;
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test of the filter in a high temperature process stream containing
N0 x, water vapour and insoluble aerosols obtained by calcination
processes.

DISCUSSION
BELLAMY; Would you please explain the use of the term
"candle"?

KLEIN, Michel: It is a single cylinder of fibrous media; 3 candles
would indicate 3 cylinders operating in parallel and considered as
one filter.

WATSON: Have you tried multiple regeneration i.e., Is there
any build-up of filtered material which cannot be removed, hence
giving a limited overall life?

KLEIN: Until now, no multiple regenerations have been .
performed. The future program will be concentrated on the behavior
of these filters against insoluble aerosols and with multiple
regeneration cycles. It is probable that a build-up of pressure drop
will be observed for the two types of filters, but this build-up
will probably be smaller for the sintered web (ST) which is regenerated
easier.

GERBER: Have these prefilters been put into actual service
yet?

KLEIN: . No, but we plan to test a sintered type filter (ST)
for the filtration of incinerator off-gases. These tests will be
performed in the FLK BelgoNucleaire unit handling low level alpha
wastes. No other active operation of such filters is foreseen at
present.

522"



17th DOE NUCLEAR AIR CLEANING CONFERENCE

EVALUATION OF PERMANENTLY CHARGED ELECTROFIBROUS FILTERS*

A.H. Biermann, B.Y. Lum and W. Bergman
Lawrence Livermore National Laboratory (LLNL)

Livermore, California 94550

Abstract

Permanently charged electrofibrous filters are typically made from fibers
of high-resistence polymers with permanent electrostatic charges placed on or
near the polymer surface. The permanent charges increase the efficiency of the
filter media by providing electrical capture mechanisms in addition to the
mechanical capture mechanisms of conventional fibrous filters without increasing
the air resistance. Unfortunately, the electrical enhancement can be reduced or
even negated by neutralizing the fiber charge via several mechanisms, including
charge neutralization by charged particles, formation of conductive paths on the
polymer surface, neutralization by chemical attack and environmental conditions
such as high temperature.

Our studies have shown that loading the permanently charged filters with
captured aerosols will lead to a neutralization of the filter charge. The
primary factor controlling the neutralization of filter charge is the charge
transfer from the captured aerosol to the fiber surface and the subsequent
neutralization of fiber charge. In the case of liquid aerosols (e.g., DOS) the
filter efficiency will continuously decrease to the level controlled only by
mechanical capture mechanisms. In comparable tests with solid aerosols
(e.g., NaCl) the filter efficiency will initially decrease and then increase as
it becomes loaded with aerosols. The increased efficiency is due; to the
additional mechanical capture by the particle deposits. The minimum efficiency
obtained during the loading of solid aerosols is determined by the aerosol
charge, with highly charged aerosols producing a lower minimum.

We have also shown that permanently charged filters will lose their fiber
charge when exposed to organic solvents which chemically react with the surface
charge. Ionic water solutions also neutralize the fiber charge when a wetting
agent is added to the solutions. Without the wetting agent, water solutions
cannot make contact with the fibers and cause only a small deterioration of the
fiber charge.

We have attempted to minimize the fiber charge neutralization by coating
the charged fibers with a polymer. Several different coating techniques were
examined and found to have varying degrees of protection. Unfortunately,
preventing the neutralization of fiber charge is not sufficient to prevent a
deterioration of filter efficiency. We must also remove the neutralizing agent
to avoid a net cancellation of fiber charge. The decrease in filter efficiency
on exposure to aerosols and other neutralizing agents places severe restrictions
on applications for permanently charged filters.

*This work was performed under the auspices of the U. S. Department of Energy by
Lawrence Livermore National Laboratory under contract No. W-7405-ENG-48.
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I. Introduction

Air filters having permanently charged fibers are an effective means for
removing submicron aerosols. The permanent surface charges on the fibers add
electrostatic collection mechanisms to the mechanical capture mechanisms and
increase the performance of the filter with no corresponding increase in pressure
drop. Thesa filters are distinguished from other electrofibrous filters in which
the fiber charge is continuously maintained by external means such as precharging
aerosols or charging or polarizing the filter media with high voltage
electrodes. Prior to this investigation of permanently charged filters our study
of electrofibrous filters dealt exclusively with electrifying conventional glass
fiber filters in an electric field.0-7) Previous investigators have shown
that the permanently charged filters have exceptionally high efficiencies, while
maintaining a low pressure drop.(°~'0) However, there is experimental evidence
to suggest that filtration of certain aerosols, or exposure of the filters to
certain chemicals and environmental conditions, can partially neutralize the
fiber charge and cause a significant reduction in filter performance.^, 11,12)
In this report we present experimental results which demonstrate a discharging of
the fiber and our efforts to prevent the discharge and the subsequent
deterioration in filter performance.

Our primary incentive for investigating permanently charged filters is
illustrated in Fig, 1. Here we compare the efficiency as a function of particle
diameter for a standard fibrous filter and for the same filter electrified with
external electrification. We can see that electrifying a standard glass fibrous
filter (Johns Manville Co., Golden, CO) with high voltage will dramatically
increase the collection efficiency. In the same figure we have presented the
efficiencies of two permanently charged filters (N. V. Verto Co., Rotterdam,
Netherlands); one having a lower pressure drop and one having a higher pressure
drop than the standard glass fibrous filter. Ideally, filter efficiencies should
be compared with filters having comparable pressure drops. Figure 1 shows that
the permanently charged filters have comparable efficiencies in the submicron
size range as that of the electrified filter generated by high voltage
electrodes. The permanently charged filters achieve the high filter efficiency
without all of the equipment required to electrify a standard filter; namely, a
high voltage power supply, electrodes and cables. In essence, the major
incentive for investigating permanently charged filters is that these filters are
able to achieve high efficiencies without requiring the additional equipment for
electrification. Unfortunately, these permanently charged filters suffer from a
loss of charge, and that loss is the subject of this paper.

II. Types of Permanently Charged Filters

This paper describes the evaluation of the three most prominent types of
commercially available permanently charged filters. Each of the filters is
manufactured using a different mathod for imposing a permanent charge on the
fibers. In one method, permanently charged filters are generated from electret
sheets.^*'"*1') A polymer sheet is initially passed across a corona discharge
which imparts positive and negative charges on opposite sides of the polymer
sheet. In a subsequent step the sheet is split into small filaments which are
then formed into a filter mat using conventional technology for non-woven media.
Figure 2 shows a series of scanning electron micrographs of increasing
magnification typical of the permanently charged filter formed from electret
ffbers. In Figure 2A we see an overall view of the ribbon-like shape of the
electret fibers. Increasing magnifications show a rough surface structure which
we believe plays a prominent role in maintaining a high electrical charge on the
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fibers. Electron micrographs of other filter samples show that the surface
roughness can become extreme. Figure 3 shows that the rough fiber surface has
convoluted to such an extent that a separate surface layer has formed and even
pulled away from the bulk surface. An interesting aspect of these electron
micrographs is the deposition of salt particles on the surface. Observe that
the salt particles have preferentially deposited on the rough, corrugated surface
rather than the smooth subsurface. We speculate that this is due to the
electrical charges, residing primarily on the rough corrugated outer surface with
the subsurface material remaining uncharged. This type of permanently charged
filter is manufactured by the N. V. Verto Co., Rotterdam, Netherlands as Filtrete
media.
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(J. Manvi
(Filtrete
(Filtrete

i i i i i i J L 1 1 1 1
.01 O.I

PARTICLE DIAMETER, ym
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Figure 1. Efficiency of uncharged, externally charged and permanently charged
filters, NaCl aerosols, U=66 c/s.

A second class of permanently charged filters is generated by a technique in
which high voltage is applied to a polymer melt during a spinning process of
fiber formation/") This filter is commsrcially available from the Carl
Freudenberg Company, Germany. Micrographs of the Freudenberg filter are shown
in Fig. 4. This filter consists primarily of relatively smooth fibers arranged
in a random fashion to form a filter mat. Their surface is not as rough as seen
in the Filtrete media in the previous electron micrographs.

The third class of permanently charged filters is manufactured by coating the
fiber surface with charged resin particles. This media is commonly called a
Hanson filter and is commercially available from BIS Minerals Limited, London,
England as Capofilters. Electron micrographs of this class of permanently
charged filters are shown in Fig. 5* We can see the fibers are heavily coated
with resin particles which support all of the charge on the filter media.
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Figure 2. Scanning electron micrographs of Filtrete media.

III. Exper imental Apparatus

We conducted an experimental evaluation of the permanently charged filters
in our small-scale filter test facility. The experimental test arrangement used
in evaluating three filters is illustrated in Fig. 6. The experimental test
array consists of an aerosol generator, a test duct, filter holder, a blower,
diagnostic aerosol instrumentation, and a computerized data acquisition system.
A Climet 208 particle counter is used to measure the particle concentration as a
function of particle diameter in the 0.3 - 10.0 um diameter range. The Climet
sample is usually diluted 25:1 prior to sampling to avoid coincidence errors in
the optical counter. A Thermo Systems, Inc., Model 3030 electrical aerosol
analy2er measures the particle concentration as a function of particle diameter
in the 0.01 - 1.0 urn diameter range., When these two instruments are used to
sample both upstream and downstream of the test filter, the collection
efficiency as a function of particle size can be calculated. In addition, an
aerosol photometer (Phoenix Precision Instrument, Model JM-7000) measures the
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Figure 3. Scanning electron micrographs of Filtrete media with NaCl
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Figure 4. Scanning electron micrographs of Freudenberg media.
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Figure 5. Scanning electron micrographs of capofilter media.
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integrated light scattering intensity from all sampled aerosol particles and
indicates an overall filter performance. All of the instrumentation, along with
monitors for air flow rate and filter pressure drop are interfaced to an
LSI-11/23 computer. The aerosol concentration and size distribution, and filter
face velocity are maintained constant for each filter evaluation. The
experimental data presented in this report were conducted at face velocities, U,
of 13 or 64 cm/s, using filters having an area of 317 cm2.

Computer codes have been developed to allow the operator to accumulate,
process, save, and plot particle size distribution and filter penetration data.
Computer output includes status messages to the operator, hard copy plots,
disk-file data storage, and raw and reduced data line-printer listings. A photo
of the laboratory facility is shown in Fig. 7.

Figure 7. Photo of the laboratory facility.

IV. Experimental. Results

Liquid and Solid Aerosol Loading

Figure 8 shows a typical result of the efficiency and pressure drop obtained
with the 200 g/rn̂  Filtrete media in which two classes of aerosols were loaded
on the filter. We used sodium chloride aerosols to simulate a solid particle
loading, and dioctyl sebacate (DOS) aerosols to simulate liquid particle loading.
The filter loading with sodium chloride aerosols shows an initial decrease in
efficiency followed by a rapid increase. We have attributed the initial decrease
to the neutralization of the filter charge by the charged aerosol particles
depositing on the filter. The subsequent increase in efficiency is due to the
mechanical capture of new particles by the previously deposited particles. Note
that the point at which the efficiency increases corresponds closely with a rapid
rise in pressure drop. This behavior would be typical for any solid aerosols;
namely the conversion from primarily an electrical capture mechanism to that of
mechanical capture. The mechanical capture in this case is due primarily to the
previously deposited solid aerosols rather than the fibrous media. The depth of
the minimum depends on the aerosol charge to which the filter is subjected; the
higher the charge on the aerosol, the lower the minimum efficiency.
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In the case of the DOS
aerosol loading, we see a
continual decrease in
efficiency and relatively
no change in pressure drop
as the aerosol is loaded
on the filter. The
decrease in filter
efficiency is due to the
neutralization of fiber
charge as the charged DOS
aerosols deposit on the
fibers. In contrast to
the case of Nad loading,
there is no minimum and
subsequent increase in
efficiency as the filter
becomes loaded with DOS
aerosols. This occurs
because the liquid DOS
aerosols do not form a
particle deposit that
significantly increases the
mechanical efficiency of
the filter. An increase
in the mechanical
collection efficiency is
normally reflected in a
rise in pressure drop with
increasing particle
loading. This does not
occur for DOS aerosols.
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Figure 8. Filtrete 200 g/m2 performance with
aerosol loading, U=64 cm/s.

Electron micrographs were taken of the deposits formed with solid NaCl
aerosols (Fig. 9) and liquid DOS aerosols (Fig. 10). Although the electron
micrographs shown in Figs. 9 and 10 were not taken from the same filters n:ed to
generate the data in Fig. 8, they do show the primary difference between
deposits of solid and liquid aerosols. Figure 9 shows the NaCl deposits after
the Filtrete media had gone just beyond the minimum efficiency and was beginning
to increase in efficiency due to the additional mechanical capture mechanism of
the particle deposits. Figure 10 shows a deposit of 3.8 grams of DOS aerosols
that have uniformly coated the fiber surface. The uniform coating occurs
because the DOS liquid wets the fiber and spreads out over its surface. Liquid
aerosols that do not wet the fiber surface would not spread out and would remain
as individual particles or would coalesce into larger droplets. Since the DOS
particles do not form a dendritic structure but rather smoothly coat the fibrous
surface, there is no corresponding increase in mechanical collection mechanisms
to capture subsequent particles. Hence, with increasing loading of DOS aerosols
the only effect is to neutralize the charge on the fibers. The contrast between
the two types of aerosol loading on the permanently charged filter is reflected
in the corresponding pressure drops shown in Fig. 8. For the liquid aerosols we
see a negligible increase in pressure drop during the period of loading; whereas
for the solid aerosols thre is a very dramatic increase in pressure drop with
loading.
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Figure 9. Electron micrographs of Filtrete fibers having NaCl deposits.

Another difference observed in Fig. 8 between particle loading with NaCl
and DOS aerosols is the more rapid decrease in filter efficiency with NaCl
deposits than with DOS deposits. This observation applies up to the point where
the particle deposits make a significant contribution to the mechanical
efficiency. After accounting for particle mass, we calculate that the filter
loses 100* of its efficiency with NaCl aerosols and 10% with DOS aerosols.
Thus, on a particle mass basis the filter efficiency decreases 10 times faster
with NaCl aerosols than with DOS aerosols. However, this comparison based on
particle mass is not valid since the density of NaCl is 2.17 g/cc and DOS is
0.92 g/cc. Accounting for the differences in density we calculate that, based
on a particle volume basis, the filter efficiency decreases 24 times faster with
NaCl aerosols than with DOS aerosols. Since the size distributions of NaCl and
DOS aerosols are similar (AMMD is 0.8 um for NaCl and 0.9 um for DOS) the
relative decrease in filter efficiency with equal volumes of aerosols will
approximate the decrease predicted for individual NaCl and 00S particles. We
have found that the increased filter deterioration with NaCl aerosols is due to
the higher charge on the NaCl aerosols compared to the DOS aerosols. The
aerosol charge distributions were measured using a Thermal Systems, Inc.
electrostatic classifier, Model 3071. The procedure was described by Knudsen
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and WhitbyO3) and detailed in the TSI instruction manual.H4) Figure 11
compares the measured aerosol charge distributions showing the percent number
below stated charge as a function of particle charge. This figure shows that
85* of the DOS aerosols have less than 10 electron charges per particle, while
85!? of the sodium chloride aerosols have less than 200 electron charges per
particle. Thus, the more highly charged sodium chloride aerosol results in a
more rapid neutralization of the permanently charged filters than does the DOS
aerosol.

100 ym

r

50 urn

Figure 10. Electron micrographs of Filtrete fibers having DOS deposits.

In our experimental evaluation we also measured the aerosol penetration as
a function of particle diameter at each stage of filter loading for NaCl and DOS
aerosols. The penetration as a function of particle diameter for NaCl aerosols
is shown in Fig. 12 where the penetration curve for an initially clean filter is
compared with three additional penetration curves corresponding to increasing
deposits of sodium chloride on the filter media. Note that the penetration at
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all particles sizes initially
increases with loading up to 0.5 grams
and then decreases with further
aerosol deposition. In addition to
the general trend of increasing
penetration, reaching a maximum and
then decreasing penetration, note that
the point of maximum penetration has
shifted to smaller particle diameters
with increasing particle loading. The
particle size of maximum penetration
has shifted to smaller sizes with
increasing particle loading because
the dominant collection mechanism has
shifted from electrical capture to
mechanical capture by the particle
deposits that develop on the fibers.
We have shown previously that the
particle size of maximum deposits
produces a filter having a smaller
effective fiber diameter.(6)
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Measurements of the aerosol
penetration is shown in Fig. 13 as a
function of particle diameter for Figure 11.
increasing loadings of DOS aerosols.
This figure shows the penetration at
zero particle mass loading, and at DOS
loadings of 1.6 and 3,3 grams
respectfully. In this case, the
primary trends are primarily an overall increase in the penetration at all
particle sizes and an apparent shift in the particle diameter having maximum
penetration to larger particle diameters. The diameter of maximum penetration
f ; / ^ t.0 If 9 6 1" parti'cJe diameters because of the loss of electrical attractive
forces in the permanently charged filters. In our previous work with externally
applied electric fields to generate electrofibrous filters, we have noted that
the^electrical attraction for larger sized particles is not dependent on
particle charge*^. We have found previously that the filter efficiency for
particles larger than 0.5 um diameter is the same for an electrofibrous filter
with either charged aerosols or neutral aerosols. In contrast, the efficiency
for particles smaller than 0.5 vm diameter is strongly dependent on the
particle charge. We concluded that larger particles are collected by a
polarization attraction while the smaller particles are collected by a Coulombic
attraction. For permanently charged filters, the larger particles are polarized
by the electric field generated by the charged filters. Thus, for neutral
aerosols or aerosols having a low charge, an electrified filter would show a
higher efficiency for the larger aerosols than for the smaller aerosols. This
results in a filter efficiency curve with the minimum falling at the small
particle size range. When the electrified filter is neutralized, the
polarization attraction is lost and the minimum efficiency shifts to a larqer
particle size. In our experiments with externally applied electric fields the
diameter of maximum penetration shifted from smaller s i 2 e s to larger sizes when
the electrofibrous filter was neutralized. W We believe the same phenomena
is responsible for the shift in peak penetration to larger partifile sizes when
the permanently charged filter is neutralized. nen
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Figure 12. Aerosol penetration at
increasing mass loading
for NaCl aerosols,
Filtrete 200 g/m2,
U=64 cm/s.
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Figure 13. Aerosol penetration at
increasing mass loading
for DOS aerosols.
Filtrete 200 g/m2,
U=64 cm/s.
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We have just examined the deterioration of the permanently charged filters
with respect to normal operating conditions; namely, the loading of solid and
liquid aerosols. In addition to the normal exposure of aerosols, we have found
that permanently charged filters may also lose some of their efficiency due to
environmental conditions, the most prominent of which is exposure to water. We
have measured the efficiency of the permanently charged filters before and after
immersing in water solutions. Filters were immersed in the solutions for
approximately 30-40 minutes, rinsed three times and allowed to dry. This
relatively drastic test was conducted to simulate the extreme case of a
saturated filter that could arise in high humidity conditions. We conducted a
number of experiments to measure the effect of water exposure on the filter
efficiency. Figure 14 shows the efficiency indicated by aerosol photometer
measurements before and after rinsing with water solutions for a number of
different solutions beginning with pure water, then water and acid, water and
salt, then water and a surfactant, and finally water and sodium chloride and a
surfactant. We see, for the case of pure water, a very slight deterioration of
the efficiency on immersing the filter in water. This slight deterioration we
attribute to the neutralization of charge readily accessible on the surface of
the filter media. Immersing the filter in a water plus nitric acid solution
shows a very similar deterioration. Identical results were also obtained with a
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WATER+NACL

solution of water and sodium
chloride. We added the acid and
sodium chloride in an effort to
see if the ions would cause
additional deterioration of the
charge. In fact, we saw no
further deterioriation due to
the ions.

Since these water solutions
were unable to wet the fiber
surface we surmised that the
reason we were unable to lower
the filter efficiency due to
fiber charge neutralization was
strictly mechanical; namely that
the solution was unable to make
physical contact with the filter
surface. To test this hypothesis
we immersed the filter in a water
solution having a surfactant.
Th<? results were similar to the
immersion in pure water alone.
In this case, we had a
relatively modest deterioration
in the filter efficiency after
immersion. Again, we attribute
this deterioration to the fiber
surface charge being readily
neutralized on the filter
surface. However, when we added
sodium chloride to the water and
surfactant solution we observed
a dramatic decrease in filter
efficiency thereby verifying our hypothesis. Thus, we see that the additional
ions from the sodium chloride will indeed neutralize the filter charge if we are
able to wet the fiber by means of a surfactant.

In addition to the aerosol photometer measurements, we have also measured
the filter penetration as a function of particle diameter before and after
rinsing for each of the water solutions listed in Fig. 14. The results are
shown in Fig. 15. Indicated efficiencies by each curve are those from the
aerosol photometer data. Along with the general trend of increasing penetration
we again note the shift in the diameter of maximum penetration toward larger
particle sizes as the permanently charged filter is neutralized.

Media Exposure to Organic Solvents

Another adverse environment that is examined is exposure to organic
solvents. This is an important consideration for applications of the
permanently charged filter in respirators designed to remove toxic particulates
and gaseous matter. We have shown in Fig. 16 the efficiency of the permanently
charged filters before and after rinsing in a number of different organic
solvents. Again, this test is a rather severe test but one that is intended to
simulate extreme environments to which the filter will be exposed. Whan the
permanently charged filter is immersed in alkane solvents {hexane, heptane and

Figure 14. Efficiency of Filtrete 200 g/m
before and after immersing in
water solutions, NaCl aerosols,
U=64 cm/s.
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Aerosol penetration of
Filtrete 200 g/m2 after
exposure to various
water solutions, 11=64 cm/s.
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Figure 16. Efficiency of Filtrete
200 g/m^ after exposure
to organic chemical NaCI
U=64 cm/s.

iso-octane) we see a relatively mild deterioration in efficiency. This is very
comparable to that seen when immersing in pure water. However, in contrast to
the water solutions discussed previously, all of the organic solvents here
completely wet the filter surface. When we immerse the filter in a cyclohexane
solvent we see a greater decrease in efficiency. After immersion in a benzene
or toluene solvent, and a MEK/acetone solution the filter efficiency has dropped
to the level of complete neutralization.

Since the exposure of the filter to liquid organic solvents is extreme and
unlikely to occur in field applications we examined the effect of exposing the
filter to organic vapors. We placed a sheet of Filtrete media, 100g/m2, in a
sealed container saturated with MEK/acetone vapor for 24 hours. Filter
efficiency measurements were made on the filter before and after exposure to the
organic vapors using NaCI aerosols and the light scattering photometer. We
found that the efficiency at a face velocity of 64 cm/s had dropped from 71% to
49%. Although the decrease in filter efficiency is l^ss with organic vapors
than with organic liquids our tests demonstrate that exposure to organics is a
major problem with this filter.

We examined the possible mechanism for the decrease in filter efficiency on
exposure to organic vapors and solvents. In none of these cases are any ionic
species present, so our hypothesis of charge neutralization cannot hold. One
possibility that we examined for the behavior shown in Fig. 16 was the
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conductivity of the solvents allowed a conductive path around the filter fiber,
thereby effectively short circuiting the positive and negative sides. However,
this hypothesis was not valid because the conductivities of the respective
solvents do not follow tha trend of increasing deterioration as seen in Fig. 16.
A factor that would explain the increasing deterioration with the respective
solvents is the increasing chemical reactivity of the solvents as we go from
hexane to cyclohexane to benzene, toluene and MEK/acetone. Therefore, we
hypothesize that these .solvents are able to react chemically with the surface
charge (presumably present on the surface as free radicals or ions). Electron
micrographs of these filters after immersion in the solvents showed no
discernable difference in morphology due to the solvent action.

For each of the organic solvents,
we have also conducted penetration
measurements as a function of particle
diameter before and after immersion.
The aerosol penetration of the filter
before and after rinsing in an
MEK/acetone solvent is shown in
Fig. 17. Again, in addition to the
increase in penetration note that the
peak penetration after the filter was
rinsed in acetone/MEK has shifted to
larger particle diameters. This figure
shows the dramatic increase in
penetration that results when the
filter is discharged.

The problem of filter discharging
when exposed to organics can be
minimized in respirator applications by
placing the permanently charged filter
after the gas adsorber, which is
usually an activated carbon* Organic
yapors would then be absorbed in the
activated carbon and not reach the
filter. The conventional respirator
design has the particulate filter ahead
of the gas adsorber to prevent fouling
the gas adsorber. If fouling of the
gas adsorber presents a problem then a
conventional fibrous filter will have
to precede the gas adsorber.

Media Exposure to Anti-Static Agents
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Figure 17. Aerosol penetration of
Filtrete 200 g/m2 after
an MEK/acetone rinse,
NaCl, U=16 cm/s.

Another treatment we have performed on these permanently charged filters is
spraying the filter media with an anti-static agent obtained from Sprayway, Inc.,
Addison, Illinois. We did this in an effort to determine what fraction of the
total efficiency is due to electrostatic attraction. Assuming that, the anti-
static agent is 100% effective in neutralizing all charge on the filter, these
tests then allowed us to assess the degree to which the electrification is
responsible for the total filter efficiency. As shown in Fig. 18, the electri-
fication is responsible for nearly all of the efficiency. In this case the
efficiency measured with a light scattering photometer decreased from 90% before
spraying to 10% after spraying with the anti-static agent. We have conducted
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Figure 18. Aerosol penetration of
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spraying, NaCl, U=64 cm/s.
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Figure 19. Aerosol penetration of
Capofilter before and
after antistatic
spraying, NaCl, U=64 cm/s.

similar experiments with the other types of permanently charged filters. Figure
19 shows a comparable experiment with a resin wool filter. Note, in this case,
that the resin wool filter is able to retain a much higher efficiency after
spraying with the anti-static agent which indicates that it has a higher
mechanical efficiency than the Filtrete media.

Effect of Initial Fiber Charge on Filter Loading

Electric filters have two characteristic advantages over conventiona
filters: they have higher efficiencies and higher particle loadings.(2»4

We have already discussed the large increase in filter efficiency due to the
electrical effects in permanently charged filters. Previous investigators have
shown that electric filters using external electrification by applying high
voltage to the media(2»4»6) Or precharging the aerosolsOS) w m
significantly increase the particle loading. Van Turnhout has conducted a
preliminary test indicating that permanently charged filters also show an
enhanced particle loading compared to uncharged fliters.I'6' In an effort to
verify that permanently charged filters exhibit an enhanced particle loading we
compared the filter efficiency and pressure drop of charged and discharged
filters during particle loading with NaCl and DOS aerosols. The discharged
filters were produced by spraying the charged filters with an anti-static agent.
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Figure 20.

Figure 20 shows the test results
on loading charged and discharged
Filtrete media with NaCl aerosols.
We have previously described the
results of the charged Filtrete
media in terms of the particle
collection mechanism changing from
electrical to mechanical as the salt
particles neutralize the filter
charge during loading. The
transition from a predominantly
electrical collection to
predominantly mechanical collection
produces the minimum in the
efficiency during the NaCl loading.
In contrast, the discharged Filtrete
shows a systematic increase in
efficiency and pressure drop as NaCl
particles load the filter. Note
that the efficiency of the
discharged filter approaches that of
the charged filter at higher
particle loadings. This is what
would be expected since the
collection mechanism for both
filters will be dominated at high
particle loadings by mechanical
capture due to the particle
deposits. However, the efficiency
of the initially charged filter is
still slightly higher than that of
the initially discharged filter,
which suggests the initially charged
filter was not completely
neutralized by the NaCl aerosols.

In assessing the effect of the electrical charges on particle loading, it
is important to recognize that the charged filter is being neutralized during
particle loading which will reduce any enhanced loading effect. Any enhancement
of particle loading for the charged filter would be reflected in a lower
pressure drop than the discharged filter at a given particle loading. In Fig.
20 we see that the initially charged filter has a lower pressure drop than the
discharged filter below 1.4 grams of NaCl while above 1.4 grams of NaCl the
pattern is reversed. The reason for the crossover in pressure drop curves is
not determined. We believe that this is not a real effect and is actually due
to a breaking up of the particle deposits when the filter was removed from the
filter holder for weighing. A lower pressure drop results from the broken
deposits forming a more open, less restrictive structure. This explanation is
supported by the apparent break in the pressure drop curve at the crossover
point. Normally, the pressure drop would increase in an exponential fashion
with increasing particle loading. Since the dominant collection mechanism
switches from electrical to mechanical at 0.5 grams of NaCl, the lack of a
significant enhancement of particle loading over the entire loading is not
surprising. However, within the loading region where electrical attraction is
still significant (below 1.0 grams of NaCl), the charged filter has a
measureable loading enhancement over the discharged filter. We should also

NACL MASS, G

Filter efficiency and
pressure drop of charged
and discharged Filtrete
200 g/m2 during loading
with NaCl aerosols,
U=64 cm/s.
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explicitly point out what we have implied in our discussion of electrically
enhanced particle loading, namely that lower charged aerosols will demonstrate
increased particle loading because the charged filter will not be neutralized as
rapidly.

After the initially charged filters had been completely loaded with sodium
chloride aerosols we rinsed the filters in water in an effort to remove the salt
deposits. We were able to remove all of the salt deposits by this method except
for 0.5 g sodium chloride. Measuring the efficiency and pressure drop after this
rinsing revealed that we had effectively reached the same values that were
originally obtained at that particle mass loading. The data, shown in Fie, 20
as solid squares, illustrate that once the dominant mechanism for particle
capture of solid aerosols is controlled by the mechanical mechanism, we no longer
have a continued deterioration of the filter charge. Beginning at the point of
minimum efficiency, the filter will no longer lose additional fiber charge
because the newly collected particles will be trapped by previously deposited
particles, and will be unable to neutralize the fiber charge. W<? have been able
to verify this hypothesis experimentally by the preceding experiment in which we
have washed off most of the salt deposits.

We also measured the aerosol penetration as a function of particle diameter
after rinsing off the sodium chloride deposits. Figure 21 shows the aerosol
penetration as a function of particle diameter for the loaded filter after
washing off most of the salt deposits. A residual salt loading of 0.5 g could
not be removed in the wash. We also compared the penetration curves for the
clean filter and after it was loaded with 0.5 g NaCl, Note that the penetration
curve for the filter with 0.5 g NaCl deposit remaining after washing is nearly
identical with the penetration curve for the same filter having 0.5 g NaCl
deposited during normal loading. The nearly identical penetration curves show
that no further neutralization of the filter charge occurred beyond the minimum
filter efficiency at 0.5 g loading.

Comparable filter loading studies were performed using liquid DOS aerosol
and are shown in Fig. 22. The efficiency as a funtion of DOS mass loading for
two charged filters is compared to that for a discharged filter. The discharged
filter was obtained by spraying a charged filter with an anti-static agent. Both
of the charged filters show a continual decrease in efficiency with increasing
DOS loading while the discharged filter shows practically no change in efficiency
with increasing DOS loading. We do not know why the rate of filter discharging
differs for the two charged filters although we believe the difference is due to
slight differences in aerosol charge. Note that the pressure drop for all three
filters has remained virtually the same as DOS has accumulated on the filters.
We would not expect any differences in pressure drop with loading because the
liquid DOS uniformly coats the fiber surface after striking the surface.

Protective Coatings for M-inimiz-ir^-Fiber Charge Neutralization

We have seen that permanently charged filters are subject to deterioration
due to actual usage in collecting both solid and liquid aerosols, and by various
environmental conditions, such as water solutions with trace contaminants of ions
and a wetting agent, as well as exposure to organic solvents. This filter
deterioration places severe restrictions on the applications of permanently
charged filters and is the primary factor limiting its widespread use. A
promising solution to this problem appears to be the application of a protective
coating around the charged fibers in an effort to prevent the charge neutrali-
zation. We conducted a series of experiments to explore the feasibility of this
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concept. The motivation for these
experiments was provided by both
theoretical investigations and early
experiments on annealing electret
type materials. Van Turnout(9) has
found that thermal annealing of
permanently charged electret
materials would result" in a more
stable electret and be less
susceptible to charge loss. Other
researchers have found that the
charge on the polymer resides on the
polymer surface and at increasing
depths within the polymer. 07) The
charge at the surface is more
susceptible to loss and that within
the media itself is more resistant
to deterioration and loss. In an
effort to simulate the thermal
annealing process and increase the
number of charges deeply imbedded
within the polymer media we have
investigated various methods for
coating the charged polymer surface.

Figure 23 shows the results of
some of our experiments. In this
figure we compare the efficiency of
a Filtrete media before and after
rinsing in water after various
coating techniques. We have selected
the water immersion technique as
being representative of a mild charge
deterioration. The baseline case,
that of no coating treatment,
indicates a deterioration of
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Aerosol2penetration of Filtrete
200 g/m having 0.5 gm residual
NaCl deposit after washing
compared to unloaded Filtrete
and Filtrete loaded with 0.5 qm
NaCi, U=64 cm/s.

a . _. .......
approximately 20% after immersion in water. In the second case, we have vapor
deposited a thin layer of paralene coating on the Filtrete fibers. A sliqht
deterioration of the initial efficiency before immersion in water is indicated.
This occurs because the electric field is slightly decreased when a dielectric
media is placed over a charge. After immersion in water however, the filter does
not deteriorate to the same level as we had with no coating. This suggests the
paralene coating appears to be effective in reducing the charge loss. In all of
our coating techniques we have been unable to uniformly coat all of our filter
fibers, in the case of paralene deposition we believe we were only able to coat
xhe front few layers of fibers within the filter media and the bulk of the media
remained uncoated.

The next coating technique we examined was immersing the filter in a polymer
solution and allowing the solvent to evaporate. In this case, we used a silicone
polymer dissolved in heptane. We selected heptane because it produced the least
deterioration in filter efficiency of the possible organic solvents. The
solution technique for coating the fiber had to address the additional problem
of filter charge deterioration due to the solvent alone. This technique for
coating the fiber surface appears to be the least promising of all since the most
promising solvents for dissolving good polymer coatings are also those solvents

541



17th DOE NUCLEAR AIR CLEANING CONFERENCE

!00

CHARGED NO. I
CHARGED NO. 2

D DISCHARGED
• ALL F I L T E R S

CC
LU

CL
O
g
LU

a:
to
CO
LU
cr
CL

10

Figure 22. Efficiency and pressure drop of charged and discharged Filtrete
200 g/n£ during loading with DOS aerosol, 11=64 cm/s.

that are very effective in discharging the permanently charged filters. After
coating the filter with a silicone in heptane solution we found the filter
efficiency had already dropped to such a low efficiency that we did not continue
to examine the performance after immersion in water. We found that the silicone
on polymerizing had emitted acetic acid which we believe was responsible for the
charge deterioration.

The last technique we examined for coating the filter media was using a
spray technique. In this case we had used cellulose acetate butyrate (CAB) in a
MEK acetone solution and had found dramatically varying results before and after
coating. In some cases the spray coating technique had dramatically decreased
the efficiency and in others it had a yery minor effect when compared to the
baseline case. We believe the large decrease in filter efficiency was due to
neutralization of the filter charge either by excessive MEK/acetone solvent in
the spray, or by an excessive aerosol charge produced in the spraying process.
We believe that more dramatic results were not achieved because the spray
coating technique was only able to coat the front portion of the filter mat
thereby leaving the interior portion uncoated. Applying the coating on the
fibers prior to forming them into a filter mat would eliminate the problem with
a non-uniform coating through the filter mat.
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We then examined the effect of the protective coating on tha efficiency of
the permanently charged filters during particle mass loading. Fig. 24 shows the
efficiency of two Filtrete 200 g/m2 filters that were spray coated with CAB
and an uncoated Filtrete 200 g/m2 filter as they are loaded with NaCl
aerosols. Our baseline case with no protective coating shows that the
efficiency rapidly decreases as sodium chloride aerosols are loaded on the
filter. Our initial test of the filter with a protective coating (triangles)
suggested that the coating was able to prevent the rapid decrease in
efficiency. We had surmised that the protective coating was preventing a charge
neutralization of the filter by the charged aerosols. Unfortunately, our second
experiments (squares) indicated this was not the case and the protective coating
had no effect on the efficiency as sodium chloride aerosols were deposited on
the fibers. This is seen when comparing the respective curves for the pressure
drop as a function of the sodium chloride mass loadings. The pressure drop
curve for the first test (triangles), which showed relatively little
deterioration in efficiency with sodium chloride loading also had a dramatically
higher pressure drop. The resulting higher pressure drop indicates that the
mechanical efficiency would also be higher in this filter. Thus, we see from
comparing the pressure drops of the filter with the protective coating and the
baseline case that the apparent protective effect of the CAB coating is not, in
fact, due to any prevention of fiber charge neutralization but rather, strictly
due to a higher mechanical efficiency as indicated by the pressure drop. For
the two filters in which the initial pressure drop is very comparable we see
comparable results in efficiency versus mass loading. Thus, we are faced with a
situation that a protective coating, even if successfully applied, will be
unable to prevent the decreasing efficiency of the permanently charged filters.
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Figure 23. Efficiency of Filtrete 200 g/m2 before and after various
coating applications, NaCl aerosols, U=64 cm/s.
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Figure 24. Filter efficiency and pressure drop for a baseline filter 200 g/m2

and for Filtrete 200 g/m2 having a spray coating of CAB during
loading with NaCl aerosols, U=64 cm/s.

V_. Prospects for Preventing the Discharge of Permanently Charged Filter

In glass fibrous filters, a charged particle that deposits on a fiber
transfers the charge to the fiber surface. The charge then migrates on the fiber
surface to the surrounding filter holder. However, in the case of permanently
charged filters, the fibers are fabricated from polymeric materials that have
extremely high resistivities or have a highly resistive polymeric powder coating
the fiber. Consequently, the charge on the particle that transfers onto the
polymeric fiber or powder remains at the location at which the particle initially
landed. A theoretical analysis shows that the deposition of charged particles on
permanently charged filters will result in neutralization of the filter charge
even with a protective coating.

The appropriate theory for analyzing the effect of charged particles on
permanently charged filters is Gauss' theorem which is given by Equation 1.

( l )

Where E = electric f i e ld , volt/meter
s = Gaussian surface, meter squared
%iet = n e t charge within Gaussian surface, Coulomb
e0 = electric permitivity, Coulomb/neutron/meter squared
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Figure 25. Schematic of the cross section
of a Filtrete fiber having a
protective coating and a
deposit of charged aerosols.
The dashed lines represent
the Gaussian surface.

we have illustrated the
application of Gauss' theorem to the
problem of filter discharging in
Fig. 25.

According to Gauss's theorum, a
closed surface drawn through a
section of the filter-shows that the
electric field emanating from the
surface is equal to the net
electrical charge within the surface
envelope. Thus, as charged particles
accumulate on the filter surface and
the charge is unable to bleed away,
we have a condition where the
electrical field gradually decreases
with increasing particle accumulation
until we have a net cancellation of
charge within the Gaussian surface
and hence, no electrical
enhancement. The key parameter in this analysis that results in the loss of
filter efficiency is the fact that the charge from the particles either
neutralizes the fiber charge or is unable to dissipate on the permanently charged
filter. Only in the case where the particles are either washed off or the
neutalizing agent is removed, as we had seen with our previous experiments with
ionic solutions, will an insulating coating be effective in preventing filter
deterioration. With this exception we must conclude that permanently charged
filters will lose their electrical enhancement either due to a direct
neutralization of the fiber charge or by a cancellation of the net fiber charge
as the filter becomes loaded with aerosols.

VI. Conclusions

We have shown that permanently charged filters have much higher efficiencies
than uncharged filters but they suffer from a loss of electrical enhancement due
to the filter discharging. We have identified three mechanisms for the loss of
fiber charge; (a) direct neutralization of fiber charge by charged aerosols or
ions, (b) chemical reaction of organic solvents with the charges on the polymer
surface which are presumably free radicals or lions, and (c) cancellation of the
net fiber charge by the close proximity of opposite charges. The problem of
filter discharging is inherent to permanently charged filters as presently
designed and will limit the widespread use of these filters. Since the filter
discharging problem is due to charged aerosols or reactive chemicals, field
applications will have to avoid these agents. Thus, permanently charged filters
will be ideally suited for filtering neutral or low charged aerosols as may
occur in filtering atmospheric aerosols in building ventilation systems. These
filters will not perform well in controlling particulate emissions from various
industrial processes since the aerosols are generally highly charged.
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EVALUATION OF PROTOTYPE ELECTROFIBROUS FILTERS FOR
NUCLEAR VENTILATION DUCTS*

W. Bergman, W. D. Kuhl, A. H. Biermann, J. S. Johnson and B. Y. Lum
Lawrence Livermore National Laboratory

Livermore, California 94550

A8STRACT

Two prototype electrofibrous filters were designed, built and evaluated in
laboratory tests and in field installations. These prototypes were designed
for use in nuclear ventilation ducts as prefilters to HEPA filters. One
prototype is designed to be a permanent component of the ventilation system
while the other is a disposable unit. The disposable electrofibrous prefilter
was installed in the exhaust stream of a glove box in which barrels of uranium
turnings are burned. Preliminary tests show the disposable prefilter is
effectively prolonging the HEPA filter life.

*This work was performed under the auspices of the U. S. Department of Energy
by Lawrence Livermore National Laboratory under contract No. W-7405-ENG-48.
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I. Introduction

This report describes the evaluation of two prototype electrofibrous
filters for use as prefilters in nuclear ventilation ducts. The designs of
these prototypes were obtained by optimizing a number of parameters that
determine the performance of the electrofibrous filter. We have conducted
extensive theoretical and laboratory investigations to provide the foundation
for designing electrofibrous filters for a given application.0-4) The
design parameters and criteria for building electrofibrous filters have been
presented in another report.(5)

Before discussing the specific prototypes presented in this report we will
review the fundamental design on which these electrofibrous filters are based
and the two characteristic features of these filters. Figure 1 shows the
basic components of the electrofibrous filter. A fibrous filter medium is
sandwiched between two perforated electrodes separated by a spacer. By
applying high voltage to one electrode and grounding the other, an electric
field is generated across the filter medium that polarized the filter fibers.
All of the prototype filters described in this report have the same basic
components.

Figure 1. Components of electrofibrous filter.
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The two characteristic features that result from this basic design are (1)
a higher filter efficiency and (2) an increased particle loading when compared
to the unelectrified filter medium. Figure 2 shows that electrifying the
filter medium will increase the filter efficiency over all particle sizes.
The increase is especially pronounced over the particle size range in which
the unelectrified medium shows a minimum efficiency. The increased particle
loading that occurs when a filter medium is electrified is shown in Fig. 3.
We have previously shewn that the increased particle loading is due to changes
in the particle deposits caused by the electrical forces.(',3,4,5J
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Figure 2. Filter efficiency as a function of particle size
with and without an electric field.
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Figure 3. Electrifying a filter medium increases its particle loading capacity.
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We have designed two prototype electrofibrous filters for use in nuclear
ventilation systems as prefilters for HEPA filters. Both prototypes have the
overall dimensions of a standard KEPA filter (21 x 2' x I1) and have the
filter media pleated to increase the filtering area. These prefilters are
designed to significantly extend the life of the downstream HEPA filters and
reduce the overall costs and radioactive waste of the prefilter-HEPA filter
system.

However, since the cost for filter replacement is a major fraction of the
overall filtration cost in a nuclear facility, the use of a prefilter, whether
conventional design or electrified, is cost effective only when the replacement
cost for the prefilter is much lower than that for the HEPA filter. If the
replacement of a prefilter requires a comparable amount of work as replacing a
HEPA filter, the use of a prefilter will not be cost effective.

The housing in which the prefilter is installed must have provisions for
easily replacing or cleaning the prefilter. Unfortunately, filter housings
for prefilters have historically had the same basic design as used for HEPA
filters. Therefore, replacing a prefilter in these housings required about
the same effort as replacing a HEPA filter. It is, therefore, not surprising
that prefilters have not been widely used in nuclear ventilation systems.

II. Stationary Electrofibrous Prefilter Designs

We recognized the importance of a properly designed prefilter housing and
have designed our electrofibrous prefilters and filter housing as an
integrated prefiltration system having minimal maintenance. We have designed
and built two different models that represent the two extremes of the basic
design in which electrified media is pleated to increase the filtering area.

Figure 4 shows one of our stationary prefilter models mounted inside a
ventilation housing that was designed for minimizing prefiltration
maintenance. To increase the flexibility of our evaluation program, we have
built two separate filter housings into a single unit and have joined the
inlet and exhaust openings into a common duct. This ventilation system
permits us considerable flexibility in our field evaluations. We can
simultaneously evaluate two prefilters or a prefilter and HEPA filter under
the same conditions and divert the air flow from one chamber to the other.
The primary features of the ventilation housing in Fig. 4 are the glove ports
and entry-exit ports which permit prefilter replacement or cleaning without
disrupting the ventilation flow. We have essentially built a glove box around
the prefilter to allow in-situ maintenance on the prefilter.
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Figure 4. Stationary electrofibrous prefilter mounted inside
a low maintenance ventilation housing.

Cne model of our stationary electrofibrous psefilter is designed to be a
permanent component of the ventilation system. It has a rigid stainless steel
frame and durable high voltage and ground electrodes. This prefilter design,
shown in Fig. 5. uses an inexpensive filter medium that is inserted into the
filter unit and removed when it becomes plugged. The filter medium is
sandwiched between high voltage and ground electrodes that are pleated to
increase the filtering surface area. The front ground electrodes can be
pulled out of the filter unit to provide access to the filter medium. Our
previous design that was described in reference 5 required an operator to
support the front electrode as it was pulled out of the filter unit. That
design proved to be impractical because the electrode was heavy and bulky,
thereby making the filter medium replacement an awkward and complicated
operation. We have significantly improved the filter medium replacement
operation by mounting the front electrode on slides that support the electrode
as it is pulled out of the filter unit. We have designated this stationary
electrofibrous prefilter as our permanent filter model.
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Figure 5. Stationary electrofibrous prefliter designed as a permanent component
of the ventilation system.

The operation of replacing the filter medium in our permanent filter model
is illustrated in the following sequence of photographs. Figures 6 and / show
an operator pulling the front electrode away from the filter unit until it
clears the filter unit. The front electrode is then rotated in Fig. 8 to
permit the filter medium to be slipped over the pleated electrode as shown in
Fig. 9. Note that the filter medium is preformed to fit over the front
electrode. After the filter medium is slipped over the front electrode* the
front electrode is rotated back into its normal position and pushed into the
main filter unit as shown in Fig. 10. Filter media is passed into the filter
housing through the exit-entry ports as shown in Figs. 11 and 12. The primary
operating feature of the permanent filter design is the use of an inexpensive,
disposable filter medium in a permanent electrofibrous filter unit.
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Figure 6. Operator- pulling front electrode out of filter unit.

Figure 7. Front electrode pulled out of filter unit.
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Figure 8. Front electrode rotated for inserting f i l t e r medium.

*^5»

Figure 9. Operator inserting filter medium over front electrode.
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Figure 10. Front electrode with fresh filter medium
being pushed into the filter unit.

The second model of our stationary electrofibrous prefiHer design is a
disposable filter unit that consists of a sealing edge, a pleated filter
medium and high voltage and ground electrodes as an integrated unit. Figures
13 and 14 show the inlet and exit sides of the disposable electrofibrous
prefliter respectively. The high voltage and ground electrodes are glued on
the pleated filter medium and the filter medium glued to the square sealing
frame. The electrodes were cut from a flexible stainless steel screen. To
prevent short circuiting between the high voltage and ground electrodes at the
sewn edges of the filter media, we used rectangular screen segments rather
than a continuous strip. The screen segments were cut to maintain a 1.5 inch
border around the perimeter of each pleat. The ground electrode segments
shown in Fig. 14 were electrically connected to the sealing frame by means of
a flexible cable. Figure 13 shows an electrode bus that connects the high
voltage electrodes to a common lead. Note that high voltage is applied to the
interior electrodes to prevent short circuiting with the ventilation duct in
case of accidental misuse or improper installation.
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Figure 11. Operator inserting a fresh f i l t e r medium into the entry-exit port.

F

Figure 12. Operator opening the entry-exit port to bring a fresh filter medium
into the ventilation housing.
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Figure 13. Disposable eiectrofibrous p re f i l t e r showing the in le t side.

Figure 14. Disposable electrofibrous p re f i l te r showing the exi t side.
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Since the electrodes and sealing frame are permanently glued to the filter
medium, when the filter medium becomes plugged the entire electrofibrous
filter must be replaced, hence its designation as a disposable prefilter.
Figures 15 and 16 show the disposable prefilter being mounted in the filter
housing. The disposable prefilter was mounted on a transparent plastic frame
in Figs. 15 and 16 to allow visual inspection of the installed prefiiter. In
field applications the sealing frame of the disposable filter would be mounted
flush against a flange' on the ventilation duct.

Figure 15. Disposable electrofibrous prefilter being mounted
in the filter housing.

The replacement of the disposable filter is easier in some respects and
more difficult in others when compared to replacing the filter medium in the
permanent filter model. Mounting the disposable filter on the sealing flange
of a ventilation duct is much easier than replacing the filter medium in the
permanent filter model. However, since the disposable filter has a rigid
frame and integral electrodes, the disposable filter is more bulky and hence
more difficult to pass through the entry-exit ports when compared to the
filter medium for the permanent filter.
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Figure 16. Disposable electrofibrous prefilter mounted in the filter housing.

Both stationary electrofibrous prefilter designs use the same high voltage
power supply shown in Fig. 17. We designed the high voltage power supply to
convert 100 volt AC input to 10 kV DC output. Figure 18 shows the top view of
the power supply with the cover removed. The major component in this unit is
a solid state power supply obtained from Spellman. It is shown as the
rectangular box in the lower right hand corner. Since the power supply cannot
exceed 70 yA output current at 10 kV, the unit poses no hazard from
electrical shock. One can touch the high voltage output and not feel the
electrical discharge. The power supply shown in Fig. 17 has separate push
button switches to energize the unit and to supply high voltage output. The
high voltage switch also resets the high voltage output if the power supply
was overloaded; i.e., if the load on the power supply exceeded 70 uf\.
Indicator lights on the front panel show if the high voltage is on or off.

We designed and built two different models of the stationary
electrofibrous prefilter to accomodate the wide range of applications
anticipated in the nuclear industry. The primary factor controlling the model
to be used is the frequency of filter changes. The permanent filter model
would be used in applications requiring a frequent replacement of HEPA
filters, while the disposable filter model would be used in applications where
HEPA filters are changed less frequently. Applications where the HEPA filter
is rarely changed would, of course, not benefit from any prefilter. Figure 19
illustrates how the frequency of changing HEPA filters affects the total
filtration cost of the permanent and disposable filter models. The disposable
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Figure 17. High voltage power supply.

Figure 18. High voltage power supply with top cover removed.
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electrofibrous prefilter has a low fixed cost due to the high voltage power
supply, but a high operating cost since the entire filter is replaced. In
contrast, the permanent electrofibrous prefilter has a high fixed cost due to
high voltage power supply plus the permanent filter, but a low operating cost
since only the inexpensive filter medium is replaced. Figure 19 shows that
the disposable filter model will result in lower filtration costs than the
permanent filter model in applications where HEPA filters &re changed less
frequently. The opposite conclusion is reached in applications where HEPA
filters are frequently changed.

CO
O
O
a:

<
O

FILTER CHANGES / YEAR

Figure 19. Total filtration costs as a function of filter changes per year
for the permanent and disposable filter models.

III. Laboratory Evaluation of Stationary Electrofibrous Prefilter

We conducted a laboratory evaluation of the disposable prefilter design in
our large-scale filter test facility shown in Fig. 20. This facility allows
us to evaluate the performance of prototype filters under controlled laboratory
conditions at flow rates up to 1300 cfm. Figure 21 shows the filter efficiency
of the disposable prefilter design as a function of applied voltage at two air
flow rates. The filter efficiencies were determined using sodium chloride
aerosols generated with a Wright nebulizer and measured with a light scattering
photometer. The NaCl aerosols have an aerodynamic mass medium diameter of
0.8 vim with a an = 2.0. Figure 21 shows that the filter efficiency
increases significantly with increasing voltage at both flow rates, although
the lower flow rate shows the greater increase.
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Figure 20. Urge-scale f i l ter test facility.

100

VS.

2 4 6 8 10
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Figure 21. Efficiency of disposable filter as a function of
applied voltage at 100 and 104 cfm.
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The effect of air flow on filter efficiency and pressure drop for the
disposable filter is shown in Fig. 22. This figure shows that higher
efficiencies and lower pressure drops are obtained at lower air flows. The
two efficiency curves represent the filter efficiency with 0 kV and 8 kV
applied to the filter electrodes. The efficiency of the electrofibrous
prefilter is much higher at the lower air flows because of the increased
residence time that permits the electrical forces to attract particles.

400 800

AIR FLOW, CFM
200

Figure 22. Filter efficiency and pressure drop as a function of air flow
for the disposable electrofibrous prefilter.

IV. Field Evaluation of Stationary Electrofibrous Prefilters
in LLNL's Uranium Burn Box

We then made preparations to install the electrofibrous prefilter in
LLNL's uranium burn box. We selected this box for our field evaluation
because it had one of the highest rates of radioactive particulate emissions
at LLNL and would therefore provide field data within a relatively short
time. Figure 23 is a photograph of the uranium burn box before we modified it
for our field evaluation. The uranium burn box was designed to oxidize
machine turnings and chips of depleted uranium metal to convert it into a
stable form for shipment and burial. If the uranium turnings were not
stabilized they would ignite and burn when exposed to oxygen. Uranium
turnings are brought to the facility in barrels filled with water to prevent
premature oxidation.
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Figure 23. Uranium burn box at LLNL prior to our field evaluation.

The first step in the operation of the burn box is to load a barrel into
the left side of the burn box as shown in Fig. 24. The barrel is then mounted
on a pivot and the lid removed as shown in Fig. 25. After the access door is
closed, the box is purged with an argon atmosphere. The contents of the
barrel are then poured into a tray located beneath the barrel that sieves out
the turnings from the water/oil mixture. Since the barrels often contain
sludge,, the turning are usually washed with water. The tray of uranium
turnings is then moved into the center chamber of the burn box (see Fig. 23)
where the turnings are ignited with an electric arc and burned in a controlled
fashion by adding oxygen. After the oxidation is complete and the tray cooled
down, the tray is then transferred to the chamber on the right in Fig. 23.
Here the ash is transferred to disposal barrels by air suction.

Each of the three chambers in Fig. 23 has a separate exhaust and HEPA
filter that connect to a common exhau.it line. The exhaust from the two end
chambers passes through a 500 cfm HEPA filter mounted on top of the respective
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chambers. A heat exchanger inside the center chamber cools the exhaust before
passing through two 135 cfm HEPA filters. The exhaust from this chamber is
saturated with water vapor and has an extremely high particulate loading.
These severe conditions would cause the two 135 cfm HEPA filters to plug after
about three days of operation and force the operation to be shut down until
the filters were changed. An examination of the HEPA filters showed they had
a heavy particle deposit ana were saturated with water.

Figure 24. Operator loading a barrel of uranium turnings into the burn box.

Except for the saturated water in the exhaust, the uranium burn box
appeared to be a good choice for evaluating our electrofibrous prefilter.
However before we could install our electrofibrous prefilter we had to reduce
the water vapor in the exhaust. We experimented with a number of different
schemes for chilling the exhaust to remove the water vapor but were not
successful. The problem was due to the high particulate concentration causing
the water separator to plug. Cooling the exhaust would form a mist of very
small water droplets that could not be removed from the gas stream without
also removing the uranium oxids particles. The only effective means for
removing the water drops was a demister pad or a coarse filter that would also
remove the uranium oxide particles and subsequently plug the filter. Since
dehumidifying the exhaust would merely transfer the plugging problem from the
HEPA filters to the water demisters, we abandoned this approach.
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Figure 25. Barrel of uranium turnings mounted on a pivot inside the burn box.

At the suggestion of Dr. T. R. Thomas(^) we built a dilution system for
reducing the relative humidity of the exhaust by dilution with room air. With
the added dilution air, we increased the exhaust flow from about 60 cfm to
250 cfm. Further dilution was not possible without an extensive modification
of the building ventilation system. To reach a reasonable level of relative
humidity, we then added a heater to the dilution air. Adding hot dilution air
to the exhaust from the burn box thus provided a reasonable environment for
evaluating our disposable electrofibrous prefilter.

We then built and installed a special ventilation system shown in Fig. 26
for evaluating our electrofibrous prefilter. The ventilation system consisted
of two HEPA filter housings obtained from MSA and appropriate transition
ducting. A sufficient number of viewing ports were added to the transition
ducts to permit visual inspection of the prefilter and HEPA filter. We also
added pressure gauges to measure the pressure drop across the prefilter and
HEPA filter, a hot wire probe to measure the total exhaust flow and a light
scattering photometer to measure the efficiency of the prefilter. This
diagnostic equipment enabled us to evaluate the performance of the prefilter
on a routine basis. We will also periodically measure the size distribution
of the uranium oxide particles using additional instruments.

We then installed the disposable electrofibrous prefilter in the exhaust
ventilation system as illustrated in the following sequence of photographs.
Figure 27 shows two operators removing the cover off the top filter housing.
The electrofibrous prefilter is then lifted into the filter housing in Fig.
28. Mote that the disposable prefilter in mounted in a clear plastic frame.
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Figure 26. Ventilation system built for evaluating the
disposable electrofibrous prefi l ter.

Figure 27. Operators removing the f i l te r housing cover.
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Figure 28. Disposable electrofibrous prefilter being inserted
into the filter housing.

This was necessary since the filter housing was intended for HEPA filters.
Before the prefilter was pushed into the filter holder, the high voltage lead
from the filter was connected to the high voltage cable inside the housing
(Fig. 29). The prefilter was then clamped against the sealing flange in the
filter housing (Fig. 30) and the cover replaced over the filter housing .
Figure 31 shows the electrofibrous prefilter installed inside the filter
housing as seen through one of the viewing ports. Note the high voltage lead
extending from the electrofibrous prefilter to a throughput on the ducting
wall. The horizontal rod in the photograph is the upstream aerosol sample
line that can traverse the width of the filter housing.

We then evaluated the performance of thf> disposable electrofibrous
prefilter during a normal burn operation. The experimental results obtained
from the first burn following the prefilter installation is shown in Fig. 32.
This figure shows the efficiency of the prefilter in trapping uranium oxide
particles with and without high voltage. We measured the filter efficiency
without high voltage by periodically turning off the high voltage power
supply. The high voltage increases the filter efficiency from about 95% to
99%. This represents an 80% reduction in the particles reaching the
downstream HEPA filter. During the 50-minute test the pressure drop across the
prefilter increased from 0.17 inches to 0.35 inches of water. The large spike
in current across the high voltage and ground electrodes was presumably caused
by an excessive amount of water vapor generated during the start up of the
burn.
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We plan to monitor the performance of the prefilter in a similar fashion
to establish the particle loading capacity of the prefilter and extension in
HEPA service life. Since the uranium oxide particles appear to form a rather
loose deposit on the filter surface, we will also explore methods fo» cleaning
the prefilter for reuse. The extremely high participate emissions from the
burn box will certainly provide a considerable amount of data to examine a
number of questions regarding the use of stationary electrofibrous prefilters
in nuclear ventilation systems.

Figure 29, Operator connecting the high voltage lead from the filter
to the high voltage cable inside the filter housing.
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Figure 30. Operator clamping the pre f iHer against the sealing flange.

Figure 31. Disposable electrofibrous p re f i l te r instal led in the f i l t e r housing.
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Figure 32. Performance of disposable electrofibrous prefilter
during a uranium burn operation.

V. Summary

Numerous studies have shown that applying an electric field across a
fibrous filter medium will significantly improve its efficiency and dust
holding capacity. The application of an electric field is accomplished by
sandwiching high voltage screens between a fibrous medium. In this report, we
described the design, fabrication and evaluation of two prototype
electrofibrous filters* using these principles. These prototypes differ in the
specific design depending on the intended application and method for changing
the filter medium.

The two prototypes described in this report were designed for use in
standard nuclear ventilation ducts as prefliters to HEPA filters. One of
these prototypes is designed as a permanent filter unit in which the front
electrode is mounted on sliders that permit easy replacement of the filter
medium. The second prefilter design is a disposable filter that consists of a
pleated electrified filter medium attached to a supporting frame, The
electrodes are a wire cloth glued directly onto the filter medium, In this
design the entire filter is discarded when the filter medium becomes plugged.
The disposable filter was evaluated at LLNL in the exhaust stream of a glove
box in which barrels of uranium turnings and chips are burned. Preliminary
tests show the electrofibrous prefilter is very effective in prolonging the
HEPA filter life.
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DISCUSSION

GERBER: What is the outlook for electret material optimized
for use in filter media?

BERGMAN: Very good. The variety of durable polymers having
high resistivities and the large number of different techniques for
generating electrets assures the availability of electrets that are
both stable and have a high charge. Most filter manufacturers have
in the past simply thrown together the electret filters without
consideration of designing the fixter to prevent fiber charge de-
terioration. I believe a great deal can be done in this area to
improve the filtrete type of filter, but I cannot disclose these items
until adequate patent protection is obtained.

ETTINGER: What would be the effect of typical atmospheric
contaminents on the performence of the electrostatic filter?
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BERGMAN; Most atmospheric aerosols have very little charge
and consequently would cause only a small decrease in the fiber charge.
Subsequent decrease in filter efficiency would not occur before
mechanical collection becomes dominant due to the particle deposits.
One has to be very cautious about atmospheric aerosols if there is a
possibility of high humidity and oil or other organic solvents being
present. Organics generally wet the filter and will permit filter
discharge.

MURROW: Have you used the filter in conjunction with HEPA
filters? Have you passed clean air through the charged filter, then
introduced an aerosol later and measured tne change in penetration
through a HEPA filter?

BERGMAN: The answer to both questions is, no.

DYMENT: Have demonstrations of enhanced dust holding
capacity of the electrofibrous filters been carried out using practical
aerosols, e.g., uranium oxide from the "burn box" or atmospheric
dust?

BERGMAN: There aresnany reports available on the demonstration
of enhanced dust loading with electrofibrous filters with the use of
fly ash. These reports were written by Geroge Lamb, Textile Research
Institute, Princeton, NJ and by an EPA group at Research Triangle
Park, NC. Large scale pilot plants have been built using external
electrodes to generate electrofibrous filters. We have, to date,
had field evaluations in 1) a U/Be fuel rod manufacturing glove box,
2) a Pu vacuum box that collected Pu salts like a vacuum sweeper-(it
was a very dusty box) and 3) a U-burn box (this just recently started).
We have only been able to measure potential subcritical dust loading
for our first evaluation. The data indicate only a slight enhancement.
We plan to eventually have such data for the other two field instal-
lations .

DYMENT: Has a realistic cost evaluation been carried out
on any of the prototype filter units including capital and operatinq
costs, and comparing them with a non-enhanced system?

BERGMAN: No.
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A NEW METHOD OF DETERMINING THE OVERALL PARTICLE

DECONTAMINATION FACTOR FOR MULTIPLE OFFGAS CLEANING

COMPONENTS IN REPROCESSING PLANTS

J. Furrer, A. Linek
Laboratorium fur Aerosoiphysik und Filtertechnik

Kernforschungszentrum Karlsruhe GmbH
Postfach 3640, D-75OO Karlsruhe 1

Federal Republic of Germany

Abstract

When combining aerosol retention components in the dissolver
offgas stream of a reprocessing plant, the behavior both of the
individual aerosol filter stages and the overall removal efficiency
cf all filters connected in series vis-a-vis an aerosol spectrum to
be expected must be determined for the benefit of the licensing
authority. A fast method of determining removal efficiencies is
described, which can also be applied in hot operation. This method
was used to demonstrate, with high certainty, decontamination
factors of a whole filter train in the range of 1O7.

1. Introduction

In the concept of nuclear waste management applied in the
Federal Republic of Germany, spent fuel subasseiablies are trans-
ferred to a reprocessing plant after an interim storage of three
years. The valuable reusable uranium and plutonium fuels can be
recovered by means of the PUREX process.

The dissolution process can be carried out through the con-
trolled addition of nitric acid at 105 - 108 °C. The rate of
distillation in the course of dissolution is 5 - 10 % per hour
for 2.7 m^ solution per metric ton of uranium. The dissolver offgas
is made up of water vapor, air, nitric oxides, aerosols, iodine,
and krypton and xenon noble gases. The rate of flow of the carrier
gas, i.e., air, varies between 70 and 140 m|td /^; i t consists of
exhaust air from the shears, sparging air and leakage air.

When the fuel subassemblies are cut into pieces, the shears
produce dust, part of which is dissolved in the dissolver, the rest
being entrained in the offgas line with the exhaust air from the
shears. On account of intensive agitation of the liquid as a result
of the gas evolution during dissolution and of boiling and air
sparging, liquid droplets will be entrained from the dissolver while
bubbles burst on the surface. Parallel to the dissolution of fuel
subassemblies, gaseous elemental fission product iodine is formed
which is likewise removed effectively by the carrier gas.
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Since the activity inventory in the dissolver is very high
and the offgas line is heavily loaded with fission products, the
downstream filter section must constitute a safety barrier retaining
the fission products. After the dissolver condenser and the NO2-
absorption and 12-desorption columns, respectively, there is the
filter section proper with its droplet separators, HEPA filters
and iodine absorption filters. The functional capability of this
filter section must be proved prior to operation because otherwise
elevated radioactive releases to the environment in excess of the
authorized release levels could occur. Moreover, each filter unit
constitutes a prototype *•'' to be examined for its removal behavior
under operating conditions prior to being installed in an active
facility.

Owing to the low levels authorized for particle releases via
the exhaust air path (a-emitters •« 0.05 Ci/y; 8-emitters •$ 5 Ci/y
according to the Germr.n Advisory Committee on Reactor Safety and
the German Advisory Cornmittee on Radiation Protection) with the
offgas from German reprocessing plants, the most stringent
requirements apply to the dissolver offgas line. The overall
decontamination factor of the exhaust air filters must amount to
at least 5 x 106 in case of the a-aerosol activity so as to avoid
the permissible release levels from being exceeded.

2. The PASSAT Dissolver Offgas Cleaning Section

As part of the present Reprocessing and Waste Treatment
Project it was decided in 197 5 to build a full scale prototype
dissolver offgas cleaning section on the premises of the Karisruher
Nuclear Research Canter. (2, 3) After completion of the planning
and construction phases, trial operation started in 1978.

The PASSAT facility consists of six filter components. For
aerosol and halogen removal, the units have been installed
in the system in the sequence indicated in Table 1.

The PASSAT facility (Fig. 1) is divided into four parts:
The central part simulates a hot cell for offgas cleaning. It is
equipped with full size remotely operated filter units; the second
part consists of a rig for simulation of operating and accident
conditions, respectively; the third part includes the analytical
systems. The whole facility is controlled and supervised from the
control room.

Operating Data

Intake pressure 1 bar

Intake temperature in the exhaust air 20 °C
mode of operation

Intake temperature in the recirculation 30 - 90 °C
air mode of operation

Pressure upstream of the blower, min. 0.6 bar abs.

Gas flow 50 - 250 m ^ /h
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N02-fraction, max.

Iodine concentration

Iodine-131, max.

Ba-139 (NO3)2, max.

6 vol.%

^ 1 g/m

^ 5 mCi per test

"» 300 mCi per test

Table I; PASSAT units and expected removal efficiencies

U n i t s

1. Wave plate droplet separator
(WPS)

2. Packed fiber mist eliminator
(PFME)

3. High efficiency particulate
air filter (HEPA) I

4. Two iodine sorption filters
arranged in series

5. HEPA filter II

F u n c t i o n

Removal of liquid droplets > 10 vim;
retention factor > 90 %

Removal of liquid droplets < 10 ym;
removal efficiency > 99 %;
removal of solid particles

Removal of solid particles < 0,3 ym;
removal efficiency Z 99.97 %

Removal of iodine compounds by
chemical sorption;
removal efficiency > 99.9 %

Retention of aerosols from the
iodine sorption system and addi-
tional action as a safety filter

3. Test Procedures and Measurement

The interplay of droplet separators (wave plate droplet
separators and recleanable packed fiber mist eliminators) and HEPA
filters is important in offgas cleaning, with the droplet separators
acting as prefilters and removing most of the aerosols produced and
returning them to the wet process. This increases the service life
of the downstream HEPA filters and reduces the number of loaded
filters to be disposed of as waste in a repository.

To determine the removal efficiencies of droplet separators,
drops must be generated whose mass and number upstream and down-
stream of the separators can be determined and brought into a certain
relationship by analytical systems. At the inlet of the PASSAT
filter section, a reproducible droplet spectrum, Fig. 2, was gen-
erated by spraying a salt solution through a two-fluid nozzle. The
spectrum varies between 1 and 23 ym with a max. number of droplets at
4 ym. Upstream and downstream of these separators, branch streams
were isokinetically sampled of the main offgas stream. To determine
results reliably, several methods were applied to assess the removal
efficiencies for the different filter stages (Fig. 3):
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1. by measuring <?rop sizes by means of the HC 15 drop size
measurinq unit employing the light scattering technique at WPS and
PFME, (4J

2. by feeding the droplets into heated sections, in which the
droplets evaporated, and collecting the remaining salt nuclei on
nuclei-pore or aerosol filters at the WPS, PFME and HEPA filter
points.

Table II; Solutions and analytical approaches employed to
determine the decontamination factors of WPS, PFME,
and HEPA filters

Solutions

NaNO3

Na fluorescein

1 3 9Ba(NO 3) 2

Concentration of
spray solution

1 %

0.01 %

1 %
1 37

1.2 g of Ba

+ 139Ba (300 mCi)

Analysis

Na ion sensi-

tive electrode

Fluorimeter

Multichannel-

analyzer,

Ge(Li)

Limit of
detection

0.2 ppm Na =

7.6 x 10~6 g Na+/

1O ml of solution

5 x 10~11 g/ml

of solution

approx.10 g

Table II is a list of the solutions sprayed from the two-fluid
nozzle and the analyses carried out subsequently. The sodium nitrate
and sodium fluorescein solutions were fed into the two-fluid nozzle
straight from a feed tank. To spray the barium nitrate solutionstraigh
(with '^Ba added as a tracer) into the gas stream required special
safety precautions. In a movable vessel shielded with lead (Fig. 4),
the irradiated glass ampoule filled with Ba(NO3)2 w a s broken, hot
water was added for rapid dissolution of the Ba(NO3>2 and the solution
was agitated. Afterwards, the solution was flushed out of the chamber
with water and sprayed into the main gas stream from the nozzle.
Compared with the number of hours required to produce and sample
sodium nitrate and sodium fluorescein (for a sufficient limit of
detection over the entire system) the time required for spraying
and sampling radioactively labeled barium nitrate amounted to only
a few minutes. (5)
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4. Results

4.1 Removal of Droplets in the Wave Plate Droplet Separator (WPS)

The WPS is located at the inlet of the dissolver offgas section,
It serves mainly two functions 1) removal of large droplets (approx.
> 10 ym) in normal operation, to reduce the load on downstream
components; 2) bulk separation of larger volumes of liquid or
droplets in case of maleperation in the upstream sorption columns.

Scattered light measurements were conducted to determine the
lower limit droplet sizes for volume streams of 75 - 150 m|td./n

at 30 °C and 100 % r. h.. With the face velocity rising from 6.6 3 to
1.26 m/s, removal is shifted towards the smaller droplets. The drop
size limits at a removal efficiency of 90 % for the volume streams
of 75, 125, and 150 m^/h respectively amount to 9 ym, 7.5 ym, and
6.5 ym. The mass removal efficiencies at the different volume
streams were determined by ascertaining the number of the corres-
ponding droplet sizes per unit volume in the intake and exhaust air.
The mass removal efficiency rises from 30 to 70 % between 75 and

3

Additional series of tests were carried out to determine
removal by spraying a salt solution and sampling on nuclei-pore
filters through heated sampling tubes,Table II. The droplets dried
down to the salt nuclei on their way from the sampling point to
the nuclei-pore filters. The droplet mass was calculated from
the amount of salt precipitated on the nuclei-pore filters and the
given concentrations of salt solution sprayed. With increasing
volume flow (from 50 to 150 m3.^ /h) the mass removal efficiency
rises from 24 to 76 %. This causes the pressure drop across
the separator to increase from 0.5 to 3 mbar (Fig. 5).

4.2 Removal of Droplets in the Packed Fiber Mist Eliminator (PFME)
(Brink Type Filter) <6)

The packed fiber mist eliminator acting as a recleanable fine
droplet separator was used to measure the decontamination factors
for the droplet spectrum downstream of the wave plate droplet
separator for volume flows between 50 and 150 nr*. , /h.

The removal behavior of PFME as a prefilter in PASSAT has
already been described at the last DOE Air Cleaning Conference.
Factors of particular importance were the retention of radioactively
labeled Ba(NO3)2 droplets downstream of the wave plate droplet
separator. At volume flows of 5O to 150 m'^^/h, the removal
efficiencies measured were always > 99 %.

It can be seen from Fig. 6 that, in normal operation, the
removal efficiency for the impinging droplets decreases with in-
creasing volume flow. At 50 m|td./n' t n e removal efficiency is
99.95 %, which is due to the low'face velocity of 1.9 cm/s and thus
to the long residence time of the droplets in the fiberglass layer
of 5 cm thickness and a packing density of 300 kg/m3. At higher face
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velocities of 5.8 cm/s at 150 mst(j#/h, the removal efficiency drops
to 99.83 %. The differential pressure across this prefilter in
normal operation is between 5.5 and 13.2 mbar (Fig. 7). Under
conditions of loading with large drop volumes in accidents, a
dependency on loading of the decontamination factor has been found
(Fig. 8). In experiments with constant volume flows of 100 m^.d /h,
30 oc and 100 % r. h., the differential pressure across the
cylindrical fiberglass packing rose by some 3 mbar as a result of
the increasing accumulation of drops. With increasing drop loading,
the decontamination factor decreases. This is attributed to the
following effects of water storage: enlargement of the effective
fiber diameter, reduction in the free flow cross section with a
resultant increase in flow velocity in the fiber pack. After
drainage of the liquid, the decontamination factors measured pre-
viously are attained in normal operation.

4.3 Removal of Particles on the Remotely Operated HEPA Filter

The Remotely Operated HEPA Filter

The remotely operated HEPA filter housing provided with a
hinged and shielded lid (Fig. 9) accommodated a cylindrical HEPA
filter element exposed to a flow from inward to outward. The five
filtering segments are arranged vertical as rectangles in the
stainless steel housing of the filter element. The segments are
equipped with pleated fiberglass media, the total filter area
being 7.2 m .An NO2 resistant elastomer adhesive seals the filter
media relative to the filter frame. The bottom part of the filter
element has a dish, which is closed during filter replacement. The
crane grab grasps the filter at the mushroom-shaped head and the
dish is moved upwards to seal the upstream side of the filter
during crane operation, thus confining the aerosols deposited in
the filter so that no contamination by loose of aerosols occurs
i .1 the cell.

The newly conceived particulate air filter serves to retain
particles with diameters ^ 0.3 pm. One should be able to prove
that the decontamination factor attains a DF > 3000 (> 99.97 %) for
different offgas throughputs and simultaneous aerosol loading with
test aerosols.

The main problem in examining the removal efficiency of HEPA
filters consists in the choice of an appropriate test aerosol with
a narrow particle spectrum and an average aerodynamic diameter of the
aerosol corresponding to the diameter at maximum penetration so
that the measured results are on the safe side. O

The concentration of salt nuclei originating from drops not
removed by the drop separator after evaporation is very low when
the removal efficiency in the HEPA filter is determined. Also if
drops are fed over several hours (6 - 10 h ) , and sodium nitrate
and sodium fluorescein solutions are used, the high prefiltration
makes it impossible to measure any removal efficiencies in the
HEPA filter.
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As a test method used to determine the removal efficiency for
solid particles on a comparison basis, the uranine method was
used. ™ ) The majority of the particles were 0.15 pm in size (SEM
evaluation, Fig. 1O).

Parts of the upstream and downstream air were carried to
nuclei-pore filters and the mass removed determined with a fluores-
cence spectrometer. The decontamination factors evaluated from the
mass ratios are indicated in Table III for different volumetric flows
together with the average rates of the inlet flow for a gas tempera-
ture of 80 °C.

Table III: The decontamination factors of the HEPA filter as a
function of the volumetric flow, V, and the average
face velocity, v, respectively (error + 20 % ) .

V

v"

DF

<mstd

(m/s)

(104)

/h) 75

0.38

9.3

110

0.58

6.7

125

0.66

2.9

150

0.79

7.7

1

5

200

.05

.2

In. the range to be investigated of 75 - 200 nig^^/h of flow,
decontamination factors between 10^ and 10^ were attained in all
tests even for Ba-139 (1*103)2/ (the maximum measurable DF was ^
under the prevailing conditions).

5. Summary and Future Activities

The test methods described above can all be used in experi-
mental facilities for aerosol filter testing and in nuclear aerosol
filter systems with low offgas contamination levels. To determine
filter removal efficiencies in a filter line containing several
barriers and involving high contamination levels, a method can be
used which employs radioactively labeled particles, such as Ba-139.
In this case, a relatively high gamma activity (e.g., 300 mCi) is
sprayed into the offgas as a salt solution within a matter of a
few minutes (peak delivery). Sampling takes only very little time;
thus the possibly disturbing activity accumulated on the sampling
filters is kept very low. Fig. 11 is a plot of the overall decon-
tamination factor of the PASSAT aerosol filter line as a function
of the flow up to 150 m|td./h. The decontamination factors measured,
from wave plate droplet separator through packed fiber mist
eliminator and high efficiency particulate air filters, are in
excess of 2 x 10?. In this way, a method has been applied which can
be used in active facilities to measure the discrete Ba-139 gamma
line on a Ge(Li) detector in the presence of other radioactive
aerosols.
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The PASSAT dissolver offgas filter system has been designed
to an overall decontamination factor for aerosols of 5 x 106 in
normal operation. Decontamination factors in the range of 107 are
attained with high assurance. Further studies in connection with a
dissolver and an NO2 scrubber column are planned to demonstrate the
behavior of the filter section when run together with these plant
components in normal operation ar.d under simulated accident condi-
tions and in case of failure of a system component, respectively.
Integrated operation will be started in 1983..
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DISCUSSION
ETTINGER: Did you calculate the system DF of 107 on the basis
of a product of the DFs for each stage and/or the measurement of the
overall DF?

FURRER: We did both. First, we tested each filter unit
and then we injected Ba(NO3)2 traced with Ba -139 and we took samples
before the WPS and behind the HEPA filter. We found the same DF of
more than 10'.

ETTINGER: Do you have criteria for scheduling the replace-
ment of HEPA filters on the basis of time, pressure drop, etc.?

FURRER: The packed fiber mist eliminator is a recleanable
prefilter with a removal efficiency for droplets and particles of more
than 99.8% The lifetime of the following HEPA filter will be about
one year if there are no restrictions by the authorities. We loaded
the HEPA filter with aerosols to a pressure drop of 15 inches without
any decrease in removal efficiency.
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IN-SITU CONTROL OF FILTRATION
SYSTEMS IN FRANCE : 5 YEARS EXPERIENCE

by J . DUPOUX

Commissariat a 1'Energie Atomique, Institut de Protection
et de SGrete Nucleaire, Service de Protection Technique,

SACLAY, France.

Summary

For a number of years, French filtration systems have been subject to in
situ control, using the soda-fluorescein (uranin) aerosol method. (AFNOR Standard
NFX 44011).

Control results are presented in synthetic form, showing how system
efficiency is affected by filtration velocity and by system design and
construction.

The paper ends with a discussion of filtration performance changes with
time.

I. Introduction
The safety report of every French nuclear plant includes required perfor-

mance data of filtration systems under normal and accident conditions.
To ensure that the equipment performs at the required level, systems are

generally subject to three stages of control :
- measurement of filter element characteristics, to be used by vendors for
preparing a guaranteed sheet for every type of element

- conformity check of 4% of the filter elements on order
- in situ control of every filtration system.

For efficiency measurements a single measurement method, i.e. the soda-
fluorescein (uranin) aerosol method of AFNOR Standard NFX 44011 is used almost
exclusively in France for the above three control stages.

Readers may refer to /I/ for a detailed description of the method. Further,
a comparison of decontamination factors measured with the same paper filters,
using the AFNOR method and the better-known foreign methods, is given in the table
of Figure 1. Results obtained with foreign methods have been abstracted from
Ref. /2/. Although there are disadvantages in using a single method, this
facilitates cleaning system and system/filter element efficiency comparisons.
This type of comparative assessment is discussed in the case of the acceptance
testing of nuclear power reactor cleaning systems.*

Data on performance changes with time are also given.

II. New system acceptance

This report only covers the case of cleaning systems located at EDF sites
having 2 or more 900 MW PWR reactors. Al l systems have unit flowrate of 600 to
200.000 m3/hr, (350 to 117.000 CFM) and feature the same type of f i l t e r element
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with dimensions 610 x 610 x 292 mm, metal frame, paper/glass fiber, PVC seal ;
filtration area is 35 to 36 m2. Filter elements can be mounted either in steel
casings with side airlock-type outlets, or in concrete walls with steel platforms
(Figures 2 and 3).

Figure 4 shows decontamination factor values plotted against the flowrate
per filter element, based on :

- laboratory measurements on the relevant element type
- measurements performed at PWR sites or individual reactor systems,
common systems and general auxiliary systems.

We also give 5000 as the decontamination factor (0.02% penet;ration)gueranteed
by the vendor for every filter element at a flowrate of 3400 nvVhr. For a given
flowrate, it can be seen that decontamination,factors measured on site, although
lower than the filter element decontamination factor, are well above the value of
1000 required by the "licensing authorities.

Decontamination factors of filter walls are slightly lower than those of
metal casings.

The first inspection of the 200 systems accepted for reactors of the W 900
program has given the following results :

- 15 systems showed a decontamination factor under 1000,
After defects were located and repaired, decontamination factor values
were found satisfactory.

The following defects were found :
- wrong configuration : 3
- f i l t e r elements loose or poorly assembled : 5
- by-pass : 6
- damaged f i l t e r element : 1.

I I I . Change of decontamination factor with time

111.1 - £rototype_ £WR systems

Prototype PWR systems are largely equipped with f i l t e r elements of a
di f ferent type, and with lower performance rat ings, than those of the W 900
program. These f i l t e r elements were inspected in early 1981. They had note been
replaced since commissioning, which took place from June 1977 to May 1979.

At the time of commissioning tests, the flowrate per element was from
1100 to 1500 m3/hr (647 to 880 CFM) in systems No, 1 through 17, and approximately
400 m3/hr (235 CFM) in systems No. 18 through 21.

Results are tabulated in Figure 5.

Since the 1981 control showed system flowrates to be either the same or
d i f ferent from values found in commi'sioning tests, value Rl , which is the ra t io
of uncorrected decontamination factors, has been supplemented by R2, the minimum
value of Rl corrected for change in flowrate.

To that end, we have used the curve of Figure 4, showing changes in f i l t e r
element decontamination factor against f lowrate. I t was f u l l y realized that the
curve could only be applied to a given system on an estimative basis, in view of
system specif ic conditions such as the leakage rate.

For i l l u s t ra t i ve purposes, figure 6 shows the effect of leakage on the
slope of the decontamination factor vs flowrate curve. Laboratory measurements
were in good agreement with computed values- / 3 / .
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It can be observed that, in 16 of the 17 systems with different functions,
and described by the owner as having been operating normally and for different
lengths of time, ratio R2 is greater than 1, which shows that system efficiency
has net been impaired.

In the case of system 17, ratio R2 is 0.26, where as ratio Rl is close to 1,
A doubt remains as to the actual drop in system efficiency.

As regards systems 18 through 21, which have identical functions and where
significant accidental waste condensation took place, the owner has discontinued
using additional \/ery high efficiency filters. However, subsequent checks showed a
large drop in decontamination factor in 3 systems out of 4. When inspecting the
filters in the three systems, large tears were found in the filter paper.

It therefore seems that, in the case of cleaning systems of PWR reactors
where no operating incidents took place, filter efficiency does not usually
decrease with time. This conclusion remains to be confirmed through additional
testing on a yearly basis and the determination of pressure drop increases and
operating conditions.

III.2 - iCleamjTg_sysj:ems_iji â  roj2-J2ecicto_r nuclea_r £lan;t
We have been control l ing the cleaning systems of this plant on a yearly

basis since 1978.

Fi l ters are of the metal casing type, with f i l t e r elements on the type used
in PWR reactors of the W 900 program (chapter 2).

Results are shown in Figure 7. Decontamination factors increase in systems
A, B, D and E, in which pressure drop increases little because the amount of
deposited particles is small.

In system C, the initial decontamination factor is only slightly above
1000 due to a leakage rate estimated at 1 m3/hr. For that reason, the decontamina-
tion factor has remained the same from 1978 through 1981.

In system F, the initial decontamination factor was very high, and has
risen although pressure drop at the filters was 91 mm W in 1981.

In system G, the increase in pressure drop to 160 mm W seems to have caused
a decontamination factor reduction, although filter element resistance (with no
change in decontamination factor) as guaranteed by the vendor is higher than
200 mm W.

Addition testing is required to determine the value of pressure drop in
system filters which causes a reduction in decontamination factor.

R.P. PRATT /4/ gives compared resistance values obtained in dust loading
tests on 610 x 610 x 292 mm filter elements, accelerated by using powders.

593



17th DOE NUCLEAR AIR CLEANING CONFERENCE

REFERENCES

/ I / J . DUPOUX
In s i tu measurement of the eff iciency of f i l t r a t i o n instal lat ions in the
nuclear industry by the soda-fluorescein (uranin) aerosol method - AFNOR
NFX 44011.
l"5th DOE Nuclear Air Cleaning Conference, San Diego, USA, 20-23 October
1980, pp. 17-34.

HI R.G. DORMAN
A comparison of the methods used in the nuclear industry to test high
efficiency filters.
Commission of the European Communities, June 1981.

13/ F.J. 1.INCK, J.A. GREER
In place testing of multiple stages Hepa f i l t e r s plenums
13th DOE Nuclear Air Cleaning Conference., San Franscisco, USA, 12-15 August
1974, pp. 526-539.

/4 / R.P. PRATT
A preliminary assessment of the dust loading versus pressure drop characte-
r i s t i cs of high capacity Hepa f i l t e r s .
16th DOE Nuclear Air Cleaning Conference, San Diego, USA, 20-23 October
1980, pp. 697-707.

594



17th DOE NUCLEAR AIR CLEANING CONFERENCE

! DOP

• Q 127

! 0 ,3 fm

i

i

j

I CINa

! BS 3928

| CINa

! BS 3928 !

i (2) |

| SODA f

JFLUORESCEIN!

| NFX 44011 *

i (3) i

! Filtration

j vel oci ty

! cm.s"

i 2
4

! 6

8

'. 10

2
4
6
8

10

2 :
4

6 i
8 |

10 j

2 !

4 ;

6 !

8 j
10 !

j " • • • - ~ • • i

! Decontamination factor !

! 1

; 1.81.104

! 1.05.104

; 6,97.103

4,76.103

4,44.103

l,25.105

2,27.104

9,1.103

5.26.103

3,57.103

7,14.104

1.39.104

6,49.103

4.,0-103

2v63.103 ,

7,2.104 i

1,8.104

6,7.103 '.

3,8.103

2,3.103 1

T
j 2

I 1.05.104

[ 4,25.103

! 2,86.10s

1,94.103

! 1.82.103

! 2,0.104

5,88.103

2,70.103

1,72.103

l,21.103

1,54.104

4,35.103

2,17.103

l,33.103

862

2.2.104

5,0.103

2,6.103 !

1,8.103

1,1.103 i

r
! 3

i 200

104

! 76

' 68,9

i 66,6

! 500
250

: 161

117
90,9

357

166

105

75,7

57,8

480

180

120 '

85

70 !
i

r
! 4

'. 16,0
11,0

! 8,30
7,55
6,9

i 38
[ 22,7
1 17,5

14,7
13,4

27

15,4
11,5
9S7
9,0

32

16

12
10 :

9 !

! !
! 5 !

'. 5,9 !
4,8 |

! 3,8 !

; 3,6
; 3,3 !

l 13,5 !

8,47

! 7,04 .

6,32 !

5,88 !

10 !

6,58 j

5,5 !

4,8 I
4,4 !

i

i

(1) Collision atomizers ; methane flame

(2) Dautrebande atomizers ; hydrogen flame

(3) Collision atomizers + separators ; fluorescence

Figure 1 - Decontamination factors of different filter papers
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Figure 2 - Filter elements in metal casings with side outlets

Figure 3 - Wall type f i l t e r element
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Figure 4 - In s i tu eff iciency of cleaning systems for
17 PWR nuclear reactors, measured by the
soda fluorescein method using 0.15 micron
aerosol (AFNOR Standard NFX 44 Oil)
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DISCUSSION
DYMENT: What techniques are used to locate faults in filter
systems?

DUPOUX: The DOP method was used for only some of the 15
systems out of 200 that had a decontamination factor less than, or
near, 1,000. For the rest of the 15 systems, our observations were
sufficient because the decontamination factor was very low.

KOVACH, J.L. : On Figure 7, you show constant pressure drop for
several systems but>a decrease of flow occurs. Would this indicate
incorrect fan design (e.g., sizing) which results in a decreasing flow
rate but constant pressure drop?

DUPOUX: I don't know,but one might think so. We have
encountered many differences in air flow rate between acceptance tests
and routine tests.

PRATT: Test rig results suggest that at relatively high
pressure drop the filter can begin to lift off its seat. Is this a
possible reason for the drop in DF for the system of Figure 7?

DUPOUX: I don't think so, but in comparison with laboratory
tests it is not excluded. It is perhaps the effect of the amount
of pressure drop (150 mm ce), but it is not realistic to give a con-
clusion with one result and for a system where the intitial decon-
tamination factor in 1978 was only 1500.. We hope to obtain another
result by testing system F in September 1982. It still had a pressure
drop of 91 mm ce in October 1981 and had an -initial decontamination
factor as high as 30,000.
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AIR CLEANING PHILOSOPHY IN A
NUCLEAR MATERIALS FABRICATION PLANT

F. y. Ward - R. E. Yoder
Rockwell International

Rocky Flats Plant
P. O. Box 464

Golden, Colorado 80401

ABSTRACT

At the Department cf Energy's Rocky Flats Plant there is a
major ventilation improvement project underway. To achieve the
desired goals of "ALARA" regarding radioactivity and toxic material
releases and natural phenomena insults, a comprehensive air cleaning
philosophy and policy statement was developed. Design of the
upgraded systems were evaluated against these statements and we
believe that upon completion of the projects that an efficient
system will be demonstrated. The design permits reuse and heat
recovery of ventilation air, the optimization of sampling points to
reduce analytical laboratory services. This paper discusses the
basis of the philosophy and the engineering features incorporated
to meet this stated objective. Points of compromise are noted.

I. INTRODUCTION

The original facilities at Rocky Flats were constructed and
placed in operation in the very early 1950's. The air cleaning
systems of those early facilities were compatible with the known
hazards of that time.

In the intervening years, and as our knowledge of the hazards
increased, it became evident that a comprehensive air cleaning
philosophy and policy was needed. A policy which would provide a
consistent and uniform approach to analysis, design and construction
of air cleaning systems.

In the early years, the air cleaning systems.- for new facili-
ties were analyzed, designed and constructed to meet specific
requirements. As a consequence, there was a lack of uniformity and
consistency from one system to another. For this reason, it was
necessary to review past practices. In so doing we found there was
an entire spectrum of conditions that should be addressed and
analyzed during planning, design and construction of air cleaning
systems.

The public interest in the Department of Energy's Rocky Flats
Plant is continuous and the public expectation is that operating
systems meet the latest in technology. This interest is expressed
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in public meetings and it is necessary to be able to present docu-
mentation of programs, practices and performance so that objective
evaluations can be conducted. The design and operation of ventila-
tion systems is important in this arena because their integrity
permits a degree of public confidence that no, or only a minimum,
radiation exposure can result from the operation of the plant. Our
intention is to design and operate all air cleaning systems to
meet these expectations. The design requirements stated in this
paper have met these public as well as operating requirements.

Therefore, in July 1978 Rockwell International, Rocky Flats
Plant issued the following General Building Air Cleaning Policy:

It is the policy of the Company to conduct its operation
in conformance with the Department of Energy's "As Low As
Practicable" exposure to personnel guideline and in a manner
that assures that every person on the Rocky Flats Plant site
or the populace outside Rocky Flats boundaries shall not be
subjected to an environment that is in excess of approved
exposure limits for toxic materials.

With this policy, it is now possible to generate-an air cleaning
philosophy:

Ventilation air or air exhausting to atmosphere shall not
contain the following in excess of applicable limits and/or guide-
lines.

1. Toxic, noxious, or explosive vapors or gasses.

2. Objectionable odors.

3. Toxic and radioactive particulates.

Air from the following sources shall not be recirculated.

1. Air exhausted through "hoods" (laboratory hoods,
machine hoods, etc.)

2. Air that has been "scrubbed" for the removal of
toxic vapors, gases, mists or odors.

3. Air containing toxic vapors, gases or odors.

4. Air from toilet rooms.

5. Air from locker and shower rooms.

6. Air that contains toxic or radioactive particulate
in excess of applicable limits and/or guidelines
(after filtration).

II. DISCUSSION

Air cleaning in itself is not particularly difficult,
especially since the technology for cleaning air is well established.
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What is difficult, however, is knowing how clean the air is or
should be prior to discharge. The larger the volume of air being
cleaned, the greater the problem for assuring clean air. In its
most simplistic form, air cleaning is a matter of passing the air
through an appropriate air cleaning device to remove the contami-
nants. Knowing how clean the air is, is a matter of sampling the
cleaned air and analyzing the samples for contaminants and then
relating the contaminants to the volume of air cleaned. It is,
therefore, obvious that, regardless of how efficient or inefficient
the air cleaning equipment is, if the air sampling and volume
measurement are inadequate then it is impossible to determine system
performance and air quality.

A comprehensive review of the air cleaning philosophy and
practices at Rocky Flats was conducted in 1970. This review was
necessitated by the addition of new process facilities and the
desire to achieve "state-of-the-art" air cleaning for the new
facilities as well as providing a baseline for the upgrading of
the older facilities.

As a result of this review, the following were analyzed and
incorporated into the new facility.

1. Modular Filter Banks

Rather than one large filter plenum several small,
modular filter plenums were utilized. The major
advantage in this type of construction is:

a. In the event of fire, the fire could be contained
within the effected module without damage to
adjacent module.

b. Routine maintenance of filters, fans, fire
suppression devices, instrumentation and testing
can be accomplished in the filter modules, with
minimum interruption to building operations.

c. Air flow could be reduced, from non critical areas,
during off shifts, weekends and holidays for energy
conservation.

2. Testable Filters

A means for testing each filter and each filter bank
was assured.

3., Redundancy

To assure continuous operation and maintainability,
stand-by fans, dual control circuitry and certain
stamd-by instrumentation was provided.
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The control circuitry was installed in separate
conduits routed so that one accident could not damage
both conduits.

4. Emergency Power

The control circuits, fans, instrumentation and certain
lighting, for each module, was connected to the
emergency generator. A sequence panel controls the
sequence of restart, the most critical modules having
priority over the less critical.

5. Maintenance

For ease of maintenance, the height of the filter banks
was restricted to f*our high. This permitted filter
changing without the use of scaffolding. Also, the
distance between filter stages was increased to allow
for free movement of maintenance personnel.

6. Air Sampling

Air sampling was included in the system design.
Features incorporated included minimum effluent
sample points, redundant sampling points, velocity
profilers and flow straighteners.

7. Fire Protection

All filter banks are protected with automatic and
manual fire sprinkler systems. These systems are
supported by dedicated water storage and supply.

In 1977, planning for major modifications to the ventilation
systems in five older facilities was initiated. During the review
of the air cleaning systems in these five facilities, it was found
that no two systems were designed and constructed with a common
air cleaning philosophy.

It was apparent that a general plant policy and guidelines
was needed so that, regardless of the final physical configuration,
all air cleaning systems would be planned, designed and constructed
to the same philosophy.

The Department of Energy issued a requirement that radio-
active operations be conducted under the ALARA (As Low as Reasonable
Achievable) concept. This concept must be applied to both workers
and the public. In the activities at the Rocky Flats Plant, this
philosophy has included also the minimization cf exposure to non-
radioactive materials which requires the optimization of protective
techniques. The demands of energy conservation at a time of high
public concern over workplace health has required a delicate
balance between safety, conservation and cost. The statement of
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what is reasonable at Rocky Flats may not coincide with the require-
ments at another installation. ALARA has no stated performance
specification, therefore, objective professional judgment will be
required in many instances. This ventilation policy was developed
to provide design latitude while achieving reasonable state-of-the-
art protection to workers and the public during normal and accident
conditions.

1. Energy Conservation

Major energy conservation could be accomplished in
several ways.

a. Recirculation of air, after filtration, from
offices.

b. Reduce number of air changes to minimum during
off shifts, weekends and holidays.

c. Utilization of high efficiency motors and
variable drives.

d. System analysis to reduce pressure drop wherever
possible.

2. Improve Technical Understanding

a. Compare existing design with current require-
ments .

b. Evaluate available instrumentation for control
measurement, air sampling, recording and alarms.

3. Major Up-Grading of Existing Facilities

Review any air cleaning equipment or system that is
connected to or associated with major modifications,
during the planning stages of such modifications,
whether or not the air cleaning equipment would or
could be effected by the modification.

The buildings at Rocky Flats are classified into three broad
categories.

1. Non-Plutonium Handling-Process Buildings.

2. Plutonium Handling-Process Buildings.

3. Admini&tration and Support Buildings.
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The air cleaning philosophy for these categories are as follows:

1. Non-Plutonium Handling-Process Buildings

a. Ventilation air exhausting directly to atmosphere
shall be filtered through not less than two (2)
stages of HEPA filters.

b. Recirculated office ventilation air shall be
filtered through not less than one (1) stage
of HEPA filters.

c. The building ventilation air systems shall be
designed so that the building internal pressures
shall remain negative to the atmosphere.

The ventilation air shall flow from clean zones
to potentially contaminated zones to probable
contaminated zones.

d. The buildings shall be designed for use of filters
in the ventilation air intake plenum. The types
of inlet air filters shall be based on the mission
of the building, except that buildings designated
as "clean air" shelters shall be designed for one
(1) stage of Aerosolve 95 filters in the intake
plenum.

e. Air flow measurements shall be as accurate
technically and operationally feasible.

f. The number of discharge points shall be limited
to an absolute minimum (one discharge point is
ideal).

g. Air samples shall be taken at each discharge
point. Care shall be used to assure representa-
tive samples.

2. Plutonium Handling-Process Buildings

a. Ventilation air exhausting directly to atmosphere
from plutonium buildings shall be filtered
through: (1) two-stages of HEPA filter for
offices, halls and modules; or (2) four-stages
of HEPA filters from gloveboxes.

b. Recirculated ventilation air in plutonium
handling buildings shall always recirculate
through two stages of HEPA filters.
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c. Storage Areas

(1) Air from plutonium storage areas, "Material
in Process" shall be exhausted through not
less than four (4) stages of HEPA filters.

(2) Air from plutonium storage areas, "Finished
Product-Packaged for Shipment," shall be
exhausted through not less than two (2)
stages of HEPA filters.

(3) Air from storage areas for materials having
Low Specific Activity (LSA) shall be
exhausted through not less than two (2)
stages of HEPA filters.

d. The building ventilation air systems shall be
designed so that the building internal pressure
shall remain negative to the atmosphere.

The ventilation air shall flow from non-radioactive
zones, to potentially radioactive zones, to
probable radioactive zones.

e. The building ventilation air intake plenum shall
be designed for one (1) stage of HEPA filters.

3. Administration and Support Buildings

Ventilation air for buildings whose basic functions
are office, storage, warehousing, garage, liorary,
shops, etc., shall be designed in accordance with
ASHRAE Standards for ventilation.

Buildings in this category designated as "clean air"
(or fallout) shelters shall be designed for one (1)
stage of Aerosolve 95 filters in the intake plenum.

To show the application of this philosophy we are presently
incorporating the design into Building 883 which is typical of a
Non-Plutonium Handling-Process Facility. (Figure 1) The air
cleaning system in this facility is undergoing major modifications.
These modifications, when complete, will be in accord with present
air cleaning philosophy. Note the incorporation of sampling
devices, velocity profilers, air straightening vanes, location
of filter plenums, etc. For specific design requirements, the
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American Society of Heating, Refrigeration and
Air-Conditioning Engineers (ASHRAE) "Handbook of
Fundamentals."

American Conference of Governmental Industrial
Hygienists (ACGIH) "Industrial Ventilation."

Energy Research and Development Administration
(ERDA) "Nuclear Air Cleaning Handbook."

ERDA Manual Appendix 6430 "Facilities General
Design Criteria."

CONCLUSION

We conclude that the design practices incorporated in the
review of the 1970 design criteria were basically sound. The
addition for requirements for energy conservation and ALARA
necessitated some changes for their inclusion. The incorporation
of these changes does not compromise overall system effectiveness
but allows the application of new design initiatives.

DISCUSSION
PRATT: Is it possible to postulate accident conditions that
will result in pressurization of the building containment because of
the use of a blower on the imput air?

WARD, F.Y.; Accident conditions can be postulated which will
pressurize the building. However, its design redundancy and inter-
locks have proven effective in eliminating this concern.

BURCHSTED: To where is air from process facilities recirculated
and what is the pressure drop between building or process areas
outside and between adjacent areas?

WARD; Process air is not recirculated but office air may be
recirculated to office areas. Pressure drop from atmosphere to most
negative areas is about 0.5 in w.g. Adjacent areas have a 0.1 in. w.g.
minimum differential.

ETTINGER: Could you give us some of the rational for selecting
two EEPA filters for some components of recirculation and four HEPA
filters for others? Was there a cost-benefit or risk-benafit
analysis made to pick those numbers, or were they arbitarily chosen?

WARD: I wouldn't say that they were arbitrarily chosen.
We looked at a couple of things: one, ^ we were changing a single
stage of HEPA filters in a contaminated area we would have no pro-
tection downstream. Therefore, we needed to provide a second stage
of HEPA filters to give us some sort of protection in the more
critical areas. It has been so long ago since we came up with the
four HEPA filter stages, that I am not sure just how we arrive at it,
even though I was the project engineer on the facility at the time
it was done.
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FREIBERG: On two stages versus four stage, when we had the
fire in 1969, we had one stage of HEPA filtration in the main plenum
which didn't hold up at all. We very rapidly put up a second stage.
This was general room air, not from the glove box systems or the high
canyon areas. We found from a calculation of the large amount of
Plutonium we were handling (as much as 2 00 grams of plutonium per HEPA
filter) that the amount that would penetrate, even at high efficiency
rates, required a minimum of three stages to make sure that we were
in the range of 0.06 microcuries. The reason we went to four is that
there might be a possibility that we would have one bank under main-
tenance.

ETTINGER: Do you count, in the four stages,, the filter after
the glove box?

FREIBERG: The filter in the glove box is not counted. If we
were to count it, there would be five. Throughout the entire system,
the four stages are used only when we exhaust directly from the glove
boxes or the canyons themselves. The air is not recirculated, it
goes directly to the outside.

DYMENT: Concerning the decision to adopt recirculation and
conserve energy, is this on a basis of cost effectiveness or on a
national energy conservation policy? Is there any significant effect
on overall safety?

WARD: There is a national energy conservation policy
which requires exercise of cost effective measures to reduce energy
consumption. There is no significant effect on overall safety if
alternatives are carefully evaluated.
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SYSTEM OPERATIONAL TESTING OF MAJOR VENTILATION SYSTEMS
FOR A PLUTONIUM RECOVERY FACILITY

F, J. LInck, Jr.
Rockwell International

Rocky Flats Plant
Golden, Colorado

Abstract

In July, 1981 startup and testing was completed on the HVAC
and Utilities systems for a major Plutonium Recovery Facility. This
facility was constructed and tested under the Department of Energy's
minimum criteria for new plutonium facilities. The facility itself,
the testing Involved and some of the major problems encountered are
discussed, along with the solutions to those problems.

I, Introduction

Present DOE regulations regardin-g the startup and checkout of
plutonium processing facilities now makes it necessary to certify
those facilities in a manner very similar to that required for
reactor facilities. The testing and demonstration of safety features
is now a complex process. The experiences with starting and testing
one such facility are outlined.

II. Discussion

In July, 1981 startup testing was completed on the HVAC and
Utilities systems for a Plutonium Recovery and Waste Treatment
Facility at Rocky Flats. The facility cost approximately $215
million and consisted of three functional units: (1) a plutonium
recovery facility, (2) a liquid waste treatment facility and (3) a
supporting office, cafeteria and maintenance facility. The pluto-
nium recovery facility and portions of the support facility which
are critical to the operation of the plutonium recovery facility are
to be discussed in this paper.

In order to give a better idea of the testing required, a brief
description of the facility is necessary. All three functions share
common services and it will be necessary to sometimes include all
three in the discussion. The plutonium recovery facility and
portions of the support facility are hardened against both tornadoes
and seismically as noted below:

TORNADO:
134 m/s (300 MPH) Tangential winds
11.7 kPa (1.7 PSI) Negative pressure

SEISMIC:
5.6 R Operating base earthquake
6.0 R Design base earthquake
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The hardened portion is a four level poured cor ^te structure.
The remaining portion is prestressed concrete. Tht combined facility
is approximately 24 m (80 ft.) high by 55 m (l8r ft.) wide by 100 m
(330 ft.) long- A few other statistics about ihe building are as
follows:

33,800 m2 (364,000 ft2) Floor area
169,000 m3 (6,000,000 ft3) Volume
75 km (47 miles) Process piping
10 Process control rooms
Over 56C m3(20,000 ft3) of Glovebox volume

A summary of the HVAC system statistics is as follows:

8 Systems moving 400 m3/s (850,000 CFM) of air
6,485 m3(229,000 ft3) of Inerted vault and gloveboxes
87 Room differential pressure controllers
1 Central Utilities control room
2,500 610 x 610 x 292 mm HEPA filters
One 2,500 KVA Turbine driven emergency generator
3 Uninterruptible power supplies

The outer shell of the building has a four hour fire rating.
The main interior walls separating processing areas have two hour
fire ratings. Personnel exposure to radiation is reduced by per-
forming most of the operations remotely from the process control
rooms which are shielded from the process areas.

The hardened portion of the plutonium recovery facility has two
ventilation systems which move approximately 280 m3/s (600,000 CFM)
of air. A much simplified version of one of these systems is shown
in Figure 1. Approximately 38 m3/s (80,000 CFM) of air is fresh air
makeup. The remainder is recirculated through the basement mechan-
ical equipment areas after passing through two stages of HEPA filtra-
tion. The recirculating air then mixes with outside air to be
distributed throughout the building as supply air. Chemical and
radioactive particulate monitors continuously check the effluent air
quality and will alarm in the central utilities control room if
anything is abnormal. Each ventilation sub-system is equipped with
two fans and duplicate primary control loops for reliability.
Valving on the exhaust ducting permits one exhaust filter plenum to
act as standby for another. Both the supply and exhaust are equipped
with isolation valves which can be closed if it is necessary to seal
the building off from the outside. The exhaust isolation valves
will also close automatically to a preset position to moderate the
effects of the high velocities and negative pressures which can be
caused by a tornado. The supply ductwork has heavy duty backdraft
dampers for the same purpose.

The glovebox exhaust air from all of the "wet" gloveboxes,
about 570 m3(22,000 CFM), is exhausted through scrubbers before it
enters the filter plenums. Air vented directly off of the processes
is passed through additional scrubbers before entering these main
scrubbers. This provides one and two stages of scrubbing for air
containing acid fumes.
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Building pressures are controlled by controllers on the central
ontrol board to maintain the pressure zones shown in Figure 2. The
pressures are monitored on the Data Acquisition System (DAS) and
critical ones are alarmed if they deviate from acceptable limits.
Air change rates are high in the mechanical equipment areas (about
10 air changes per hour) to remove the heat generated by the equip-
ment , particularly the ventilation fans. Air change rates are high
in the process areas (about 15 air changes per hour) to remove chem-
ical fumes or minimize the spread of contamination in the event of
a glovebox breach. Air change rates in the gloveboxes are even
higher (30 air changes per hour) to remove chemical fumes, to remove
heat generated by equipment, or to prevent the buildup of moisture
in the gloveboxes whose operations are sensitive to excessive
moisture.

A large nitrogen atmosphere storage vault, shown schematically
in Figure 3, and several nitrogen atmosphere gloveboxes use recircu-
lated nitrogen for ventilation. This "inerted" system maintains
oxygen levels to less than 5% by bringing in pure nitorgen from, an
on site nitrogen plant as needed to compensate for in-leakage air.
Although no attempt is made to dry the recirculating gas, it remains
dry because of the dryness of the fresh nitrogen and the limited
amount of moisture infusion.

Startup Testing

The initial testing was divided into two phases:

1. Testing not requiring operation of equipment was
considered as construction component, or "CC"
testing and was performed by the construction
contractor. Examples of this type of work are
leak testing, pressure testing, and continuity
checking. This work was witnessed by both Rockwell
and the architect-engineer.

2. Testing requiring the operation of equipment was
considered as system operation, or "SO" testing
and was performed by Rockwell with the architect-
engineer witnessing the tests.

The tests of the HVAC and Utilities were written by the.
architect-engineer and reviewed by Rockwell and DOE. Testing of
the process equipment was developed and performed in a different
manner.

The HVAC and Utilities for the entire three-function facility
included the 8 ventilation systems and nitrogen recirculating system
mentioned before, a vacuum system, process vent system, heating hot
water and several chilled water and cooling water systems. These
systems had 39 SO tests involving over 1,000 pages of test instruc-
tions and data sheets. Preliminary operating procedures were
completed by this time and these were used along with the instruc-
tions in the tests to start the systems. Where deviations were
required from normal startup procedures or system modifications
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necessary to install temporary measuring equipment, the changes
were given in the tests.

The systems were started as they became available from con-
struction. Testing was complicated by the condition of having to
start some systems, such as ventilation, prior to completion in
order to support construction. In these cases, testing had to be
staged or deferred until the entire system was completed.

Testing of the HVAC systems involved checking fan performance,
proper controller operation and valve sequencing, heating and cooling
coil balancing, air balancing for the various operating modes, and
checkout under abnormal and emergency power conditions. The air
balancing turned out to be exceptionally easy for such complex
systems because of built-in air flow measuring devices and the capa-
bility of having the supply and exhaust systems under control of the
controllers while balancing. Plow and pressure capabilities were
checked as were vibration checks on all rotating equipment. The
instrumentation and controls and all safety interlocks, along with
all system alarms were also checked. As deficiencies were found,
the systems were turned back to construction for correction. In some
cases, this stopped the testing on a particular system for several
weeks until corrections could be made. All startup testing on the
hot and cold water systems was done with water containing corrosion
inhibitors.

Following the testing and deficiency correction, the equipment
was put into "cold" operation at which time the process chemicals
were added (potassium hydroxide solution in the case of the
scrubbers). This phase of testing checked for proper materials of
construction and proper operation under actual density and viscosity
conditions. Glass prefilters were temporarily installed in the HEPA
filter plenums to collect construction dirt before the HEPA filters
were installed. Based on in-place testing results, approximately
0.5% of the HEPA filters were replaced in the filter plenums con-
taining stainless steel framework, 2.5$ of the filters had to be
replaced in the plenums containing painted steel framework. Re-
testing of the rejected filters at the Q.A. Test Station showed that
no more than a third of them had been damaged. The conclusion was
reached that the leakage was at the gasket-frame sealing surface and
the stainless steel frames were much better than the painted frames.

Final Testing

Final testing involved an "Integrated Operational Test" which
integrated the various systems into one unit by testing the entire
building as a single entity. This test demonstrated the interaction
between systems by interrupting portions or all of the various
supporting utilities as well as the HVAC systems themselves. The
test was actually a serj.es of tests involving interrupting the tower
water system operation and the building electric power in varying
degrees. The various cooling systems as well as plant air and
instrument air were shut down. The emergency generator was tested
as well as shut down. The ventilation systems were put into their
off-normal and emergency operating modes. The emergency ventilation
for the Incineration system was tested and the building isolation
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valves were completely checked through their operating anu failure
conditions. This testing was witnesseu by Rockwell management and
S:\Tety personnel, by the architect-engineer and by DOE operational
safety personnel. The tests were done in phases so any problems
encountered in one phase could be corrected and retesteu in a later
phase.

During the latter part of the construction work, while the SO
testing was proceeding, plant personnel and DOE personnel were
running periodic safety surveys. Concurrently with the "Integrated
Operational Test" the results of the corrective actions taken as a
result of those surveys were reviewed. Items which had become
questionable were checked out during the final testing. A few
examples of this are:

1. Making certain the building PA system would operate
during a total power outage. (Emergency generator
off line)

2. Checking the filter plenum fire protection system and
its alarms during a total power outage.

3. Checking the exhaust air monitor alarms during a total
power outage.

4. Checking the battery life and automatic switching of
the Uninterruptible power supplies.

Problems Encountered

A large number of deficiencies and problems were found as would
be expected in a facility of this complexity. Some of the more
significant of these are described below:

1. Supply System Windup. The individual room pressure
differential controllers would respond to a change in
room pressure whenever a door was left open. The damper
operators on the ventilation to each process room were
split range so the loss of air pressure in the room
would cause the supply damper to close and the exhaust
damper to open. The reduction in air supply to the
room would be sensed by the supply air flow controller
and it would respond by opening up the fan vanes. This
would unbalance other areas which in turn would close
down their supply dampers until the fans were running
wide open and the process rooms ahd their dampers shut.
Control rooms and corridors which had no automatic
dampers on their supply would be highly pressurized.

This problem was solved by converting the supply air
flow controllers to control discharge pressure in the
main supply header. The pressure was set to give the
correct air flow with the system balanced. The upset
of one or more rooms would then not disturb the system.
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Split Range Damper Oscillation. The damper operators
mentioned above had split operating ranges of 20 to 62
kPa (3 to 9 PSI) for the exhaust dampers and 62 to 103
kPa (9 to 15 PSI) for the supply dampers. The narrow
range provided so much mechanical feedback to the pilot
positioner that the dampers would break into oscillation
at any t ime .

The problem was corrected by installing restricting
orifices in the pilot positioners to slow down their
response.

Wrong I\ange Actuators Installed. The wrong range actuators
were installed in many locations. Rather than change the
actuators, it was found easier to change the range springs
in the pilot positioners to get the right range actuator
on a given damper.

A project is now in process to convert nearly all of the
split range control systems to full range. This will
eliminate all of the above problems and give better
system reliability by eliminating about half of the
damper operators.

Inert System Pressure Controls. The original control
system was a complex cascading system involving the
system pressure, oxygen level and makeup nitrogen flow.
In addition, system pressure control was attempted using
large butterfly valves in the recirculating nitrogen
stream. The control system was unstable and in addition,
the large valves could not approach the degree of pressure
control required.

The entire control loop was modified to eliminate the
interaction which caused the instability and to transfer
pressure control to a small valve which could provide
the necessary accuracy.

Low Range Pressure Transmitter Problems. The low range
pressure transmitters used to control the room pressures
were found to be drifting and shifting zero. These
transmitters were a force-beam type and after considerable
testing were found to be unacceptable. The mechanical
linkages would not permit the degree of accuracy necessary.
The transmitters were very susceptible to vibration.

New solid state variable reluctance transmitters were used
to replace all of the original low range units. These new
units had the additional advantage of being available in
lower pressure ranges than the original ones.

Valve Leakage. Butterfly valves were installed incorrect-
ly causing tearing of the liner on operation. Construc-
tion personnel were cautioned as to the proper way to
install the valves. Those already installed were removed
and repaired as the damage was discovered.
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7. Leaking Instrument Pressure Sensing Lines. Very small
leaks were discovered in many of the sensing lines. These
leaks were almost undetectible but gave false pressure and
flow readings.

All flow and pressure instruments had to be checked to
make certain they were reading correctly and if not, the
problem corrected.

8. Ductwork Cracking. Vibration, especially downstream of
the fan discharge caused the ductwork to fatigue and crack.
This occurred despite the fact the ductwork had been de-
signed to high velocity duct standards.

The bad sections were replaced and the new sections were
externally reinforced with angle iron.

9. Scrubber Problems. Caustic scrubbers are used to scrub
the air from wet glovebox operations to remove the acid
fumes. The scrubbers were designed for normal operations
but not for any upset conditions:

a. Foaming from excess caustic causes the release of
contaminated water to the room.

b. The domestic water is used to replace scrubber water
evaporated into the air stream. This water is satur-
ated with calcium from the water treatment system.
The calcium scales out in the recirculating pump
unless blowdown is kept high.

c. Caustic addition is automatically controlled by pH
controllers. The pH probes fail frequently and the
system goes acid. The acid then attacks the black
iron piping. When proper pH is restored, the rust
plugs up strainers and damages the pump bearings.

The scrubbers should have been designed to handle upset
or abnormal conditions. Procedural changes have been made
to temporarily compensate for most of the problems.
Several modifications to the equipment have been made and
more are planned to permanently correct the deficiencies.

III. Conclusions

The plutonium recovery and waste treatment facility was the
largest such facility started and tested at Rocky Flats. The test-
ing was more severe than any other done at this plant site. A large
number of problems and deficiencies were found and corrected. The
few which remain have been compensated for by changing procedures
in a manner which does not affect the facility safety. All system
safety checks including the "Integrated Operational Test" were
successfully performed. The facility HVAC and utility systems are
now supporting the building production operations.
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DISCUSSION
PAULING: Has your design of the air intakes, including the
air intake filters, considered airborne volcanic ash?

LINCK; No. We have had a concrete aggregate plant nearby
which went into operation several years ago. It is now closed down
but for quite a long time before and after that plant went into
operation we rsn air samples and found that airborne dust caused by
the high winds at Rocky Flats produced a lot more dust than did the
aggregate plant. I suspect that the same thing would be true of the
volcanic ash although it would possibly be finer. We do not get a
tremendous amount of dust during high wind conditions that we have
to worry about. Our prefilters will take care of it. Because of
the effectiveness of the prefilters, we haven't noticed any significant
loading of the supply HEPA filters from this source.

ANON: In France, some believe that when we change the
filters there can be a transfer of plutonium that was initially
deposited on the dirty side to the downstream. Has any one information
about such a transfer when filters are changed, and, if yes, a solu-
tion?

FREIBERG: We change many, many thousands of HEPA filters every
year. We have a filter changing crew consisting of about 24 people
that do nothing but change filters. They use a clamping device, now
designed into the filter plenum, that completely blanks-off the down-
stream side of the filter from the downstream duct. When they change
a filter, they seal it and clean the blank-off completely before they
put the new filter in place. It works well. We do not now see, as
we did in the past, and as France now experiences, increased contam-
ination on the downstream side. At the 13th Air Cleaning Conference
there were five or six papers presented by Rocky Flats that included
an explanation of why two and four filters are used. These papers
also included the clamping devices that we have designed into the
filter penums.
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CLOSING REMARKS OF SESSION CHAIRMAN:

The first two papers dealt with design of filters, systems, and
procedures for use on active facilities. Mr. Prinz described the
design of a filter system incorporating cylindrical filters in shielded
casings which can be installed blindly while still assuring the seal.
The filters can be safely inserted and withdrawn from the casing with
less difficulty than rectangular filters. The filter itself is of
the radial flow type. A special separate containment cell is used
to isolate the filter and the hot area during insertion or withdrawa].
Possible variations in the system were also described. The filters
can be put into drums for ease of disposal. In the question period
it was brought out that they could be compacted for disposal.

The second paper by Messrs. Pratt and Hackney was in three
sections. In section I they described a double door concept to
facilitate filter insertion and withdrawal in active cells. In addi-
tion, they described a secondary containment chamber concept which
eliminated the effects of gasket seal integrity on filter efficiency.
They are described for square section filters but are applicable to
cylindrical filters as well. In section II they described the de-
velopment of circular filters for the same reason that was given by
Mr. Prinz. Pratt and Hackney added additional advantages associated
with the use of circular filters, i.e., conventional o-rings can be
used to seal the filters into cylindrical housing, mateing surfaces
are easily machined and are compatible with a double lid concept. The
filters themselves were both a conventional radial-flow type and
an axial-flow type not usually made in such a large size. An extended
life radial-flow filter was described which fills the available space
in clever fashion. In section III, they described applications of
cylindrical filters, including a push-three system of filter change
whereby the old is ejected by the new. In addition, a remote change
system for filter canisters was described.

The next three papers addressed filter media and applications.
Mr. Klein described the development of metallic fiber media for use
in prefilters. He described high porosity mats and low porosity
sintered webs. The filtering action of these materials was studied
using polystyrene latex monodisperse particles and a LAS-X laser
aerosol spectrometer. His studies showed that the dominant filtra-
tion mechanism was diffusion under the circumstances investigated.
Pressure drop and penetration data were given. He then described
tests in which the media were loaded with methylene blue and attempts
were made to regenerate the preload characteristics by water washing.
The methylene blue particles penetrated the high porosity mat deeply
and it required a forceful water spray to wash them out. The loading
on the low porosity web was mainly on the surface, as on a sievesand
a low pressure water jet was all thaic was required to regenerate the
filter. During questioning, he commented that these material were
not yet in service but that applications in incineration processes
would be advantageous.

In the last two papers,Dr. Bergman reported on investigations
of the filtration effectiveness of commercial electret filter media.
He first described the various manufacturing techniques for forming
and setting films and fibers in strong electiric fields to form the

623



17th DOE NUCLEAR AIR CLEANING CONFERENCE

electrostatic analog of the permanent magnet. The thin films are
shredded to form ribbon-like fibers. Electron micrographs were
shown indicating very rough surfaces which Dr. Bergman considered
important for performance. Initial results that compared the
electret material with previously studies glass fiber media sandwiched
between metal screening held at high potential difference appeared
promising. Dr. Bergman described the effects of water, salt, sur-
factant, mixtures of these, and organic solvents on performance.
Media recovered from water treatment, alone? but salt water and sur-
factant permanentaly neutralized the electret charge. Similarly,
hydrocarbon solvents irreversibly neutralized charge. During
questioning, Dr. Bergman stated that electret materials might be
tailored and optimized to overcome these shortcomings. In the paper
on applications. Dr. Bergman described electrofibrous filters and
their evaluation in the field.

Mr. Furrer reported on a radioactive solid particle tracer
method containing 300 mCi of Ba -139 for testing dissolver offgas
cleaning trains required to give a DF of 10? or better. It brought
to mind the type of work that Dr. First mentioned at yesterday's
opening session is needed in U.S. This technique is very different
than the U.S. procedure using DOP. I think we should look into it
and see whether the additional sensivitity of 10^, which was claimed
in the paper? can be used for multiple stages of HEPA filters, such
as we have at plutonium facilities.

Dr. DuPoux compared different filter testing methods in the U.S.
and Europe and pointed out the pressure drop effects on efficiency
of HEPA filters. I think this is important because some U.S. facil-
ities routinely change HEPA filters every year, 18 months, or two
years.

Shifting into a very different mode, Mr. Ward talked about the
philosophy of air cleaning and ventilation criteria for a plutonium
facility to satisfy the DOE ALARA concept. The Rocky Flats facility
is sensitive to this because of past problems going back to the 1969
fire. I think it puts into perspective that you must identify where
you are trying to go before you start designing detailed requirements.
He also pointed out the importance of balancing different considera-
tions ranging from health and environmental protection to cost effec-
tiveness and energy conservation. Lastly, Mr. Linck detailed the
operating characteristics of one of the two new DOE plutonium facil-
ities. The one at Rocky Flats is, I am sure, the largest and the most
sophisticated. I strongly encourage those who have an interest in
this to see the slide show which is scheduled for comorrow afternoon.
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