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FOREWORD

The Eighteenth DOE Nuclear Airborne Waste Management and Air
Cleaning Conference was held in Baltimore, MD, August 12-16, 1984,
under sponsorship of the U.S. Department of Energy (DOE) and the
Harvard Air Cleaning Laboratory. Attending the Conference were 267
air cleaning specialists from the United States, Belgium, Canada,
the Federal Republic of Germany, France, Italy, Japan, the Netherlands,
People's Republic of China, Portugal, Spain, Sweden, the United
Kingdom, and Yugoslavia.

Those familiar with prior Air Cleaning Conferences, will be
aware that the Conference title has been expanded to DOE Nuclear
Airborne Waste Management and Air Cleaning Conference. This title
does not trip off the tip of the tongue as smoothly as Nuclear Air
Cleaning Conference, but perhaps It only needs another 30 years to
sound natural. Indeed, for those of us who have been coming to the
Nuclear Air Cleaning Conferences for many years, the change seemed
at first to be a serious usurpation of a long-established and success-
ful enterprise. But on further reflection, I hope it will come to
be recognized that the commitment of the U.S. Government to the
support of the nuclear air and gas cleaning research and
development has declined seriously in recent years. The
government budget people see a mature nuclear power industry able to
support its own technology. They see a halt in the construction
of new nuclear power plants. They also hear that the engineered
safeguards at TM1 II, including the air cleaning components, did their
job by preventing significant emission of radioactive products of
concern to the environment. The conclusion they have reached is not
one that we air and gas cleaning specialists can applaud because we
are aware of important gaps and uncertainties in our knowledge and
in our practices. Nevertheless, the situation I have described
exists, and government support for air cleaning conferences has waned.

On the other hand, interest and concern for nuclear wastes have
increased enormously in recent years. Inasmuch as nuclear airborne
waste management incorporates a very large component of air and gas
cleaning technology, the combination is a natural one and It is logi-
cal to conclude that combining the two, as we have done at the ltfth
Conference, will enrich our knowledge of both, and benefit both.
Therefore, we look ahead to a continuation of these Conferences that
will maintain their central position in the field of air and gr.s
cleaning, and, in addition, assume a new Importance in the field of
airborne waste management. I hope you join me in looking ahead to
an exciting future in our chosen professional fields.
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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 presen-
tation of reports by various task groups addressing specific issues
and developing air cleaning standards.

A conference of this size and complexity rec; ,dres the dedicated
service and wise counsel of many. The Chairman of the 18th DOE Con-
ference 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. Adminis-
trative 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
Conference Chairman
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DEDICATION

The Proceedings of the 18th DOE Nuclear Airborne Waste
Management and Air Cleaning Conference are dedicated to the memory
of Clifford A. Di'r^hste/d in recognition of his long identification
with the planning of these Conferences and his many valuable
technical contributions
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PRESENTATION OP AN AWARD TO CLIFFORD A. BURCHSTED

by

Dr. Ronald Bellamy

on behalf of the

American Society of Testing and Materials

On behalf of the American Society of Testing and Materials
(ASTM), it is my special honor co perform the task before me today.
I have an award to present and, like everything we seem to do these
days, there are good points and there are bad points associated with
it. The award is not really a posthumous award, awarded after the
fact to Clifford Burchsted, but an award that the ASTM approved prior
to April 1983- As a matter of fact, the award was approved on March
4j 19 83- Unfortunately, the ASTM sometimes works with the same
haste as some of our governmental bodies and there was no opportunity
to present the award to Cliff. We are all aware of Cliff's technical
contributions and accomplishments in. the field of nuclear air
cleaning, as well as his efforts, indeed, his pleasure, in doing the
jobs on standard committees that we all dislike so much, such as
serving as chairman and as secretary. In recognition of his . lone;
and meritorious service in the development of concensus standards,
ASTM has prepared this plaque. It reads as follows:

"Clifford A. Burchsted is granted an AwARD OF MERIT
and the honorary title of FELLOW for an active and
constructive role in ASTM standards, especially in
Committee D-28 on Activated Carbon Work, serving as
chairman, secretary, and as secretary to Subcommittee
D28.04 since 1967- By action of the Board of Direr .rs,
March 1983. Signed by the President and the Chairman
of the Board."

This plaque is now presented to Mrs. Clifford (Betty) Burchsted.
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WELCOME AND OBJECTIVES OP THE CONFERENCE

Melvin W. First
Harvard School of Public Health

Department of Environmental Science and Physiology
565 Huntington Avenue

Boston, Massachusetts 02115

It is my pleasant duty as Chairman to welcome you to the first
session of the 18th DOE Nuclear Airborne Waste Management and Air
Cleaning Conference on behalf of Harvard University and the U.S.
Department of Energy ('DOE), the two sponsors of this Conference.

For those of you- for whom the 18th is the first Conference of
this series that you have' attended, you will be interested to learn
that the Conferences were started in 1950 under the joint sponsorship
of Harvard University and the then U.S. Atomic Energy Commission.
They continued unchanged' during the brief period of the U.S. Energy
Research and Development Administration and then to 1982 under the
U.S. DOE. The Conferences were originally intended only to assist
the U.S. effort in the development of nuclear energy and, indeed,
some of the very early Conferences had presentations that were clas-
sified. Most presentations in this category were not published and
those that were, are now declassified. When it was decided to accept
only non-classified pa.pers and to hold the Conference in locations
that did not require security clearance for entry, they began to
attract non-'U.S. scientists and engineers interested in nuclear air
and gas cleaning technology who first came as spectators but were
soon invited to present papers on their own country's activities in
these areas. Although still sponsored by a Department of the U.S.
Government, these Conferences have become truly international in
scope. On behalf of both sponsors, I wish to make it very clear that
we welcome this participation at the meetings and the contributions by
those from outside the U.S. to the air and gas cleaning literatur-e
that appear in the Conference Proceedings. Indeed, it is only by such
world-wide participation in the contents of the Proceedings that the
Proceedings have come to be regarded as the most important and most
complete respository of information on nuclear air and gas cleaning3
and it is available to all.

So, once again, a warm welcome to all newcomers to these Con-
ferences, and a very special welcome to those who came from other
countries to expand our knowledge and enrich our fellowship.

Although we have been downhearted by the recent state of the
civilian nuclear power industry in the US, there are many encouraging
signs that the essential safety of nuclear power is being increasingly
accepted by regulatory agencies and more fairly reported in the pop-
ular news media. The progress of nulcear power in countries outside
the US shows no abatement and there is hope that a new confidence in
the safety of civilian nuclear power will be generated in the US.
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I am firmly of the opinion that the work of those who have con-
triDuted to nuclear air and gas cleaning technology has had an
important part in assuring that safety assessment and I look forward
to airborne waste management technology generating a similar confidence
in the essential sa*fs.ty of current waste disposal plans.

We hope you enjoy this Conference and that you leave Baltimore
with important new information plus a renewed confidence in our ability
to manage the nation's nuclear enterprises in a thoroughly safe
manner. •

I wauld like to take this occasion to thank my Program Committee.
The names vare listed in the program. They have not only been sup-
portive o f the Chairman, but they have taken a leading role in
-developing the program and will continue to lead by chairing sessions
and panels throughout the week. I also wish to thank the Samuel
Steinbergs for their assistance with local arrangements.
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IN REPROCESSING TECHNOLOGY
KEYNOTE ADDRESS FOR THE 18TH DOE AIRBORNE WASTE MANAGEMENT

AND AIR CLEANING CONFERENCE

Clinton Bastin
Manager, Reprocessing Development

Office of Nuclear Energy
United States Department of Energy

Washington, D.C. 20645

The United States Department of Energy has developed significantly improved
concepts for reprocessing nuclear power reactor fuels. These concepts,
which build on successful operating experience in DOE reprocessing plants
at Hanford, Washington, Idaho National Engineering Laboratory, and the
Savannah River Plant, give promise for satisfactory resolution of many of
the institutional, technical, and regulatory problems which have hindered
reprocessing plant deployment in the U.S. Moreover, the reprocessing
concepts allow for plant configurations that are more compatible with
likely advanced nuclear power plant deployment plans.

Good reprocessing systems are needed for the U.S. and other nations to
obtain full benefit of the potential promise of nuclear power.
Reprocessing is needed to isolate and convert highly radioactive fission
product wastes to forms most suitable for disposal - and of course
reprocessing is essential for deployment of breeder reactor systems.

Many political leaders in the U.S. are in favor of reprocessing. Others
have objected - on the grounds that it leads to proliferation of nuclear
weapons. This Administration correctly perceives that effective use of
nuclear materials is essential for other nations - breeders will be
deployed, and fuel will be reprocessed. Table J - n synopsis of
power fuel reprocessing programs abroad - dramatize^ the lack of any impact
of the past self-denial of reprocessing by the United States. Other
nations are reprocessing, and additional reprocessing is planned.

The U.S. must be a participant if we are to have any voice in what is done
to control spread of sensitive technology - and if we are to have a voice
in proper safeguards of nuclear materials. The reprocessing technology
under development by the Department of Energy provides an excellent base
for this participation as well as an excellent base for reestablishing
viable reprocessing in the United States.
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Advancements in reprocessing technology have been made through concerted
effort of Argonne National Laboratory, Allied General Nuclear Services,
Battelle Pacific Northwest Laboratory, DuPont Savannah River Laboratory,
Exxon Nuclear Company, GA Technologies, Hanford Engineering Development
Laboratory, Los Alamos National Laboratory, and the Oak Ridge National
Laboratory. Through technology exchange programs, Power Reactor and
Nuclear Fuel Development Corporation (PNC) of Japan, and the United Kingdom
Atomic Energy Authority have contributed to these advancements.

Since 1978, the U.S. Government's power reactor fuel reprocessing R&D
efforts have been combined under the Consolidated Fuel Reprocessing
Program. This program is directed by our office; and field management is
by the Oak Ridge Operations Office (0R0) and Oak Ridge National Laboratory
(ORNL), with the bulk of the R&D being done by ORNL and its subcontractors.

Primary emphasis of the Program has been research and development directed
toward reprocessing liquid metal fast breeder reactor uranium-plutom'um
fuels. A limited effort is focused on reprocessing thorium based fuels,
carried out at 6A Technologies in San Diego. Most of the Development is
generic and applicable to light water and other reactor fuels.

I was pleased to note that the Germans plan to use several advanced
concepts similar to ours in their proposed WA-350 reprocessing plant - but
a little envious that they appear to be moving ahead with reprocessing so
much faster than the U.S. I was in Oapan week before last, end learned
that PNC has incorporated many advanced concepts similar to ours in their
proposed Fast Breeder Reactor Fuel Recycle Pilot Plant.

A major advancement is a new remote operating, sampling, and maintenance
concept which is more versatile, provides for remote repair of more complex
equipment, and allows repairs or replacements of equipment to be made in a
much shorter time. The new remote concept provides greater radiation
protection to the workforce, enhances safeguard protection of fissile
materials, and minimizes cell penetrations and openings. Marny features of
the remote systems can be applied to other activities which must be carried
out in hostile environments.

The new remote system has six major features: (1) reprocessing equipment
installed on "frames" or "modules" with remote connectors on more complex
and failure-prone equipment to permit easy disassembly; (2) modules placed
along the walls of the cells, with the center aisle open; (3) overhead
cranes with lifting devices and a suspended transporter which holds
servomanipulators and television cameras; (4) servomanipulators which
incorporate several unique features which I will discuss later; (5)
television viewing instead of shielded windows and periscopes; (6) and a
remotely operated sampling vehicle which operates within the cell or canyon
space.



18th DOE NUCLEAR AIRBORNE WASTE MANAGEMENT AND AIR CLEANING CONFERENCE

The sampling vehicle travels on a track, stops at designated processing or
accountability locations, obtains a sample and replaces an empty sample
vial, then delivers the sample tray to a central station where filled
sample vials are sent to an analytical laboratory. This eliminates
expensive sample galleries, and reduces personnel exposure to radiation.

The new servomanipulator systems for future reprocessing plants have three
unique features which will permit significantly improved maintenance. They
have force feed back, so that an operator will have feel of the tasks he or
she is performing. Variable forces from 1 to 50 pounds can be. handled,
with forces proportioned down to prevent tiring of the operators. The new
servcmanipulators have an "elbows down" configuration like a human being,
which allows the manipulator to reach into modules. Through the wall
master slave manipulators presently used in hot cells have the elbows up
configuration which were designed for table top operation and are not
versatile for large-cell usage. The new manipulators use gears and torque
tubes instead of tape and cable drives used in the present manipulators.
Tape and cable drives are prone to failure and must be decontaminated
before they can be repaired using contact maintenance. However, the use of
gears and torque tubes permits the advanced servomanipulators to be
modularized so that one arm can repair the other, in place, by simply
replacing the faulty module such as a wrist or arm.

Those developments have been made possible in many cases because of the
many advancements in electronic technology which has miniaturized very
reliable components. Host of the equipment described uses digital
controls. During my visit in Japan, I saw the new high resolution
television system developed for use by PNC. This system, which has 25
times the resolution (number of lines) of conventional television, will
greatly facilitate viewing of operations and maintenance tasks. A
radiation-hardened version of this system is under development.

Major advancements have also been made in reprocessing equipment. A very
important one is development of advanced centrifugal solvent extraction
contactors. These were originally developed at the Savannah River Plant
and have been used successfully in a reprocessing plant there for several
years. Argonne National Laboratory and Savannah River Laboratory designed
and fabricated smaller units for 0.5 tons heavy metal per day and 0.1 tons
heavy metal per day capacity visualized for breeder fuel reprocessing.
Experimental work has shown these units can be used in all three cycles of
Purex reprocessing thus replacing tall pulse columns and saving plant
construction costs,, Most importantly, centrifugal contactors have rapid
response, coming to steady state operation in a matter of minutes compared
to several hours for mixer settlers and several days for pulse columns.
The short contact time also minimizes radiation damage to solvent and
permits processing of higher radiation level fuels. The new centrifugal
contactor design incorporates remote maintenance features to permit rapid
replacement of failed parts.

Breeder fuels differ from LWR fuels in that the fuel pins are encased in a
stainless steel shroud. A system has been developed which uses a laser to
cut .the end fittings and slit the shroud so this metal can be removed and
permit the shearing of the fuel pins directly.
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A remotely operable and maintainable shear has been developed. This shear
is hydraulically powered with the main hydraulic system outside the cell.
The in-cell portion of the shear is in modules which can be easily replaced
if parts fail, It can handle both LWR and breeder reactor fuels.

Another significant development is a continuous dissolver. Its primary
advantage is the large capacity achievable through continuous operation.
It also minimizes the surges of off-gas when the acid first hits the spent
fuel and its washing action dissolves the fuel from the cladding more
rapidly. The dissolver is a cylinder which is divided into compartments;
the fuel is moved by baffles which transfer the fuel from one compartment
to the next when the direction of rotation is reversed. The cylinder is
mounted on rollers in a sealed steam chest. Acid is introduced in a
countercurrent direction. The hulls are monitored as they are discharged.
The rotary dissolver is also designed for remote maintenance.

Developments in off-gas processes are largely completed and have been the
subject of several papers through the years at this conference. Our work
ori this process is largely completed but we are continuing to perform work
on krypton ion implantation at Battelle Pacific Northwest Laboratory in
Rich!and. This process, which has also been described at previous
conferences, promises a more permanent and stable way of storing krypton
than in cylinders.

The advancements in reprocessing technology that I have discussed -
maintenance features on the equipment components and systems,
electromechanical servomanipulators, in-cell automatic sampler - minimize
cell penetrations and openings and are compatible with a sealed-cell,
low-ventillation-flow concept. Although there are uncertainties in how
contamination will build up, we believe the low-ventilation-flow concept
should be pursued since it may provide a more positive control of plant
effluents. It allows use of an inert atmosphere and helps in cell
atmosphere temperature control. There should be particular interest in
this conference in a facility concept which has ventilation requirements of
a few thousand cubic feet per minute compared with the normal few hundred
thousand cub^c feet per minute.

Prototypical reprocessing equipment incorporating the advanced concepts has
been fabricated and testing has recently started in the Integrated
Equipment Test Facility at ORNL. The testing program is is. two parts, one
for remote operation, sampling, and maintenance, and the other for
integrated process tests. Our test facilities incorporate state-of-the-art
instrumentation and computerization, and will serve as a basis; for major
improvements in reprocessing plant safeguards.

Final steps in the Department of Energy's reprocessing development program
will be a "hot" test with irradiated breeder reactor fuel. Conceptual
design on such a test capability - which we call "Breeder Reprocessing
Engineering Test", or BRET - has b~on ongoing over the past year.
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BRET and the incorporated advanced reprocessing technology can provide a
technics! framework for U.S. participation in international cooperation in
reprocessing technology, including the important goal of formulating
adequate safeguards on an international basis. The advanced reprocessing
technology provides an excellent base for reestablishing viable
reprocessing in the United States.
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Table 1-continued
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NEW SOURCE TERMS: WHAT DO THEY TELL US
ABOUT ENGINEERED SAFETY FEATURE PERFORMANCE

Robert M. Bernero
Director, Division of Systems Integration

U.S. Nuclear Regulatory Commission

Abstract

The accident behavior models which are the basis of engineered
safety feature design are generally simple,. non-mechanistic and concen-
trated on volatile radioiodine. Now data from source term studies show
that models should be more mechanistic and look at other species than
volatile iodine. A complete revaluation of engineered safety features
is needed.

There are more than 100 nuclear power reactors operating or close to
operating in the United States today. These reactors are a single generation
with respect to the general basis for their design of engineered safety
features. The models of accident behavior used for these reactors can be
traced back 20 years. These models were used to describe accident behavior
and thereby controlled the design of engineered safety features. Not only
did these models control the design but through that control they influenced
the development of the data base for the designs. One example of that in-
fluence is the current work on a round robin test program for nuclear carbon
filters, which I believe was reported in ,a paper yesterday afternoon.

What then were these original models of accident behavior which still
affect so much today? The principal one is described in TID-14844, H ) which
has served as the technical basis for many U.S. regulatory decisions. This
document was published in early 1962, to be used as a technical basis for
regulatory decisions regarding the siting of nuclear reactors, and thereby
bec^ne a very important basis for the design of containment and related
engineered safety features. These early models, in TID-14844 and related
work, were developed in an era when few power reactor designs were available
to analyze, and the reactor accident experience was dominated by the Windscale
reactor accident of 1957. Thus, it is not surprising that early models were
rather general, not very mechanistic, and focussed on the transport and
release of radioiodine as the principal interest. The use of these models
was most significant in the 10CFR Part 100 dose calculation. This calcu-
lation, which has been made for every power reactor in the U.S., simul-
taneously challenges the reactor containment with the pressure and tempera-
ture loads of the largest loss-of-coolant accident and the fission product
release of a core melt as derived from TID-14844. The source term or
accident release of interest here is the release from the fuel and reactor
coolant system into containment. Later one is interested in the release
or source term for the environment.

11
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Given these combined loads, and assuming the tested leak tightness of
the containment, the analyst must show that people offsite will not suffer
unacceptable radiation doses to the whole body or the thyroid, even in bad
meteorological conditions. From this postulated set of conditions we get
some expected sensitivities. From the loss~of-coolant accident conditions
we get very high humidity, especially important if we use charcoal filters
as engineered safety features. From the TID-14844 we get a lot of volatile
iodine. It is not surprising that in all the years of these calculations it
was the thyroid dose, the radioiodine contribution, that controlled. Our
attention, and our engineered safety features, concentrated on controlling
radioiodine. We have installed charcoal filters and used chemical additives
to containment spray to enhance iodine capture. We have imposed very tight
leakage requirements on very large containment buildings and built a system
of emergency response which concentrates on radioiodine release. We have
even considered the distribution of potassium iodide tablets to the general
public to block the intake of radioiodine.

And then on March 28, 1979 the worst light water reactor accident in
the U.S. power industry occurred. Many of you probably participated as I
did in the response to and the study of that accident. You may recall that
in the response to that accident we kept projecting the release of radio-
iodine and looking for it, but did not find it. We learned quite a few
lessons from that TMI accident* and are still learning some today. We
say that, in spite of the many safety design features, a minor mishap could
escalate into a serious core damage event. We saw the importance of operator
error in the cause of accident, and of operator prudence in the recovery from
accident. We saw 50% cladding reaction produce so much hydrogen that its
ignition produced a vigorous pressure pulse in containment, while our rules
of calculation^) showed less than 5%. We saw the humidity of loss-of-coolant
accident, but no direct containment leakage. We saw much radioiodine apparently
release from the fuel but after the hydrogen combustion and containment spray
of the first day we saw no iodine in the containment atmosphere, and essen-
tially none released.

Many wanted to conclude from the TMI-2 accident and other accident
experience that there would be no significant release from a light water
reactor in a severe accident. The NRC and others chose to take a hard
scientific look at the matter, to revise our models accordingly, to re-
examine our regulatory analysis and to follow to conclusions which could be
supported by the scientific evidence.

The first step in this effort was completed with the publication of
NUREG-0772(3) in 1981, the NRC's first evaluation of LWR severe accident
behavior since the Reactor Safety Study(4) of 1975. The Reactor Safety Study
had begun the work of reassessing core melt behavior in a much more mecha-
nistic way than TID-14844 but lacked the time or the resources to pursue
detailed questions of fission product form and transport. In 1981 NUREG-0772
did not provide a new source term or source terms for reactor accidents but
it did provide a solid technical basis for the direction of NRC's source
term reevaluation.

12
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By the end of 1982 there was so much source term related work going on
under NRC sponsorship and by others, that the NRC formed a special Accident
Source Term Program Office (ASTPO) to coordinate the work. I have had the
privilege of directing that office. To bring the source term work to a use-
ful conclusion we set up a program of four elements. The first two of these
elements are essentially complete now, the third is nearing completion, and
the fourth element, the reassessment of source ti , will be published for
comment early next year. This four-element program is based on recognition
of the complexity of source terms. If we define severe accidents as those
in which severe core damage or core melt takes place, we must recognize that
severe accident behavior and attendant fission product transport will be
unique to each different accident scenario in each different type of reactor
used in this country. This complicates the process of evaluation by requiring
the consideration of a broad range of physical conditions in accident scenarios
such as core melt taking place at different reactor, coolant system pressure
levels, with different amounts of water at different places in the reactor
system and the containment, etc. This complexity is compounded then when
you move to the different reactor and containment system designs we use in this
country. We have pressurized water reactors (PWR) and boiling water reactors
(BWR). We have three PWR vendors, each with some variation in the product
line offered. Containments for PWRs include large dry, subatmospheric, and
ice condenser designs. The large BWRs, although sold by a single vendor have
many variations, including three basically different containment system designs.
All of this complexity means that for each design and each scenario there is
a unique source term, almost too many to number. The challenge for the analyst
is to explore the range to determine just how different one is from another.
The problem becomes much more tractable if many such source terms are adequately
represented by a single description, for example, one of the release categories
of the Reactor Safety Study. In the face of this complexity the NRC has
pursued a source term revaluation program which considers the range of designs
and scenarios.

The first element of the four-element program was to gather together the
many sources of data and analysis upon which one can base estimates of fission
product behavior in the course of a severe accident. This data base is rela-
tively large, diverse, and is still growing. Earlier this month Test 1-3
was run in the Power Burst Facility reactor at the Idaho National Engineering
Laboratory. This test subjected a bundle of high burnup reactor fuel to actual
core melt conditions, up to about 2500°K, with extensive monitoring of its
behavior and its releases. This test is one example of the continuing growth
of the data base which is the foundation of our models for reevaluation and
later the confirmation of that work. A compendium report of the data base has
be,n prepared by Oak Ridge National Laboratory and will be released shortly
as ORNL/TM-8842.

The second element of the NRC source term program is the calculation of
radionuclide release under specific LWR accident conditions. The principal
part of this work has been performed by Battelle Columbus Laboratories under
NRC contract. The results of this work are just now being published as draft
volumes of BMI-2104.'5' The Battelle work analyzes accident sequences in six
reference plants which cover the spectrum of U.S. designs. They include three
PWRs; Surry (subatmospheric containment), Zion (large dry containment), and
Sequoyah (ice condenser containment), and three BWRs; Peach Bottom (Mark I
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containment), Grand Gulf (Mark III containment), and Limerick (Mark II con-
tainment), the Limerick plant was added to the list quite recently and its
report will be published a little later this year. These Battelle analyses
are not intended to be comprehensive accident sequence and risk assessments
of these plants. Rather they are analyses of specific accident conditions,
chosen to cover the range of interest for all plants so that others could
develop groups of sequences, related to these, to characterize the risk of
any plant. The Battelle reports being published now have already undergone
extensive peer review, but are being released as drafts to encourage even
wider comment.

And that brings, roe -to -the t-hird-el-ement -of the WR-G- source... term program,
peer review. As I said before source terms are important to regulatory
decisions. The experience of TMI and the analysis in ..UREG-0772 both suggest
that substantial reductions in regulatory source terms may be in order. The
NRC is not willing to make any leap of faith to adopt lower source terms.
The technical basis for such revision must be painstakingly developed - and
thoroughly reviewed to ensure that no unfounded regulatory positions are
taken. In addition, a thorough, public review process by its very nature
makes the work and the use that can be made of it open to the general public.
The peer review of the NRC source terra work comes from many sources. First,
there is independent work of a similar nature being performed by peers in the
field. Examples are the studies on four of the same plants being conducted
by the Industry Degraded Core Group (IDCOR) and the technical studies of a
special committee of the American Nuclear Society under Dr. William Stratton.
NRC and its contractors are following these activities very closely and com-
paring their models and their results to those we have sponsored. There
is a substantial amount of severe accident research going on in foreign
countries too; we are taking great care to follow this work as well.

In addition to regular comparison with similar work by others, the
NRC source term work has been undergoing structured peer review. All
through 1933 and into 1984, the BMI-2104 work was presented and reviewed
step by step with a selected panel of experts in public meetings. And
then in mid 1983 the American Physical Society, under a grant from the NRC,
formed a Source Term Study Group to review the scientific basis for source
term estimation. That Study Group is chaired by Professor Richard Wilson
of Harvard University. They have been reviewing this work since last year
and are now preparing their evaluation. We expect to see the American
Physical Society report at the end of 1984. With it we feel that the
scientific basis of the source term work will have received an acceptable
level of peer review.

The first three elements of the source term work then are; one, the
gathering and identification of the data base for source term estimation,
two, the use of that data base to calculate releases under specific accident
conditions, and three, the thorough peer review of the work. What then is
the fourth element? Element 4 of the source term work is the use of the new
fission product behavior information to reevaluate the spectrum of severe
accident releases from a plant or, in other words, to reevaluate the risk
of that plant. To. assess the risk of a plant a synthesis of fission product
transport estimates and other factors is needed. The first thing needed is
a list of the important accident sequences for the plant along with their
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frequencies of occurrence. Then for each accident sequence one must estimate
the likelihood of different modes of containment failure. The containment
failure path has very great significance for the release estimate. Then,
with a tabulation of accident sequences and containment failure outcomes,
one can add the fission product transport appropriate to the scenario and
generate a listing of accident releases and their frequencies. Such a listing
is the input to a risk code such as CRAC, and defines the public risk from
the plant. For the six reference plants being studied in the NRC source term
studies, there already exists a probabilistic risk assessment (PRA). In
addition, the NRC-sponsored Accident Sequence Evaluation Program (ASEP) is
reviewing the accident frequencies for these plants and correcting them to
reflect later knowledge and things like the post-TMI changes. In the con-
tainment area important new work is taking place, For years PRAs have
modelled overpressure failure of reactor containments an ultimate strength
bursting, somewhat like the bursting of a balloon. Only in the past year or
so have analysts begun to construct and obtain data for leak-before-break
models. These models are much more suitable for treating the complexities
of overpressure and overtemperature behavior. The NRC has formed two working
groups to obtain the best estimates of containment behavior. The Containment
Loads Working Group is developing the estimates of the pressure and temperature
challenges to the containment. The Containment Performance Working Group
is developing the estimates of the mechanical response of the containment to
these challenges.

As the results of this work are becoming available the product of
Element 4 is taking shape. It is a sequel to NUREG-0772 and will be called
NUREG-O956, a Reassessment of the Technical Bases for Estimating Fission
Product Behavior During LWR Accidents. NUREG-O956 will pull together all of
this work with its uncertainties and assess the risk and regulatory significance
of it all; it will be published in draft form for public comment shortly after
the release of the American Physical Society report. That should be very early
in 1985.

If the results of all this work won't be complete until early next
year, what can we say now about their effect on engineered safety feature
performance? Right now I think the volumes of BMI-2104 are a very useful
source of information. If we look there now we can see that many of the old
models are substantially incorrect. In many sequences the relative humidity
is not so close to saturation. In all of the sequences most of the radio-
iodine moves as the salt, cesium iodide, and not as one of the more volatile
forms. Aerosols, inert aerosols, appear in abundance in many sequences.
Although the total quantities available for release appear to be substan-
tially lower, different elements compete with iodine for importance. Our
old practice of using radioiodine as the controlling form of radioactive
release is no longer valid. I urge your attention to these reports now.
When this work is completed next year a substantial reevaluation of engineered
safety features is warranted.
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DISCUSSION

HULL: As a minor c o r r e c t i o n , I should i n d i c a t e t h a t Wind-
sca l e was an a i r - c o o l e d not a gas -coo led r e a c t o r . My q u e s t i o n i s ; Can
you e s t i m a t e when the cu r r en t source term s tudy might lead to some
mod i f i ca t i on of the emergency p lann ing zone?

BERNERQ: Yes, quite true about Windscale. I was trying to
contrast gas (air)-cooled vs. water-cooled for effect on soluble
species such as iodine. The current source term studies will culmin-
ate with the publication, in early 1985, of NUREG-0956 which will
recommend prompt reconsideration of emergency planning requirements.
How long i t will take to get i t into the regulatory and political
process is difficult to say. For interesting new insights on emer-
gency planning see NUREG-1062 and NUREG-10 82 (to be published in about
60 days) which are based on WASH-1400 source terra. Prompt attention
is being given to this work and the conclusions reached just as fast
as they are published. There have been public meetings and public
peer review. They enable a l l , whether against or in favor of nuclear
power, or neutral, to see what's going on, to hear what's going on,
and to have very prompt access to i t . If I were to guess at a l l , I
would say next year, with the availability of formal positions being
taken by the NRC, formal positions possible by others as well, that
you could expect to see a prompt address of this information. ;

KAI5ERUDDIN: What do you see as the major impac t ( s ) of t he new I
s t u d i e s on t he U.S. r e a c t o r s which a re o p e r a t i n g , o r ' a r e in advanced \
stages of construction? ]
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BERNERO: The principal impacts on operating reactors and near
term operating licenses will be in changed perceptions on emergency
planning and on possible relaxation of requirements for engineered
safety features, such as containment leak rate testing, iodine,
filtration, etc. If nothing else, our emergency planning regulation
says, "a planning radius often miles", but most people have interpreted
it to be an evacuation radius. I have been trying to argue people
out of that for a number of years. It is supposed to be "planning'!,
not necessarily evacuation. I think the new information, even if it
doesn't change the radius at all, will give people the appropriate
perspective, that the focus of attention is at the fence,not 10 miles
away from the fence. If you look at the new data, the new analyses,
you will find that even in the first half mile or mile, noble gases
and things like that make you want to pay attention. If you ever
get in extremis, and have releases, those are the people you need to
worry about with a sense of promptness. The people out at 10 miles
have a great deal of time, even with the old analyses, to deal with
a matter of very low probability. So what I see is at least a very
substantial tempering of our safety understanding. Reactors just
aren't as risky as they have been portrayed in the reactor safety
study.
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INTRODUCTION OP MR. HUMPHREY GILBERT

by

Melvin W. First

Our program has been didicated to the memory of Clifford
iiurchsted whom, I'm sure, most of you knew not only personally but
through his writings as well. We have invited Mrs. Burchsted to come
and fcs with us this morning during this program and I am delighted
that she is here in the audience. She wrote me a letter recently and
asked if I would read it. She said:

"My sincere thanks for your invitation to attend the
air cleaning conference as a guest. I look forward to
hearing Humphrey Gilbert's memory of Clifford Burchsted
and the memorial lecture that follows. Among Cliff's
greatest satisfactions was his work with the various
technical society committees, the air cleaning confer-
ences, and the Harvard air cleaning workshop,. He
certainly treasured his friendship with all his
associates in these various activities. Thank you for
your kindness. Sincerely yours, Betty Burchsted
(Mrs. Clifford A. Burchsted)."

Our first speaker in this section of the program is Mr. Humphrey
Gilbert who is a consultant in the field of nuclear air and gas clean-
ing technology. Prior to his becoming a consultant, he was an ernpolyee
of the Division of Safety of the original Atomic Energy Commission,
starting at the time of the Manhattan Project;, and he continued in this
activity until his retirement a few years ago from the successor agency.
His retirement was not in any sense a withdrawal from his technical'
work but merely a transfer to another sphere. Humphrey Gilbert was a
leader in the development of nuclear safety through air and gas clean-
ing developments, starting from the verj* beginning of this activity.
Certainly, he had a enormous influence on, and hand in, the development
of the high-efficiency particulate air filter that we know today as
the HEPA filter, and he has had an important role in the development
of nuclear carbon for the adsorption of volatile iodine. Not only did
he help in the development of the technology,, but he constantly urged
all of the installations that were under the control of the Atomic
Energy Commission to improve their facilities and bring them up to a
satisfactory standard. If we were to choose one important thing, out
of many that he has accomplished, in my opinion, it would be his
continual emphasis of the role of safety and the influence he has had
in making all the sites much more safety-conscious, as well as safe.
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A RECOLLECTION OF MR. CLIFFORD BURCHSTED

(A Memorial)

Humphrey Gilbert
Consultant

McLean, Virginia

Clifford A. Burchsted, "Cliff" to his friends and associates, was
engaged in the air cleaning field for 16 years. In that period of
time he established a record of performance and achievement rarely
accomplished in several decades of endeavor.

Upon his entry into air cleaning in 1967, there were only two manuals
available in the high-efficiency areav a small elementary booklet on
filter installation and maintenance and a treatment of British
systems by White and Smith of the United Kingdom Atomic
Weapons Research Establishment at Aldermaston. A more detailed
manual on high-efficiency air cleaning was considered necessary for
the use of the national nuclear energy program. The Atomic Energy
Commission (AEC) referred the need to their Oak Ridge Operations
Office, It was delegated, in turn, to the Oak Ridge National
Laboratory (ORNL) where Cliff Burchsted and A. B. Fuller were
enlisted to compile and edit the publication. They completed their
assignment and the original edition of the manual was issued in
1970. Cliff likewise was senior editor for a revised edition
of the manual published in 1976.

Clifford Arnold Burchsted was born August 19, 1921, in Braintree,
Massachusetts, received his B.S. degree cum laude in industrial and
mechanical engineering from Northeastern University, Boston, Massa-
chusetts, and in 1959 he earned an M.S. degree sumtna cum laude from
the University of Tennessee. Cliff served with the U. S. Army Air
Corps from 1942 to 1946 during World War II and then was an engineer
in 1948 with Tuttle and Bailey of New Britain, Connecticut. Later in
1948 he became a plant engineer with Sample Durick Company, Chicopee,
Massachusetts. In 1952 he joined Oak Ridge National Laboratory.

During his tenure at ORNL, Cliff served on a significant number of
committees of national standardizing bodies, the American Society for
Testing and Materials (ASTM), American National Standards Institute
(ANSI), and American Society of Mechanical Engineers (ASME), for
example. This stood him well. It provided him with ideal experience
for his subsequent association with the air cleaning field. In fact,
Clifford was particularly well qualified for the technology. He
became very interested in air cleaning and his association with the
pursuit was a highly compatible relationship from the beginning. He
had a sharp and retentive mind and often was able to supply from
memory the specific details of certain codes and standards needed at
the moment. He was a readily available compendium of codes and
standards.
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Cliff's affiliation with air cleaning seemingly was brief. During
that short period, however, his interest and effort were unabated.
He was most energetic, never refusing a committee assignment and
often volunteering, usually to be secretary of the committee, a
tedious position rarely sought. Yet, he performed in a timelv and
effective manner.

In his association with air cleaning, Cliff charted an enviable
record of performance and achievement. He was a fellow of the
American Society of Mechanical Engineers. In 1974 he received the
Monroe Seligman award of the Institute of Environmental Sciences for
his contributions to air cleaning. He was named a fellow of the
Royal Society for Health, United Kingdom. He produced the first
standard on nuclear-use activated carbon for the Atomic Energy
Commission. He lectured at the industrial ventilating conference of
the University of North Carolina and annually at air cleaning
workshops conducted by Harvard University School of Public Health..
He served on committees of the American Society of Mechanical
Engineers, American Society for Testing and Materials, the American
National Standards Institute, and the American Association for
Contamination Control. In addition, he was able to present eleven
papers to various nuclear air cleaning conferences and one to a
symposium held at the United Nations in New York City by the
International Atomic Energy Authority. He still found time to serve
as advisor to the Boy Scouts Explorers of Clinton, Tennessee, and he
chaired the local Citizens Advisory Committee. His last task was
secretary of the committee to formulate policy for filter test
facilities of the Department of Energy.

In retrospect, he did well. His service and accomplishment have
accorded the air cleaning field a lasting endowment.
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INTRODUCTION OP MR. JOHN W.

by

Melvin W. First

John W. Landis is senior vice president and a director of Stone
& Webster Engineering Corporation of Boston, Massachusetts. His
responsibilities include worldwide business development, governmental
relations, advance technology, liaison with professional societies
and trade associations, and public information. He is a licensed
professional engineer and a member of the National Academy of
Engineering.

Before Joining Stone & Webster early in .1975, Mr. Landis held
various executive positions with two power-system suppliers, Gulf
General Atomic Company (a division of Gulf Oil Corporation) and The
Babcock & Wilcox Company. As group vice president and then president
of Gulf General Atomic from 1968 to 1975, he was in charge of the
development and commercialization of three types of advanced nuclear
power systems, including basic components and services. From 19&5 to
1968 he was general manager of B&W's Washington (D.C.) operations.
In twelve previous years with B&h' he had risen from director of customer
relations in .the Atomic Energy Division to manager of that Division.
His major accomplishments included obtaining B&W's initial nuclear-
power contracts, establishment and management of the Lynchburg nuclear
complex, and overall supervision of several pioneering nuclear-power
projects, including the Consolidated Edison Thorium Reactor (Indian
Point I), the N.S. Savannah, and the Advanced Test Reactor.

Prior to 1953 he was a reactor and project engineer for the
Atomic Energy Commission, and independent consultant in guided missiles
and nuclear energy, head of science and engineering test development
for the Educational Testing Service, a Navy ordnance officer during
World War II, and a research engineer with Eastman Kodak Company.

For many years Mr. Landis has been active in the effort to
establish uniform standards in the energy industry. He was a director
of the American National Standards Institute from 1968 to 19So and
president of the Institute from 1975 to 1978. From 1966 to 1971 he
was vice chairman and then chairman of the Institute's Nuclear
Technical Advisory Board and from 1969 to 1974 chairman of its Nuclear
Standards Policy Committee. He is now a trustee of the Institute's
International Fund.

In his capacity as chairman of the Environmental Protection
Committee of the United States Nations 1 Committee of the World Energy
Conference, Mr. Landis is a leader of the nation's anti-pollution
movement. He is also a director of the USNC.

Mr. Landis was one of the founders of the American Nuclear
Society and has served the Society in many capacities, including
treasurer, vice president and president. He was elected a fellow in
196b and currently is chairman of the Public Education Program Advisory
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Committee, finance chairman of the NEED Committee., and a member of the
Standards Steering and Standards Policy Committees.

He is also a fellow of the American Society of Mechanical
Engineers.

Chairman of the Board of Trustees of Randolph-Macon Woman's
College, a trustee of Lafayette College, and a member of several
university advisory committees, Mr. Landis continues to devote a
substantial amount of time to improving the nation's educational
system. He is a charter member of the Republican Senatorial Inner
Circle and of the Republican Presidential Task Force. He has been a
director of Central Fidelity Banks, Inc. since i t was organized in
1970.

Mr. Landis was graduated from Lafayette College summa cum laude
in 1939 and received an honorary Doctor of Science degree from the
College in i960 for his contributions to the development of nuclear
power. The George Washington Kidd award, which memorializes the
College's f irst graduate, was presented to Mr. Landis in 19 72 in recog-
nition of his "distinguished accomplishments in nuclear engineering".
He is a member of Phi Beta Kappa, Tau Beta Pi, Sigma Xi, Omicron Delta
Kappa and Pi Delta Epsilon.

He has been awarded eleven prizes and fellowships and has
written over 120 papers and given over 300 addresses on technical
subjects. He has served on the boards of numerous educational,
charitable, trade and civic organizations, and as a member of ten
federal and state government advisory committees. He is currently a
member of the Department of Energy's Energy Research Board.
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NUCLEAR STANDARDS: CURRENT ISSUES AND FUTURE TRENDS

John W. Landis
Senior Vice President

Stone & Webster Engineering Corporation

Clifford Burchsted Memorial Lecture

I am indeed grateful for the opportunity you and your
Conference Commit tee have given me to add another voice to the many
raised today to honor the memory of a departed colleague whose life
and works are an inspiration not only to all who knew him person-
ally but also to many who knew of him and took the time to review
his distinguished technical publications and standards activities.

It is particularly pleasing to note that the audience for my
brief remarks is such a large group of eminent and influential
scientists and engineers. This observation encourages me to try to
initiate a dialogue today rather than just state my own beliefs and
opinions -- which are largely derived from the beliefs and opinions
of the people with whom I have been associated in the standards
movement during the past three decades. I therefore invite those
of you who have comments to make on my discourse to relay them to
me either right after this morning session ends or during breaks in
the afternoon program. I would sincerely appreciate your input.

My presentation will be, first, a summary of the important
issues that currently face us in the nuclear-standards field, and,
second, a concise discussion of how each of these issues is be-
ing -- or can be -- resolved.

To clarify my thoughts as much as possible, I shall put the
issues in question form, listing them not in the order of their
importance but in an order that hopefully knits them into a coherent
whole. Listening to the gamut of issues prior to hearing a digest
of the proposed solutions and implementing actions should help you
cross the many bridges that interconnect them.

Although I realize that a number of you are well-versed --
indeed expert -- in the development and use of standards, and that
you probably have at least as deep an appreciation of the vital
role that standards play in our lives as I have, I cannot resist
the temptation to spend two or three minutes, prior to getting into
the main body of my presentation, outlining some personal views on
standards.

Standards are one of the main foundations of modern civili-
zation in that they condense in documentary form the vast
technological experience that nan has accumulated. This experience
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has been obtained primarily from commercial operations, not
experimentation in laboratories. Thus, standards to a great extent
spring from what scientists, engineers, craftsmen and allied workers
have learned in the past, and in turn standards determine the nature
and quality of most of the materials, equipment and facilities we
use today -- not to mention how we use them.

Properly developed standards produce great economic benefits
by:

o Establishing, and gradually raising, acceptable levels of
performance, reliability and safety.

o Increasing productivity and reducing overall costs.

o Simplifying and routinizing many commercial and technical
operations so that maximum effort can be devoted to
improvement and innovation.

o Minimizing environmental effects.

o Expediting licensing.

o Providing a rational basis for contracts.

o Reducing misunderstanding between suppliers and users.

o Expanding both international and intranational trade.

o Fostering new applications of existing technology.

Standards should not be used, except in very unusual circum-
stances, to introduce new ideas, methods, materials, equipment or
facilities. This would be a clear case of "putting the cart before
the horse". Since the quality of modern life, not to mention
modern life itself, depends in large measure on the validity of the
standards we adopt, we must be extremely careful to base them on
germane experience, sensible interpretation and logical generali-
zation and to insure their acceptance by all interested parties.
This is especially true in view of the fact that standards developed
by the voluntary consensus standards system utilized in the United
States and many other countries are often incorporated into codes
used by local, state or national-government agencies to regulate
various business activities.

In other words, standards are normally derived or developed
from commercial experience well after commercial feasibility has
been demonstrated; they underpin the economic viability of indus-
trialized nations; and because they hcve such a profound effect on
our lives they must be drafted prudently and .judiciously by a
cross-section of all the parties involved.

I like to conclude this mini-essay with a simple but perhaps
provocative statement: One can, in my opinion, evaluate the
technological maturity and capability of a nation more readily by
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examining the body of engineering standards it has developed than by
any other means. If that body is incomplete, capriciously organized,
burdened with unnecessary requirements, based in significant
measure on fragmentary or unsubstantiated data, generally vague and
confusing, and/or institutionally oriented, the technological
foundation of the nation is bound to be weak.

One more bit of preliminary information may be useful before
I hit you with my list of issues. This concerns the role of the
American National Standards Institute (ANSI) in leading the volun-
tary consensus standards movement in the United States.

ANSI does not write (develop) standards. Its main functions
are to crystallize national standards policy, to help identify
national and international standards needs and priorities, to
arrange for competent and willing organizations to undertake the
necessary development, to provide effective procedures for this
development and the subsequent consensus approval process, to
monitor compliance with these procedures, and finally to certify
compliance and publish the results.

ANSI gives coherence to a massive program involving more than
200 professional and trade organizations and 900 companies -- redu-
cing duplication and conflict and providing many other managerial
services. It is therefore often described as the "national clear-
inghouse for standards".

The issues I have assembled for you are these:

1. Does the extant library of nuclear standards satisfy the
current needs of the nuclear industry?

2. What actions on standards must be taken -- and by whom --
to meet the future needs of the nuclear industry?

3. Should nuclear standards generally be developed prior to
the promulgation of regulations, in concert with the
promulgation of regulations, or after the promulgation of
regulations?

4. Are there any rules-of-thumb that can be utilized to
determine when the applicable technology has matured
enough to warrant the development of specific nuclear
standards -- particularly those concerned with design,
construction and/or operation?

5. How can we insure better communication and coordination
between nuclear-standards developers and nuclear regula-
tors?

6. What additional procedures should be established to
resolve differences between approved nuclear standards
and published nuclear regulations?
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7. In what ways do or should standards help to improve
quality in the nuclear industry?

8. What must be done to insure more effective and more
uniform use of nuclear standards?

9. Is the existing voluntary standards system adequate for
the development, approval, distribution and use of nuclear
standards?

10. Should a major thrust of the nuclear-standards program
now be toward revision of standards to i"eflect experience
gained from past plantf design, construction, operation
and maintenance?

11. Are new standards or modifications of existing standards
needed in the following key areas?

* Storage of spent nuclear fuel
* Reprocessing of spent nuclear fuel
* Nuclear waste management
* Nuclear spare-parts management
* Human-factors engineering for nuclear facilities
* Probabilistic risk assessment for nuclear facilities
* Decommissioning of nuclear facilities
* Performance analysis of nuclear facilities

12. In what other nuclear areas are new standards or modifi-
cations of existing standards needed?

Now the answers to these questions -- which I am confident
will contain clear signals regarding future directions of nuclear-
standards activities.

1. Does the extant library of nuclear standards satisfy the
current needs of the nuclear industry?

In large measure -- yes. Several areas of deficiency
have been identified, however. They include electri-
cal systems, control systems, instrumentation,
valves, and emergency procedures.

2. What actions on standards must be taken -- and by whom —
to meet the future needs of the nuclear industry?

Standards-development organizations must take
aggressive action to upgrade the membership of cer-
tain nuclear-standards committees. Too often
companies contributing personnel to these committees
offer only individuals who happen to be available,
not those who are best qualified to undertake the
difficult and complex work of the committees.
Corporate top managements must be convinced of the
importance of the nuclear-standards program. They
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must be made to realize that unless talented, straight-
thinking, experienced peopla are assigned to standards
committees and stimulated by adequate compensation and
recognition, the nuclear industry will be in even
greater jeopardy in the future than it is today.

A bona fide, lasting commitment must be obtained from
a sufficient number of corporate leaders to guarantee
that the nuclear-standards program is properly funded
and staffed. If it is not properly funded and staffed,
the standards which form the foundation for acceptable
levels of public safety and high-quality performance
and reliability will be flawed and misleading. Cor-
recting the massive errors that would result would be
prohibitively expensive.

While it is recognized that members of nuclear-stan-
dards committees will present their personal and/or
company viewpoints, clear instructions must be given
to them, when appointed, that in the final analysis
they are working for the industry as a xrtiole, not
their parochial interests.

Many existing nuclear standards need substantial
overhauling, simplifying, and updating. If this job
is-put off much longer it may be impossible to perform
on anything but a crash basis -- which would be both
inefficient and disrupting. All nuclear standards
must be treated as living documents -- that is,
continuously adapted to current conditions.

Safety considerations must not be permitted to over-
whelm other aspects of quality in the nuclear industry.
Standards must be written with not only safety in
mind, but also performance, reliability, cost, and
production feasibility. Safety standards are useless
if they only apply to facilities and equipment that
cannot be built or will not run.

Additional planning for and coordination of the
nuclear-standards program must be provided by the
American National Standards Institute. A possible
means of accomplishing this would be to increase
industry involvement in the Nuclear Standards
Management Board. Public review of proposed nuclear
standards -- and institutional response to such
review -- must be expedited.

In all nuclear-standards development the main objective
should be to achieve high quality the first time a
task is performed.

Should nuclear standards generally be developed prior to
the promulgation of regulations, in concert with the
promulgation of regulations, or after the promulgation of
regulations?
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Prior to the promulgation of regulations whenever
possible. The nuclear industry is not an orderly
operation, however, and occasionally it will' be
necessary to develop standards after the promulgation
of regulations. It is not feasTb~le under present
conditions --or under conditions envisaged for the
near future -- to develop standards in concert with
the promulgation of regulations.

4. Are there any rules-of-thumb that can be utilized to
determine when the applicable technology has matured
enough to warrant the development of specific nuclear
standards — particularly those concerned with design,
construction and operation?

The only rule-of-thumb that appears to apply across
the board in the nuclear-standards program is: When-
ever, in the collective judgment of the cognizant
committee, there are sufficient hard data from a
verified calculation, an experiment, a series of
experiments, operation of a prototype plant, or
operation of a demonstration plant to support a
crystallization of design and performance criteria,
the process of preparing a nuclear standard may
commence.

5. How can we insure better communication and coordination
between nuclear-standards developers and nuclear regula-
tors?

By implementing the provisions of the National Policy
on Standards that call for establishment of a Private
Sector Standards Coordinating Center and a counter-
part Government Sector Standards Coordinating Center.
When formed, one of the chief duties of these two
centers will be to improve communication and therefore
coordination between nuclear-standards developers
and nuclear regulators. Also by encouraging nuclear-
standards committees to deal directly with the Nuclear
Regulatory Commission (NRC) whenever practicable and
appropriate. In this connection, the NRC should be
asked to give more authority to its unit that deals
with nuclear-standards bodies and to publish periodi-
cally for use by these bodies a concise summary of
NRC needs and proposed actions.

6. What additional procedures should be established to resolve
differences between approved nuclear standards and pub-
lished nuclear regulations?

The Nuclear Regulatory Commission's appeal process
should be streamlined.

7. In what ways do or should standards help to improve
quality in the nuclear industry?
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By defining and/or establishing acceptable solutions
of recurring problems; by enhancing engineering,
manufacturing and construction efficiencies through
establishment of performance criteria, characteristics
of products, procedures, methods, materials and
systems — and through interchangeability; and by
serving as a basis for improved communication and
promotion of mutual understanding.

8. What must be done to insure more effective and more
uniform use of nuclear standards?

The Institute of Nuclear Power Operations (INPO)
should take steps to feed the voluminous information
it is collecting to appropriate nuclear-standards
committees. The American National Standards Institute
should assist in this distribution by keeping INPO
informed of the activities and mailing addresses of
all active committees.

Nuclear-standards committees should be on the
distribution lists for pertinent publications of the
Nuclear Regulatory Commission and the Electric Power
Research Institute.

Internal committee procedures should be modified to
permit effective digestion and utilization of these
data and reports.

9. Is the existing voluntary standards system adequate for
the development, approval, distribution and use of nuclear
standards?

Yes, if the provisions of the National Policy on
Standards are implemented.

10. Should a major thrust of the nuclear-standards program
now be toward revision of standards to reflect experience
gained from past plant design, construction, operation
and maintenance?

Yes. This trend is already well under way. Several
technical societies represented at this Conference
have launched formal programs to weed out obsolete,
superfluous or misleading standards, upgrade marginal
standards, resolve differences in interpretation of
certain standards that have confused their users, and
halt the production of all proposed standards that are
not absolutely essential. This trend will gain
strength, in my opinion, throughout the next decade.

11. Are new standards or modifications of existing standards
needed in the following key areas?

* Storage of spent nuc1oar fuel
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* Reprocessing of spent nuclear fuel
* Nuclear waste management
* Nuclear spare-parts management
* Human-factors engineering for nuclear facilities
* Probabilistic risk assessment for nuclear facilities
* Decommissioning of nuclear facilities
* Performance analysis of nuclear facilities

Yes -- primarily in the areas of nuclear waste
management, nuclear spare-parts management, human-
factors engineering for nuclear facilities, and
performance analysis of nuclear facilities.

12. In what other nuclear areas are new standards or modifi-
cations of existing standards needed?

Additional action should be taken in the area of
certification and qualification of QA personnel to
prevent the Federal Government from requiring that
inspection and auditing be done by its designated
agents.

There you have the thoughts that I have been able to pull
together on the current issues and future trends of the national
nuclear-standards effort. I close with a comment dedicated to the
memory of Cliff Burchsted.

Much has been written in the last decade about the importance
of voluntarism in the United States. We've heard a great deal
about people who serve without pay on government commissions and
committees and indeed occasionally in full-time government jobs.
We've seen articles in Reader's Digest and other national magazines
extolling the virtues oi: garden clubs who beautify communities and
countrysides at their own expense, of senior citizens who donate
their time to helping children and young adults in various ways, of
boy and girl scouts who take on civic-improvement projects, of
women who work sans salary as hosspital aides, of men's clubs who
organize and underwrite various charitable operations, of volunteers
in the Peace Corps, of people who serve without compensation of any
sort in all manner of neighborhood and eleemosynary enterprises. I
acknowledge the worth of these activities. I contend, in fact,
that without them the quality of life in America would be disagree-
ably low. But let's not forget that voluntary standards action
falls in this same category and that it too is vital to an acceptable
quality of life.

Every individual that I know of who serves on a voluntary
standards committee contributes a significant portion of his own
free time to the committee's work. This is akin to the contributions
made by physicians serving on hospital boards or the contributions
of businessmen serving on the boards of civic institutions. In
many cases the work is vocation-related -- but it is well beyond the
call of duty and untainted by personal gain.

This is the type of service that Cliff Burchsted rendered to
society for over 30 years.
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DISCUSSION

FIRST: I was struck by your comment near the end of your address
about the vital need for certification for quality assurance personnel,
1 noticed it particularly because of a fairly bitter experience our
Committee on Nuclear Air and Gas Treatment has had over the past few
years. We have prepared a personnel certification standard for those
who test air and gas cleaning equipment in nuclear power plants,
usually referred to as in-place testing. This document has been
uniformily rejected by the utilities and by the nuclear standards
board of ASTM on the basis that NQA-1 has all the information that
is necessary for this type of qualification. We think that N^A-1
is far less specific than it should be, and we think there needs to
be specific qualification criteria. I wonder if you would care to
comment on what I think is a very difficult and leading question.

LANDIS: You stated the case very well and, in part, answered the
question. I would just add that I agree with Dr. First that we do
need to establish more specific guidelines, maybe not standards at
first, but guidelines, at least with respect to accreditation of
certain people in the QA field; particularly inspectors and auditors.
I would say that it is much more desirable, and this is my main point,
for us as an industry to develop a standard to do that rather than
have someone outside the industry, some agency or some group, dictate
to us what we should do in the way of accreditation. I believe that
that type of thinking is more straight-forward, more cogent for the
body of people working in the QA field than for the people in the
government, or in management, or in some regulatory operation.
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OPENING REMARKS OF SESSION CHAIRMAN KABAT:

Welcome to the second session of the l8th DOE Nuclear Airborne
Waste Management and Air Cleaning Conference. Traditionally, the
radloiodine sessions significantly contributed to the high technical
standard of previous Air Cleaning Conferences. It is evident that
at this session we shall also hear valuable data and information on
recent developments in this challenging area - carbon aging and
regeneration, the identification and removal of airborne species of
radioiodine, its long term desorptlon from Kl-impregnated charcoal,
new impregnation methods and materials, radioiodine retention in
sampling lines, and the analysis of radioiodine sample collectors.
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REGENERATION OF THE IODINE ISOTOPE-EXCHANGE EFFICIENCY
FOR NUCLEAR-GRADE ACTIVATED CARBONS

Victor R. De i tz
Naval Research Laboratory

Washington, D.C. 20375

Abstract

The removal of radioactive iodine from air flows pasuing through
impregnated activated carbons depends on a minimum of thr«je distinguishable
reactions: (1) adsorption on the carbon networks of the activated carbons, (2)
iodine Isotope exchange with impregnated iodine-127, and (3) chemical combi-
nation with impregnated tertiary amines when present. When a carbon is new, all
three mechanisms are at peak performance and it is not possible to distinguish
among the three reactions by a single measurement; the retention of methyl
iodide-127 is usually equal to the retention of methyl iodide-131. After the
carbon is placed in service, the three mechanisms of iodine removal are degraded
by the contaminants of the air at different rates; the adsorption process
degrades faster than the other two. This behavior will be shown by comparisons
of methyl iodide-127 and methyl iodide-131 penetraton tests. It was found
possible to regenerate the iodine isotope-exchange efficiency by reaction with
airborne chemical reducing agents with little or no improvement in methyl
iodine-127 retention.. Examples will be given of the chemical regeneration of
carbons after exhaustion with known contaminants as well as for many carbons
removed from nuclear power operations. The depth profile of methyl iodide-131
penetration was determined in 2-inch deep layers before and after chemical
treatments.

I. Introduction

The research activities at the Naval Research Laboratory in the field of
nuclear-grade carbons may be divided into three categories. First, new carbons
from several sources were systematically degraded by exposure to unfiltered
outdoor air flow in three geographical locations fur time periods up to two
yearn. All carbons were found to degrade with respect to the radioactive iodine
trapping efficiency'*'. The penetration for three types of impregnation are
shown (Figure 1); those containing only KIX did not do as well as those
containing both KI and TEDA (triethylenediamine).

Secondly, the question was then raised as to the behavior of an activated
carbon after service (thus exposed to weathering) under a postulated DBA
(design basis accident). The Regulatory Guide 1.52 (Revision 2, March 1978)('->
stipulates that the carbon in Atmosphere Cleanup Systems must operate in an
average radiation level of 10^ rads for iodine buildup on the adsorber. It van
reported in 1982(3) that service carbons exposed to radiation levels of 10?
to 1(>9 rads actually improved on the iodine isotope exchange capacity as
measured .by methyl iodide-131 exchange (Figure 2). Moreover, the same samples
showed little or no improvement in the adsorption of methyl iodide-127. This
observation established the existence of completely independent reactions that
can take place within the domain of impregnated activated carbons.
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10 20
EXPOSURE, months

Figure 1: The dependence of the penetration of methyl iodide-131 with duration
of outdoor air flow;
OKI Xi • TEDA ale no, • TEDA + KI
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Figure 2: Decrease in penetration of methyl iodide-131 with increase of total
exposure on the NRL LINAC.

Third, it has now been found possible to regenerate the iodine isotope
exchange efficiency of a used carbon by reaction with air-borne chemical
reducing agents at ambient temperature. Examples are given for carbons degraded
with known contaminant's and for carbons removed from nuclear power operations.

II. Experimental Results

Chemical changes upon Degradation and Regeneration

The atmospheric contaminants that chemically degrade nuclear carbons
include ozone, sulfur dioxide and the nitric oxides. Special attention has been
directed to ozone. The reaction of ozone with potassium iodide in a weak alkali
solution is known to be as follows:

303 + I" -» 302 + 103"

If the same reaction takes place on a Kl-impregnated carbon, one would expect to
find KIO3 in a weathered carbon. In order to test this hypothesis a coconut
shell carbon (GX-212) was impregnated with aqueous KIO3 (2 wt%). The pene-
trations of methyl iodide-12? and of methyl iodide-131 with methyl iodide-127 as
carrier were determined before and after irradiation to 108 rads on the NRL
LINAC. If the radiolytic reactions reduce the ioclate, a significant decrease in
methyl iodide-131 penetration would be observed. The results (Table 1) demon-
strate that this indeed took place. There was little change in the methyl
iodide-127 penetration, determined under similar conditions (using an electron
capture detector ^*)) f indicating no change in the adsorptive properties, only
changes in the iodine isotope exchange process.
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Table 1: Penetration of Methyl Iodide Through a New Coconut

Carbon Impregnated
(Preparation 1)

Exposure

Original

Original

LINAC at 108 rads

LINAC at 108 rads

with KIO3 (2 wt. %)

lest Gas

MeI-131

Mel-127

Mel-131

MeI-127

Penetration, %

6.0

5.0

0.80

6.9

The results (Table 1) are consistent with earlier observations'3). Since
the original carbon was new, i.e., not weathered, the methyl iodide-131 peme-
traton agreed with that for methyl iodide-127. After irradiation, (here was a
100-fold decrease in methyl iodide-131 penetration, but that for methyl iodide-
127 was about the same. It can be concluded that the KIO3 of the impregnation
was converted by radiolysis into a chemical species that exchanged more readily
with methyl iodine-131.

Several organic con-bounds are available that chemically reduce KIO3 in
solution and one of these, hydrazine, reacts as follows (5):

2 KIO3 + 3 N2H4 -> 3 N2 + 2 KI + 6 H2O

A second quantity of the impregnated activated carbon (2.1% KIO3 dry basis on
NACAR 0-212) was prepared and the methyl iodide-131 penetrations were determined
for the following: (1) original impregnation, (2) after irradiation to 10° rads
on the NRL LIKACj, and (3) after chemical treatment with a dilute hydrazine
solution. The solution was sprayed into a slowly rotating cylinder containing
the carbon and the product air dried in a glass tray. The results (Table 2)
indicate a close correlation between the chemical reactions in radiolysis
and the chemical reduction of KIO3 by hydrazine to form KI.

Table 2: Comparison of Radiolysis and Chemical Treatments of KIO3
Impregnated Carbon (2 wt. %) (Preparation 2)

Exposure

Original KIO3
Impregnation

LINAC at 108 Rads

Chemical Treatment

Test Gas

Mel-131

MeI-131

MeI-131

%Penetration

4.4

0.13

0.3

The depth profiles of methyl iodide-131 retained in the test beds (Figure
3) were exponential and indicate the uniformity of the impregnated and the
treated materials.
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Gradient of CH3I-131 retained in the test bed before and after
chemical treatment (NRL 5297) (2nd preparation of KIO3 impregnated
carbon).

The oxidized iodine species need not 'necessarily be an iodate ion. In
order to demonstrate this possibility, a streaa of ozone in oxygen (0.10%) was
directed through a new Kl-impregnated activated carbon (MSA 463563) for 10
hours. No odor of ozone was detected at any time in the effluent. Aliquots of
the ozone-treated carbon were then treated with hydrazine in one case and
methyl-hydrazine in the second. The results (Table 3) indicate improvement with
hydrazine after the ozone treatment of a new carbon. In other examples, the
ozone pretreatments were made in the presence of water vapor and lead to
extensive degradations having 10-20% penetration of methyl iodide-131 for
similar new carbons "'.
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Table 3: Chemical Treatments of Ozone-Treated Carbons
With KI Impregnation.

Treatment

None

Ozone

Chemical reduction

Methyliodide-131
Penetration

0.05

1.0

0.52

It may be concluded that the two independent operations -irradiation and
chemical reduction - lead to the formation of iodids ion (I~) and thus convert
the original iodate, or other oxidized iodine species,into one that readily
exchanges with 1-131.

Chemical Treatment of Carbons Removed from Service

The carbons removed from service in commercial adsorbers had been exposed
to a large variety of contaminants, some of which are oxidants like ozone; the
presence of other contaminant* can also interfere with rates of chemical
reduction. Samples of service carbon that had been removed from service (NRL
5291) were treated with different amounts of hydrazine. The initial material
had a penetration of methyliodide-131 of 38.5% when not prehumidifled and 42.2%
when prehumidifled (16 hours at 95% RH). The carbon was rotated slowly in a
horizontal cylinder with lifting vanes while the small volume of solution
containing the hydrazine was slowly introduced by spraying. The carbon retained
a dry appearance after the addition.

Each sample was then tested for methyliodide-131 penetration and the
results (Figure 4) showed improvement in direct proportion to the amount of
hydrazine introduced. Good reproducibility is shown by the two points at "C" in
Figure 4, namely 8.0 and 7.8% respectively. The carbon before removal had been
in service for about four years and, as mentioned above, the initial penetration
of methyliodide-131 was considerable. Had the carbon been treated periodi-
cally, for example, after about 6 months service, the recovery would have been
more complete.

The reducing agent to be used in this application is not intended by itself
to remove radioiodine that might be released from nuclear reactors. Such a
scheme was proposed in 1966 (6,7) and entailed the formation of a stable aerosol
by the gas phase reaction of hydrazine (or its unsytmnetrical dimethyl
derivative) with released radioiodine, followed by the aerosol filtration. The
present objective is to reform the isotope-exchange properties of the impreg-
nated activated carbon which will then continue to function after the
reducing agent has reacted.
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HYDRAZINE, g/g charcoal

Figure 4: Improvement in methyl iodide-131 retention after hydrazine
treatments. (Initial penetration was 38.5%).
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A second carbon sample removed from service at another site (NRL 5143)
improved from 31.0% to 3.0% after hydrazine treatment. The sample was also
treated in a different experimental arrangement and improved from 31.0% to 2.2%
with respect to the penetration of methyl iodide-131. The test bed had been
prepared in four equal layers and each was counted before and after the test.
The depth profiles (Figure 5) of the methyl iodide-131 retained by the test
sample after the treatments were not quite linear as they are for a uniform
packing.

SEQUENCE -
2 3 4

INLET TO OUTLET

Figure 5: Depth profile after chemical treatment.
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Three additional samples of GX-176 removed from service (Savannah River
Laboratory) were treated with hydrazine and the results (Table 4) are compared
with the starting material (**) atMj with LINAC irradiation samples.

Table 4: Methyl Iodide-131 penetration with GX-176 samples removed
from service (Savannah River Laboratory)^)

C-3

K-3

P-2

compartment,

compartment,

compartment,

30

18

14

months

months

months

Methvl Iodide-131
Original

69

41

28

Penetration,
108 Rads

41

0

0

16

21

Hydrazine

7

1

9

.4

9

0

III. Concluding Remarks

Important requirements of airborne reducing agents for the regeneration of
the iodine-isotope exchange capacity of nuclear-grade carbons include the
following:

1. Wetting of the carbon surface
2. Mobility on the carbon surface
3. Rapid desorption of possible products
4. Reaction at ambient temperatures

In general, chemical reactions in solution (in vitro) are subjected to dif-
ferent constraints than between the same reactants adsorbed on carbon (in
carbono). The radiolysis in vapor and liquids can be different than with the
same reactants adsorbed on carbon. Some basic reasons for this behavior are
given below:

I. The activation energy may be different in each of the modes, i.e. bond-
breaking in the gas phase is less probable than in a liquid at the same concen-
tration and temperature.

II. The entropy changes may be different in each mode because of the
adsorption of products in carbono; the molecular orientation in the adsorbed
phase relative to that in solution.

III. The concentration gradients may influence the attainment of steady
states from mass action point of view to different extents.

ZV. Solvation effects in liquids may not be present in gas or vapor.

V. Dimensional changes in carbon-adsorbed mode are different than volume
changes in vitro.
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DISCUSSION
DEUBER: In many cases the aging of activated carbons is primarily
due to adsorption of organic compounds, we found this in our nuclear
power stations in Germany. In these cases- there would be little
improvement by application of hydrazine. Do you agree?

DEITZ: Although a large number of volatile organic vapors are
not retained by activated carbon in continuous air flows, there are
some vapors from paint formulations and degreasing solvents that are
retained. Eventually, the surface can attain a sufficiently high
coverage to block the access of all airborne vapors. That will
decrease the contact of the hydrazine with whatever you are trying to
reduce. For the most part, we find that you can't regenerate.

VIKIS: Does hydrazine accumulate on charcoals? Are there any
risks of an explosion?

DEITZ: Hydrazine does not accumulate on charcoals in the flows
used in our laboratory work. Instruments are being developed and tested
at the Naval Research Laboratory to detect concentrations in the
parts per billion range and the effluent from the charcoal appears to
be below these low levels.

KOVACH, J.L.: What were the temperature, humidity, and pre-
equilibration time and other test conditions for the tests which you
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presented?

DEITZ: The methyl iodine-131 tests for samples withdrawn from
service were made at 30°C, 95% RH and no prehumidification. The flow
parameters were those given in D-3803, ASTM.

KOVACHj J.L.: You got only b% penetration on standard test
conditions with KIO3 impregnation?

DEITZ: Yes, for that particular one. r;Je started with a new base
carbon, and impregnated it with about 2% potassium iodate. Remember
it was new carbon. You can load these carbons with ozones from a
swimming pool generator that emits concentrations up to 1%. It will"
reduce efficiency down to about 30 to H0% penetration but, in this. .
case, you oan regenerate. . • ; ' ' :

WATSON: Have you data on the rate of aging after hydrazine
regeneration?

DEITZ: Insufficient data are in hand at present to answer this
query. In one set of experiments, we regenerated it after exposure
to outdoor air, then exposed it to ozone and regenerated with
hydrazine, making tests as we went along. So far, three cycles is
about as far as the money has gone.
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INFLUENCE OF AGING ON THE RETENTION OF ELEMENTAL RADIOIODINE BY

DEEP BED CARBON FILTERS UNDER ACCIDENT CONDITIONS

H. Deuber
Laboratorium fur Aerosolphysik und Filtertechnik

Kernforschungszentruiti Karlsruhe GmbH
Postfach 3640, D-75OO Karlsruhe 1

Federal Republic of Germany

Abstract

No significant difference was found in the retention of 1-131
loaded as I2, by various impregnated activated carbons that had
been aged in the containment exhaust air of a pressurized water
reactor over a period of 12 months. In all the cases, the 1-131
passing through deep beds of carbon was in a nonelemental form. It is
concluded that a minimum retention of 99.99 %, as required by new
guidelines for certain accident filters, can be equally well
achieved with various carbons in deep beds.

I. Introduction

German pressurized water reactors are equipped with iodine
filters for cleanup of the annulus exhaust air in an accident.^'
These filters are deep bed carbon filters (see below). According to
new guidelines, the minimum retention to be achieved with these fil-
ters in a design basis accident (LOCA) is 99.99 % for elemental
radioiodine.'^J (The corresponding value for organic radioiodine is
99 %.)

In order to ascertain by which carbons the minimum retention
of 99.99 % can best be achieved, investigations were performed on
the retention of elemental 1-131 by various impregnated activated
carbons in deep beds under simulated accident conditions.

In this paper investigations with four impregnated activated
carbons are covered. In order to determine the influence of pollut-
ants, the carbons were agec1 in the containment exhaust air of a
pressurized water reactor over a period of 12 months. The results
obtained with these carbons without aging have already been presen-
ted. (3) More data, pertaining in particular to additional carbons,
have been published elsewhere.(4)

Previous studies on the retention of elemental 1-131 by im-
pregnated activated carbons, mostly in shallow beds, have been i_
viewed in the paper on new carbons.^3)
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II. Data of PWR Annulus Exhaust Air Filters (LOCA)

Data on design and operation of annulus exhaust air filters
in German pressurized water reactors (PWRs) during a LOCA have al-
ready been presented in the paper indicated.(3) rphe data are summar-
ized in Table I. It is in particular obvious that a high temperature
(definitely below 150 °C) has to be expected for a short period
only (clearly shorter than one day).

From data pertaining to serious accidents^ it can be con-
cluded that in this event, if the integrity of the inner containment
shell were maintained, the challenge of the annulus exhaust air
filters would not be much more serious than in a LOCA.

III. Experimental

Data of the four impregnated activated carbons covered here
have already been indicated in the paper on new carbons.(3) They are
given again in Table II. The carbon 2O7B (KI) is mostly used in the
iodine filters of German nuclear power plants.

The carbons were challenged with the containment exhaust air
of a PWR over a period of 12 months during power operation of the
reactor. In this exhaust air the main pollutants are usually
toluene, xylene, nonane, decane and dodecane.' ' ' ' ' The face ve-
locity of the air in the carbons was the same as that in the annulus
exhaust air filters and in the subsequent laboratory tests (50 cm/s).

The parameters of the laboratory tests are given in Table III.
As with new carbons, two combinations of temperature and relative
humidity were used: (a) 30 °C and 98 to 100 % R.H. and (b) 130 °C
and 2 % R.H.. The second combination may be regarded as conservative-
ly representing the conditions in the annulus of a PWR during the
first phase of a LOCA and the first combination the conditions
thereafter (see Table I).

Total test bed depth and residence time (25 cm and 0.5 s, re-
spectively) were shorter than those used in the annulus exhaust air
filters (50 cm and 1.0 s, respectively).

The purging time (elution period) was one week (168 h). This
time is much longer than the anticipated operating time of an annu-
lus exhaust air filter at a high temperature ( < 24 h).

As with new carbons, the test beds were sectionad to establish
the penetration as a function of the bed depth or residence time.
In the leiboratory tests the original arrangement of the carbon was
maintained, i.e. the sequence of the beds (sections) was the same as
that during the exposure to the containment exhaust air.

As previously, also the backup beds were sectioned to allow
differentiation of the iodine species penetrating the test beds.
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The backup beds, preceded by a particulate filter, were {in the
direction of flow):

(a) 2 beds of sorbent DSM11 for retention of I2;

(b) 2 beds of sorbent AC612O for retention of easy-to-trap
organic iodine species, such as CEUI;

(c) 7 beds of carbon 2O7B (KI) for retention of more penetra-
ting iodine species.

Data of the sorbents DSM11 and AC612O are to be found in the
literature.'10'11^ The carbon 2O7E (KI) was the same as that indica-
ted in Table II.

The backup beds were operated at the favorable retention
temperature of 80 °c.

As previously, the elemental iodine was tagged with 1-131. The
minimum detectable penetration was again 1O~5 %.

IV, Results

In this chapter the results are presented of the investiga-
tions on the retention of 1-131 loaded as I?/ by the four carbons
contained in Table II under the conditions indicated in Table III.
First the 1-131 penetration will be dealt with, then the chemical
form of the penetrating 1-131.

1-131 Penetration

The Figs. 1 to 8 display the penetration of the carbons by
1-131 loaded 12* as a function of the bed depth at different aging
times (no aging or aging over 12 months) and different temperatures.
The effect of aging is clearly visible: with the aged carbons, the
penetration was up to about three orders of magnitude higher.

The penetration curves are generally steep up to a bed depth
of 5 cm and then flatten out. It is only at 130 °C with the aged
carbons that these two parts of the penetration curves cannot be
clearly distinguished. The steep part of the penetration curves can
be ascribed to elemental iodine and the flat part to more penetra-
ting iodine species present as impurities or formed in the test bed.

Table IV and the Figs. 9 and 10 give an overview of the pene-
tration of the carbons by 1-131 at different bed depths, aging times
and temperatures. The main results are as follows:

(a) Temperature of 30 °C (Fig. 9):
The penetrations found with different carbons differed to
a small extent only. At an aging time of 12 months, the
penetrations were higher by one to three orders of magni-
tude, compared with no aging. At a bed depth of 25 cm
(residence time: 0.5 s) the penetrations of the aged car-
bons were about 1O~2 %.
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(b) Temperature of 130 °C (Pig. 10):
The penetrations obtained with different carbons differed
more than at 30 °C. However, with the aged carbons the
difference was relatively small. At an aging time of 12
months, the penetrations were again higher by one to three
orders of magnitude, compared with no aging. At a bed
depth of 25 cm the penetrations of the aged carbons were
between about 10~ 2 and 10 %.

From these results it is obvious that the permitted maximum
penetration of 10~* % for elemental 1-131, as required by the new
guidelines, may be exceeded if the chemical form of the penetrating
1-131 is not taken into account.

Chemical Form of Penetrating 1-131

As already mentioned, the backup beds consisted of different
components to determine the percentage of particulates (particulate
filter), of 12 (sorbent DSM11), of easy-to-trap organic iodine
species, such as CH3I (sorbent AC 6120) and of more penetrating
iodine species (carbon 2O7B (KI)).

The distribution of 1-131 among test and backup beds at diffe-
rent aging times and temperatures of the test beds is displayed in the
Figs. 11 to 18. The particulate filters are not indicated because
in no case was any significant amount of 1-131 detected on these
components.

The effect of aging is again clearly visible: with the aged
carbons, much higher fractions of 1-131 were found on the test beds
2 to 10 and on the backup beds.

The results shown in the Figs. 11 to 18 may be summarized as
follows:

(a) Temperature of 30 °C (Figs. 11 - 14):
The 1-131 was completely trapped by the backup beds. With
the new carbons, the 1-131 was found on AC612O only. With
the aged carbons, most of the 1-131 was again observed on
AC612O. No or comparatively little 1-131 was detected on
DSM11.

(b) Temperature of 130 °C (Figs. 15 - 18):
Mostly, in particular with the aged carbons, the 1-131 was
not completely captured by the backup beds. With the new
carbons, the 1-131 was strongly retained by AC612O, apart
from the case in which the test beds were made up of
2O7B (TEDA). With the aged carbons, the 1-131 was rather
evenly distributed among AC612O and the subsequent
2O7B (KI). Again, no or comparatively little 1-131 was de-
tected on DSM11.

From the distribution of the 1-131 on DSM11 it has to be con-
cluded that practically no 1-131 in the elemental form passed
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through the test beds. Any elemental 1-131 would have been largely
trapped by the first DSM11 bed, i.e. an uneven distribution of the
1-131 on the DSM11 would have resulted. (The small amounts of the
1-131 found on DSM11 are due to the retention of organic 1-131.)
The conclusion that practically no elemental 1-131 passed through
the test beds, is in agreement with the penetration curves shown in
the Figs. 1 to 8.

From this conclusion it follows that the permitted maximum pe-
netration of IO~2 % for elemental 1-131 is clearly not exceeded
if the chemical form of the penetrating 1-131 is taken into account.

The distribution of the 1-131 on AC612O and the subsequent
2O7B (KI) shows that at 30 °C the 1-131 was mostly in the form of
CH.,1 or in similar easy-to-trap forms. At 13O °C the 1-131 was in
more penetrating forms. The nature of these forms is not known.

V. Summary and Conclusion

Investigations were performed on the retention of elemental
1-131 by various impregnated activated carbons in deep beds under
simulated accident conditions to ascertain by which carbons a mini-
mum retention of 99.99 % can best be achieved. According to new
guidelines this retention is required for the annulus exhaust, air
filters of German pressurized water reactors in a design basis
accident (LOCA).

No significant difference was found in the retention of 1-131
loaded as I2, by various impregnated activated carbons that had been
aged in the containment exhaust air of a pressurized water reactor
over a period of 12 months. In all the cases, the 1-13! passing
through deep beds of carbon (25 cm equivalent to a residence time
of 0.5 s) was in a nonelemental form. It is concluded that the mini-
mum retention of 99.99 % can be equally well achieved with various
carbons in deep beds.
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Table I Data of PWR annulus exhaust air filters (LOCA)

Parameter

Bed depth

Face velocity

Residence time

Temperature

Relative humidity a^

Length of filter operation a'

I concentration

I loading

Unit

cm

cm/s

s

°c

%

d

mg/m

mg/gb)

Value

. 50

~ 50

1

< 150; > 30

< 10; < 100

< 1; < 60

< 1

< 1

a' First value: early phase of LOCA;
second value: late phase of LOCA

b)
carbon
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Table II Activated carbons investigated a)

Designation

2O7B (KI)

2O7B (TEDA)

Kiteg II

Radshield 25

Base
material

coal

coal

coconut
shell

coconut
shell

Particle
size b)
(mesh)

8 - 1 2

8 - 1 2

8 - 1 6

8 - 1 6

Impreg-
nant

KI

1EDA

KI,
tertiary
amine

tertiary
amine

Supplier

Sutcliffe
Speakman,
U.K.

Sutcliffe
Speakman,
U.K.

Nuclear
Consulting
Services,
U.S.A.

Charcoal
Engineering,
U.S.A.

a)
New or aged in the containment exhaust air of a PWR over a
period of 12 months

8 - 1 2 mesh: BS410 ( 1 2 ) ; 8 - 1 6 mesh: ASTM D2862
( 1 3 )
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Table III Values of test parameters

Parameter

Carrier concentration

Temperature

Relative humidity a^

Face velocity

Pressure (absolute)

Bed depth b )

Residence time per bed

Preconditioning time

Injection time

Purging time

Unit

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

168

a)

b)

98 - 100 % at 30 °C; 2 % at 130 °C (dew point : 30 °C)

Ten successive test bads of depth 2.5 cm were used. The first
two test beds consisted of sections of depth 1.25 cm.
(Bed diameter : 2.5 cm)

C)> 16 h at 30 °C; 1 h at 130 °C
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Table IV Penetration of various impregnated activated carbons by I loaded as I

(compare Figs. 9 and 10)

Carbon

2O7B (KI)

2O7B (TEDA)

Ktteg 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

30

0

2

1

1

1

2

1

1

3

°c,

mon

.7 -

.2 •

.5 '

. 2 •

.4 •

.9 '

.1 •

.0 •

98 - 100

th b>

1O-3

10-4

10~3

lO-4

lO-3

ID"4

10-3

10"5

12

7

1

3

1

9

1

2

2

Penetration (I

% R.H. a )

months

.0 •

.4 •

.2 •

.2 •

.2

.1 •

.6

.8

ID"2

lO-2

10" '

lo-2

10"2

10"2

• 10"1

• 1O"2

130

)

°C, 2 %

0 month b )

3.0

1 .9

3.8

3.7

4.3

4.4

5.2

3.5

• 10"3

* 1 ° ~ 4

• 10"1
. -|0-3

• 10~2

• 10"4

• lO-3

• ID"4

R.

12

1

7

1

4

e
1

H. a)

months

.0

,8

.2

.3

.0

.2

• 10 1

• 1O~3

• 10 1

• ID"2

_ c)

_ c>

' 1O °

• 10"1
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No reliable results obtained (mechanical defect)
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10 °+

flQ-2.
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......
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h

Kiteg H

......
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Penetrc. • i of various impregnated activated carbons by 131I loaded as '.
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n
5cm 25 cm

Radshield 25

HlfrLAFI DB35^S

Penetration of various impregnated activated carbons by ^ 1 loaded as
at different bed depths and aging times

a) Fig. 10 a )

No reliable results obtained for aged Kiteg II
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DISCUSSION

VIKIS: You mentioned an iodine .form more penetrating than .methyl
iodide; would you care to comment what that form may be.

DBUBER: This is, of course, a very important question and the
same question always arises, but I cannot give you a positive answer.
I can only give you some comments. There will be a second paper this
afternoon where penetrating iodine will also be dealt with and maybe
we can speak about it again. But, as far as these investigations are
concerned, the penetrating iodine species cannot be particulate
iodine since the backup beds were preceded by a particulate filter.
Apart from that, I cannot give a definite answer.
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LONG-TERM DESORPTION OP 1 3 1I FROM KI-IMPREGNATED CHARCOALS
LOADED WITH CH3I, UNDER SIMULATED POST-LOCA CONDITIONS

A.C. Vikis, J.C. Wren and C.J. Moore
Research Chemistry Branch

Atomic Energy of Canada Research Company
Whiteshell Nuclear Research Establishment

Pinawa, Manitoba, Canada ROE 1L0

and

R.J. Fluke
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ABSTRACT

The long-term (1100 h) desorption of 1 3 1i from Kl-impregnated
charcoal filters, loaded with CH3I, has been studied under simulated
post-LOCA conditions. A charcoal filter bed (20 cm long, 5.0 cm in
diameter), which was pre-equilibrated with air at 353 K and a rela-
tive humidity of 72%, was exposed to 1.7 g of CH3I (containing *
320 MBq of 1 3 1I) over a period of one hour. The 1 3 1i released was
monitored continuously during loading and during the 1100-h purging
period. The activity distribution along the length of the charcoal
filter was also monitored during purging, using an external y-ray
detector. Iodine-131 release rates (gq-h"1) as a function of purging
time (in hours) were: 2.3xlO6 t" 6* 2 6" 0* 3 2 (for t = 1-5 h) and
2.0xl03 t~°*61t-0*08 (for t = 5-1100 h ) . The 1 3 1I activity distribu-
tion along the length of the charcoal bed decreased exponentially
from inlet to outlet. Also, a small broadening and displacement
(towards the,outlet) of the initial 1 3 Ii distribution were observed
during purging. These data show that in post-accident environments
deep-bed charcoal filters impregnated with KI are effective barriers
to both the short-term and long-term release of CH 3

1 3 1I.

INTRODUCTION

Charcoal filters are used in nuclear reactor ventilation
systems to safeguard against the release of radioiodines during
routine reactor operation and under accident conditions ' 2 ;. The
charcoals are normally impregnated with potassium iodide (KI) and/or
triethylene diamine (TEDA). The KI impregnant is used to dilute
potential releases of radioiodine, via isotopic exchange with non-
radioactive Iodine. TEDA is used to enhance the efficiency of
charcoals in retaining organic iodides, through formation of quater-
nary ammonium salts, According to risk analyses of various
postulated loss-of-coolant-accident (LOCA) scenarios, the active
iodines dominate the radiological impact term. It is therefore
important to demonstrate that charcoal filters would perform
satisfactorily under LOCA conditions.

The performance characteristics of impregnated charcoals have
been studied thoroughly under the ambient conditions associated with
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routine reactor operation^2"6'. However, there is insufficient data
on the long-term performance of these charcoals, particularly for
post-accident conditions, where high temperature.-,humidity, radio-
iodine challenge and radiation fields may exist . We have
therefore initiated a study to determine the performance character-
istics of KI- and TEDA-impregnated charcoals, for CANDU* post-LOCA
conditions. This study is being done at the Whiteshell Nuclear
Research Establishment of Atomic Energy of Canada Limited, in
collaboration with Ontario Hydro,

In analyzing the performance of CANDU multi-unit containment
systems under accident conditions, the long-term desorption of radio-
iodines from charcoal filters is an important parameter. For a
certain time period after a LOCA, the vacuum building will maintain
the containment envelope sub-atmospheric, thus preventing any
releases. Once the vacuum is lost, the Emergency Filtered Air
Discharge (EFAD) system may be used to vent portions of the contain-
ment atmosphere through a filtered pathway, thereby preventing the
uncontrolled leakage of radioactivity. The EFAD system could be used
after a LOCA until the cleanup operation is completed. Thus, long-
term desorption of radioiodines from the charcoal filters in the EFAD
system is a major parameter in determining the radiological
consequences of an accident.

In this publication, we present results on the long-term
(1100 h) performance of Kl-impregnated charcoal, which has been
exposed to a large challenge of CH3I. The desorption of 1 3 1 I , which
was used as a tracer, was monitored continuously for 1100 h, while
the charcoal filter was purged with air at a temperature of 353 K and
a relative humidity of 72$. The 1 3 1I activity distribution along the
length of the charcoal bed was also monitored during the experiment.

EXPERIMENTAL

The flow system used in this study is shown schematically in
Figure 1. It was constructed using Pyrex glass to minimize radio-
iodine adsorption on the walls of the system, particularly for
anticipated experiments with I2. Greaseless 0-ring joints and
teflon stopcocks were used where necessary. In this study the CH3I
storage vessel was constructed of stainless steel.

The methyl iodide, labelled with 1 3 1I (190 MBq/g CH 3I), was
purchased from ION, Chemical and Radioisotope Division, California.
It was introduced into the main flow by vapour saturation of a
stream of N2 carrier gas, at a temperature of 273 K. The main
carrier gas was dry air.

The required steam was generated using distilled water. To
achieve the desired relative humidity, at the charcoal filter
temperature, excess steam was introduced into the main flow, prior to
condenser #1 in Figure 1. Final humidity adjustment was accomplished
by controlling the column temperature of condenser #1. The

sCANada Deuterium Uranium - Canada's heavy-water moderated, natural-
uranium fuelled reactor.
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condenser was made of Pyrex glass and had a column packed with 4-mm
glass beads, for efficient liquid-vapour equilibration. The column
was thermostatted to within ±1 K by means of! water flowing through an
annular jacket surrounding the condenser column. Excess vapour con-
densed and flowed to the bottom of the condenser into a 1-L flask
maintained at room temperature.

Figure 1. Diagram of charcoal filter test facility. (S is the CH3I
storage vessel; Tl, T2 are 1 3 1I counting stations; CF is
the charcoal filter; Cl, C2 are condensers.)

Prom condenser #1, the air, CH3I, and steam flowed to the char-
coal filter through a connecting tube that was heated to avoid water
condensation. The charcoal filter canister was also made of Pyrex
glass. It was 30 cm long and 5 cm I.D., and was thermostatted to
within ±1 K with water circulated through an annular jacket
surrounding the canister. The Kl-impregnated charcoal was supported
on a 7.5-cm thick layer of 4-mm glass beads. The glass beads
distributed the flow uniformly through the cross-section of the
charcoal bed-

After the charcoal filter, a known fraction of the flow was
diverted through condenser #2, which was identical to condenser #1,
to dry the stream prior to reaching counting station #2. The rest of
the flow was passed through a silver mordenite trap, to remove the
CH3I, and then was routed ,to the active ventilation system of the
building.
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The CH 3
1 3 1I was monitored before and after th.e charcoal filter,

by diverting known fractions of the flow through the two counting
stations shown in Figure 1. At each counting station the CH3I was
sorbed in a sampler containing a column (5.0 cm long and 2.2 cm in
diameter) of 13.5 g of silver mordenite (Zeolon 900, 15-20 weight %
Ag). The capability of each sampler to retain 100$ of the CH3I was
verified experimentally. Each sampler was precision-fitted into the
well (2.5^ cm in diameter and 5.2 cm deep) of a Nal scintillator
crystal/photqmultiplier assembly.

Tennelec single-channel analyzers, set to monitor the 0,. 365 MeV
Y-ray, were used to count the 1 3 1I deposited in each sampler. The
count rate from each station was monitored independently, and
recorded automatically at predetermined intervals, using a Tennelec
counter-timer-printer system. The dead-time of this counting system
was ^ lxlO~7 s. The counting efficiency, determined by calibration
with CH 3

1 3 1I, was 25$.

The activity distribution along the length of the charcoal
filter was measured by translating a shielded y-^ay detector along a
vertical slit (8.5 mm wide and 200 mm long) cut in the lead shield of
the charcoal filter. The horizontal viewing angle (5.5 ) of the
detector was defined by a cylindrical slit (5 mm in diameter and
52 mm long) in the detector lead shield and by the width of the vert-
ical slit on the filter lead shield. The vertical viewing angle
(11.0 ) was defined by the detector slit. A charcoal-filter volume
element of 17.1 cm3 was thus viewed in each measurement, except for
the first and second volume elements, from the inlet, which were
8.5 cm3 and 14.8 cm3, respectively.

Prior to introduction of the CH3I challenge, the system was
equilibrated for a period of 20 h. Then 1.7 g of CH3I was introduced
at a uniform rate for a period of 60 min. The released activity was
monitored for 1100 h. Fresh silver mordenite traps were installed
periodically to minimize a possible deterioration in efficiency of
the sorbent, and to discard accumulated 1 3 1 I , in order to detect low
1 3 1I release rates more easily. A summary of the experimental condi-
tions is given in Table 1.

Table 1. Conditions for long-term CH3I desorption test.

Charcoal - type: Sutcliffe-Speakman, Type 208c,
cocoanut shell charcoal, 5 weight
% KI

- bed length: 20 cm
- bed diameter: 5 cm

Temperature: 353 K
Relative humidity (353 K): 72$
Linear flow rate: 23 cm-s"1

Pre-equilibration period: 20 h
CH3I challenge - total: 1.7 g (320 MBq)

- loading rate: H6 mg's"1 (90 kBq-s"1)
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RESULTS AND DISCUSSION

The variation of the total 1 3 Il activity deposited on the char-
coal filter and released from it, during CH3I loading and for an hour
afterwards, is shown in Figure 2. Noticeable activity breakthrough
was observed about 20 min into the test, and the activity rose expon-
entially thereafter until a few minutes after termination of the CH3I
loading. The trends in the released activity, during loading and
afterwards, are discussed below.

12 24 36 48 I08 I2O I3260 72 84

TIME /min

Figure 2. Deposited and released 1 3 1l activity for the period 0-2 h

Samples of the same charcoal were also tested for CH3
13 1-

decontamination under a range of conditions: humidity (0% to 95%),
temperature (313 K to 383 K ) , CH3I challenge concentration
(0.5 ng»cm~3 to 10 ng»cm~3), and charcoal bed length (10 cm and
20 cm). The decontamination factors (DFs) obtained in these experi-
ments were in the 10 "* to 105 range. The DF immediately prior to
termination of the high CH3I challenge fell to a value of ^ 2xlO

2.
This large drop in the DF was expected as the charcoal bed approached
saturation.

We have analyzed the variation of the DF during CH3I loading,
using the Wheeler and Robell equation. This equation was
originally derived for fixed-bed catalytic flow reactors and later
adapted to gas penetration through a charcoal bed^5'9 . The data
near the onset of the activity release obeyed this equation well and
a value of 1.2xlO~z g CH3I/g charcoal was determined for the loading
capacity of the charcoal. Also, from the same equation the pseudo
first-order rate constant for adsorption of CH3I on charcoal was
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determined. The latter was lH s"1, which is approximately the cor-
rect magnitude to account for the high DPs determined with low CH3I
concentrations (£nDF = kt, where k is the pseudo first-order rate
constant, and t is the residence time of CH3I on the charcoal filter),

The activity released following termination of the CH3I loading
is shown in Figure 3 as a function of purging time. Each curve
represents the activity accumulated on a new batch of sorbent.

2.25 2.65 3.05 3.45 3,85
LOG (TIME/ MIN)

4.25 4.65

Figure 3. Released 1 3 1I activity for the period 3-1100 h,
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Each point represents a measurement of the activity during the time
interval At, between t-At/2 and t+At/2. The counting interval was
gradually increased from 5 min at the beginning of the test, when the
°31I release rate was high and changing rapidly, to 60 rain towards
the end of the test, when the 1 3 1I release rate was low and changing
slowly. The data were corrected for 1 3 1I decay during the test, and
then differentiated to derive the corrected release rates shown in
Figure H. The observed release rates can be obtained by multiplying
each corrected release rate by the 1 3 1I decay term, exp(-tIn2/t1/2),
where ti/2 is the decay half-life of

 1 3 1I and t is the time from the
beginning of the test.

650

I.25 -

O.5O
2.0 2.5 3.0 3.5

LOG (TIME/MIN)
4.0 4.5 5.0

Figure k. Iodine-131 release rate for the period 2-1100 h.
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Two distinct trends in the corrected release rate (R) vs time
(t) relationship were observed:

(a) For the period 1-5 h, the release rate fitted eq. (1):

RABq^h""1) = 2.3 x 106 ( t / h ) ' 6 - 2 6 ± 0 ' 3 2 . (1)

(b) For the period 5-1100 h, the release rate fitted eq. (2):

R/CBq'h"1) = 2.0 x 103 (t/h)"°*6*±0*°8 . (2)

The observed release rates can be obtained by multiplying the right-
hand side of eq. (1) and (2) by exp(-t£n2/ti/2), as explained above.
Table 2 lists the observed and corrected releases as a percentage of
the deposited activity for various time intervals.

Table 2. Percent of deposited 1 3 1i released during various time
intervals.

Time

0

1

5
50

300

0

Interval
(h)

_ x(a)

_ 5<a)

- 5 0 ( b )

- 3 0 0
( b )

- 1100.(b)

- 1100

Observed

1.

8.

3.

3.
1.

2.

9

5
7
0

8

X

X

X

X

X

X

10

10

10

10

10

10

-2

- 3

-3

- 3

-1

Corrected
13 1

1.9
8.1J

3.9
6.3

7.9
2.9

I

X

X

X

X

X

X

for
Decay

10"

10"

10"

10"

10"

10"

I

2

3

3

3

1

(a) Values for these intervals were obtained from actual
measurements.

(b) Values for thet?e intervals are mean values calculated
from eq. (2).

The normalized activity distribution along the length of the
charcoal bed at various times is shown in Figure 5. This distribu-
tion was corrected for end effects, which affected the first (0 cm)
and second (1 cm) measurements near the inlet, and for background,
which affected the lower count-rate values of Figure 5. The
distribution decreased approximately exponentially from inlet to out-
let and indicates that the bulk of the 1 3 1i was adsorbed on the first
few centimeters of the charcoal bed. A slight broadening and shift
(towards the outlet) of the distribution were also observed during
purging. Table 3 lists the percentage of the adsorbed activity in
the various segments of the charcoal bed as a function of purging
time. The observations regarding the activity distribution on the
charcoal bed complement the release-rate data, by showing very slow
activity migration towards the outlet.

The adsorption, desorption and isotopic exchange of CH3I, using
Kl-impregnated charcoals, has been the subject of several previous
studies^*10""1 . The key reactions involved are as follows:
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IO

I
CO
a

IO

10"'

8 IO 12 14 16 18 20

Figure 5. Normalized I 3 1 l activity distribution on charcoal f i l t e r
as a function of purging time.

CHsI(g)

CH3I*(g)

CH3I*(a) + KI(s)

CH3I(g)

CH3I*(g)

CH3I(a)

CH3I*(a)

CH3I(a) + KI*(s)

release

release

( 3 )

( 4 )

( 5 )

( 6 )

( 7 )
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Table 3. Percent of total activity deposited in various segments of
the charcoal bed.

First 5 cm First 10 cm First 15 cm

68 92 98
66 91 98
66 91 98
62 87 95
62 87 95
57 82 93
50 75 89

In the above equations, 1 3 1l is denoted by I*, and (g), (a) and (s)
denote the gaseous, adsorbed and solid phases, respectively. The
release of CH3I and CH3I* occurs following a number of adsorption/
desorption steps along the length of the charcoal bed.

Pertinent data (rate constants, isotherms) are not available
for a quantitative understanding of the observed release rates. How-
ever, a qualitative understanding can be developed using the above
reactions. For instance, the early (1-5 h) fast release and subse-
quent (5-1100 h) slow release trends can be explained in terms of the
relative rates of the above reactions. The rates of reactions (3)
and (4) are expected to be comparable to the collision rates of a gas
with a surface, and hence are relatively fast. On the other hand,
the rate of reaction (5) would be slow due to the limited mobility of
the adsorbed and solid phases. Thus, we propose that the early
(1-5 h) fast release was CH3I, which had not yet equilibrated iso-
topically with the KI on the charcoal. The subsequent (5-1100 h)
slow release was CH3I that was in isotopic equilibrium with the KI on
the charcoal.

The functional form of the observed release rates (R«t~n) is
attributed to the nature of the CH3l-charcoal isotherm and the number
of elementary adsorption/release cycles along the length of the char-
coal bed. Desorption along a type I isotherm, under conditions of
continuous purging, is known from the theory of gas chromatography to
result in tailing distributions , as observed here.

We are presently modelling this system, using the concepts dis-
cussed above, to increase our understanding of the underlying
processes so as to be able to predict the behaviour of these filters
under various conditions.

CONCLUSIONS

A practical conclusion of this study Is that in post-accident
environments simulated by this test, deep-bed charcoal filters
(impregnated with KI) are an effective barrier for both short-term
and long-term release of the niost penetrating radioiodine species
(CH3I). In this study, a CH3I challenge of 9xlO~

3 g CH3I/g charcoal
was used which is about one hundred times larger than the total
iodine (131I, 1 2 9I and 1 2 7I) challenge expected in a worst-case
accident in a CANDU reactor. Even so, very low release rates were
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observed, wMeh fell from about 0.3% per day for the first day, to
less than aoout l,5xlO~3% per day thereafter. These values are below
the rate .of 1% per day used in past CANDU licensing analyses.

In addition to the above, this study has provided detailed data
that will allow us to increase our understanding of the underlying
processes, particularly, the role of isotopic exchange. Under-
standing the underlying processes is important for predicting the
behaviour of these systems under a variety of post-accident
conditions.
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DISCUSSION
OSLINGER: During a LOCA scenario, radloiodine loading rate is
weighted to the Beginning of the scenario.. Why was linear loading
(constant rate) chosen.' This is optimistic.

VIKIS: We used a linear loading rate as a matter of choice to
simplify experimental interpretation by reducing the number of
variable parameters.

OSLINGER: What I am thinking about is, you are saying that the
release of radioiodine is more significant at the beginning. But
that happens for a relatively short time period. This is when you are
loading the charcoal bed at the maximum rate. After 5 hours, there
may not be much radioiodine getting to the charcoal bed.because most
of the iodine that was going to get to the charcoal bed would have
already gotten there. I have the preception that when you look at
the two curves you may say that most of the time we are not releasing
at a very high rate. In reality, the first five hours is w'len you
would have released most of it anyway. That is why I thought when
you loaded it, in a case where 90% of the loading occurred in the
first hour or two hours, you might find that the second part of your
experimental curve wouldn't be very significant when applied to a real
load case. I can see that when you did the experiment, you wouldn't
want to vary too many parameters at once, but I am thinking that,, may-
be the next step would be non-linear loading just to simulate reality
a little bit closer.

VIKIS: Yes, perhaps what you are proposing may be more realistic.
Yes, but as you said, in deciding to try an experiment you want to
minimize variables and that is what we did.

KABAT: Your test bed, which contained approximately 200g of
charcoal, was loaded with 1.7g of CH3I. What would be the total
activity of radioiodine, at this loading, in a full scale adsorber
unit?

VIKIS: The loading in this experiment on a g I/g charcoal basis
is about 100 times higher than that predicted in a "worse-case"
accident. I do not recall the activity loading for this kind of
accident, but I would expect it to be higher than the activity loading
(1.6 MBq/g charcoal) used in the present test, which was used solely
for the purpose of monitoring rather than simulating radiation effects.
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DEUBER: Do you have corresponding data for carbon without an
impregnant? These data could help to understand the processes
involved.

No, we do not yet have other data. I also agree with you
with non-impregnated charcoals (or with plain CH.^-*7!)

VIKIS:
that data with non-impregnated charcoals (or with plain ^
would be valuable in assessing the relative importance of the isotope
effect vs. physical adsorption. The effect was much higher than we
expected because we wanted to cover any situation and to show the
worse kind of release that we can have.

DEUBER: I understand why you have this high loading, but on the
other hand, I doubt whether isotopic exchange is very important with
this very high loading.

VIKIS: We are talking about 1.7 g of methyl iodide versus 10 g
of potassium iodide for that particular charcoal. So there is still
lots of iodide to achieve isotopic exchange. Of course, any isotopic
exchange would have a limited rate and certainly at the beginning,
as you saw it, it looks like the system was still equilibrating.
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A STUDY OF ADSORPTION PROPERTIES OP IMPREGNATED CHARCOAL
FOR AIRBORNE IODINE AND METHYL IODIDE

Li Qi-dong, He Sui-yuang

Fudan University

Shanghai, China

Abstract

The adsorption characteristics of airborne radioiodine and methyl
iodide on impregnated charcoal were investigated.

The activated charcoal tested was made from home-made oil-palm
shells, and KI and TEDA were used as impregnants. A new technique was
used to plot the dynamic partial adsorption isotherm at challenge
concentrations (concentration range of iodine: 1-20 ppm v/v) .

Some adsorption properties of the impregnated charcoal were es-
timated with the dynamic partial adsorption isotherm.

The dependences of the adsorption capacity and penetration be-
havior for airborne iodine and methyl iodide on the ambient conditions
(temoerature, relative humidity, and superficial velocity) were studied.

I. Introduction

The gaseous effluent is of primary importance during the operation
of nuclear power plants under normal and accident conditions. If some
radioactive wastes are released to the environment, radioactive iodine
and methyl iodide are conspicuous in the gaseous effluent.

For many years, therefore, on generation of iodine, the release
mechanism, the properties, the forms, the trapping and retention .
behavior and health effects have been the subject of numerous studiesi^

The impregnated charcoal we have developed was made from oil-palm
shells impregnated with TEDA, Kl, and its optimum operation parameters
were determined.

In this study, we have carried out screening tests and a series
of experiments for adsorption characteristics of the Impregnated
charcoal.

We have used 23 types of charcoal in our screening test, as de-
scribed in Table 1, and we chose oil-palm shell base carbon with 2%
TEDA-2% KI impregnation for further experiments. The adsorption of
elemental iodine and methyl iodide has been experimentally evaluated
to observe the effect of varying certain operating parameters, such as
inlet concentration, temperature, relative humidity, superficial
velocity, and bed depth. The parameters presented may be useful in
designing charcoal adsorber systems for radioiodine retention in nuclear
power plants.

78



18th DOE NUCLEAR AIRBORNE WASTE MANAGEMENT AND AIR CLEANING CONFERENCE

Table 1 Kinds of Activated Carbon used in Screen Tests

Sample No.

3
8
11

13
14

15
16

17
18

20

21

22

Base Carbon

Oil-palm shells

Oil-palm shells

Oil-palm shells

Oil-palm shells

Oil-palm shells

Oil-palm shells

Oil-palm shells

Oil-palm shells

Wood (Sawdust)

Oil-palm shells

Oil-palm shells

Phenolic resin fibre

Impregnation

15 % Hypo

Washing with water

10 % Hperazine

None

10 % KI

10 % HMTA

10 % TH3A.

2 % TEBA-2 % KI

None

5 % TEDA-2 % KI

2 '% TEDA-2 % KI

None

Benzene Adsorption
%

30.0

38.0

38.0

37-38

37-38

37-38

37-38

37-38

-
-
-
-

I I . Preparation of Activated Carbon and Screening

Preparation of Impregnated Charcoal

We have prepared 23 different kinds of charcoal. The procedure for
producing impregnated .charcoal is as follows:

Oil-palm
shells

Dry-
distillation Carbonization Crush

Screening
6-16 mesh

Activation
fey high

temperature steam
Impregnating Drying lacking

Fundamental properties of oil-palm shell base carbor before 5m-
preganting are listed below (Table 2).

Procedure for Screening

Test equipment. By the above process, we obtained 23 different
impregnated charcoals and then screening tests were carried out se-
quentially under the same conditions.
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Table 2. Fundamental properties of oil-palm shell, base carbon.

Benzene adsorption

Particle size

Moisture content

Specific surface

Wear strength

Spontaneous ignition
temperature

Mode pore size

Mean pore size

-

6-16 mesh

-

1013.4 m2/ g

98 #

490 °c

10 ft
lift

Pore size

Pore size r

0-20

20-40

40-80

80 - 120

120 - 160

> 160

distribution

<*) Pore volume {%)

33.44
Z5'6?
14.48

12.72

8.13

5-56

Air

Ai r

FIGURE 1. FLOWSHEET OF TEST EQUIPMENT FOR ADSORPTION OF ELEMENTAL IODINE

1,2 glass wool prefilter. 3,20,21 gas dryer. 4,5,6,,22,23 rotaneter. 1] con-
trolling thermometer. 13 dry-bulb thermometer(controllable). 14 wet-bulb thermometer.
10 automatic contral heater(furnace). 7 irteam generator. 8 automatic control heater
(piped). 12 radioiodine generator. 9 cooling jacket for iodine generator. 15 consta-
nt temperature bath. 16 gas mixer. 17 adsorption tube(l.D. 18 mm). 18,19 gas absorp-
tion bottles.24 safeguard. 25 vacuum pump.
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Figure 1 presents a schematic diagram of the experimental system
'employed to carry out screening and to acquire experimental informa-
tion on the adsorption properties of radioiodine on charcoal beds.

The experimental system was placed in a ventilation chamber and
kept at constant temperature.

Air entered the experimental system from three different inlets:
(1) Wet air: Air was permitted to flow through glass wool

prefliter 1, and rotameter 4. It then entered steam gen-
erator 7> by controlling thermometer 11, to acquire the air
moisture required.

(2) Heated air: Air was permitted to flew through glass wool
prefilter 2 and rotameter 5, then enter automatic control
heater 8 to acquire required temperature.

(3) Iodine air: Air was permitted to flow through gas dryer 3
and rotameter 6, then enter radioiodine generator 12, where
crystals of elemental iodine labeled with 1-131 were allowed
to sublime. The effluent from the iodine generator is
iodine in air.

First, wet air and heated air were mixed. By dry-bulb and wet-
bulb thermometer, relative humidity was determined and the temperature
and relative humidity regulated. Then, the mixed air and iodine air
were combined in gas mixer 16. The effluent from the gas mixer was
test gas.

The test gas was permitted to flow through 1% KI solution in gas
absorber 18, gas dryer 20, and rotameter 22. Total iodine concentra-
tion (normal iodine and radioactive iodine) in the flow was determined
by iodimetry analysis and calculation. The test gas from the gas mixer
was introduced into the charcoal bed and adsorption tests were carried
out at constant temperature. The exhaust air flowed through safeguard
24 into a discharge vent.

This test system operated at negative pressure to assure security
of operational personnel.

For the sorption test with methyl iodide, the equipment in Figure
2 was used.

This test equipment is almost the same as that shown in Figure
1. The only differences are in the radioiodine generator, sampling,
and analysis.

Figure 3 is the methyl iodide generator. It is almost the same
one as presented in reference (2).

In the experiment, the generator was placed in the ice water
bath. Challenge methyl iodide concentration was regulated by changing
the temperature of the ice water bath and the diameter of the dif-
fusion tube. A temperature of -5 to -10°C and a diameter of 0.25 mm
were used for the low concentration test. The detector for total
methyl iodide was a gas chromatograph (Type 104) with a linearized
electron capture detector. Gas was sampled directly from the system.
This test system operated at positive pressure.
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FIG. 2 FLOWSHEET OF TEST IRUIHIENT FOR SORPTION OF METHYL IODIDE

1,2 glass wool prefilter. 3,19,20 gas dryer. 4,5,6,21,22 rotameter. 7 steam
generator. 8 automatic control heater(piped). 9 methyl iodide generator. 10 automatic
control heater(furnace). 11 controlling thermometer. 12 vacuum flash. 13 dry-bulb
thermometer(controllable). Ik wet-bulb thermometer. 15 constant temperature bath.
16 gas mixer. 1? adsorption tube(l.D. 18mm). 18 adsorption tube for preadjestment.
23 safeguard. 24 compressor.

FIGURE 3

METHYL IODIDE GENERATOR

Diffusion
tube

Liquid
.evel
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Principle of screening. The principle of screening is to compare the
decontamination factors of various impregnated charcoal at the same
experimental conditions, Table 3.

Table 3. Screening test conditions for various impregnated
charcoals for adsorption of iodine and methyl iodide

Conditions of adsorption

Rirticle size (mesh)

Adsorption temperature (°C)

Relative humidity {%)

Superficial velocity (Cm/sec)

Inlet concentration (, yg/L)

Specific radioactivity (ci/L)

Duration of run (hr)

Iodine

8-16

40 °G

95%
28.4

150

10"7

1

Methyl iodide

8-16

40 °G

95%
28.4

146
Q

5/10"8

1/6

Results of screening.
(1) The oil-palm shell base carbon was better than wood base

carbons, phenolic r̂ esin fiber base carbons and oil-palm base carbons,
because it adsorbs iodine as well as methyl iodide. The fiber base
carbon had excellent characteristics for adsorption of elemental
iodine so the fiber base carbon may be used in nuclear air cleaning
if it can be impregnated successfully.

(2) The oil-palm shell base carbon was treated by different
impregnants including Na?S2C>3.5H2O, piperasine, KI, HMTA, TEDA and
washed with water. TEDA is the best impregnant among them because it
has the biggest decontamination factor and KI was used as a secondary
impregnant.

(3) Selected 2% TEDA-2$KI impregnated charcoal was used as
adsorption material for iodine filters (summary of properties in
Table 4). Because all TEDA to KI ratio impregnated charcoals have a
high decontamination factor, spontaneous ignition temperature and
cost are considered.

Table 4. Fundamental properties of 2 % TEDA-2 % KI impregnated charcoal

Benzene adsorption

Particle size-

Ash content

Moisture content

Specific Surface

Wear strenth

Spontaneous ignition
temperature

Mode pore size

Mean pore size

38 #
8-l6 mesh

3 %

5%
1000 m2/g

92 %

It/} c®r>

14 k
11 k

Pore size distribution

Pore size r (R)

0-20

20-40

40-80

80 - 120

120 - 160

> 160

Pore volume ( %)

72.13

6-58
9.86

6.70

3.10

1.62
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III. Adsorption properties of Impregnated charcoal
for airborne elemental iodine

In this section, adsorption characteristics of elemental iodine
are given. The dynamic saturation capacity of impregnated charcoal
was determined over a challenge concentration range. Partial ad-
sorption isotherms were obtained. Also, the effect of temperature,
superficial velocity, and relative humidity on decontamination by
impregnated charcoal was examined.

Experimental procedure

The experimental system used is presented in Figure 1. The mesh
size of 2% TEDA - 2% KI impregnated charcoal was 8-16 mesh and it had
been exposed to static air for'one year (as would be the case in a
standby system). The adsorption pipe had an inside diameter of 13mm
and a bed depth of 5cm was used.

In the test of iodine removal, the charcoal bed was divided
by filter paper into 10 segments, and each segment contained about
0.7 g of charcoal. Inlet iodine concentration, 8 ppm v/v. Test
duration times 1 hr. The radioactivity of each segment was determined
and the decontamination factor of each segment obtained by the fol-
lowing equation:

(1)

ZAi "£Ai
where DFn: the overall decontamination factor of 1st to n th segments of the

charcoal bed
JT Ais Sum of the radiocounts of a l l segments of the charcoal "bed

X Ait Sum of the radiocounts of n segments of the charcoal bed

In•the t es t io determine isotherms, the charcoal bed was also
divided into 10 (5 cm long) segments, but each segment contained dif-
ferent quanti t ies of charcoal: 0 .3, 0 .3, 0 .3, 0.5, 0.5> 2.0, 1.0, 0.4,
0.4, 0.3 g. The tes t duration of every run depended on the concen-
t ra t ion of the gas. The following conditions were sa t i s f i ed : (1)
The 1st and 2nd segments should give approximately equal counts. (2)
The counts of the las t segment should be as low as the background.
A few hours to dozens of hours were used, and then each segment was
removed from the adsorption pipe and their ac t iv i ty counted.

Radioactivity on the impregnated charcoal was determined -by a
well-type Nal s c in t i l l a t i on spectrometer.

The dynamic saturated adsorption capacity of impregnated char-
coal (S) was obtained by Equation 2.
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S :r X
C « * vlO-6

W -xJ

where Â  : Radiocounts of the 1 st segment
A :̂ Sum of the radiocounts of a l l segments

G s Inlet concentration of iodine, (vg I 2 / L )
Q : Airflow rate through sorbent bed, ( L / h r )

W s Weight of charcoal of the f irst segment ( g )
t : Duration of adsorption ( hr )

S versus Co was plotted, and i t gave the dynamic adsorption isotherm.

Results and discussion

Dynamic adsorption isotherm of iodine

The adsorption isotherm of iodine was obtained at low concen-
trat ion and dynamic conditions. The conditions were: iodine con-
centration 1 - 2 0 ppm v/v size 8 - 1 6 mesh, bed depth of 5 cm,
relat ive humidity of 100?, superficial velocity of 28 am/sec,
temperature of 40°C. A plot of S gl/gC versus C ppm v/v i s presented
in Figure h.

From Figure 4, we can see that the curve looks like the 4th
type of Brunauer's isotherm.

S
tt
5

o

FIGURE

0.3 -

0.2 .

0 2 k 6 8 10 12 14 16 18

IODINE CONCENTRATION (ppm v/v)

DYNAMIC EARTIAL ADSORPTION ISOTHERM OP IODINE ON

IMPREGNATED CHARCOAL
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This isotherm shows that adsorption of elemental iodine on im-
pregnated charcoal is a kind of physical adsorption, and with increas-
ing concentration of iodine, multimolecular adsorption occurs.
Further it shows that elemental iodine is largely adsorbed physically
on charcoal surfaces, irrespective of any impregnant.

In addition, we can obtain dynamic saturation adsorption capacity
of the impregnated charcoal at different concentrations from this
isotherm by interpolation or extrapolation.

Effect of temperature. In order to test the effect of temper-
ature on the DP, four temperatures were tested: 40°C, 50°C, 60°C, and
70°C. Other conditions were: size of 8-16 mesh bed depth of b cm,
concentration of iodine of 8 ppm v/v, R.H. of 95%, superficial velo-
city of 28 cm/sec, duration of 1 hr.

Figure 5 shows that the decontamination factor tends to decrease
with increasing temperature.

Sffect of relative humidity. In order to test the effect of
relative humidity of DP, four relative humidities (40$, 50$, 60% and
100$) were tested. Other conditions were: size of 8-12 mesh, temp-
erature of 40°C, bed depth of 5 cm, concentration of iodine of 8.7~
ppm. superficial velocity of 2b era/sec, duration of 1 hr.

Figure 6 shows that the DP of iodine decreases as the relative
humidity is increased while the other variables are kept constant.

10

0 1 2 3

BED DEPTH (cm)

FIGURE 5 I 2 DECONTAMINATION

FACTOR AS A FUNCTION OF BED

DEPTH AND TEMPERATURE

a 10 "

BED DEPTH (cm)

FIGURE 6 1 2 DECONTAMINATION

FACTOR AS A FUNCTION OF BED

DEPTH AND RELATIVE HUMIDITY
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Effect of superficial velocity

Three superficial velocities; 28 cm/see, 40 cm/sec, 5'0 cm/sec,
were tested. The other variable conditions were: size of ti-lb mesh,
temperature of H0°C, bed depth of 5 cm, inlet concentration of 8.5 ppm,
R.H. of 100%, duration of 1/2 hr.

A plot of efficiency versus bed depth was made for superficial
velocities of 28, 40, and 50 cm/sec. Figure 7 shows that adsorotion
efficiency tends to decrease with increase in superficial velocity
at lower bed depth. But the adsorption efficiency tends to keep
constant at a bed depth above 3 cm.

100

o

§

S

90 -

80

28 cr

-

/

n/se^T

f?1
/ 50

/ HO

cm/sec

i

cm/sec

1.0 2.0 3.0

BED DEPTH (cm)

4.0 5-0

FIGURE 7 12 DECONTAMINATION FACTOR AS A FUNCTION OF BED DEPTH

AND SUPERFICIAL VELOCITY

IV. Penetration laroperties of the impregnated charcoal for methyl iodide

It seems that methyl iodide predominated, followd by elemental
iodine and products identified as HCI, from the TMI-II accident.
In addition, the adsorption capacity of general activated carbon was
greater for elemental iodine.than for methyl iodide. Therefore, the
adsorption characteristics of Impregnated charcoal for methyl iodide
was the crucial matter in the study of adsorbents for iodine removal.

The apparatus and the flow sheet used in the test are given in
Figure 2.

Results and Discussion

Effect of inlet concentration of methyl iodide on penetration

Penetrability is defined as the point when the exit gas concen-
tration equals 1% of the inlet concentration.

Many studies have been carried out on the relation between the
breakthrough time and inlet concentration, and many equations have
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been established^).

In this experiment, the inlet concentration was varied from 1
to 100 ppm v/v. The results of experiments are presented as a plot
of log tfc versus log COs which shows a good linear relationship in
the range of concentrations of the test (Figure 8).

Conditions of the test :

Mesh sizes 12 - 16

Bed depth: 5 cm

Face velocity: 28 cm/sec

R.H.v 95%

Temperature: 40°C

DFs 100

1 10' 100

Methyl iodide concentration, Co, ppm v/v

FIGURE 8 BREAKTHROUGH CURVES FOR METHYL IODIDE

Figure 8, the breakthrough time t^ can be approximated by the following

equation:

tD : (3;

From Equation 3 we can obtain the breakthrough time - concentration
relation in limited concentration range by extrapolation.

Effect of temperature of carbon column

The effect of carbon temperature was studied in the adsorption
test of elemental iodine,' but opposite results were obtained in the
methyl iodide tests. That is, the breakthrough time tended to in-
crease exponentially with increase in temperature. This result is
presented in Figure 9.

The conditions of test: inlet concentration of 15 ppm v/v, size
of 12-11 mesh, bed depth of 5 cm, face velocity of 2b cm/sec, R.H.
95% penetrability of 1%.

From Figure 9» the breakthrough time is approximatedy by the
following equation: _ ̂ > 6 o0.0846 T

where,
t: Breakthrough time (min)

T: Temperature of column {°C)
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s

0 20 HO

TEMPERATURE (°G)

FIGURE 9 BREAKTHROUGH TIME AS A FUNCTION OF TEMPERATURE

Effect of depth of carbon bed

The deep bed filter has recently drawn attention from experts all over the

world. Therefore, we think it is necessary to test the effect of bed de

The variation of methyl iodide breakthrough time with carbon bed depth

presented in Figure 10

200.

£

150

100

50

0

The conditions of test:

Concentration: 2k ppm v/v

R.H. : 95 %

DFs 100

Mesh size: 16 - 20

Pace velocity: 28 cm/sec

Temperature: 40°C

0 1 2 3 4 5 6 7 8 9
BED DEPTH (cm)

FIGURE 10 BREAKTHROUGH TIME AS A FUNCTION OF DEPTH OF CARBON BED

Figure 10 shows that the breakthrough time increases rapidly with

increases of bed depth*
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Effect of superficial velocity

By varying the superficial velocity from 16 to 35 cm/sec, Figure
11 shows that the CH3I3I1 breakthrough time decreased as the flow
velocity increased with the other variables kept constant.

100

I

0 -

Test conditions :

Inlet concentration: ̂ 5 ppm v/v

Mesh size: 12 - 20

bed depth: 5 <""

B.H. : 95 %

DP : 100

Temperature: kO °C

15b" ' ' 'zbb' ' '256' ' 'jbo
VELOCITY OF AIRFLOrf L/hr

FIGURE 11 BREAKTHROUGH TIME AS A FUNCTION OF AIR-FLOW

VI. Properties of used inrpregnated charcoal for iodine removal

Fundamental properties of used impregnated charcoal for iodine removal are

listed in lable 5. The data in Sable 5 show

(1) A slight decrease in specific surface;

(2) A slight decrease in spontaneous ignition temperature;

(3) A great decrease in the number of micropores ( i.e. for pore volume

of pore size 0 - 20 R )

The probable reason is that capillary walls collapsed after
iodine removal.
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Table 5* Properties of used impregnated charcoal for iodine removal

Specific surface 7.53

Spontaneous ignition
temperature

.66 m2/g

415 °C

Pore

Pore

0 •

20

40

80

12C

>

Mode

Mean

size distribution

size r ( j

- 20

- 40

- 80

- 120

) - 160

160

pore size

pore size

I) Pore volume ($)

40.20

37.02

19«35

1.91

0.91

0.61

11 g

11*

V. Concluding remarks

This is a study of the properties of an iodine removal filter for
the first nuclear power plant in China. Additional 1:1 rig testing is
being conducted in the pilot plant.

The experiments provided an effective impregnated charcoal for
iodine removal filter and a series of parameters for operation and
design.

The removal mechanism will be studied further.
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EVALUATION OF QUATERNARY AMMONIUM HALIDES FOR
REMOVAL OF METHYL IODIDE FROM FLOWING AIR STREAMS

Id* P, Freeman, T. G. flchacsi, 3. L. Kovach
Nuclear Consulting Services, Inc.

Columbus, Ohio

ABSTRACT

The quaternary ammonium halides cf several tertiary amines were used as im-
pregnants on activated carbon and were tested for methyl iodide penetration in
accordance with test Method A, AST!*) D3803, 1979, "Standard Test Methods For Radio-
iodine Testing Of Nuclear Grade Gas Phase Adsorbents". The results suggest that
the primary removal mechanism for methyl iodide-131 is isotopic exchange with the
quaternary ammonium halide. For example, a 5 Wt % impregnation of each of the
tetramethyl, tetraethyl, tetrapropyl and tetrabutyl ammonium iodides on activated
carbon yielded percent penetrations of 0.47, 0.53, 0.78, and 0.08 respectively
when tasted according to Method A of ASTM D3803. A sample impregnated with 5%
tetramethyl ammonium hydroxide gave a methyl iodide penetration of 64.87^, thus
supporting the isotopic exchange mechanism for removal.

It has been a generally held belief that the success of tertiary amines as
impregnants far radioiodine removal is a result of their ability to complex with
the methyl iodide. The results of our present work indicates that the superiority
of the tertiary amines similar to triethylene diamine and quinuclidine, when
compared to their straight chain analogs, is a result of their ease in reacting
with m8thyl iodide-127 to form the quarternary ammonium iodide followed by isotopic
exchange.

INTRODUCTION

Tertiary amine impregnated carbon had originally been developed for the con-
trol of various halide type war gases by the formation of stable quaternary salts
on the surfaca of activated carbon (1)(2)(3). Their use for the control of organ-
ic radioactive halides was introduced by British researchers (4)(5). The original
optimium halide complexing amines ware reported to be piperidine, morpholene,
piperazine, 4-amino pyridine and triethylenediamine (TEDA). In the last feu years
other amines were reported to bB as effective or superior to TEDA (7)(fi). The use
of these tsrtiary amine impregnated carbons is currently very extensive in ths U.S.
for air sampling and nuclear facility air cleaning application (9).

It has been generally assumed that the superiority of tertiary amines im-
pregnated carbons vs. that of stable iodine impregnated carbons for removing
CH3 i31I was due to the ease with which the tertiary amines form a complex with
the alkyl halide.. Results of tests using CH3 1 2 7I alone (10) or detection of
CH3 127j tagged with CH3 1 3 1I (11) supported the following removal mechanism for
tertiary amine impregnated carbons:

+
CH3I + N(CH2 - CH2)3N = N(CH2 - CH2)
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More recent results (12) on a te r t i a ry aroine impregnated carbon saturated with
CH3 I and yet s t i l l showing excellent removal eff ic iency for CH3 131j support
an addit ional removal mechanism:

N(CH2- CH 2) 3 NCH3
 + 1 2 7I " + CH3

131I = N(CH2-CH2)3 NCH3
 + 1 3 1I " + CH3

127I (2)

i.e., isotopit; exchange.

The extreme differences in reactivity (as evidenced by CH3 I removal)
between one tertiary amine and another (e.g., quinuclidine vs. triethyl amine (13)
has been explained as follows:

"Of two amines of equal base strengths but different
steric requirements, the base with the lou/er steric
requirements will react more rapidly with a given
halide".

A recent paper (7) correlated earlier work (5) on amine impregnated carbons
according to bass strength but ignored steric considerations.

The cage like structure of quinuclidine and TEDA obviously favor their re-
action with alkyl halide in general and methyl iodide in particular. Once the
quaternary ammonium halide has been produced, the halide ion is available for
isotopic exchange. Its rate of exchange should be a function of the stability of
the positively charged nitrogen atom and the type of halide.

In an effort to further elucidate the removal mechanism of amine impregnated
carbons for CH3 'I3''l, activated carbon impregnated with various quaternary ammonium
halides were evaluated according to ASTFI D3803 Method A and compared with results
obtained for their tertiary alkyl amine analogs.

EXPERIMENTAL METHOD AND PROCEDURE

Radioiodine penetration tests were parformed using Method A of ASTI"! D3803.
Counting of radioiodine was performed at the 0.364 MeV gamma level using a 4 inch
thallium activated sodium iodide well crystal. The substrate carbon for all tests
was NU30RB G-63 8X16 coconut shell activated carbon.

RESULTS

1 ̂ 1
TABLE 1 CH I PENETRATION (%)

m
IMPREGNANT (VT t) CH3 J PENETRATION (*>

Trimethylamine {5%) 53,,58
Triethylamina [5%) 47.16
Tributylamine (5%) 44.95
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IMPREGNANT

Tetramethyl
Tetraethyl
Tetrapropyl
Tetrsbutyl

IPIPREGNANT

Tetramethyl
Tetramethyl
Tetraethyl
Tetraethyl
Tetramethyl

TABLE 2 C H ^ I PENETRATION

. Ammonium Iodide (5%)
Ammonium Iodide (5%)
Ammonium Iodide (5%)
Ammonium Iodide (5%)

TABLE 3 CH3
131I PENETRATION

(WT %)

Ammonium Bromide (5%)
Ammonium Chloride {5%)
Ammonium Bromide (5%)
Ammonium Chloride (5%)
Ammonium Hydroxide (5$)

DISCUSSION

1 Tt

CH3 I PENETRATION {%)

0.47
0.53
0.78
0.08

CH3
131I PENETRATION {%)

29.1B
73.27
24.77
64.62
64. B7

Results in Table 1 indicate that the tri-alkyl amines are not effective for
removing CH3 131j under the conditions of the test. The improvement in performance
from the trimethyl amine to the tributhyl amine does not fit a simple mechanism.
Due to less steric hindrance the trimethylamine would be expected to react faster
even though both the triethyl and tributyl amines are stronger bases. Indeed in
aqueous solution trimethyl amine was found to react 61 times faster with propyl
iodide than triethyl amine (14). However, additional reactions between the
tertiary amine and the alkyl halide can take place (e.g., elimination, re-
arrangment) that could explain the better performance of the relatively more
hindered amine on the carbon surface.

The penetration results in Table 2 for- the tetra alkyl ammonium iodides show
marked improvement and support the isotopic exchange mechanism as a significant
contributor for removing CH3 1311 using tertiary amines. The low penetration
value for the tetra butyl analog indicates again that other reactions may be
taking place on the carbon or that the tetra butyl ammonium iodide promotes a
higher exchange rate for the isotopes.

If isotopic exchange is the primary removal mechanism for the tetra alkyl
ammonium halide then the rate of isotopic exchange for different halide should be
I y Br > CL and the corresponding CH3 1311 removal should follow the same order
(15). As SBen in Table 3, the CH3 131j penetration increases markedly for both
the bromide and the chloride derivatives, again supporting the isotopic exchange
mechanism. The last impregnant in Table 3, tetra methyl ammonium hydroxide,
while not promoting isotopic exchange, is a strong reagent for elimination and
rearrangement type reactions and performs as well as the chloride derivatives, but
indicates that reactions other than isotopic exchange are a minor factor for
removing CH, 131j
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CONCLUSION

The results of the present work support on isotope exchange mechanism for the
removal of CH3 131j by activated carbons impregnated with tetra alkyl ammonium
iodides. Recent work (16) using carbon -13 NMR spsctroscopy confirmed the presence
of the quaternary salt resulting from the reaction of TEDA and CH3I. Thus the
sucess of the tertiary amines like TEDA and quinuclidine for removing CH3 131j
lies in their ability to rapidly form the stable quaternary salt and subsequent
isotopic exchange.

Further work in this laboratory will entail looking at tha removal of less
reactive alkyl iodides than methyl iodide to further delineate the removal
mechanism. Hopefully, this effort mill enable more effective and less costly
impregnants to be developed for removing CH3 131j based on essentially funda-
mental principles.
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DISCUSSION

WATSON: As you kindly referenced In your paper, work was done
some twenty years ago at Windscale. It was, indeed, found that; these
halides, iodides in particular, were quite effect ve. It wasn't
pursued at the time, I Believe, because the compounds weren't readily
available. They are more available now and a little more work has
been done. They have been found to have excellent temperature prop-
erties, quite stable at 250°. The problem that was found was that
these compounds did not perform very well on aging. In fact, under
accelerated aging>which was the usual Windscale test of pure oxygen
saturated with water vapor, triethylenediamine hydriodide-treated
carbon soon performed less well than potassium iodide impregnated
charcoals. As we know, accelerated aging doesn't always represent what
really happens. I was wondering if you have done any work on more
realistic aging.

FREEMAN: First, there seems to be some confusion about the type
of compounds tested. We looked at quaternary ammonium salts, not
the tertiary amine salts. Thus,the aging characteristics may be quite
different than those found by the UKAEA. Secondly, we are in the
process of determining static and dynamic aging of the quaternary
ammonium halides, but have no data at this time. Finally, NUCON
undertook this test program .primarily to further the understanding of
the removal mechanism for CH.. 1 3 1 I .

3

DEITZ: I can add a little bit to his question_,if I may. We have
prepared crystalline addition compounds of methyl iodide and a large
number of tertiary amines. Many of these were impregnated (2 wt %)
on base charcoals and the penetration of methyl iodide I 13i was de-
termined. The trapping was very good. However, like the previous
speaker's comment, these materials were found to degrade rapidly upon
weathering in flows of outdoor air.
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Abstract

An extremely low retention was observed of the 1-131 con-
tained in the exhaust air, by an iodine filter of a boiling water
reactor. After filling the filter with fresh KI impregnated
activated carbon (8-12 mesh), the decontamination factor dropped
to about 1 within a few days. The extremely low retention of the
1-131 was due to the occurrence of unidentified 1-131 species in
high proportions. By increasing the residence time to about 1 s
and using a KI impregnated activated carbon of a smaller size, a
somewhat higher retention can be achieved.

I. Introduction

After a large release of radioiodine to the reactor water of
a boiling water reactor (BWR5) due to fuel element damages, unusually
high concentrations of radioiodine occurred in the purge air
(see below) and other exhaust air streams.(1) Concurrently an ex-
tremely low retention was observed of the 1-131 contained in the
exhaust air by the purge air iodine filter, although the latter was
filled with an impregnated activated carbon of high quality widely
used in the iodine filters of nuclear power stations (2O7B (KI)).
The decontamination factor for 1-131 contained in the purge air
dropped from values of lO^ and 10^ to a value of about 1 within a
few days. (Values of less than 1 were also found.) After filling
the filter with fresh carbon, the same phenomenon was observed.
By operation of a prefilter with unimpregnated carbon no improve-
ment could be achieved.

In this paper investigations are described which in particu-
lar aimed at determining the reasons for the extremely low retention
of 1-131 by the purge air iodine filter of BWR5. Moreover, first
findings were to be obtained on possibilities for improving the
retention. Additional 1-131 measurements in the exhaust air streams
of BWR5 are dealt with elsewhere.C)
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II. Data of the Iodine Filter

The purge air filter of BWR5 is essentially used in normal
operation to clean, possibly with an additional filter operated in
parallel, the exhaust air from areas of the reactor building with
potentially high radioiodine concentrations (e-g- containment and
rooms with ducts containing reactor water). CI»2; usually the purge
air filter is almost only operated during the refueling outage.
During the time of the investigations covered in this paper
(refueling outage), cnly the purge air filter investigated was used.
It was continuously operated with design flow (see below). Start of
filter operation was two weeks prior to the beginning of the in-
vestigations .

The purge air filter contains the usual components: Upstream
of the carbon filter a droplet separator, heater and particulate
filter are installed, downstream another particulate filter. The
bed depth of the activated carbon is 25 cm. Accordingly, the resi-
dence time is 0.5 s at the design face velocity of 50 cm/s (design
flow: 12 000 m3/h). During the investigations, temperature and
relative humidity of the inlet were about 30 °C and 40 % R.H.,
respectively. These are favorable filter conditions.(3)

The purge air filter was filled with the activated carbon
2O7B (impregnant: KI; grain size: 8 - 1 2 mesh). The performance in-
dex (K) of the carbon for methyl iodide (CH3I-I3I) was about 9 s~1
(30 oc, 98 - 100 % R.H., 50 cm/s). Thus, K was much higher than the
required minimum value of 5 s~>.(4)The carbon was filled into the
purge air filter four weeks prior to the beginning of the investi-
gations and two weeks prior to the start of filter operation.

III. Experimental

First, tests with 1-131 are described which aimed at deter-
mining the retention of 1-131 by different methods. Then additional
investigations on the loading of activated carbons with organic
compounds are dealt with.

Tests with 1-131

An overview of the tests performed is given by Table I. Both
tests on the iodine filter and on activated carbons were conducted.
The test agents were either 1-131 from the plant (contained in the
exhaust air) or methyl iodide (CH3I-13D prepared in the laboratory.
(CH3I-131 is generally used as model compound for organic iodine
species in retention tests.) The performance of the tests is de-
scribed only briefly in the following paragraphs. Details are to be
found in the literature. (->>

Tests on the Iodine Filter

The tests on the iodine filter with 1-131 from the plant were
performed in the usual way by operating standard radioiodine
species samplers in the inlet and outlet of the purge air filter
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over periods of one week. ( With the standard radioiodine species
samplers particulate, elemental and organic radioiodine can be
distinguished.)'^''After terminating the operation in the purge
air, some samplers were purged with laboratory air under essentially
the same conditions (purging time: one week). The tests with 1-131
from the plant were carried out over four weeks (sampling periods
13 to 16).

With the tests indicated, the decontamination factors of the
purge air filter for the 1-131 species mentioned was to be deter-
mined. In addition, by the distribution of the 1-131 on the carbon
beds of the samplers, knowledge on the occurrence of penetrating
1-131 species was to be gained. The purging of the samplers with
laboratory air had the same aim.

The test on the iodine filter with CH3I-131 prepared in the
laboratory was also performed in the usual way by injection of
CH3I-I3I into the inlet and simultaneous short-term sampling in the
inlet and outlet. The test was carried out three weeks after the
start of filter operation. In this test, by the retention of
CH3I-13I the leak tightness of the purge air filter was to be ex-
amined in the usual way.

Tests on Activated Carbons

In the tests on activated carbons with 1-131 from the plant,
bypas&es were operated with different carbons (contained in 10
successive beds of 2.5 cm depth) under the conditions of the purge
air filter over a period of two weeks. The following carbons were
employed:

(a) 2O7B (impregnant: KI, grain size: 8 - 1 2 mesh);

(b) 2O7B (impregnant: TEDA, grain size: 8 - 1 2 mesh);

(c) RKJ1 (impregnant: KI, pellet size: 1 mm)
(2O7B is made from coal, RKJ1 from peat.)

With these tests, by the distribution of the 1-131 on the
carbon beds, it was to be examined by which type of impregnated acti-
vated carbon the 1-131 from the plant can best be captured.

In the tests on activated carbons with CH3I-131 prepared in
the laboratory, the retention was determined of CH3I-131 by different
carbons prior to and after aging in the exhaust air over two weeks.
The carbons of the above mentioned bypasses were used. (After the
measurement of the 1-131 from the plant, the beds were mounted in the
laboratory test rig in the original sequence.) The test conditions
were the same as the operating conditions in the exheiust air
(30 °C, 40 % R.H., 50 cm/s). With these tests , the aging of the
different activated carbons with respect to the retention of
CH3I-I3I was to be investigated according to the standard procedure.
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Other Investigations

As already mentioned, the loading of activated carbons with
organic compounds was also measured. To this end the CS2 extracts
of the carbon from the purge air filter (2O7B (KI)) and from one of
the bypasses (RKJ1) were analyzed by mass spectrometry.(8) with
these investigations the reason for the aging of the carbon was to
be clarified . Moreover, penetrating iodine species were to be
identified.

IV. Presentation of the Results

In this chapter the results of the investigations are essen-
tially presented only. The discussion of the results is reserved
for the next chapter.

Tests with 1-131

First the results obtained in the tests on the iodine filter
will be presented, then those from the tests on activated carbons.

Tests on the Iodine Filter

As for the tests with 1-131 from the plant, Table II contains
the 1-131 concentrations and fractions of the 1-131 species in the
inlet and outlet of the purge air filter in the sampling periods
13 to 16. The fraction of the organic 1-131 was generally predomi-
nant. The fraction of the particulate 1-131 was usually insignifi-
cant.

The decontamination factors calculated from the concentrations
of the elemental and organic 1-131 are given in Table III. The de-
contamination factor for elemental 1-131 was mostly higher than
10-3. That for organic 1-131 was higher than 1 in the sampling pe-
riods 13 and 14 and lower than 1 in the sampling periods 15 and 16.
Thus, in the last two sampling periods the desorption of 1-131 was
greater than the adsorption.

The distribution of the 1-131 in the radioiodine species sam-
plers operated in the sampling periods 13 to 16 is illustrated in
Figs. 1 to 4. In the section for organic 1-131 (RKJ1 beds), mostly
a decrease of the 1-131 loading in the direction of flow was found.
However, in the inlet the 1-131 loading of the second RKJ1 bed was
higher than that of the first RKJ1 bed in sampling period 14.
The same applies to the outlet in sampling period 15. This means
that in these cases large proportions of penetrating 1-131 occurred.
From the distribution of the 1-131 on the RKJ1 beds it is obvious
that in the inlet the proportions of the penetrating 1-131 were
generally smaller than in the outlet.

The distribution of the 1-131 in the radioiodine species
samplers operated in the inlet in the sampling periods 14 and 15,
both prior to and after purging, is given in Figs. 5 and 6.
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In sampling period 14 a large migration of the 1-131 in the RK.71
beds was observed, in sampling period 15 a small migration only.

As for the tests with CH3I-131, the decontamination factor of
the purge air filter , measured between the sampling periods 13 and
14, was 2.4 • 1 0 . Thus, it was as high as the decontamination factor
for elemental 1-131 measured in sampling period 13 (2.6 • 103; see
Table III).

Tests on Activated Carbons

First the tests with 1-131 from the plant will be dealt with.
The distribution of the 1-131 on the beds of different activated
carbons is displayed in Figs.7 to 9. Both with 2O7B (KI) and
2O7B (TEDA), 1-131 was detected on all the beds. By far the most
1-131 was found on the first, bed. A nearly continuous rise of the
1-131 loading was observed from bed 3 till the last bed. This means
that even at a residence time of 1 s the 1-131 was not completely
trapped. With RKJ1, 1-131 was detected on the first ten beds only.
Most of the 1-131 was again found on the first bed. An additional
maximum occurred at the beds 5 and 6.

The results of the tests with CH3I-131 are presented in Figs.
10 to 12. These figures show the penetration as a function of the
bed depth at different aging times. The penetration curves for the
fresh and aged carbons differed slightly only. The aged carbons ex-
hibited a somewhat flat course of the penetration curve at low bed
depths. This means that a very small aging occurred, but. at small
bed depths only.

Additional Investigations

The mass spectrometric determination of the loading of acti-
vated carbons yielded the following results.. On the carbon 2O7B (KI)
employed in the purge air filter during the time of the investiga-
tions, essentially toluene and xylene were detected. These are com-
pounds that cause aging to a small extent only. (9 »1°' *'' 12) with the
carbon RKJ1 from one of the bypasses (beds 5, 10 and 15; compare
Fig. 9 ) , no loading was detected, compared with the fresh carbon.
In no case were iodine compounds identified.

V. Discussion of the Results

On principle the following reasons have to be considered
for the extremely low retention of 1-131 from tha plant by the purge
air filter:

(a) leakage;

(b) aging;

(c) occurrence of penetrating 1-131 compounds.

According to the decontamination factors for I2~131 and
CH3I-I3I of higher than 10-* (Table III) , the leakage was lower than
0.1 %. Hence, leakage has to be excluded. The same applies to aging.
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This is obvious from the mentioned decontamination factor of the
purge air filter for CH3I-I3I. It is also evident from the low pene-
tration of the carbon 2O7B (KI) by CH3I~131 after exposure to the
purge air (Fig. 10). An additional evidence is the loading of the
carbon from the purge air filter with compounds that contribute to
aging to a small extent only (toluene, xylene).

Hence, only the occurrence of penetrating 1-131 species
has to be considered for the extremely low retention of 1-131 from
the plant. Indeed, as mentioned in the preceding chapter, from the
distribution of the 1-131 on the RKJ1 beds of the radioiodine spe-
cies samplers (Figs. 1 to 4), the occurrence of penetrating 1-131
species is obvious. The fraction of the 1-131 that was retained by
the RKJ1 beds 2 to 4 (sampler components 6-8) can be regarded as
the approximate percentage of the penetrating 1-131 species. Thus,
in the inlet fractions of these species of up to about 50 % result
(sampling period 14). Consequently, by delayed penetration (desorp-
tion) only very low decontamination factors can be measured.
Additional evidences for the occurrence of penetrating 1-131 species
are the migration of the 1-131 in the RKJ1 beds of the radioiodine
species samplers during the one week purging (Figs. 5 and 6) and
the penetration of the 1-131 into deep layers of fresh activated
carbons (Figs. 7 to 9).

The nature of the penetrating 1-131 species is not known.
However, from the distribution of the 1-131 on the carbon beds it
can be concluded that 1-131 species which can be volatilized from
alkaline aqueous solutions (often referred to as "HOI") play no
significant part. '?,1^,14,15)

With the carbon 2O7B, over two weeks some of the 1-131 passes,
independently of the impregnant, through layers of 50 cm equivalent
to a residence time of 1 s (Figs. 7 and 8). Hence, by change of the
impregnant no improvement in the retention of the penetrating 1-131
can be achieved. With these carbons the same applies to the increase
of the design data of the filter by e.g. a factor of 2. In the
small-size carbon RKJ1 the migration velocity of the penetrating
1-131 is comparatively low (Fig. 9). Hence, with this carbon a some-
what lower penetration can be achieved.

From the findings indicated it follows that the sources of
the penetrating 1-131 should be determined with the aim of elimina-
ting the penetrating 1-131 in the exhaust air. Corresponding inves-
tigations are being performed.
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VI . Summary

Investigations were performed on the retention of 1-131 by a
purge air iodine filter, filled with the activated carbon 2O7B (KI),
of a boiling water reactor (BWR5) in order to determine the reasons
for the extremely low retention of 1-131 from the plant (contained
in the exhaust air). Moreover, first findings were to be obtained
on possibilities for improving the retention.

The main results are as follows:

(a) The extremely low retention of 1-131 from the plant was
due to the occurrence of unidentified penetrating 1-131
species in high proportions (up to about 50 % ) .

(b) By increase of the design data of the iodine filter by
e.g. a factor of 2 (increase of the bed depth to 50 cm
and the residence time to 1 s) nearly no improvement of
the retention of the penetrating 1-131 can be achieved
with large-size carbons, such as 2O7B (KI) and 2O7B (TEDA)
(grain size: 8 - 1 2 mesh). With a small-size carbon,
such as RKJ1 (pellet diameter: 1 mm), a somewhat lower
penetration can be achieved.
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Table I Tests performed with I (purge air)

Type

Test on the

iodine filter

Test on
activated
carbons

Agent

1-131 from plant c )

CH3I-131

1-131 from plant c )

CH3I-131

Time b )

weekly during continuous operation

of the filter over 4 weeks (SP 13 to 16)

after continuous operation of the filter

over 3 weeks (between SP 13 and 14)

prior to and after aging of 3 activated

carbons in bypasses of the filter over

2 weeks (SP 14 and 15)

a ) conditions: (ca.) 30 °C, 40 % R.H.

b)

c)

start of filter operation: at the beginning of SP 11

(SP: sampling period of 7 days)

contained in the purge air

z

I
II
m

I
m
>

i
I
O

1
m
m
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131 131
Table II I concentration and fraction of the I species

in the inlet and outlet of the purge air filter

Sampling
period

I"13'1 a)concentration

(Ci/m3)

Fraction of the 1-131 species '

(%)

Particulate Elemental Organic

Inlet

13

14

15

16

1.3 (-10)

1.4 (-10)

1.9 (-10)

3.3 (-12)

< 1

< 1

11

2

16

26

63

38

84

74

26

60

Outlet

13

14

15

16

3.2 (-11)

6.1 (-11)

3.0 (-11)

4.4 (-12)

< 1 < 1 100

100

100

100

a ) 1.3 (-10) = 1.3 • 10~10 etc.

b) 1-131 species (compare Figs. 1 to 4):

particulate : 1-131 retained on GF/A

elemental : 1-131 retained on DSM11

organic : 1-131 retained on RKJ1

- : detection limit of 2 (-15) Ci 1-131/m"

not exceeded
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Table III Decontamination factor of the purge air filter

for 131I from the plant a )

Sampling

period

13

14

15

16

Elemental

2.6

> 1.8

> 5.9

> 6.3

Decontamination factor

1-131

(3)

(4)

(3)

(2)

Organic

3.4

1.7

1.6

4.4

1-131

(-1)

(-1)

Total

4.1

2.2

5.5

7.3

1-131 b )

(-1)

(-1)

a) according to the values of Table II

b) elemental and organic 1-131
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80- •

20-

BWR 5
Purge air filter
—

1 -2
3-4
5-B

SP 13

Inlst
Outlet

:GF/A
: OSM 11

:RKJ 1

_JL

8 0 ' •

60' •

• • 5 * 0 -

20-

BWR 5
Purge air filter
— Inlet

Outlet
1 - 2 : 6 R A
3 - 4 : DSM 11
5 - 8 : RKJ1
SP 14

2 3 4 5 6 7 8
Sampler component

1 2 3 4 5 6 7 .
Sampler component

Distribution of 1^1 I in the radioiodine
species sompler

Distribution of 1 3 1 I in the rodioiodine
species sampler

Fig. 1 a) Fig. 2 a)

80'

~

~6O-
o

§40'
a
u.

20-

BWRE
Purge

! - 2
3 - 4

IL

5 - 8

SP 15

IT

oir filter
Inlet

Outlet
: 6F/A
: DSM 11
. RKJ 1

•

i

' 6 0 - -

20

BWR 5
Purge

—

1 - 2 :
3 - 4 :
5 - 8 :

SP 16

air filter
Inle!
Outlet
GF/A
DSM 11
RKJ 1

:

JFL
1 2 3 4 5 6 7 8

Sampler component
1 2 3 4 5 6 7 1

Sampler component

Distribution of ^ l in the radioiodine
species sampler

Distribution of l J l I in the radioiodine
species sampler

a)

b)

Fig. 3 a) Fig. 4 a) , b)

1-131 from the plant (also in Figs. 5-9); residence time:
0.075 s/bed; sampling time: 7 days (also in Figs. 5 and 6);
sampler components: see footnote *>) of Table II

Sampling time in the outlet 4 days only (mechanical defect)
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80

60-

&0-

20'

. BWR 5

Purge air filter
. Inlet

— O h

B *'**•• '68 h ,

1 - 2 : GF/A
. 3 - 4 : DSM '.1

5 -10: RKJ 1
. SP V.

•

. . . .

i I
.... I •

I | |

1 2 3 4 5 6 7 8 ? 10
Sampler component

Distribution of 1 3 1 I in the radioiodine
species sampler at different purging times
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— 6 r j .
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o

§ 4 0 '
D
X

20'

BWR 5

Purge air filter
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! " " ! 1 - 2 : GF/A

j —

•
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f P 15

nI
•

1 2 3 1 5 6 7 8 9 10
Sampler component

Distribution of 1 J 1 I in the radioiodine

species sampler ot different purging times

Fig. 5 a) Fig. 6 a)

a) Sampler components 1 and 2 not used during purging

with laboratory air; sampler componenLs 9 and 10

only used during purging with laboratory air
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so
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£*<>• • Residence tim*: 0.05 s/bed

5 30- •
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S20- •
8
£ 10--

Sampling time: 0.5 months
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Distribution of 131 I on activated carbon beds: 207BIKI)

Fig. 7
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Sampling time: 0.5 months
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Distribution of ^ I o n activated carbon beds:RKJ 1

Fig. 9
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10 15 20
Bed depth [cm!

Penetration as function of bed depth
at different aging times (Purge sir)

Fig. 10 a)

10-".

-I—i—I—r
207BCTE0R)

30°C, 10X U.K.

O.ls/Scm
DO
oo.s f months

!(l 15 20
Bed deptti ten]

Penelrstion as function of btd depth
at different aging times (Purge air)

Fig. 11 a)

I I I H 1
5 10 IS 30 25

Bed depth [cm]

a)

Fenttrslion as function of btd dspt.i
at different sging times (Purge sir)

Fig. 12 a )

CH-I-131 prepared in the laboratory
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DISCUSSION

KOVACH, J.L.: Have you analysed the KI (impregnant) content of
the SS20 7B carbon which was in place .-luring the high penetration
episode to see if it was in fact impregnated to the normal level?

DEUBER: We did not analyze the KI content. But tests with

CH 3
1 3 1I show that the carbon was of high quality with respect to

retention of CH 3
l 3 1I.

W3!LHELM: I would like to add that when, people at the. power
station' found that they had had an iodine release from the stack, they
got nervous and changed the carbon. And they changed it three or
four times in a relatively short time. All the carbons that were
changed were tested in the laboratory and found.to be all right when
tested with methyl iodide, but we have penetrating iodine. We didn't
release the information before because we had tested the exhaust air
from boiling water reactor stations and from pressurized water reactor
stations for years and only found penetrating forms of iodine in the
region of less than 1%. But, in this case, we had certain
conditions we hadn't had before: one was that we had
a relatively high content of iodine"lS1 and the coolant was higher
than we had seen before. Let's say it was a kind of little incident,
or a thing like that. Under these condition, the filter definitely
didn't work. Because we have experience in this field since 1968,
we just didn't believe that you could have so large an amount of
penetrating iodine. So we tested everything, such as filter leakage
and in-place tests with methyl iodine. The filter worked excellently.
We tested the carbon in the laboratory with methyl iodine and it worked
excellently. Finally5 we produced long samplers, 50 cm. deep, and
loaded them with exhaust air for only a short time and you could see
the peak of the penetrating iodine in the front of the column. Now,
if you ran laboratory air through it, you could move the iodine. We
have a lot of data on this. There is absolutely no doubt that there
was penetrating iodine and it amounted to, as Dr. Deuber said, up to
50%. In certain sidestreams which added to the total exhaust from
the stack, it was 100%. I think it is a. very serious question. How
good are iodine filters- which work under normal operation conditions,
but don't work under accident conditions? It is, finally, the
question that is behind all this work. I feel its a very serious
question.

SKAFI: Measurements in another BWR-plant were repeate2 under
similar conditions -as in the mentioned one, immediately after fuel
inspection shutdown Within the measurement limits, no penetrating
iodine was observed. You mentioned 50%, 50% of what? What is the
absolute value?

DEUBER: I mean 50$. Our measurements performed in bota BWRs and
PWRs over years always gave low percentages of penetrating iodine,
(order of magnitude, 150 This is the only case where we found much
higher percentage. We had never found anything like it and we came
to the conclusion that fche percentage of penetrating iodine species
which you can very often find is a very low order of magnitude, about
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1%. Therefore, we did not believe these measurements at first, and
this is the reason we made all these different kinds of measurements,
to look at the problem from all sides. Finally, we had no other
explanation than what I have given. That means that during those
weeks when we made these measurements, as far as the purge air was
concerned, an important stream in these German PWRs which contributes
a lot of I 1 3 1 to the stack zone, there was a very high percentage of
penetrating iodine species, much more than usual. Whether it was 40,
50, 60, or 90$, that is something that is less important. What is
important, I think, is that it was very high. As I mentionedjwe only
found it in this case, never before or later. All these measurements
referred to a refueling outage last year. When we repeated the
measurements in the fueling outage of this year, we found normal
behaviour, meaning very low or non-measurable amounts of penetrating
iodine.

SKAFI: It seems we are dealing with a special case here. At the
time of the measurement, perhaps, the air stream was contributing
100$ of the ultimate 1 or 5% of these penetrations.

DEUBER: What are the reasons? We don't know. What are the
species? We don't know. We used mass spectrometry and we couldn't
identify the reasons. We can continue the discussion, but this
would only be speculation.
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TRANSMISSION OF RADIOIODINE THROUGH SAMPLING LINES

Philip J. Unrein, Charles A. Pelletier.
James E. Cline, and Paul G. Voilleque

Science Applications. Inc.
Rockville. Maryland 20850

Abstract

An experimental program to measure radioiodine transmission
through sampling lines is described. The transmission depends upon
both deposition on and resuspension from the walls of the line.
The deposition and resuspension processes are themselves controlled
by the length, diameter, and material of the line and the condi-
tions under which it is operated. The operating conditions under
study are sampling flow rate, temperature and relative humidity.
Measurement results have been interpreted in, terms of a four-
compartment model of radioiodine deposition and resuspen&ion. The
model is applied to each of twenty or more segments of the line.
Experimental measurements of short-term transmission fiactions and
the deposition velocities derived from them are presented for six
lines. Data on resuspension rates for ths same lines were obtained
and are also discussed.

I. Introduction

Transmission of radioiodine through a sampling line depends
upon the characteristics of the line and on the radioiodine species
present. Early measurements in operating power plants*1) showed
that deposition and subsequent resuspension of radioiodine were im-
portant processes and that changes in chemical form probably occur-
red while the material resided on the surface. Previous measur-
ements of deposition of iodine species onto test coupon surfaces in
the laboratory^. 3) an(j onto vegetation*

4) have shown that ele-
mental iodine (I2) is the most reactive of the gaseous species.
The deposition velocity of hypoiodous acid (HOI) is <. 5% of that
for I2> Deposition velocities of organic iodides, such as methyl
iodide (CH3I), are even smaller. -0.1% of the deposition velocity
of I2. Thus the gaseous species of greatest interest is Ig.

To measure the deposition and resuspension rates for sampling
lines. Science Applications, Inc. (SAI) constructed the Radioiodine
Line Loss Measurement Facility. This facility, shown schematically
in Figure 1, is designed to permit measurements of inlet and outlet
concentrations of radioiodine in replicas of actual sampling lines.
The length, diameter, and material of the test lines are the same
as those of the installed sampling lines. The operating
parameters—sampling flow rate, heat-trace temperature, and rela-
tive humidity--3E0 also duplicated during the experiments.

This paper describes experimental work in progress in the
Radioiodine Line Loss Measurement Facility. Section II describes
the experimental methods used to test sampling lines in our facil-
ity. Section III describes the model of radioiodine transport
through sampling lines. The experimental measurements, presented
in Section IV, are interpreted in the context of the transport
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model. In Section V. tentative conclusions about the problem are
presented.

II. Experimental Methods

Figure 1 shows the sampling line replicas coiled in an iso-
thermal enclosure. The diameter of the coils was ~2.4 m. Radio-
iodine (131I) can be injected into two lines simultaneously.
During the injection period, radioiodine concentrations and species
distributions were measured using the SAI radioiodine species
samplers.(1.5,6) Following the injection period, the mixing
chamber was isolated and the sampling lines were purged with fil-
tered laboratory air to measure resuspension of radioiodine depos-
ited on the interior surface of the line. The chemical forms of
resuspended radioiodine were determined when the activity levels
were adequate. To assure positive detection, only total airborne
radioiodine was measured when the total activity was low.

All sampling cartridges were counted for 131i using a
Ge{Li) spectrometer whose calibration is traceable to the National
Bureau of Standards. Counting results were corrected for decay
from the end of the sampling period to the time of analysis. Some
sampling periods were long with respect to the half-life of 131j
(8.04 days). Radioactive decay during sampling was taken into ac-
count. This decay correction assumes that the concentration of
1 3 1I in the air stream was constant during the sampling period.

Most of the tests conducted have employed the most reactive
gaseous species, elemental iodine (12)- It was generated using
the Dushman reaction.

10.7 + 51" + 6H+ = 3I_ + 3H_O (1)

A reaction vessel (2-necJc boiling flask) containing 20% sulfuric
acid and potassium iodate was heated, stirred, and simultaneously
purged with a flow of helium. The production rate of labeled ele-
mental iodine was controlled by using a peristaltic pump to inject
the sodium iodide solution containing radioactive 13lj tracer
into the reaction mixture. This method allows an almost constant
production rate over long periods of time.

III. Radioiodine Transmission Model

Prior to discussing the measurement results, it is useful to
describe the conceptual model of radioiodine transmission through
sampling lines and to define the parameters being measured. Previ-
ous studies of the behavior of airborne radioiodine in building
ventilation exhaust and in discharge lines(3-) have shown that

o decay of the short-lived isotopes exceeds that expected
based on air transit times

o chemical species changes occur that shift the activity
balance from reactive (depositing) to nonreactive forms.

A simple two-compartment model was developed^1) that incorporated
the most probable mechanisms that account for the observed species
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changes and aging of the radioiodine. The mechanisms are deposi-
tion of reactive species on surfaces, species transformations on
the surfaces, and resuspension of deposited radioiodine. The
deposition and resuspension phenomena have been observed in many-
studies of radioiodine behavior. Although they have been observed
frequently, the species transformation processes are not well
understood.

An improved, four-compartment model, shown in Figure 2, in-
cludes three compartments for airborne radioiodine species: de-
positing forms (iodine associated with particulates and elemental
iodine). HOI. and organic iodides. The original model^1) assumed
that the total air volume and surface of the line could be treated
as single compartments. For long sampling lines, that assumption
is frequently not valid. The line is now treated as a sequence of
segments in which the assumption is valid. The model, for sim-
plicity, assumes a single form of iodine on the surface that has
different reaction rates to form each of the airborne species.
This simplification may limit the ability of the model to fit the
data. As more data become available, we will improve the model as
needed. The new four-compartment model is applied to each segment
of the sampling line. Two segments of a line are shown in Figure
2, but a typical application may involve 20 or more line segments.
As is shown, the outlet activity from one segment is the input for
the next line segment.

A single compartment is used for the I2 and iodine associ-
ated with particulates because, operationally, the two forms ars
not readily separated. It is known that some I2 is sorbed by
particulate filters, but the amount is variable. Also, desorption
of I2 from particulates has been observed. Treating the two
forms together will tend to overestimate the deposition in a sam-
pling line. The degree of conservatism will depend upon the size
of the particles present.

The species transformations are believed to take place on the
surfaces, but the transformation chemistry is not considered in
detail in this model. Deposition velocities for HOI and organic
iodides are much smaller than for I2.

The four simultaneous differential equations that describe
the model in a particular line segment in Figure 2 are:

l3 + r 3 * S "
 ( X + X v + S3>

= X4 + r4qs " (X + \ + V q4dt
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93

13

14

r4

in which q12
 i s t n e airborne radioiodine activity (yCi) in

elemental form or associated with particulates
is the airborne activity (uCi) of HOI
is the airborne activity (viCi)residing on the
surface of the line
is the mean rate of injection of particulate and
elemental forms into the sampling line (uCi/sec)
is the mean rate of injection of HOI into the
sampling line (iiCi/s)
is the mean rate of injection of organic iodides
into the sampling line (uCi/s)
is the average resuspension rate constant (s-1)
for particulate and elemental forms
is the average resuspension rate constant (s"1)
for HOI
is the average resuspension rate constant (s-1)
for organic iodides
is the total resuspension rate constant (s-1)
(r12 + r3 + r4)
is the radioactive decay rate constant (s~x)
is the rate constant (s-1) for removal of airborne
radioiodine in the air exiting the sample line
is the deposition rate constant (s-1) for
elemental iodine and that associated with particulates

83 is the deposition rate constant (s-1) for HOI
84 is the deposition rate constant (s-1) for organic

iodides.

The last four rate constants in the list. X v and the b±.
can be expressed in terms of other parameters. The rate constant
X v is equal to Q/V, where Q is the sampling flow rate (cm

3/s)
and V is the line segment volume (cm3). The deposition rate
constants for the different species. 8^. are the products V ^
(A/V), where the V^i are the deposition velocities (cm/s), and
(A/V) is the surface-to-volume ratio (cm-1) for the line segment.

IV. Experimental Results

Sampling Line Characteristics

Six different sampling line replicates have been studied.
All of the lines were stainless steel and normally operate at
ambient temperature and relative humidity. Test conditions were
comparable, with temperatures between 25° and 30°c and relative
humidities in the range 25 to 70%. None of the lines was chemical-
ly cleaned prior to testing. The characteristics of the lines
thought important to radioiodine deposition and resuspension are
given in Table 1. Lines 1. 2. 5, and 6 have similar diameters and
surface-to-volume ratios (A/V), with lengths ranging from 15 to
nearly 80 m. Line 3 is also rather similar to these four lines.
The most unusual line in the group is Line 4, with a surface-to-
volume ratio that is three times greater than that of the other
lines and the lowest sampling flow rate.
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Table 1. Characteristics

Characteristic

Inside Diameter (cm)
Length (cm)
Flow Rate. Q (cm3/s)
Ratio A/V (cm-1)

a. All lines tested

Deposition Velocities

Line 1

2.22
3048
1416
1.80

Line

2.22
1524
1416
1.80

were made of

i of Sampling Lines

2 Line 3

1.91
4293
944
2.10

Line 4

0.64
4267
28.3
6.30

Testeda

Line 5

2.21
7803
944
1.81

Line 6

2.12
7498
1321
1.89

Type 316 or 304 stainless steel.

The radioiodine species of greatest interest for these
studies is I2. and it was used in most of the experiments. One
test was performed in which CH3I was injected into Lines 3 and 4;
no evidence of deposition was found although evidence exists^3'?)
for the deposition of organic iodine. Table 2 shows the radio-
iodine injection periods, measured transmission fractions, and the
average deposition velocities for I2 estimated for in these sam-
pling lines.

Table 2. Injection Periods. Measured Transmission
Fractions, and Average Deposition Velocities for

12 in Sampling Lines

Experimental Results for Elemental Iodine

Line

1
2
3
3
4
4
5
6

I2 Injection
Period (hr)

1.2
1.2
0.5
2.1
0.5
2.1
4.3
4.3

Measured
Transmission
Fraction

0.75
0.78
0.23
0.62
0.0013
0.0045
0.58
0.72

Average
Deposition

Velocitv (cm/s)

0.020
0.032
0.054
0.018
0.027
0.021
0.0095
0.0088

The observed deposition velocities are similar to the value
of 0.018 cm/s reported by Kabat(3> for untreated stainless steel
coupons under low humidity conditions. However it should be noted
that the measured transmission fractions (Table 2) are much larger
than would be predicted using the model proposed in the same paper.
That method^3) does not consider resuspension and greatly over-
estimates deposition losses in sampling lines.
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Resuspension Rates

Following the period of radioiodine injection, filtered
laboratory air containing no 1 3 1I was drawn through the test line
at the normal sampling flow rate. The line outlet concentrations
were monitored to determine the 131i activity resuspended from
the interior surface of the line. Table 3 shows the number of re-
suspension rate measurements made and the total duration of the
sampling. Following testing of Lines 1 and 2, the resuspension
sampling periods were shorter ancl more frequent. It was necessary
to increase the sampling period as the measurements progressed to
assure that the 131j activity collected would be adequate for
analysis. Estimated average totail resuspension rates are given in
the last column of the table.

Line

1
2
3
3
4
4
5
6

Table 3.

Number of
Measurements

4
4
9

15
9

15
9
9

Measured Resuspension Rates

Total
Duration

(hr)

455
455
742
904
742
904
282
282

Average
Resuspension
Rateau.s-1)

6xlO-6

5xlO~6

7xlO~6

lxlO~5

1X1O~6

lxlO~6

7xlO~6

lxlO-5

a. Resuspension rate decreased with time; multiple component
parameter would be more representative.

The measured distributions of the species of radioiodine resus-
pended from the sampling lines are shown in Table 4. Elemental
iodine was nearly always the dominant form. The fractions of HOI
and organic iodides were generally larger during later sampling
periods, but the increase ways not monotonic.

The average resuspension rates lie between 10~6 and 10~5

s"1. However, as noted in the table, the results suggest that
there is more than a single resuspsnsion rate present. This gives
the effect of a resuspension rate that changes with time. This
would be the case if there were more than the single surface reac-
tion box assumed by the model. We may have to modify the model
either to include more surface compartments or to describe resus-
pension by a more complicated expression that accounts for the same
phenomenon.
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Table 4. Measured Distributions of Resuspended
Radioiodine Species (%)

Organic

Line Part.a

81.5
85.8
79.3
35.5
-53
38
83.9
85.9

HOI

1.0
1.3
7.0
8.0
~23
36
5.6
5.5

Iodides

571
2.6
4.5
4.0
-12
25
3.7
3.8

a. Rsdioiodine associated with particulates.
b. Laboratory air drawn through the line was not filtered.
c. Species concentrations variable; one or more components were

below detectable levels during some sampling periods.
d. Radioiodine species measurements made during first tesuspension

period; total l31i activity measured during the other 14
periods.

V. Conclusions

Both (a) deposition and (b) resuspension of deposited ac-
tivity affect the transmission of radioiodine through sampling
lines. Measurements of transmission factors, deposition veloci-
ties, and resuspension rate constants using replicas of sampling
lines have been performed in SAI's Radioiodine Line Loss Measure-
ment Facility. Transmission of radioiodine has been found to be
strongly dependent upon iodine species and upon the characteristics
and operating conditions of the sampling line. Measured short-term
transmission factors have ranged from less than 0.5% to nearly
80%. The experimental data have been interpreted in terms of a
four-compartment radioiodine deposition and resuspension model.
Deposition velocities foe elemental iodine derived from the meas-
urements have varied by about a factor of six, 0.01 to 0.06 cm/s.
with no clear correlation with operating parameters. Deposition of
methyl iodide was not detectable. Resuspension rates estimated
from the measurements lie between 10~6 and 10~5 s-1. There
is evidence that the simplified model employed may be inadequate to
describe the observed resuspension.
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DISCUSSION

ROVACff, J.L.: . What experimental data do you have for the
identification of the compound called HOI in your experiment?

VOILLEQUE: The radioiodine species sampling system used in
our experiments is described in References 5 and 6 of the paper. The
original identification of HOI and the basis for the arrangement of
beds in the sampling system were discussed in°Hypoidous Acid: An
Airborne Inorganic Iodide Species in Steam-Air Mixtures", presented :

at the Eleventh Air Cleaning Conference, by J.H. Keller et al. :

KOVACH, J.L.: With numerous laboratories reporting an inability
to get HOI into the vapor phase, how do you justify results showing
deposition and redeposition with a compound many people claim does
not exist in the vapor phase.

VOILLEQUE: As I said at the outset, my discussion of species
is an operational one. And that is, what is called HOI is that which
is trapped on the four alumina beds, loaded with iodophenol.

KO.VACH, J.L. : • Isn't it analogous to saying that "I'm not respon-
sible for the crime because somebody else made the gun."
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VOILLEQUE: I am not in a position to debate whether or not HOI
exists.

KOVACH, J.L.: You are reporting a deposition and a resuspension
of that compound, so you have to be responsible- for it.

VOILLEQUE: We define HOI to be that fraction of the iodine"131
that is trapped on iodophenol afcer passing through cadmium iodide.

GUEST: Recent tests" at Bruce A Nuclear Station have shown
that' similar stainless steel sample lines, 1 Inch in diameter and 56
ft. long, transmit 100% of injected methyl iodide and molecular-
iodine. We have found that there is absolutely no deposition in the
line. This is at very low concentrations - less than micrograms pei-
meter cubed. The analysis was performed by neutron activation of
samples collected on charcoal. We sampled from two to four hours
with these lines and found absolutely no loss whatsoever. I am
quite surprised to see your results.

VOILLEQUE: What species?

GUEST: We injected methyl iodide and molecular iodine.

VOILLEQUE: I would certainly not expect to find any loss with
methyl iodide.

GUEST: We were surprised, but we found no loss with molec-

ular iodine either.

VOILLEQUE: What was the flow rate through this line?

GUEST: 72 Lpm, similar to your flow.

VOILLEQUE: In a one inch diameter line?

GUEST: Yes.

VOILLEQUE: Well, that is not terribly different from what we
have seen. For comparable lines, we saw, over a two hour period,
transmission of 75-80%.

GUEST: We saw 100%.
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ANALYSES OF CHARCOAL FILTERS USED IN
MONITORING RADIOACTIVE IODINES

S. M. Langhorst
University of Missouri

Research Reactor Facility
and

Nuclear Engineering Program
Columbia Missouri

Abstract

Monitoring gaseous effluents for radioactive iodine is often
performed using small filters containing activated charcoal impreg-
nated with TEDA. In sampling effluents/ theise filters experience an
aging or weathering effect, much like that observed in large charcoal
filter beds. Evaluation of the radioiodine monitoring procedure used
at the University of Missouri Research Reactor has led to the devel-
opment of several analysis techniques designed to estimate the filter
collection efficiency, to measure amounts of stable halogens captured
on the filter, and to investigate water collection and TEDA loss
during the sampling period.

I. Introduction

Due to the low concentrations of radioiodines typically found in
the gaseous effluent of a nuclear facility, large volumes of the air
stream must be processed in order to monitor for the radioiodine
release. Concentration of the radioiodines is usually performed
using small filters containing activated charcoal impregnated with
TEDA. Activated charcoal provides an excellent adsorption medium for
many elements, especially the halogens. An impregnant, such as TEDA,
is added to the charcoal to increase the filter's ability to capture
organic forms of the radioiodines.

Investigation of the radioiodine monitoring procedure at the
University of Missouri Research Reactor was undertaken to determine
the capture efficiency of the charcoal filters used in the stack
effluent monitor. An efficiency was to be measured and incorporated
into the effluent release calculations and monitor calibration proce-
dures . From filters used in sampling the stack effluent, the capture
efficiency was found to decrease with increased sampling time. As has
been observed in large charcoal filter beds^ 1' 2' 3), the sampling fil-
ters were experiencing an aging or weathering effect, which caused a
decrease in capture efficiency with increase in use.

What was the cause of this aging effect? Could the decrease in
capture effiency be prevented? How could the capture efficiency be
easily measured? Investigation of these questions led to the devel-
opment of several analysis techniques for the charcoal filters. A
more intensive gamma-ray analysis was developed to observe how the
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radioiodines were captured on the filters. Neutron activation analy-
sis (NAA) was employed to measure the quantity of stable elements
captured,; in order to look for an "aging agent". Also/ prorapt gamma
neutron activation analysis (PGNAA) was used to measure hydrogen and
nitrogen content of the charcoal, in order to aasess possible water
vapor collection and loss of TEDA during sampling. The procedures
and results are summarized in this paper.

II. Iodine Monitoring at the MURR

The University of Missouri Research Reactor (MURR) is a 10 MW,
light water moderated/ pool-type research reactor. The core is
fueled with eight plate-type elements containing 6.2 kg of fully
enriched uranium/ and has a maximum flux of 6 x 101** neutrons • cm~2 •
sec"1. The reactor is typically operated at full power/ 24 hours a
day/ 7 days a week; with two to three shutdowns per week for refuel-
ing and sample changeouts; and one shutdown day every two weeks for
routine maintenance. The stack emissions released from the MURR
include air and gases exhausted from the core, pool, and various
experiments/ all of which can contribute to radioiodine release. Air
flow in the stack is estimated to be 5 x 105 Jl/min, with temperature
ranging between 24-31°C and relative humidity ranging between
22-57%.

A continuous sample of stack air is monitored using a Nuclear
Measurements Corporation Air Monitor/ Model AM-22IF(4), wnich com-
bines particulate/ iodine/ and gas monitoring. Air is sampled, using
an isokinetic probe/ at a flow rate of ~ 220 A/min. The iodine moni-
tor consists of a shielded chamber containing a Nal(Tl) detector and
the charcoal filter housing. The buildup of activity on the front
face (air inlet) of the charcoal filter ia continuously monitored by
the Nal(Tl) detector,, which provides a. signal to a logarithmic rate-
meter circuit and graphic recorder located in the reactor control
room. The part of the gamma spectrum which is real-time monitored is
a 200 keV energy window around the 364 keV gamma-ray emission of
1-131. The counts from this energy window provide conservative,
on-line estimate of possible 1-131 release.

The charcoal filters^) used in the MURR iodine monitor contain
~ 25g of activated charcoal impregnated with 5% TEOA. Dimensions of
the filters are 5.7 cm diameter and 2.5 cm thickness,, Normally/ a
filter is used, or loaded with activity, in the iodine monitor for
one week, with the flow rate of 220 Jl/min. When removed, the filter is
quantitatively analyzed for gamma-ray activity using high resolution
gamma-ray spectroscopy. This consists of a 1000 sec live-time count
with the front face of the charcoal filter set on the face of a
Ge(Li) detector. The radioiodines usually observed from this weekly
gamma analysis include 1-131, 1-132, 1-133, 1-134/ and 1-135.

The activity measured on the loaded charcoal filters each week
is related to the concentrations of radioiodines released in the
staok effluent by the sample air flow rate, sampling time, and half-
lives of the isotopes. A factor which had not been determined was
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the efficiency of the charcoal filter to capture the radioiodines.
These filters are designed to sample for radioiodines rather than to
completely trap them/ and thus a collection efficiency of < 100%
would be considered acceptable/ if this efficiency were known.
Attempts to measure this capture efficiency f : the charcoal filters
loaded in the MURR stack monitor led to the discovery that as the
filters sampled more of the stack air, the capture efficiency
decreased/ or aging occurred.

Humidity and trace gaseous pollutants have been identified as
causes of aging in activated charcoals^2/3,6/7/8)_ i^e cause of the
change in capture efficiency observed in the charcoal filters used at
the MURR was not readily apparent. In an effort to measure how
activity was loaded onto the charcoal filter, a second gamma-ray
analysis was added to count the back face (air outlet) of the filter.
A "front-to-back" ratio (F/B) for 1-131 activity was calculated for
each loaded filter. A high F/B (~ 2) would indicate more activity
was captured on the front portion of the filter/ while a low
F/B (~ 1) would indicate activity was captured more evenly throughout
the filter. Filters exhibiting a lower F/B would be suspected of
having a lower capture efficiency. An average 1-131 F/B for the
stack loaded filters was found to be 1-3 ± 13%/ with values ranging
from 0.980 to 1.71. The 1-131 F/B for 58 filters loaded at differ-
ent times over one year was not found to be highly correlated with
either air temperature or humidity (correlation coefficients < 0.4).

III. Layered Filter Analysis

A more extensive gamma-ray analysis was developed to observe in
greater detail how the radioiodines were captured on the charcoal
filter. This analysis involved separately determining iodine concen-
trations on sequential layers of the charcoal filter/ thus providing
a loading profile of the filter. Differences in the radioactive
loading profile on the charcoal filter were also known to affect the
counting geometry/ as was evident from the F/B data. The analysis of
individual layers of charcoal not only provided data on the loading
profile/ but also provided a more consistent counting geometry by
which to determine the quantity of radioiodines captured on the char-
coal/ and hence a more accurate analysia.

To prepare a charcoal filter for this layered filter analysis/
the charcoal was removed from its polypropylene holder and then re-
placed into eight approximately equal layers/ with thin tissue paper
between each layer. The filter was placed in an iodine monitoring
system/ which sampled stack air parallel to the normal stack monitor.
Because of the layering and tissue paper/ a greater pressure drop
occurred across these filters/ but the flow rate was adjusted to
maintain the same flow rate as in the stack monitor. Sampling times
used for this parallel monitor ranged from one to fourteen days.
Immediately following the completion of sampling/ the filter was
analyzed intact (front and back faces) for gamma-ray activity. Front-
to-back ratios were calculated for the radioiodines. Next/ the fil-
ter was disassembled and each charcoal layer analyzed/ as well as the
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filter case; for gamma-ray activity. The mas:; of each layer of char-
coal was then measured.

Listed in Table 1 are data from two filt«rs analyzed in this
manner. Filter 30 was used to sample stack air for ~ 1 day and Fil-
ter 37 for ~ 1 week. Some differences can be seen between the two
filters in the F/Bs and the total activity captured. Filter 30 cap-
tured a lower amount of 1-131/ but appeared to have a greater capture
efficiency (higher F/B). The radioiodines with shorter half-lives,
1-132 and 1-134/ were captured at the same activity levels on both
filters/ but the F/Bs on Filter 37 were lower., These two iodine iso-
topes reached an equilibrium, apparently within one day/ where the
rate of activity captured equaled the rate of decay. However/ the
aging of the charcoal filter still changed the capture profile for
these isotopes. Equilibria may have also been established within the
week long sampling period for 1-133 and 1-135.,

The layered filter data were used to estimate the capture effi-
ciency by relating the cumulative activity captured as a function of
charcoal mass. Using a least-squares fit program^), the data were
fit to the following equation:

C = C o (1 - e-ax) (1)

where:

C = Cumulative activity captured at x (iiCi)

C o = Maximum cumulative activity captured (pCi)

x = Measure of charcoal depth given in mass (g)

a = Capture profile coefficient (g'"1)
An equation of the same form was used by Shiomi/ et.al.(lO),- in a
study of removal efficiencies for methyl iodide. Given data points
(x/C); the coefficients/ C o and a, were determined from the curve
fitting program. If an infinite amount of charcoal were used in a
filter, then the capture efficiency coulcJ always be considered to be
100%.

The data and fitted curves for Filters 30 and 37 are shown in
Figures 1 and 2. To compare the relative capture profiles/ the
graphs are given in % captured vs. charcoal mass. While the F/Bs
between isotopes cannot strictly be compared/ due to the different
gamma-ray energies used for identification, the ranking of capture
efficiencies was in fairly good agreement with the corresponding
ranking of F/Bs. Differences in the ranking of 1-132 and 1-134 were
observed and attributed to the poorer counting statistics as these
isotopes decayed during the analysis. Typical analysis time was 3.5
hours for one layered filter. For many of the layered filters ana-
lyzed, activity for 1-134 was less than the detection limits.

The total activity and capture efficiencies for the radioiodines
detected in each layered filter analysis are listed in Table 2. The
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Table 1. Radioiodines captured on layered filters

Filter 30
Total Vol. Air
3.7E8 ml

Ave Flow Rate
220 A/min

Filter 37
Total Vol Air
2.2E9 ml

Ave Flow Rate
220 A/min

Layer

1
2
n

4

5
6
7
8

Mass
iaL.

3.13
2.85
2.88
2.97

2.61
3.18
3.45
3.89

Ave Counting Error
F/B

Total

1
2
3
4

5
6
7
8

Ave COUP.
F/B

Total

24.96

3.54
3.46
3.12
2.57

3.12
3 = 17
2.78
2.98

ting Error

24.74

1-131

7.2E-4
4.4E-4
2.8E-4
1.9E-4

8.8E-5
5.8E-5
1.2E-4
5.2E-5

±25%
2.13
-1.9E-3

5.8E-3
5.3E-3
4.6E-3
2.9E-3

2.6E-3
1.8E-3
1.2E-3
i.iE-3

± 5%
1.49
2.5E-2

Acti

1-132

1.
8.
8.
5.

4.
1.
3.
1.

IE-3
5E-4
8E-4
OE-4

5E-4
5E-4
.1E-4
7E-4

±20%
1.
4.

8.
5.
6,
4,

6.
4,
2
2

±

1
4

.72

.4E-3

.8E-4

.7E-4

.9E-4

.5E-4

.4E-4

.8E-4
• 5E-4
.6E-4

20%
.36
.2E-3

vitv* (uCi;

1-133

4.
2.
1.
1.

7.
6.
6.
3.

±

1,
1,

5,
4,
4,
2

2
1
1
1

±

1
2

IE-3
7E-3
9E-3
4E-3

,5E-4
.6E-4
,0E-4
• 6E-4

5%
.73
.2E-2

.OE-3

.5E-3

.OE-3

.5E-3

.7E-3

.9E-3

.3E-3

.IE-3

5%
.42
.3E-2

1-134

3.
1.
7.
7.

1.
9.
5.
5.

±
1.
1.

1,
1
1
1

9
6
9
4

±

1
8

2E-3
6E-3
3E-4
IE-3

2E-3
6E-4
.8E-4
,3E-4

40%
.62
.6E-2

.5E-3

.3E-3

.9E-3

.IE-3

• 1E-4
.6E-4
• 5E-4
.3E-4

40%
.33
.8E-3

I-I35

4.
3.
2.
2.

1.
1.
7.
6.

±
1.
1,

3
2
3
2

1
1
7
1

±

1
1

7E-3
OE-3
5E-3
1E-4

.5E-3

.1E-3

.3E-4
• 6E-4

20%
.90
.4E-2

.2E-3

.6E-3

.3E-3

.IE-3

.9E-3

.6E-3
• 5E-4
.IE-3

20%
.19
.7E-2

2

o
m
z
r>
E3D
>
3D
O
O

m

|

i
m

m

>

§
>3D
«kO

>

z
o
<DOFEI

JU

i
m* All activities decayed to end of sampling period.
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Figure 1. Capture profiles for Filter 30.
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Figure 2. Capture profiles for Filter 37.
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Table 2.

Filter*
(Days of
Sampling)

17(7)
22(7)
23(7)
29(7)

30(1)
31(1)
32(5)
35(7)

36(7)
37(7)
38(14)
39(14)

40(14)
41(14)
42(14)
43(14)

44(7)
45(7)

Activity and

1-131

Acta

(uci)

1.2E-2
9.8E-3
6.4E-3
7.1E-3

2.0E-3
2.0E-3
6.3E-3
9.1E-3

1.2E-2
2.5E-2
1.2E-2
1.0E-2

1.2E-2
1.6E-2
2.3E-2
3.6E-2

2.0E-2
1.4E-2

Effb

87
95
93
89

97
93
74
78

77
77
69
48

66
38
48
65

47
70

capture efficiencies of radioiodines in

1-132

Acta

(UCi)

3.9E-3
2.6E-3
3.4E-3
2.9E-3

4.4E-3
2.8E-3
3.0E-3
2.4E-3

3.2E-3
4.2E-3
4.7E-3
1.9E-3

3.4E-3
2.7E-3
2.4E-3
6.7E-3

3.8E-3
1.9E-3

Effb

82
95
86
87

89
82
69
73

80
53
48
11

55
10
13
32

64
36

1-133

Acta

(yci)

1.7E-2
1.2E-2
1.0E-2
1.4E-2

1.3E-2
7.9E-3
1.5E-2
2.0E-2

1.7E-2
2.3E-2
1.2E-2
1.2E-2 '

1.4E-2
2.3E-2
1.9E-2
5.2E-2

2.5E-2
1.8E-2

Effb

81
91
91
87

95
95
68
65

62
70
51
23

53
4
10
31

45
65

layered

1-134

Acta

(UCi)

8.5E-3
9.0E-3
1.0E-2
7.7E-3

9.5E-3
c

8.4E-3
c

9.4E-3
8.8E-3
9.5E-3

c

9.9E-3
c
c

9.4E-3

1.1E-2
c

Effb

63
85
86
79

91

69

47
48
47

86

60

81

filter analy

1-135

Acta

(uci)

1.4E-2
9.9E-3
1.0E-2
1.1E-2

1.6E-2
6.8E-3
1.4E-2
1.5E-2

1.6E-2
1.7E-2
1.2E-2
1.2E-2

9.6E-3
1.5E-2
1.4E-2
4.3E-2

1.7E-2
1.1E-2

Effb

86
87
82
81

96
90
58
53

61
59
65
37

58
12
23
31

42
58

I
s
m

3

m

s
in

m

o

55
o

2

b
c

Sum of activity detected in all layers.
Capture efficiency.
1-134 activity at minimum detectable for several layers.

33

m
o
m
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layered filter analysis of these filters was considered too extensive
for routine analysis of the stack filters. Instead, use of the F/B
to estimate the capture efficiency was studied. This relationship
for 1-131 is given in Table 3.

Table 3

Range
1-131

> 2
2.0 -
1.8 -
1.6 -
1.4 -
1.2 -
1.0 -

Relationship of F/E

of
F/B

.2
2.2
2.0
1.8
1.6
1.4
1.2

No. of
Data Points

0
1
3
7
6
6
2

1 to capture efficiency for

Average
Capture
Eff. (%)

100
97
93
90
80
61
42

Sample
Error (%)

3
4
5

20
20

The relation appeared to be non-linear, with significant decrease
occurring with F/B < 1.4.

IV. Neutron Activation Analysis of Charcoal Filters

The capture efficiency of the charcoal filters used in the MURR
iodine monitor was observed to decrease as the filters sampled stack
air. However, the capture efficiency measured at the end of sampling
was not constant for each week-long sampling period. Neutron acti-
vation analysis (NAA) was used to measure some of the stable elements
that were also captured on the charcoal and which may have affected
the capture of radioiodines.

An initial qualitative analysis of unused and stack loaded char-
coals revealed the additional capture of stable isotopes of iodine,
chlorine, and bromine from the stack air. Iodine and chlorine were
captured in significant quantities on the filters and, thus, were
considered to be possible causes of aging. Quantitative NAA for sta-
ble iodine and chlorine content was then performed on the layered
charcoal filters.

Three replicate samples of charcoal were prepared for NAA from
each layer of the layered charcoal filter. Each sample was irradia-
ted for 5 sec in a thermal flux of ~ 10 1 4 neutrons«cm~2-sec"1 and
analyzed, using nigh resolution gamm-ray spectroscopy to measure the
1-128 and Cl-38 induced activities. Data reduction was done via stan-
dard comparison.

Data from the NAA and the layered filter analyses for Filter 45
are shown in Figure 3. The curve fitting program was also used to
fit the stable iodine and chlorine data, where C and C o were cumu-
lative masses and given in units of milligrams. The stable iodine
was captured with the greatest efficiency, while the stable chlorine
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Figure 3. Capture profiles for Filter 45.

136



18th DOE NUCLEAR AIRBORNE WASTE MANAGEMENT AND AIR CLEANING CONFERENCE

appeared to have reached saturation. Comparisons of stable iodine
and 1-131 capture efficiencies to the total cumulative amounts of
iodine and chlorine in several layered filters are listed in Table 4.
Due to the apparent saturation/ curve fitting of the chlorine content
did not readily converge/ and therefore was not calculated for the
other filters.

Table 4. Comparison of capture efficiencies to iodine and
chlorine captured

Filter

22
23
29
30

31
35
39
40

41
44
45

Capture
Efficiency (%)

1-131

95
93
89
97

93
78
48
66

38
47
70

I

99
94
90
72

84
92
20
71

27
64
85

Total Cumulative
Capture (raq)

I

16
10
12
7

2
7

23
14

20
23
19

Cl

130
150
230
310

430
170
150
83

33
130
160

The values of capture efficiency for 1-131 showed a low corre-
lation to the quantity of stable iodine (r = 0.79) and chlorine (r =
0.59) captured on the charcoal filter. In laboratory tests, large
amounts of stable iodine and chlorine (10 to 50 times greater than
normal stack loading) were loaded onto a charcoal filter and did not
significantly reduce the capture efficiency of 1-131. For sampling
periods greater than one day/ correlation (r = 0.89) was observed
between the capture efficiencies determined for 1-131 and stable
iodine/ indicating both were affected by the aging process. Although
iodine and chlorine were found to also be captured on the stack
loaded charcoal filters, they did not readily appear to be the cause
of aging.

V. Prompt Gamma Neutron Activation Analysis of Charcoal Filters

Even though no high degree of correlation between capture effi-
ciency and humidity of stack air was obvious, the possibility existed
that water vapor might be captured on the charcoal filter. Masses of
the layered filters were measured before and efter loading to deter-
mine any change in mass, possibly from the collection of water vapor.
The changes in mass for a week of sampling ranged from a loss of
0.3973 g to a gain of 1.3832 g. Decrease in the filter mass sugges-
ted the possibility that a filter may have undergone volatilization
of TEDA impregnant during sampling.
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Prompt gamma neutron activation analysis (PGNAA) was used to
analyze for hydrogen and nitrogen content in samples of unused char-
coal and in charcoal from Filter 41. PGNAA employs the technique of
identifying elements by detecting the prompt gamma emissions from
neutron capture reactions. The MURR has a PGNAA facility(H) which
provides a thermal flux of ~ 5 z 108 neutrons*cm"2-sec"1„ Hydrogen
content was identified using the prompt gamma peak at 2.22 MeV and
the nitrogen content from the prompt gamma peak at 1.88 MeV,

The charcoal samples were prepared for analysis by weighing and
encapsulating the sample in 1 mil thick Teflon bags. Teflon was used
to keep the background hydrogen content as low as possible. The
charcoal samples were loaded in the PGNAA facility and placed under
vacuum to reduce background nitrogen content from air. Typically/
the samples were analyzed for a 14 to 16 hour data collection period.
The detection limits for hydrogen and nitrogen were both estimated to
be ~ 1 mg/g charcoal.

Results of the PGNAA on the charcoal samples are listed in Table
5. The unused charcoal samples were obtained from filters which had
not been exposed to any air flow and samples were obtained from each
layer of Filter 41. Filter 41 had been loaded with stack air for a
two week period/ over which time the filter increased 0.336 g in
mass. The capture efficiency for 1-131 on the filter was determined/
through curve fitting/ to be 37.8%.

Table 5. Hydrogen and nitrogen content of charcoal

Sample ID Sample Concentration {%)

H N

Sample
Mass (q)

Unused Charcoal
1 0.578
2 0.534
3 0.577
4 0.630

Layers of Filter 41
1 0.^70
2 0.595
3 0.558
4 0.679
5 0.413
6 0.465
7 0.411
8 0.464

0.80a

0.87
0.78
0.83

1.3
1.4
1.5
1.4
1.3
1.5
1.3
1.3

0.75b

1.1
1.1
0.80

1.1
1.0
0.91
0.55
1.1
0.75
1.6

a
b
c

Average counting error for hydrogen < 0.1%.
Average counting error for nitrogen ~ 25%.
Less than detection limit.
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Charcoal impregnated with 5% TEDA was expected to contain 0.54%
hydrogen. The hydrogen content of the unused charcoal was higher
than expected, possibly due to hydrogen naturally found in charcoal.
Samples of activated charcoal containing no TEDA were analyzed for
hydrogen content. The content of hydrogen was 0.53% in untreated
charcoal samples and 0.48% in samples dried at 95°C for 24-48 hours.
The activated charcoal was shown to^contaXn hydrogen which was not in
the form of adsprb-etT'water vapor"^£hat couidT~kie removed through
evaporation. Charcoal samples from layered Filter 41 appeared to con-
tain more hydrogen than the unused charcoal samples. Assuming that
the unused TEDA impregnated cnarcoal contains an average of 0.82%
hydrogen, the increase in hydrogen content was calculated for each
layer mass and the sum was 0.15 g. If this hydrogen was assumed to
be in the form of adsorbed water vapor, an increase in filter mass of
1.3 g would be expected. This large increase in mass was not
observed for Filter 41.

Charcoal impregnated with 5% TEDA was expected to contain 1.25%
nitrogen. The nitrogen content measured in the unused and Filter 41
samples averaged lower than the expected value, and no significant
difference in nitrogen content was observed for the two groups. The
long data collection periods were required for the PGNAA of charcoal
samples to obtain better counting statistics for the nitrogen peak.
The typical count rate at the 1.88 MeV peak was 0.03 counts/sec. The
Compton contribution from the 2.22 MeV hydrogen peak resulted in high
background counts at the 1.88 MeV nitrogen peak, which increased the
counting error. The possibility of using a higher energy capture
gamma for nitrogen, such as the 10.8 MeV p e a k ^ 2 ) , is being investi-
gated.

VI. Discussion of Results

The development of the analysis procedures described in this
paper to study the charcoal filters used in the stack effluent iodine
monitor at the MURR led to several interesting observations. Fore-
most was the realization that the charcoal filters undergo an aging
effect while in use which decreases the efficiency of capturing
radioiodines. While a capture efficiency of < 100% can still be use-
ful for sampling purposes, that efficiency must be known so that its
effect can be incorporated into the measurement calculation. Filters
were found to differ in their measured capture efficiencies even when
loaded under similar conditions. An average capture efficiency could
therefore not be determined for all filters sampling stack air for a
week, but instead some means was needed to measure the capture effi-
ciency for each filter.

The layered analysis of filters provided a means of estimating
the capture efficiency by curve fitting the data to Equation (1).
The capture efficiencies measured on a filter differed between the
radioiodines. Neglecting 1-132 and 1-134, the ranking of capture
efficiencies from highest to lowest was usually 1-131, 1-133, and
1-135. Was this ranking due to the half-lives of these isotopes or
could the isotopes be in different chemical forms? This question is
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still under investigation. The values determined for 1-132 and 1-134
capture efficiencies were not consistantly ranked in the same order.
Was this perhaps due to their shorter half-lives allowing for poorer
counting statististics and enabling a relatively short time to reach
capture equilibrium on the filters?

Measurement of the radioiodine concentrcitions released from the
MURR stack effluent is based on integrated values for the week of
sampling. Concentrations of the radioiodines do vary over the week
due to operation of some experiments and due to normal shutdown of
the reactor. The concentration of stable iodine is also known to
vary, reaching lowest levels during weekend hours when work in the
laboratories is at a minimum. So, the capture efficiency of a par-
ticular radioiodine may very much be dependent on when during the
week the isotope is captured on the filter. Changes in the effluent
concentrations can lead to change in the capture equilibrium already
established on the filter.

Use of the analyses described in this paper did not result in
any definite identification of a cause for aging in the filters. The
capture of stable iodine and chlorine could not be shown to affect
the capture efficiency for 1-131. However, the capture efficiency of
stable iodine was also found to be affected by the aging process,
indicating that the stable iodine was behaving in the same manner as
the radioiodines. An increase in hydrogen was observed in charcoal
from a stack loaded filter showing very low capture efficiencies, but
the capture profile for hydrogen did not readily fit to Equation (1).
Whether the capture of hydrogen affected the radioiodine capture has
not been established. Loss of TEDA was not evident from the PGNAA of
Filter 41. Variation in the amount of nitrogen measured in different
charcoal samples raised the questions as to whether the charcoal was
impregnated with exactly 5% TEDA, how uniform was its concentra-
tion, and was the analysis technique sensitive to these possible
changes.

While the cause of aging in these filters has not been iden-
tified, the technique of determining the F/B for 1-131 did provide a
quick method of estimating the 1-131 capture efficiency. More data
is being gathered to betcer define that correlation. Use of the cap-
ture efficiency to establish the counting geometry of the charcoal
filter is also possible. A correlation of F/B and capture efficiency
may also be useful for the other radioiodines.
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DISCUSSION

PAPAVRAMIDIS: What source did you use for the Ge(Li) dete-ctor?

LANGHORST: A standard europium-antimony cartridge from MBS
Analytical Services.

PAPAVRAMIDIS: Was that a phase loaded cartridge with mo.̂ t of the
activity deposited o^ 5 mm of the cartridge?

LANGHORST: No, it was dissembled and put into a uniform dis-
tribution within the sample.

DEITZ: We have made many elemental analyses of a.ctivated
carbons and the hydrogen content is- usually less than 0.1%. Hence,
the high values- reported by the speaker are most probably due to the
presence of water. On the other hand, the N-contents of base carbons
are in the range 0.3 to 0.6%. This has made it difficult to determine
the presence of N from a TEDA impregnation of activated carbon.

LANGHORST: We were not able to observe nitrogen in some analyses
that we have done with unimpregnated coconut charcoals. It may
indicate we need to develop our technique a little further.

DEITZ: Charcoal is an agricultural product so it can vary from
source to source.

DEUBER: We have found few differences in the retention of
radioisotopes with different halflives, but there was a tendency for
better retention of the isotopes with short halflives, contrary to
your results.
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CLOSING REMARKS OP SESSION CHAIRMAN JACOX:

This session was very interesting as it was one of the first
iodine sessions to include s-pecific applied research that provided
data to solve specific engineering problems, such as sample line
plateout. There is continuing research to understand the exact
details of how I-131 is removed by various types of carbon impregnants
This indicates the industry is becoming more mature.

143



18th DOE NUCLEAR AIRBORNE WASTE MANAGEMENT AND AIR CLEANING CONFERENCE

Session 3

PERFORMANCE OF HVAC ARD AIR CLEANING SYSTEMS IN NUCLEAR POWER PLANTS
MONDAY: August 13 3 1984
CHAIRMEN: A.G. Evans

E.X. dluPont de Nemours
J.P. Pearson
Nuclear Consulting Services

COMMENTARY ON NUCLEAR POWER PLANT CONTROL ROOM HABITABILITY -
INCLUDING A REVIEW OF RELATED LERs (19 81-1983)
D.W. Moeller, J.P. Kotra

NRC STUDY OP CONTROL ROOM HABITABILITY
J.J. Hayes, Jr., D.R. Muller, W.P. Gammill

VENTILATION OF NULCEAR ROOMS AND OPERATORS' PROTECTION
C. Vavasseur

PERFORMANCE EVALUATION OF CONTROL ROOM HVAC AND AIR CLEANING SYSTEMS
UNDER ACCIDENT CONDITIONS
F. Almerico5 A.J. Machiels, S.C. Ornberg, G.P. Lahti

144



18th DOE NUCLEAR AIRBORNE WASTE MANAGEMENT AND AIR CLEAI4SNG CONFERENCE

COMMENTARY ON NUCLEAR POWER PLANT
CONTROL ROOM HABITABILITY -

INCLUDING A REVIEW OF RELATED LERs (1981-1983)

Dade W. Moeller, Ph.D. , Member
and

Janet P. Kotra, Ph.D., Fellow

Advisory Committee on Reactor Safeguards,
U.S. Nuclear Regulatory Commission

Washington, DC 20555

Abstract

A review of Licensee Event Reports filed by the operators of commercial
nuclear power plants from 1981 through 1983 has revealed that approximately
three percent pertain to systems that maintain or monitor control room
habitability. Dominant contributors were deficiencies in norm .1 and emergency
trains of heating, ventilation, air conditioning and air cleaning systems (45%),
deficiencies in atmospheric monitors for toxic and radioactive substances (27%)
and deficiencies in fire protection systems (13%). To correct the situation
revealed by these analyses and by information provided from other sources, we
recommend that the NRC incorporate into its program plan the development of
information that anticipates the conditions within a control room during
emergencies, and that criteria for habitability within the control room be
better defined. In addition, we suggest than an improved protocol for testing
control room air-related systems be developed, that the required thickness and
number of layers of charcoal adsorption beds for control room air cleaning
systems be re-evaluated, and that steps be taken to improve the quality of
heating, ventilating, air conditioning and air cleaning components. We also
recommend that greater emphasis be placed on maintaining nuclear power plant
control rooms in a habitable condition during emergencies so that the operators
can remain there and safely shut down the plant, in contrast, to placing reliance
on the use of remote shutdown panels or auxiliary control facilities.

I. Introduction

The function of control room heating, ventilating, air conditioning and air
cleaning systewis in a nuclear power plant is to assure a safe and habitable
environment for plant operators and equipment during normal operation and during
postulated design basis accident conditions. These systems are designed to
maintain an appropriate temperature and to provide a continuous and adequate
flow of clean air to the control room. To accomplish these objectives, such
systems must be capable of detecting life-threatening contaminants, subsequently
isolating the control room, and then providing it with contaminant-free air
following either an accident within the plant or an inadvertent on- or off-site
airborne release of toxic materials. The control room ventilation and air
purification systems must, themselves, also be protected from damage occurring
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as a result of external natural phenomena such as earthquakes, floods and
tornadoes.

The objective of this study was to review commercial light-water reactor
operating experience contained in Licensee Event Reports (LERs) in order to
identify and evaluate sources of failures and inadequacies in those systems
responsible for the maintenance of an acceptable control room environment. The
study included a detailed review of the LERs submitted by the utility plant
operators to the U.S. Nuclear Regulatory Commission (NRC) during the years 1981
through 1983. Abstracts of LERs were searched using the keyword file maintained
by the Nuclear Operation Analysis Center (formerly the Nuclear Safety
Information Center (NSIC)) located at the Oak Ridge National Laboratory. This
file is accessible through the Department of Energy (DOE) REtnote CONsole (RECON)
System. 2TomPenc'ia °f abstracted LERs for 1982 and 1983 were published by the
NSIC • ' . Further searching of these data was carried out using the
Sequence Coding and Search System software developed by the NRC Office for
Analysis and Evaluation of Operational Data (AEOD). Additional information was
obtained from the "Information Notices," issued by the NRGtOffice of Inspection
and Enforcement and the bimonthly "Power Reactor Events"1 ' issued by AEOD.

Supplementing these reviews was a series of discussions held over the past
several years during meetings of the NRC Advisory Committee on Reactor Safe-
guards Subcommittees on Reactor Radiological Effects and Air Systems. The
information made available at these meetings has been utilized, particularly in
Section III. Commentary and Recommendations.

II. Findings

Of approximately 12,600 LERs filed for commercial light-water nuclear power
plants during the years 1981 through 1983, 368 or ibout 3%, pertain to the
maintenance of control room habitability. Of these reports, 195, or 53% docu-
ment violations of plant technical specifications for control rooms or control
room systems which serve two or more operating units. Presented in Table 1 are
data on control room habitability LERs for boiling water reactor (BWR) and
pressurized water reactor (PWR) units, as well as for all light-water-reactor
(LWR) units.

As may be noted, well over 60? of the LERs for BWR units were reported
during pre-commercial operation. While this might appear to suggest that many
inadequacies within control room habitability systems are corrected in the early
stages of plant operation and do not recur, the data in this case are biased
inasmuch the majority of these events (43 out of 68) were reported by a single
licensee. In the case of PWR units, the fraction of total events reported by
plant operators during the pre-commercial stage of operation is far less (about
26%). It is interesting to note that overall, the number of LERs per
reactor-year for BWR and PWR installations is about the same (1.5 vs. 1.8).

The major categories of air-related control room system events reported for
BWRs, PWRs and all LWRs are presented in Table 2, along with the percentage
contribution of each event category to the respective totals.

Deficiencies of heating, ventilating, air conditioning and air cleaning
systems, shown as the first item in Table 2 are further subdivided in Table 3.
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Table 1. Control Room Habitability Related LERs 1981-1983

Stage of Operation

BWR Installations

Number of LERs
Number of LERs per
reactor-year

PWR Installations

Number of LERs
Number of LERs per
reactor-year

All Units

Number of LERs
Number of LERs per
reactor-year

Pre Commercial
Operation*

68 (62%)

23

67 (26%)

9.7

135 (37%)

13.6

Commercial
Operation

41 (38%)

0.6

192 (74%)

1.4

233 (63%-)

1.1

Total

109

1.5

259

1.8

368

1.7

Licensed only for fuel loading and low power testing at time of LER
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Table 2. Summary of Control Room Habitability Events
1981 - 1983

System Deficiency

Heating, Ventilating
Air Conditioning, and
Air Cleaning

BURs
Number

57 52

PWRs A l l LWRs
N u m b e r % Number

107 41 164 45

Atmospheric Monitors 26 24 74 29 100 27

Fire Protection Systems 15 14 31 12 46 13

Electrical Systems 12 15 4

Bottled Air Systems

Miscellaneous Failures

Procedural Violations

Totals 109 100

23 31 8

259 100 368 100

Table 3. Heating, Ventilating, Air Conditioning, and
Air Cleaning System Events,
1981-1983

Subsystem Deficiency
BWRs

Number %
__r___T All LWRs
Number % Number %

PWRs

Ventilating/Air Flow 37 65 49 46 86 52

Air Conditioning/Chillers 9 16 41 38 50 31

Impaired Filter or Adsorber
Efficiency 11 19

Totals 57 100

17 16 28 17

107 100 164 100
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For both BWRs and PWRs, failures of such systems to conform to technical
specifications accounted for almost half of the reported events. For BWR units,
however, ventilation/air flow system deficiencies accounted for the predominant
percentage, whereas for PWR units, problems in air conditioning/chiller systems
were atso a major contributor. For each type of unit, failures of atmospheric
monitors accounted for 24% to 29% of the total, deficiencies in fire protection
systems for 12% to 14%, failures in electrical systems for 3% to 5%, and proce-
dural violations for 7% to 9%. The last group is of interest since these are
reportable occurrences that have resulted from either a discrepancy between the
as-huilt systems and the specifications listed in the Final Safety Analysis
Report, or from a failure of the plant staff to perform tests of components
within the requisite time limit designated in the plant technical specifica-
tions. The affected systems are defined as inoperable and may require plant
shutdown, until the required modification and/or evaluation is performed.

An itemization of the major causes of reportable occurrences as attributed
by the licensees, as well as the percentage contribution of each cause category,
is shown in Table 4.

As may be noted, mechanical component failures were the predominant
contributor, accounting for 37% of the reported events in BWR installations and
56% in PWR installations. These include failures of components directly
responsible for control room habitability as well as failures of components in
related systems, the loss of which would result in the unavailability of a
system necessary for the maintenance or monitoring of the control room
environment. The next major contributor was human error which accounted for 31%
of the reported events for BWRs and 22% for PWRs. Such errors either caused the
event directly or served as a factor that compounded an initial mechanical
failure. These errors included faulty or improper maintenance or installation
of a piece of equipment, or the utilization of improper procedures.

Control Room Heating, Ventilating, Air Conditioning
and Air Cleaning Events

As was reported in Table 2, deficiencies of heating, ventilating, air
conditioning and air cleaning systems represented the largest subcategory (45%)
of control room habitability-related LERs. Thirty-two percent of the reported
events resulted in the unavailability of at least one train of the emergency air
cleanup system for the affected control room and 12 percent resulted in the
unavailability of all redundant trains of emergency air cleanup available to a
given control room. These conditions represent limiting conditions of operation
such that availability of both trains must be restored within a specified period
of time or the plant must be shut down. Reported events in these systems and
their causes are listed in Table 5. Reported separately are those events
involving air conditioners/chillers, those involving ventilation/air flow
systems (blowers and dampers), and those involving inadequate filter or adsorber
efficiency.

Examples of specific events that may be of generic interest are discussed
below.
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Table 4. Reported Causes of Control Room Habitability Events,
1981-1983

BWRs PWRs All LWRs
Reported Cause Number % Number % Number %

Mechanical Component
Failure 40 37 145 56 185 50

Human Error 34 31 56 22 90 25

Design Error or Flaw 10 9 25 10 35 10

Mechanical Failure
Compounded by Human
Error 6 6 12 5 18

Component Unavailable
due to Corrective
Maintenance 10 9 3 1 13

Instrument Drift 6 6 7 3 13

Unknown 3 3 11 4 14

Totals 109 100 259 100 368 100
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Table 5. Events Involving Control Room Heating, Ventilating,
Air Conditioning and Air Cleaning Systems,
1981-1983

Impaired
Filter or

Air Conditioners/ Ventilation/Air Flow Adsorber
Reported Cause Chillers (Blowers and Dampers) Efficiency

Mechanical Component
Failure 36 40 12

Human Error 5 24 10

Design Error or Flaw 3 15 1

Component Unavailable
due to Corrective
Maintenance 2

Mechanical Failure
Compounded by
Human Error 2

Unknown 2 2 3

Totals 50 86 28
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Failures in control room air chillers and humidifiers at three different
plants resulted from the fouling of service water due to mineral salts and
bioljgicel debris. This, in turn, led to plate out on heat exchange surfaces or
the clogging of screens.

On numerous occasions throughout the three year period, improper design of
control room chillers led to failures of additional plant systems. For example,
as a result of increased demand for service water by the control room chillers
a+ one plant during the summer months, suction was lost to pumps which provide
component cooling water to the charging pumps. Until this design problem could
be corrected, it was necessary to throttle off the chiller line to restore
adequate flow to the charging pumps. At another plant a control room toilet,
clogged by a crowbar, overflowed. The water, seeping through fire barriers into
the cable spreading room below, shorted various electrical components.

Failures in ventilation dampers and blowers, that occurred at five
different plants, were the direct result of vibration which caused wing nuts,
set screws or attachment pins to become loose. The replacement of these
hardware components with locknuts, or other secure attachments, restored the
availability of the emergency air flow system and easily rectified the problem.

At another plant, a path for the flow of outside, unfiltered air directly
into the control room through an uncapped ventilation duct escaped detection
(and correction) for 17 months. The duct was inadvertently left uncapped during
modifications to the ventilation system. At another unit, the exhaust from the
emergency diesel generator was located too close to the ventilation intake of
the control building and had to be relocated to prevent the intrusion of exhaust
fumes into the control room. Lack of sufficient familiarity with control room
emergency ventilation design, and its proper function, was a major contributing
cause to these problems.

Several events were reported that involved the potential loss of the pres-
surization barrier to the control room. These included one event in which the
control room design was such that floor and equipment drains presented a leak
path to outside areas. In a secona case, analyses showed that a seismic event
could cause leakage around pipes that penetrated the control room walls.

The majority of LERs related to HEPA filters and charcoal adsorbers reflect
that the performance of such units degrades with time and that routine tests
reveal that their efficiencies do not meet technical specifications. The normal
licensee response is to replace the units. More serious occurrences, however,
include the fouling of charcoal adsorbers by welding and/or paint fumes and the
occasional wetting of filters or adsorbers by drainage v/ater or the inadvertent
actuation of their associated fire protection deluge systems. At one plant,
paint fumes so contaminated the control room emergency charcoal filters that
their measured removal efficiencies were significantly degraded. Apparently,
the control room emergency ventilation system was in a recirculation mode during
the painting of an adjacent room. Backflow through component drain lines into
filter packages necessitated their replacement at one plant when the level
control tank drain line was inadequate to carry the leakage of the loop-seal
level control. Unintentional actuation of fire suppression systems was reported
at three nuclear power plants during the three year period of this study. This
rendered the filters and adsorbers inoperable and they had to be replaced.
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Atmospheric Monitor Events

As was shown in Table 2, 21% of the reportable occurrences affecting the
control room environment involved deficiencies of atmospheric monitoring
equipment. This includes the equipment that monitors the ambient temperature as
well as that which monitors airborne toxic or radioactive particles and gases.
Shown in Table 6 are further details on atmospheric monitor events and their
reported causes.

The most frequent problem (accounting for over half of all events in this
category) was the mechanical failure of chlorine monitors. Most such monitors
(as well as those for monitoring ammonia) at nuclear power plants use a dripping
electrolyte which is particularly prone to failure. Clogging of the electrolyte
orifice or wick can result from precipitate buildup or excessive dust in the
sampling line. Since redundant monitors generally sample air from the same
intake, they are subject to a common mode failure. Excessive consumption or
evaporation of the electrolyte fluid is also a significant source of failure for
these monitors. At one plant, heat tracing at a common intake, intended to
prevent freezing in the sample line during cold weather, malfunctioned and
caused the electrolyte to dry out and the monitors to fail.

Because of the number of events being reported that involved the
degradation and subsequent common-cause failure of toxic gas detectors, the NRC
Office of Inspection and Enforcement (IE) issued in September, 1983, an IE
Information Notice related to this problem^ '. The importance of operable gas
detectors was highlighted by a review of a chlorine gas release that occurred at
one nuclear power plant in 1983, and previous releases that had occur-sd at
other plants in 1978 and 1979. To correct the problem of the deficiencies in
chlorine gas detectors, the NRC Staff recommended that consideration be given
either to increased surveillance of these detectors or that they be replaced
with a type less subject to recurrent failure.

Fire Protection/Detection Deficiencies

The frequency of fire protection/detection related LERs and their causes
are listed in Table 7.

Such events comprised approximately 13% of all control room habitability
occurrences reported during the three-year period of this study (Table 2). The
bulk of these LERs concern the inadequate maintenance of proper fire barriers in
the control building. This generally occurs when, in the absence of proper
procedures and/or in ignorance of the fire barrier requirements, operators
penetrate existing barriers in order to gain access to other systems. The
negative impact of the inadvertent actuation of fire protection, especially
deluge^systems on other safety functions has been discussed above and else-
where^''

Impact of Electrical System Failures

Although they represent only 4% of the total number of events tabulated in
Table 2, the number of LERs involving control room habitability that were due to
failures in plant electrical systems appears to be increasing. Examples include
actuation of control room emergency ventilation systems due to false alarms of
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Table 6. Events Involving Control Room Atmospheric Monitors,
1981-1983

All
Monitor Type Monitors

Reported Cause Chlorine Radiation Ammonia Butane Temperature Total %

Mechanical
Component Failure 54 6 4 2 1 67 67

Human Error 4 1 1 2 2 10 10

Design Error or
Flaw 2 2 0 2 0 6 6

Instrument Drift 0 5 5 0 0 10 10

Component Unavailable
due tc Corrective
Maintenance 0 1 0 0 0 1 1

Mechanical Failure
Compounded by Human
Error 1 0 0 0 1 2 2

Unknown 1 3 0 0 0 4 4

All Causes 62 18 10 6 4 100 100
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Table 7. Events Involving Control Room F1re Protection Systems,
1981-1983

Reported Cause

Mechanical Component
Failure

Type of System
Fire Hal on Fire Smoke Total
Barriers Systems Alarms Detectors No. %

10 15 33

Human Error 13 14 31

Unavailable due to
Corrective Maintenance

Design Error or Flaw

Mechanical Failure and
Human Error

Unknown

Totals

0

36

78

0

0

0

1

1

2

0

0

0

1

6

13

1

1

0

0

3

7

7

6

2

2

46

100

15

13

4

4

100
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process and atmospheric monitors caused by spurious electrical signals, as well
as similar alarms resulting from repairs and/or tests of control room elec-
trical equipment.

III. Commentary and Recommendations

Dominant among the events reported above were deficiencies in normal and
emergency trains of control room heating, ventilating, air conditioning and air
cleaning systems (making up 45% of the reported events), deficiencies of atmo-
spheric monitors of airborne toxic and radioactive substances (representing 27%
of the events), and deficiencies in fire protection systems (representing 13% of
the events). A variety of similar events has been reported by private consult-
ing organizations and other groups at meetings of the ACRS Subcommittees on
Reactor Radiological Effects and Air Systems* ''.

As a result of these meetings, and in response to recommendations from the
ACRS, the U.S. Nuclear Regulatory Commission has launched an aggressive and
responsive program to address these problems. This includes improved
organization within the NRC Staff to review and evaluate the needs in this
subject area; the development of an associated program plan; initiation of a
series of workshops in which other groups (including the U.S. Army Research
Institute of Environmental Medicine and the U.S. Navy Nuclear Submarine Program)
are encouraged to share their knowledge and expertise with the NRC Staff; and
site visits to evaluate control room habitability problems at operating nuclear
power plants and those nearing operation. These site visits include surveys of
control room designs against the present habitability criteria of the NRC, and
also against newly proposed criteria developed as part of the program plan.
These surveys are also designed to determine the manner in which conformance of
the as-built control rooms to the system design is achieved and to gather
information on how lironsees utilize the preoperational and operational testing
of systems and/or components to show they meet their design specifications,
their technical specification requirements and their functional requirements.
Details of these surveys and the findings of the NRC Working Group on Control
Room Habitability are/tbe subject of the next paper in the Proceedings v ' and
a forthcoming report K '.

Other examples of action by the NRC Staff on problems related to control
room habitability include the IE Information Notice, previously cited, that
alerted licensees to the potential degradation and subsequent common-cause
failure of toxic gas detectors at nuclear power plants. In a similar manner,
the NRC issued in 1982 an IE Information Notice v } which cited the failure
of personnel at several plants to correct for pressure differentials between the
air streams in the line being sampled and the associated offline sampling
system. This could lead to serious errors in measurements of airborne toxic
chemical and radioactive material concentrations.

In 1983 the NRC Staff issued a generic letter to all nuclear power plant
licensees clarifying the surveillance requirements for HEPA filters»and charcoal
adsorber units in emergency safety feature air cleaning systems v '. Several
inaccuracies have been identified in this letter since its release. They
include errors in the technical specifications of allowable filter bypass
leakage in the requirements for in-piace filter and adsorber testing, and in the
rgouirements for laboratory charcoal testing. We support the recommendation
v J that this letter be rescinded to correct those sections which are in
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(12}error. More recently, the NRC issued an IE Information Notice v ' citing
discrepancies in record keeping and material defects in heating, ventilating and
air conditioning (HVAC) units manufactured by an industrial organization. These
problems were revealed by NRC inspectors who found that liquid penetrant
inspections conducted at the factory were not completed during the actual
manufacture of the charcoal adsorption units. Inspection reports, instead, were
based on the personal notes and memories of the inspectors. Installed units at
one nuclear power plant had low-strength carbon steel fasteners substituted for
the required ASTM-A449 fan motor anchor bolts and self-tapping stainless steel
screws were substituted for ASTM-A193-GR B9 bolts used for mounting the cooling
coils. In addition, the weld filler material heat lot number was not recorded
for eight of the units. Units at another plant had welds with cracks, lack of
fusion, and undercut or material reduction which exceeded 1/64 inch. There were
also missing welds and welds not made in accordance with the design drawings.
When some of the welds were reinspected with dye penetrant, unacceptable
indications were found.

As may be noted by these actions on the part of the NRC Staff, problems
associated with control room habitability go far beyond the failures revealed in
the LERs submitted by the Licensees. As part of the government-industry effort
in this field,, we believe that it is important that certain key problems be ad-
dressed. In support of this work, we offer the following recommendations:

1. That information be developed to serve as a guide in determining the
envelope of conditions to be anticipated, and the functions to be maintained,
within a control room under emergency situations. In short, what are realistic
conditions relative to temperature, smoke concentrations, radiation dose rates,
humidity, air exchange and leakage rates,, etc., with which the control room must
be designed to cope? The current efforts-of the NRC to better define the source
term for nuclear power plant accidents * ' should be helpful in answering
this question. Estimates of toxic vapor concentrations in the,control room
resulting from postulated external releases have been made * '.

Concurrently, the criteria for habitability within a control room need to
be more clearly specified. Without relevant criteria, the performance require-
ments for the control room engineered safety features cannot be defined. There
is also a need to specify under emergency situations what environmental con-
ditions the operators are expected to endure, what error rates can be tolerated,
and for how long operator performance at some specified level must be sustained.

Maximum temperature limits for control rooms are currently designated at
approximately 120°F (primarily based upon operational requirements of
equipment). As humidity increases at this temperature with a low air exchange
rate, the situation could rapidly become uninhabitable for plant operators. We
recommend that separate temperature criteria be established for equipment and
for personnel and that temperature be monitored in the control room appropriate
to each criterion.

2. The NRC Staff needs to expedite its efforts to develop a protocol for
testing control room heating, ventilating, air conditioning and air cleaning
systems. Such tests should be conducted'under realistic operating conditions.
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They should include testing of complete systems as well as individual compo-
nents, and should include consideration of the adequacy and accessability of
remote shutdown panels and emergency operations facilities. The accessability
of these facilities is of particular importance due to recent reports of defi-
ciencies in respiratory protective equipment for emergency use * '.

Criteria for acceptance should be based on conditions that permit the con-
tinued function of equipment and some reasonable level of human comfort during
prolonged emergency situations. All parts of the systems, including dampers,
ducts, etc., should be tested simultaneously as an integral unit under both
positive and negative pressures. Particular attention should be given to assure
that sections of such systems that are under negative pressure will not bring in
contaminants, which later can be transferred to the control room. Possible
damage to vital r j pment due to pressure surges and the accompanying disruption
of heating, veuiila.hg, air conditioning and air cleaning systems should also
be evaluated.

Efforts should be made to incorporate into such procedures recently
developed improved field testing methods. Included in such tests should be
measurements in control rooms and other vital areas of the rates of temperature
increases and the maximum temperatures that would be reached in cases of reduced
air flow.

3. There is also a need to conduct laboratory or field tests to obtain
the data necessary for defining the optimum locations of control room air
intakes and for evaluating under emergency conditions the location and
performance of existing control room air intakes for operating nuclear power
plants. A downwash analysis applicable to emergency intake and exhaust openings
would be appropriate for this kind of assessment. Such data would appear to be
mandatory in the case of standard plant applications and could be approached on
a generic basis.

4. Because of potential problems associated with the release of hazardous
chemicals near nuclear power plants, studies should be conducted to assess the
possible benefits of increasing the minimum thickness and number of layers
required in charcoal adsorption beds used in the protective air cleaning systems
for control rooms. In this regard, it should be noted that deeper beds are just
as effective for high acute exposures as they are for chronic low exposures (up
to the capacity of the charcoal to retain the contaminants). As a result,
deeper beds are better able to handle high acute contaminant concentrations. In
addition, it should be recognized that the U.S. philosophy that control rooms be
sealed rather than designed to cope with high air intake concentrations will be
fully effective only for those plants having auxiliary compressed air tanks for
pressurizing the room; other plants must take in outside air to maintain pres-
surization.

Requirements pertaining to charcoal beds should be closely tied to the
precise nature of the anticipated hazards and the characteristics of specific
nuclear power plant sites. The importance of such protection is shown by the
fact that, as was pointed out in this review, accidental releases of chlorine
have occurred near three commercial nuclear power plants in the U.S. since 1978.
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5. Fire dampers currently installed in nuclear power plants are intended
to prevent the spread of a fire but are not designed or certified to hold back
the accompanying smoke or potentially toxic gases. If leak rates are as high as
has been reported, there may be situations and/or systems in which auxiliary
dampers .should be installed to provide supporting seals. This review of LERs
(Table 7) has indicated that failures in fire barriers wers the most common type
of failure in control room fire protection systems. Due to the special
situations surrounding control rooms, it may well be that dampers that are
acceptable for normal industrial use are not acceptable for nuclear power plant
usage. In this regard we are pleased to note that proposed standards, being
prepared by the Committee on Nuclear Air and Gas Treatment of the American
Society of Mechanical Engineers (ASME) contain recommendations for maximum
permissible leak rates for dampers and movable louvers.

6. There is also a need to direct some effort to conducting failure modes
and effects analyses for all systems related to control room habitability. The
results of such analyses would prove useful in assigning priorities to the
correction of the types of problems cited above as well as those revealed
through this study of LERs.

7. Data presented to the ACRS Subcommittees on Reactor Radiological
Effects and Air Systems during the course of this study indicated a wide range
in the quality of heating, ventilating, air conditioning and air cleaning
components. This was particularly true with respect to HEPA filters. We are
pleased to note that NRC Staff is currently reconsidering its policy not to have
the certification of S;'ch filters confirmed by one of the filter test stations
of the U.S. Department of Energy. In addition, it was not clear whether Quality
Product Listing (QPL) certification is an essential part of the military
specifications. The NRC should contact appropriate groups, such as the Edgewood
Arsenal and the ASME Committee on Nuclear Air and Gas Treatment, for
clarification on this matter. Relevant information and decisions, as
appropriate, should be included in the upcoming revision of Regulatory Guide

8. Additional potential problems that appear to need evaluation in terms
of control room habi'•"ability include:

a. The impact of the loss of all AC power, of auxiliary services to
chiller systems, of service air, and of component cooling water;

b. More careful evaluation of all potential sources of heat input in
assessing possible temperature increases in degraded operating modes;

c. The potential need for monitoring oxygen concentrations and steam
intrusion into the control room; and

c!. Whether the current detection limits for contaminants in the
control room air intake are sufficiently sensitive to protect operating
personnel.

As a final comment, we Might note that too often the regulatory assumption
is made that, if the control room becomes uninhabitable, the plant operators can
ratreat to the remote shutdown panel and manage the situation from there. Since
the shutdown of a nuclear power plant on an emergency basis is a serious matter,

159



18th DOE NUCLEAR AIRBORNE WASTE MANAGEMENT AND AIR CLEANING CONFERENCE

we believe the preferred option is to assure the habitability of the main
control room to permit the operators to remain at their normal posts. The
analyses of Licensee Event Reports, and the recommendations presented in this
paper, are offered with that concept in mind.
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DISCUSSION
MacAULAY: You mentioned that the main fault of fire protection
systems was false activation of the deluge sprinkler systems. I
wonder if you can tell us what really caused this?

MOELLER: I am not sure I can answer this. My comment was that
frequently the water deluge systems will activate and spray the
charcoal when there is- no reason to do so. Dr. Kotra recalls two
incidents: spurious electrical signals and a false alarm by smoke
detectors that indicated there was a temperature rise or a fire in
the charcoal when there was not.

KOTRA: I just want tc add that we brought that particular item
out because it was of significance to the engineered safety features
in the control room. The major source of fire protection LERs were,
as mentioned in the talk, deviations of the as-built systems from
the PSAR. These dealt primarily with fire barrier penetrations that
were inadvertent on the part of control room operators or maintenance
personnel.
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NRC STUDY OF CONTROL ROOM HABITABILITY

J . J . Hayes, J r . , D. R. Mul ler , W. P. Gammill
U.S. Nuclear Regula tory Commission

Washington, D.C.

Abs t r ac t

Since 1980, The Advisory Committee on Reactor Safeguards (ACRS) has held
several meetings with the NRC staff (staff) to discuss the subject of control room
habitability. Several meetings between the ACRS and the staff have resulted in
ACRS letters that express specific concerns, and the staff has provided responses
in reports and meetings.

In June of 1983, the NRC Executive Director for Operations directed the
Offices of Nuclear Reactor Regulation and Inspection and Enforcement to develop a
plan to handle the issues raised by the ACRS and to report to him specific
proposed courses of action to respond to the ACRS's concerns.

The NRC control room habitability working group has reviewed the subject in
such areas as NRR review process, transformation of control room habitability
designs to as-built systems, and determination of testing protocol. The group
has determined that many of the ACRS concerns and recommendations are well
founded, and has recommended actions to be taken to address these as well as
other concerns which were raised independent of the ACRS. The review has
revealed significant areas where the approach presently utilized in reviews
should be altered.

I. Background

Introduction

Since 1980, the Advisory Committee on Reactor Safeguards (ACRS) has held
several meetings with the NRC staff to discuss the subject of control room
habitability. During this period, the ACRS has also discussed this topic with
numerous applicants for a near-term operating license and with various nuclear
steam supply system vendors. In addition, the ACRS has solicited information from
consultants and architect-engineers. Table 1 summarizes the ACRS's general and
specific comments as described in its most recent letter dated May 17, 1983.

In addition to the comments and recommendations presented in Table 1, the ACRS
requested in that same letter that the staff:

(1) Determine the impact on control room habitability with the loss of
(a) AC power;
(b) auxiliary services to chillers;
(c) service air; and
(d) component cooling water.

(2) Evaluate all potential sources of heat input in the control room necessary for
determining temperature increases while the heating, ventilating and air
conditioning (HVAC) system is in degraded operating modes.

(3) Determine the potential need for monitoring 0j concentrations and steam
intrusion in the control room.
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Table 1 Summary of ACRS Concerns and Recommendations on Control Room Habitability

ACRS Concern ACRS Recommendation

General Comments

1. NRC review is fragmented.

2. NRC does not perform an indepen-
dent evaluation of the control
room.

3. JfRC has not utilized variour
sources of data on equipment or
system failure to determine the
impact of these failures on the
habitability of the control room.

Specific Comments

1. Assistance could be provided in
the determination of the optimum
locations of alternate air intakes
for control rooms through the use
of a generic diffusion study.

2. Temperature limit of 120°F for the
control room is unacceptable.
Additional conditions such as low
air exchange rate, perspiration,
ESF filter system heaters, etc.
could affect habitability.

3. NRC does not have a protocol
for testing control room HVAC
systems.

4. NRC is not giving an appropriate
amount of attention to the quality
assurance aspects of HEPA filter
manufacturing, installation and
testing.

5. Fire dampers are not designed to
prevent the spread of smoke or
torjic gases through the control
room.

6. NRC has dismissed the use of deep 6.
bed charcoal for treatment of toxic
gases.

One NRC group should be designated
for coordinating the review and
evaluating the control room.

NRC should perform critical and
independent reviews of the control
room. Consequently, the NSC does
not know whether the control room
envelope will perform as intended.

NSC should utilize regional offices
and INPO to obtain data on equipment
and system failure.

NRC should reevaluate its response on
the use of a generic diffusion study
for determining the optimum location
of control room intakes.

Temperature limits should be revised
taking into account low air exchange
rate, operation of ESF filter system
heaters, and perspiration.

NRC should develop a protocol for
testing control room HVAC. Protocol
suould include determination of
functionability of equipment, human
comfort, complete filter system testing
under positive and negative pressures,
and impact of pressure surges.

NRC regional offices should investigate
whether NRC licensees are purchasing
HEPA filters which do not meet RG 1.52,
and take corrective action if needed.
NRC should determine whether Qualified
Products List (U.S. Army) testing is
required from the Committee on
Nuclear Air and Gas Treatment (ASME)
RG 1.52 should be revised accordingly.

NRC should determine the allowable leak
rates for fire dampers, whether such
leak rates can be achieved in practice,
and whether auxiliary dampers should be
installed to limit leakage.

NF.J should consider deep beds as a means
of treating contaminants.
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(4) Evaluate whether the present detection limits of toxic-gas monitors are
sufficient to protect personnel.

The NRC Executive Director for Operations (EDO) determined that a substantial
amount of staff time and effort was being expended in responding to the ACRS
concerns, but little was being accomplished in the way of resolving the issue of
control room habitability. Therefore he instructed the Offices of Nuclear Reactor
Regulation (NRR) and Inspection and Enforcement (IE) to develop a plan to handle
the issues raised by the ACRS, and to report to him specific proposed courses of
action in response to ACRS concerns.

The Program Plan

A program plan was developed and approved for implementation on August 15,
1983. The EDO directed NRR to coordinate the program with IE and the NRC
regional offices, as appropriate. The report of the Control Room Habitability
Working Group was submitted to the EDO in June 1984.

The intent of the program plan was to assess the integrated response of the NRC
in the area of control room habitability. The plan was designed to establish
whether, and in what areas, problems exist and, if they exist, to implement
recommended changes. To administer the program plan a working group was formed
which was comprised of five individuals drawn from the technical branches most
intimately involved in the control room habitability issue. These were the
Meteorology and Effluent Treatment Branch (METB), the Auxiliary Systems Branch
(ASB), the Chemical Engineering Branch (CMEB), the Accident Evaluation Branch (AEB),
and the Human Factors Engineering Branch (HFEB).

A lead project manager familiar with the issues related to control room
habitability directed activities of the working group. The group was responsible
for the detailed analysis and evaluation needed to scope the problem and for
developing and implementing recommendations.

The program plan consisted of five main areas. The first involved the review
of the present criteria for control room habitability. These criteria were to be
evaluated, modifications to the criteria were to be considered where inadequacies
exist, and new criteria were to be developed where none existed.

The second part of the program plan involved the performance of several
reviews. Review areas were to be identified for each NRR branch. IE and regional
inspection activities were to be identified along with present programs in the
Office of Research (RES). Information on system/equipment failure modes and rates^
was to be gathered. Three to five near-term operating license (NTOL) FSAR/SEXs and
three to five operating plants, being reviewed under TMI Action Plan Item III.D.3.4
(multi-plant action item F-70), were to be reviewed for consistency between
perceived responsibilities and actual staff practice. The adequacy of review areas,
criteria, documentation, interfaces, and staff practice was to be assessed and the
issues raised by the ACRS were to be covered.

The third part of the program plan involved the survey of the as-built control
rooms of three to five NTOL plants and the three to five F-70 plants for
(1) consistency between requirements and practice and (2) actual practice in
component and integrated testing. The working group was to confer with selected
architect-engineering firms to discuss their control room design practices.

164



18th OOE NUCLEAR AIRBORNE WASTE MANAGEMENT AND AIR CLEANING CONFERENCE

After these three parts of the program plan were completed, a report was to be
written (the fourth part) which would provide recommendations and would specify the
manner in which each of the recommendations would be handled in the regulatory
process.

The fifth part of the program plan would involve maintaining an overview and
management responsibility for implementing the recommended changes, evaluating the
adequacy of implementation, and developing the overall strategy for moving the
recommended changes through the regulatory process. The working group and steering
group would be maintained during this period, but the detailed implementation of
recommendations would likely be delegated to the appropriate branches. If the
efforts resulted in new requirements which necessitated inspection to verify
implementation, then IE would incorporate revisions into the inspection program.

II. Description of NRR Review Process

The NRR review of control rooms involves seven branches which have input to
the staff's safety evaluation report (SER). Two additional branches that have no
direct input to the SER interact with four of the "input" branches and provide
significant material to them. Eleven other branches may interact with one of the
seven "input" branches providing material upon request.

Figure 1 is a block diagram showing the seven branches which have input to
those sections of the SER in which the function of the control room is described.
The figure also shows routine interactions that occur as a normal part of the
review process, and non-routine interactions that occur as required. The figure
also details where those interactions involve significant input requirements. The
figure illustrates the broad scope of the control room habitability review and how
successful handling of the subject matter is dependent upon informal interaction
between various branches.

III. Approach

The control room habitability study was performed in three phases. Phase 1
consisted of the determination of parameters that must be considered important to
habitabitity. In addition, time vas spent familiarizing the working group with the
review performed by each of the branches having major review responsibilities in the
area of control room habitability. Members of the working group described their
branches' review procedure and their acceptance criteria. Phase 1 was also a period,
of information gathering. Sources outside the NRC were asked to address particular
areas that they were familiar with and to provide comments on those areas of control
room habitability that they may employ during their normal work assignments. T M s
phase culminated in the Control Room Habitability Workshop which was held on
November 28 and 29, 1983 in Harpers Ferry, West Virginia.

Phase 2 involved the final determination of the control room habitability
parameters, the selection of a near-term operating licensee (NTOL) plant to which
the working group would apply the present NRC review criteria, identification of
those areas in which the present NRC review criteria are inadequate, and assess-
ment of how the system design, as presented in the FSAR, is transformed to the
as-built system. The latter assessment involved a site visit on January 24-25,
1984 to review the control room design of the NTOL plant selected for review.

Phase 3 involved the review of as-built control room designs at an NTOL plant
and at two operating plants. These reviews are being performed under a technical
assistance contract and are not scheduled to be completed until October 1984.

165



18th DOE NUCLEAR AIRBORNE WASTE MANAGEMENT AND AIR CLEANING CONFERENCE

RAB
(SRP 12.3)

Radiation Protect-
ion Aspect of
GDC 19 and
NUREG-0737,

E.B.2

METB
(SRP 6.5.1 and 2.3)

Filter Efficiency
In - Close X/Q**

Met. Data

Calculation and
Toxic Ga

Evaluation

ASB
(SRP 9.4.1)

Missiles and
Natural Phenomena

HVAC System
Analysis

SAB
(SRP 2.2.1-2.2.3)

Explosion, Fire and
Toxic Gas in

Vicinity of Plant
Aircraft
Hazard

In General. SER
Sections Correspond

to SRP Sections.
CMEB

(SRP 9.5.1)
Fire Inside

and
Outside CR

HFEB
(SRP 18.)

Human Engineering.
CR Environment,
Communications

SSPB
Tech Spec

•Tornadoes, hurricanes, floods, blizzards,
earthquakes, volcanoes

"Provided on Request

• Require Information Input
: Routine Coordination
: Non-Routine Coordination on
Need Basis

Figure 1 Control Room Habitability Block Diagram Showing
Branches, Major Review Areas, and Interfaces

166



18th DOE NUCLEAR AIRBORNE WASTE MANAGEMENT AND AIR CLEANING CONFERENCE

Phase 1

Phase 1 was spent:

(1) securing background information on habitability criteria of other
organizations,

(2) providing a critique of present NRR staff review practices of control rooms,

(3) obtaining a perspective of how other organizations view the ACRS's concerns and
recommendations, and

(4) determining which parameters are important to control room habitability and
should be included in the design criteria.

Phase 1 was also a period during which the working group attempted to refine
the program plan so that it would serve the study rather than direct it. The most
striking refinement was that the working group established very early in its
deliberations that the purpose of the group was not just to address the comments
and recommendations of the ACRS. Rather, the group would focus on the subject of
control room habitability as if it were a new safety area. The effort was made to
place past practices in the background and to approach the situation as if it and
its practices were being initiated today.

Determination of Habitability Criteria. One of the first orders of business
for the working group was to develop a definition of a habitable control room and to
identify the various parameters that must be maintained in order that the control
room remain habitable.

Initially, it was established that the habitability goal was:

To maintain the physical and environmental state of the control
room such that it will allow the inhabitants to perform their
intended functions unimpaired under both accident and normal
operating conditions.

The working group agreed that the function cf the control room operator is to
maintain adequate control of the nuclear chain reaction so that the reactor is
operated safely under normal conditions and is maintained in a safe condition in
abnormal situations. Therefore, it is imperative that everything within reason be
done to ensure that the control room operator is in a situation where such control
may be maintained.

The conditions that affect the manner in which a control room operator
performs his duties are similar to those that affect any worker. A worker
functions best when he is safe, comfortable, stimulated, and confident. Thus, if
a control room operator is free from large fluctuations in environmental
parameters (temperature, relative humidity, lighting, noise, odors, and such), he
is more likely to perform his tasks in a correct and safe manner. The operator
can respond in a stimulated and confident manner if he knows that the tools or
facilities necessary to perform the job are available. Such requirements would
include adequate work space, access to communication equipment and other equipment
and tools necessary to perform the job, and the capability to interact with the
appropriate individuals necessary for the job.
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Keeping al] of these requirements in mind, the working group determined that
the following items were important in establishing habitability criteria for the
control room:

(1) radiological exposure (dose),
(2) communications,
(3) visibility,
(4) noise,
(5) illumination,
(6) ventilation,
(7) temperature,
(8; relative humidity, and
(9) contaminant levels (toxic gases).

Workshop. The working group sought to enlist the expertise of various
industries and organizations that had habitability concerns for individuals in the
course of their daily business and to learn how these organizations approach the
problem of habitability. The working group received input from consultants,
architect engineers, nuclear steam supply system (NSSS) vendors, academia, and
government agencies and departments. These people were asked to address the ACRS
comments and recommendations. Their views were presented at the Control Room
Habitability Workshop held in Harpers Ferry, West Virginia, on November 28 and 29,
1983.

Familiarization With Habitability Review Areas. Phase 1 was also a period
when each of the working group members broadened his knowledge in the review area
of-control room habitability. During this period each member of the working group
prepared a presentation describing how his branch reviews those aspects of the
control room design related to habitability. The intent of this presentation was
to allow a critique of the review procedures as described by the working group
members.

On several occasions the question was raised about whether the topic fell
within the purview of this study, i.e., dealt with control room habitability or
control rooms as a whole. The remote shutdown panel was one such topic. It was
determined to include the remote shutdown panel in the review on a limited basis.

Phase 2

. Final Determination of Habitability Parameters. Initially the working group
believed that separate habitability criteria covering the environmental parameters
defined above should be defined for both normal operation and accident conditions.
This would have been inconsistent with the present NRC practice which has
established most of the control room habitability criteria for normal operating
conditions. The exception is the radiological accident. The present habitability
criteria allow this environmental parameter to degrade in the event of an accident.
After hearing a discussion at the workshop on performance under stressful
conditions by an ergonomist and by other individuals involved in human factors, it
was the consensus of the working group that the conditions under which a control
room operator must function should be as good, if not better, during an accident
as they are during normal operation.

In an attempt to implement this philosophy, the working group first deter-
mined the present requirements for normal operation associated with the various
habitability parameters and second, assessed whether these requirements allowed
the operator to maintain performance during normal operation. Then, the working
group assumed these requirements were applied to an accident situation. The group
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assessed whether these requirements still provided an environment in which the
operator would continue to function in the intended manner. The working group
found that some requirements were not defined for normal operation, bat only for
accident conditions. The allowable toxic gas concentration given in Table C-l of
RG 1.78 is such an example. The radiological dose parameters presented a
different problem. Normal operation is governed by the criteria of 10 CFR Part 20.
However, for accident conditions, the doses are allowed to increase to the levels
given in General Design Criterion (GDC) 19 and Standard Review Plan (SRP)
Section 6.4.

Application of NRC Review Process to NTOL Plant. During this phase the
working group performed an in-depth review of a control room facility. Since this
was an attempt by the working group to apply the guidance contained in the SRPs,
it was believed that such a review could provide information and guidance for
Phase 3 of this study and would reveal potential weaknesses and oversights in
the review process,

The plant selected was an NTOL applicant scheduled for fuel loading in 1984.
It was chosen because of its close proximity to a significant number of offsite
toxic-gas sources which had been considered in the design of its control room.

The working group spent two days in early January 1984 discussing this
plant's control room design and, in doing so, identified a number of questions
about how the various branches perform their reviews. These questions were added
to the concerns previously identified in Phase 1.

Following the two-day meeting, a list of questions, raised in the course of
the review of the plant by the working group, was drafted and submitted to the
applicant for the NTOL plant. The questions covered such areas as smoke detection,
design temperature and relative humidity of the control room, testing of the
isolation dampers, impact of failure of both HVAC systems, handling of toxic-gas
challenges, utilization of the remote shutdown panel, fire-fighting strategy, and
habitability parameters important to reactor operation. These questions dealt
with plant-specific design application and were to be discussed during the plant
visit.

Subsequently, the plant was visited, systems were inspected, and the
questions were discussed with the plant staff.

Phase 3

The initial intent of the control room habitability program plan was to review
three to five >fTOL plants and three to five F-70 plants. This review was to
determine the consistency between the staff's review responsibilities as per-
ceived by the working group and actual staff practice. However, it was soon
determined that this task presented some formidable problems. Most of the plants,
including the NTOLs, had control room designs which were not based on the pres-
ent regulatory guidance. Many plants had been reviewed during a time when
criteria and standards were being revised and documentation that described the
basis for the staff's review was not available. In addition, many of the
reviewers who had performed the evaluation were no longer available for consulta-
tion, having been reassigned within NRC or no longer with the Commission. 3ecause
of such limitations, it was concluded that it was only practical to address
present staff review practices.
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The second task associated with the NTOL plants and the F-70 plants was to
survey the as-built control rooms to determine how NRC design requirements were
implemented and to determine which component and system tests are performed.

Selection of Plants To Be Surveyed. Although the original program plan
called for surveying three to five NTOL plants and three to five F-70 plants, it
was determined that this approach, which was originally broad in nature, should be
modified to include fewer plants and to be conducted in a more comprehensive
manner. Therefore, three plants were selected. Two of the plants had operating
reactors, the third was an NTOL applicant. All three plants were PWRs. The NSSS
for one plant was designed by Combustion Engineering and the other two by
Westinghouse. The control rooms were designed by Ebasco Services, Inc., Sargent
and Lundy Engineers, and the utility owner of the reactor. The three plants
selected were chosen in the hope that their designs for habitability would reflect
the types of control rooms one would find in the industry for that particular
vintage of plant, although there are no means to confirm this readily.

The NTOL plant was chosen because its design was representative of several
NTOLs under review. The plant is scheduled to receive its operating license in
1985.

Scope of Work of Control Room Survey. Argonne National Laboratories (ANL)
was the contractor selected to survey the as-built control rooms. The objective
of ANL's work is to review the control room habitability design to determine:

(1) the relationship between as-built control room and the system design as
described in the FSAR or updated FSAR, and

(2) what routine operational tests and preoperational tests are performed on
various control room systems and/or components to ensure that design
specifications and/or surveillance requirements technical specification
requirements are met, or that the system and/or components are functional.

The results of the survey will be reported in December 1984, in a supplement
to the working group report.

IV. Recommendations of the Working Group

The recommendations of the working group were developed throughout the course
of the review. A number of the recommendations address concerns originally
expressed by the Advisory Committee on Reactor Safeguards (ACRS). Others came out
of the workshop, the working group's critique of the review process, and plant
visits.

Recommendation 1

The NRR process for conducting the design review of all systems related to
control room habitability should be revised. The following changes are proposed:

(1) centralization of description of control room systems into one section of the
Safety Ansilysis Report (SAR) through a revision to Regulatory Guide (RG) 1.70
and the designation of a lead branch with the responsibility for assuring an
integrated review,
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(2) utilization of a systems approach in the review rather than the present method,
which is dispersed among engineering or scientific disciplines that
independently perform their review,

(3) utilization of independent verification techniques by branches responsible for
assessing the adequacy of control room designs.

Discussion.. The primary responsibility for the review of systems and planned
operations directly related to control room habitability is presently divided among
seven branches within the Office of Nuclear Reactor Regulation. Thirteen other
branches are frequently to occasionally involved in the review of specific areas
whenever such a need is identified by a branch having primary responsibility. It is
obvious from Figure 1 that control room reviews are diffuse. Such diffusion can
lead to inadequate reviews because of omissions, oversights, and imposition of
conflicting requirements.

During the working group's review of staff practices, criteria, and assigned
responsibilities related to control room habitability, the members were alert to
evidence of omission or inadequate review of systems, components or planned
operations which could be attributed to the diffuse nature of the review. Con-
sidering the large number of branches involved in these reviews, surprisingly few
examples of omission or breakdown, resulting from oversight, were discovered.
However, the working group did not survey operating reactors to determine whether
significant review flaws have been committed which have resulted in inadequate
control room designs. Such a survey would be useful. Nevertheless, the working
group believes that the present way in which these evaluations are organized and
conducted unnecessarily increases the likelihood of such review flaws.

The fragmentation of the NRC review is evident in the safety analysis reports
(SARs) which are submitted. NUREG-0800, "Standard Review Plan for the Review of
Safety Analysis Reports for Nuclear Power Plants," was prepared for the guidance
of staff reviewers in performing safety reviews of applications to construct or
operate nuclear power plants. The principal purpose of the Standard Review Plan
(SRP) is to assure the quality and uniformity of staff reviews and to present a
well-defined base from which to evaluate proposed changes in the scope and
requirements of reviews. It is also a purpose of the SRP to make information
about regulatory matters widely available and to improve communication with inter-
ested members of the public and the nuclear power industry and to provide them an
understanding of the staff review process.

The safety review is primarily based on the information provided by an
applicant in an SAR. Section 50.34 of 10 CFR 50 of the Commission's regulations
specifies, in general terms, the information to be supplied in an SAR. The specific
information required by the staff for an evaluation of an application is identified
in RG 1.70, "Standard Format and Content of Safety Analysis Reports for Nuclear
Power Plants - LWR Edition." The SRP sections are keyed to the standard format, and
are numbered according to the numbering scheme in the standard format. Putting
together a detailed description of a control room system typically requires
utilization of 13 volumes of an SAR. The working group believes that a separate
section in RG 1.70 devoted to control room habitability, where descriptions of
control room systems and their interfaces are centralized, would help assure that
all significant material related to this subject is considered during the staff
review. Such an organizational change would also allow the reader to focus on the
subject in one section rather than continue the current approach in which the
descriptions are divided among a minimum of seven sections.
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The lead responsibility for these reviews should be assigned to oae branch,
either the Accident Evaluation Branch, the Meteorology and Effluent Treatment
Branch, or the Auxiliary Systems Branch. It is important to recognize that this
assignment will require the reviewers in the designated branch to develop a clear
understanding of the control room habitability review and the: interdependence of the
various branch reviews involved. Additional personnel and fiscal resources will be
required for that branch.

Merely assigning one branch overall responsibility for coordinating control
room habitability reviews does not solve the problem of fragmentation. It makes
the reviewers in one branch cognizant of the total review of control rooms but
allows reviewers in the other branches to continue to perform their reviews in
their usual fashion, i.e., focusing only on their specific area of responsibility.
The working group found ample evidence that reviewers need a broader understanding
of the systems being evaluated in order to avoid (1) imposing incompatible or
conflicting requirements, or (2) allowing design modifications without knowledge
of the impact upon other review areas.

The use of a lead branch will facilitate a more systems-oriented approach to
the control room habitability review. The lead branch would coordinate the review
conducted by the assigned reviewers from each of the branches having a primary
responsibility for the subject review. Periodic meetings of this group of reviewers
would allow any problems identified with the systems to be aired, anything unique
about the design of the systems to be described, etc. This collegial approach
initiates the systems interaction approach more effectively than the present method
and expands the breadth of knowledge of the other reviewers. This approach was
utilized by the working group for this study and an obvious broadening of members'
knowledge in the various habitability areas was evident.

The ACRS expressed concern about the need for a more critical review and
independent assessment by NRC staff members. The working group concludes that the
ACRS concerns appear to be well founded for control room habitability. The working
group noted a wide variation among branches in the extent to which reviewers attempt
to independently verify design adequacy. These reviews may include repeating an
applicant's calculations, comparing system designs with previously accepted designs,
or accepting the applicant's commitment to use appropriate guides, standards, or
codes. The working group recommends a uniform level of review that includes an
independent verification of design adequacy.

Recommendation 2

The working group recommends that the staff increase its efforts in obtaining
industry feedback on control room air cleaning systems through increased
participation in professional societies such as ASME and ASTM.

Discussion. Recommendation 6 focuses on increasing the interaction between
regional inspection and headquarters staff for the purpose of improving the
quality of reviews and informing headquarters reviewers of problems identified by
regional inspectors during construction and preoperational inspections. Another
way to increase the quality of reviews and to become more familar with problems of
as-built systems is to obtain industry feedback. One of the best ways is through
participation in various professional societies such as ASME and ASTM.

NRC has historically co-sponsored, with DOE, the biannual Air Cleaning Confer-
rence. In the past arrangements have been financed by DOE. We understand that
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DOE does not plan to finance this program beyond FY 2984. This conference has
been of great value to both government and industry for more than 30 years. The
NEC should consider sponsoring future conferences.

Recommendation 3
Control room habitability environmental criteria during the course of an

accident should be equivalent to those during normal operation. These environ-
mental criteria, as shown in Table 2 should include temperature, relative
humidity, ventilation, illumination,, visibility, and noise.

Discussion. Human performance is adversely affected by high levels of stress.
Stress can be induced by many factors within the physical, physiological, and
psychological environment of the control room operator and its severity is
cumulative across these factors. Some amount of psychological stress is induced by
the presence of an accident condition. The objective of the above recommendation is
to minimize the overall stress lead potential during the course of an accident by
ensuring that the physical and physiological environment of the control room does
not add to the operator's overall stress and thus increase the probability of human
error. It will also ensure that, during a period of high, stress, i.e., an accident,
the physical environment experienced by the opp'rator wil] be unchanged, familiar,
and near optimum for performance and safe operation.

Recommendation 4
Limiting environmental conditions for operation in the control room should be

established and should consider human performance as well as equipment operation
as the basis for selecting of appropriate limits.

Discussion. The current technical specification limit for temperature in the
control room is based on equipment qualification temperatures. If the human
operator is considered to be an integral subsystem required for safe plant
operation, then the limiting conditions for operation in the control room should be
based on the more limiting performe" whether it be equipment or human. Some of the
environmental factors which should bt included for consideration are temperature,
noise, and illumination.

Effective temperature (ET) takes into account dry bulb temperature, relative
humidity, and air velocity. Air velocity has a minimal effect in the low ranges
expected in a control room (under 100 feet/minute) and can be safely ignored as a
contributor to ET differences. An effective temperature of 85°F has been determined
to be the maximum limit for reliable human performance. The 85 °F (ET) ranges from
85°F dry bulb temperature at 100% relative humidity to 104°F dry bulb temperature at
20% relative humidity. The working group recommends that a maximum temperature
limitation of 85°F (ET) be established for -he control room as the limiting con-
dition for operation. If relative humidity is not measured or monitored in a
control room, a dry bulb temperature of 85°F should be used as the limiting
condition. This limit should not be exceeded for longer than one hour.

The limiting condition for illumination incident upon the task area should be
that which is considered to be minimum for safe manual operation under conditions
which have resulted in some degree of normal illumination loss (e.g., loss of AC
power). Ten foot-candles, as recommended by the Illuminating Engineering Society of
North America and as presently adopted by the NRC staff, is recommended by the
working group. This level of illumination is acceptable for periods up to one hour.
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Table 2 Proposed Control Room Habitability Criteria

Parameter Proposed Criteria Source

TEMPERATURE AND RELATIVE
HUMIDITY

Floor Level to Head Level AT (F°)

T (°F)

RH (%)

Maximum Allowable Temperature
for 1 hour (°F)

VENTILATION

I. Makeup Air (Outside)

Per Occupant (cfm)

II. Air Velocity (fpm)

RADIOLOGICAL DOSE (REM)

I. Direct Exposure

a. Normal Operation

Whole Body(•'-*)

Forearms, Hands

Skin

b. Accident

Whole body (y)

Skin (B)

II. Inhalation

a. Normal Operation

b. Accident (rem thyroid)

10

73 < T < 78

20 < RH < 60

85(*)

15

<45

NUREG-0700, 6.1.5.1

NUREG-0700,

Exhibit 6.1-21

MIL-STD-1472 C;
MIL-HDBK-759 A

NUREG-0700, 6.1.5.2

NUREG-0700, 6.1.5.2

(Per quarter)

1.25

18.75

7.5

5

75 (with
protective
clothing);
30 (with-
out protective
clothing)

Table I, Column 1,
10 CFR 20.103
Appendix B to
10 CFR Part 20

30

10 CFR 20.101

10 CFR 20.101

10 CFR 20.101

GDC 19 of
Appendix A to
10 CFR Part 50

GDC 19 of
Appendix A to
10 CFR Part 50

10 CFR 20.103

Application of
GDC 19

See footnotes at end of table.
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Table 2 (Continued)

Parameter Proposed Criteria Source

D. COMMUNICATIONS

E. VISIBILITY

F. ILLUMINATION

Panels, Auxiliary(t)
Panels, Scale
Indicator Reading,
Printed or Typed Reading

* Maintenance and Wiring
Areas (foot-candles)

Seated Operator Stations(f)
Handwritten Reading
Writing and Recording

(foot-candles)

Reflectance

Ceiling

Upper Wall

Lower Wall

Instruments/Displays

Cabinet/Consoles

Floor

Furniture

G. NOISE

Background [dB(A)]

Voice NUREG-0700,
Pg 6.1.4

Unlimited plus
purge fan capabil-
ity of 10 volume
changes per hour.(*)

20 < I < 50

50 < I < 100

60% < R < 95%

40% < R < 60%

15% < R < 20%

80% < R < 100%

20% < R < 40%

15% < R < 30%

25% < R < 45%

<65

NUKEG-0700,
Exhibit 6.1.22

NUREG-0700,
Exhibit 6.1.22

NUREG-0700,
Exhibit 6.1.24

NUREG-0700,
Curve 6.1-26

See footnotes at end of table.
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Table 2 (Continued)

Parameter Proposed Criteria Source

H. CHEMICAL CONTAMINANTS

C02

CO
02

Cl2

Acetaldehyde
Acetone
Acrylonitrile
Anhydrous NH3
Aniline
Benzene
Butadiene
Butenes
Ethyl chloride
Ethyl ether
Ethylene dichloride
Ethylene oxide
Fluoride
Formaldehyde
He
Hydrogen cyanide
H2S
Methanol
N2

Na20
S02

H2S04

Vinyl chloride
Xylene

RG 1.78, Table C-l

(2 minute)(tt)

1.0%
0.1%

15
200
2000
40
100
10
50
0.1%
Asphyxiant
10,000
800
100
200
2
10
Asphyxiant
20
500
400
Asphyxiant
2(#)
5

1000
400

•''Criteria are not presently implemented by NEC reviews.

**Limited to 3 rem maximum per quarter, provided 3 rem whole-body plus past
accumulated whole-body dose not exceed 5 (N-18) rem where N = age of
individual.

tlllumination levels are allowed to decrease to 10 foot-candles for event
initiating a loss of illumination such as a loss of AC power event
•(5 foot-candles for an evacuation path).

ffParts of vapor or gas per 106 parts air by volume at 25°C and 760 mm Hg.

/^Milligrams of particulate per m3 of air at 25°C and 760 mm Hg.
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Excessive noise not only induces stress but impairs verbal communications,
critical, to safe control room operations. The noise limits recommended by the
American Conference of Government and Industrial Hygienists are 100 dB(A) for no
longer than one hour and 85 dB(A) for no longer than eight hours.

Table 2 contains the habitability criteria proposed by the working group for
inclusion into the plant technical specifications.

In developing and proposing limiting conditions for operationin the technical
specifications, on the basis of human performance limitations, careful considera-
tion must be given to the action statement if these limiting conditions are not
met. A question that must be answered is whether the preferable action is to
maintain the reactor operating or is it to begin the shutdown process with the
control room operator functioning in a degraded control room environment.

Recommendation 5
The working group recommends that the following nine generic studies related

to control room habitability be conducted:

(1) Evaluation of the adequacy of chlorine and other toxic-gas detectors presently
in use at nuclear power plants.

Discussion. On the basis of a review of licensing event reports (LERs)
conducted in 1982, the reliability of chlorine gas monitors was placed in doubt.
This poor performance resulted in the release of IE Information Notice No. 83-62.
These monitors continue to perform poorly. For this reason, the working group
recommends that the reliability of the chlorine and other toxic-gas detectors be
enhanced through identification of improvements in those detectors that are
"failure prone" or replacement with more reliable monitors that are currently
available.

(2) Evaluation of the potential for loss of both trains of the ventilation system
and its effect on habitability and equipment operability. Consideration should
be given to the need for providing guidance to control room operators on
appropriate actions in such an event.

Discussion. The ACRS has expressed concern about temperature rise in the event
of loss of all air cooling in the control room. The survey of LERs disclosed two
events in which cooling capability of both trains of the ventilation system was
lost. In one event, cooling was restored in minutes. For the other, the system was
down for 30 minutes, during which time the control room temperature rose to 94°F.
The LER included no information on whether or not the ventilation system remained in
service bringing in outside air, whether temporary ventilation methods were used, or
whether consideration was given to shutting the plant down in the event the cooling
system could not be returned to service within a relatively short period of time.
The working group recommended that this event be studied in more detail.

Input from architect engineers indicated that, if both ventilation systems were
lost, the control room would heat up rapidly with estimates in the range of 1-3F°
per minute for the first hour or so. At these heatup rates the control room would
rapidly become uninhabitable.

The proposed study should also consider appropriate actions to be required by
technical specifications in response to loss of one or more trains of the
ventilation system and possible guidance which could be given to control room
operators to decrease heat loads in the control room. By shedding heat loads, by
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opening doors, and by taking other temporary actions, the operators may be able to
extend their occupancy time long enough so that the ventilation system can be
restored before the control room becomes uninhabitable.

(3) Determination if sufficient new information is available to justify revision of
the Murphy-Campe methodology.

Discussion. This methodology is used to estimate atmospheric dispersion in the
vicinity of structures through consideration of the locations of effluent release
points and air intakes and characteristic building dimensions and meteorological
conditions. A study to evaluate the feasibility of revising the Murphy-Campe
methodology is proposed.

(4) Assessment of the optimum location or locations for toxic-gas monitors
designated for the protection of the control room personnel.

Discussion. Toxic-gas monitors are frequently mounted on the exterior of the
building adjacent to the normal control room air intake. This is not necessarily
the best location for such a monitor, and could be of very little value whenever
the emergency air intake is in use. There is a great variation in the design and
proposed manner of operation of control room ventilation systems. For this
reason, a special study is warranted to determine the optimum location for
monitors.

(5) Determination of a minimum purge rate criterion for smoke removal from the
control rooms.

Discussion. Although SRP Section 9.5.1 calls for the capability to purge
smoke from the control room, no design criterion has been developed. Purge rates
varying from 4,000 to 45,000 cfm have been found in the systems reviewed during
this study. It is clear, for example, that a purge rate of only 4,000 cfm would
be of little use in clearing smoke from a 200,000 ft3 control room envelope;
therefore, some criterion should be established. The working group has assumed a
minimum of 10 volume changes per hour in Table 2, but a determination should be
made as to whether this value is sufficient to purge the control room.

(6) Development of a method for conducting leakage tests on ventilation system
isolation dampers.

Discussion. The working group discovered that there is no straightforward
method of measuring leakage through the large dampers in the normal ventilation
system used to isolate the control room. Although a leakage rate may be inferred
from measurements taken during control room pressurization tests, these measurements
are of limited value since systems, when operated in a recirculation mode, subject the
dampers to a much higher pressure differential than they experience during the
isolation test. Thus, the leakage rate could be much higher under these conditions.

In view of the number of problems with dampers, as reported in the LERs, the
working group believes this matter warrants additional attention.

(7) Determination of the vulnerability of control rooms to steam intrusion.

Discussion. The ACRS raised the question of steam intrusion. The working
group concluded that it had insufficient information on control room designs and the
location of high pressure steam lines to assess the potential for steam intrusion.
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Although no problems were identified for the systems that members of the working
group have recently reviewed, designs vary markedly and the possiblity cannot be
ruled out. Hence, further study of the matter is recommended.

(8) Assessment of whether the benefits of carpeting in control rooms outweigh its
potential hazard which can be to emit toxic gases in the event of a fire.

Discussion. Carpeting is used in control rooms to help suppress noise and
minimize fatigue. Many synthetic materials used in the padding and carpeting are
known to generate large quantities of toxic gases when exposed to fire.

The working group found conflicting policies existed within two branches
implementing control room habitability requirements. One branch's policy was that
carpeting should not be installed in the control room; the other branch's position,
however, was that carpeting should be installed.

The toxicity, resulting from fire, of many materials utilized in the control
room has been studied. Such tr>xicity insofar as carpeting and its associated
padding has not been studied.

Thus, a determination should be made as to whether carpet constitutes a hazard
in existing control rooms or whether its benefit for improving the operator's
environment exceeds this hazard.

(9) Effectiveness of fire dampers in limiting the spread of smoke or toxic gases in
the event of a fire within the control room envelope.

Discussion. The ACRS expressed concern about the effectiveness of fire dampers
in limiting the spread of smoke and toxic gases. This concern should be limited to a
fire within the control room envelope. Fire dampers in the boundary penetrations
should always be backed up by one or more isolation dampers.

The working group was unable to assess the need for better smoke control
generated by fires within the control room envelope. A thorough study of this
problem will involve defining temperatures, pressures, smoke, and toxic gases,
conducting a realistic testing program for dampers typical of those presently used
in control rooms.

Recommendation 6
There should be more interaction between headquarters and regional personnel

during the OL reviews, especially during preoperational testing. Headquarters
staff should be encouraged to participate in the preoperational inspection of
systems related to control room habitability.

Discussion. The opportunity to inspect plant systems should substantially
increase the competency of the headquarters staff, increase the quality of the
reviews, and probably minimize conflicts between applicants and staff An inte-
grated review process between headquarters and the regional offices is more likely
to identify differences or inconsistencies between the design reviewed and the
as-built system. Also, it will encourage more dialogue between regional personnel
and headquarters staff, thereby increasing the likelihood that problems identified
in the field will be brought to the attention of the proper reviewer.

Recommendation 7
The technical specifications involving control room systems should be

expanded to include:
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(1) habitability criteria such as temperature, illumination, noise, etc.;
(2) acceptable leak rates for isolation dampers;
(3) maximum flow rate for pressurization of the control room;
(4) HVAC system (safety grade); and
(5) corrections to existing technical specifications.

Discussion. The present technical specifications on control rooms are very
limited. They only address toxic-gas monitors and engineered safety feature (ESF)
filtration units. Habitability concerns for humans are not addressed, even though
they may be more limiting than the equipment. Inclusion of the above recommended
parameters in the technical specifications will provide assurance that the control
rooms will be habitable during off-normal conditions. The technical specifica-
tions should assure that bottled air supplies are periodically surveyed to ensure
that air is available and usable and that offsite replenishment capability is
available; that appropriate limiting conditions for operation be specified for
Modes 5 and 6 with both control room ESF filter systems inoperable; that Generic
letter 83-13 be rescinded to correct errors in the technical specificatioas
covering bypass leakage of filtration units, in-place testing of HEPA filters and
charcoal adsorbers, and laboratory tests of charcoal; that surveillance
requirements include an acceptable leakage rate test for isolation dampers at
design pressure; and that the surveillance requirements include a pressurization
test stipulating maximum ventilation flow rate. Technical specifications should
also be added covering safety-grade HVAC systems in the control room.

Recommendation 8
Regulatory Guides, standard review plans, and other documents such as NUREGs

associated with control room habitability should be revised to bring them up to
date with the latest information and review procedures, as well as with the
recommendations of this study.

Discussion. RG 1.52, "Design, Testing and Maintenance Criteria for
Post-accident Engineered-Safety-Feature Atmospheric Cleanup System Air Filtration
and Adsorption Units of Light-Water-Cooled Nuclear Power Plants," has been under
revision for about two years. A number of substantial changes are being proposed.
A large number of additional changes were recommended at the Control Room
Habitability Workshop in November 1983. The revision has not been finalized
primarily because of a shortage of personnel resources within NRR. It is
recommended that RES hire a contractor to complete this task.

Clarification of RG 1.78, "Assumptions for Evaluating the Habitability of a
Nuclear Power Plant Control Room During a Postulated Hazardous Chemical Release," is
needed as to the manner in which the staff determines allowable leakage rate for
isolation dampers. In addition, inconsistencies between this regulatory guide and
RG 1.94 should be eliminated.

The present specifications and acceptance criteria for the control room
pressurization test are inadequate. New ones are needed.

SRP Sections 6.5.1, 9.4.1, and 18.0 should be revised. GDC 60 is not
appropriate for SRP Section 9.4.1 and the definition of control room envelope in
SRP Section 9.4.1 is inconsistent with the definition in SRP Section 6.4. Defini-
tive subsections to SRP Section 18.0 have not been written, but should be. SRP
Section 6.5.1 should be more explicit.
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V. Conclusion

As directed by the EDO, the Control Room Habitability Working Group has reviewed
the subject of control room habitability in such areas as NRR review process,
transformation of control room habitability designs to as-built systems, and
determination of testing protocol. In addition, the working group has investigated
the ACRS concerns and recommendations. The working fcioup has determined in its
review that many of the ACRS concerns and recommendations are well founded, and the
group has recommended actions to be taken to address these as well as other concerns
which were raised independent of the ACRS.

The working group has not completed its assignment since the survey of as-built
control rooms and their testing protocol is incomplete. The results of this survey
will be supplied to the EDO in a supplement to the initial report. Nevertheless,
the review of control room habitability has revealed significant areas where the
approach presently utilized in reviews should be altered. These include:

(1) designation of the maintenance of human performance in the control room as
important as the maintenance of equipment which serves the control room,

(2) centralization of the review of control room habitability so that interaction
between branches becomes commonplace through integrated reviews and the control
loom is reviewed as a system and not in a diffuse manner,

(3) assurance that the branches responsible for control room habitability reviews
independently verify the adequacy of control room designs,

(4) modification to existing technical specifications to increase areas covered and
to correct present errors in the specifications,

(5) emphasis on increased interactions between headquarters reviewers and regional
inspectors, and,

(6) imcreased staff participation in professional societies to provide input on
regulatory policy and to obtain industry feedback.
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DrscussroN
SGALAMBRO: Could you please comment on the technical feasibility
of implementing the recommendation to protect personnel against
chemical releases? What is the policy of NRC about toxic and chemical
releases? And what is the technical design for the protection systems?
For example, should there be another filtration train for chemical
release o'r improvement of operators' respiratory equipment? Have you
any experience in power plants of such situations?

HAYES: The present NRC criteria require protection against
toxic gases. The control room working group did not recommend any new
requirements to handle toxic gas challenges that are different than
those contained in Regulatory Guides 1.78 and 1.95. There are two
different types of designs that can be considered. One is the isola-
tion of the control room prior to the entrance of toxic gases, the
other, the treatment of the toxic gases once they have entered the
control room. The policy of most plants in the U.S. is to isolate.
If you look at the Regulatory Guide, there is also an opportunity to
clean up the toxic gas challenges with deep bed materials such as
charcoal. But for the most part, the philosophy is that it is better
to prevent the entrance of the toxic gas into the control room than
to attempt to clean it up once it enters-.

ORNBERG: What is the NRC's schedule for implementing the pro-
posed recommendations and will the public have a further opportunity
to comment? When will NRC officially rescind NRC Letter 83-13?

HAYES: Starting in September 1984 the NRC will put together
a program for implementing the working group's recommendations. The
implementation will be subject to CRGR approval within the NRC. The
public will have an opportunity to comment on these recommendations.
Before they can be implemented, there is a possibility of a year or
two years. That is, provided they get acceptance by CRGR. In
addition to what was discussed here, there is also a recommendation
that some generic studies be performed. The input from these is not
available yet. No date can be given when the NRC will rescind
Generic Letter 83-13.

VOGAN: In terms of implementation of the recommendations you
talked about, are you looking for a full backfit of existing control
rooms for such things- as- additional isolation fire dampers, or is the
regulation strictly directed towards- new, future plants?

HAYES: The recommendations are not restricted to future plants.
Before the NRC can require backfitting, the NRC staff must submit
their recommendations- to the NRC CRGR for approval. CRGR evaluates
the safety implications of the recommendations and the costs assoc-
iated with their implementation. Therefore, safety significance of
these implementations- must be demonstrated prior to the requirements
for backfitting control rooms-. The work with respect to fire dampers
in leak rate capability will be dependent upon the results of a study
which is, I think, done. You will see that an evaluation must be
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done on existing control rooms to meet this criterion. Probably some-
thing similar to 3D34.

VOGAN: As you know from some of your reviews, some of the
backfitting will be quite costly, and I haven't seen a report of
the cost beneficiality yet.

HAYES: That is correct.
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91191 GIF SUR YVETTE CEDEX, France

I. INTRODUCTION

Ventilation systems are designed to guarantee air replacement in rooms so
as to evacuate gases, odours and aerosols liable to be produced therein. This air
is conditioned, filtered, heated, and the relative humidity checked. At the outlet,
a filtration system adapted to the type of effluent prevents the external
dispersion of toxic sustances.

Let us consider what happens in the room. Ventilation is defined by the
air change time. A comfort rule recommends reducing the velocities reaching the
person present in less than 0.2 in/sec. This reduction is achieved by adjusting
the natural property of the jets, induction, by means of diffusers placed at the
vents.

II. INDUCTION, HOMOGENIZATION AND TRANSFERS

The jets leaving the blower vents have specific properties that make them
responsible for air movements in the rooms. These properties are the following; :
- the velocity gradient between blown air and ambient air draws the latter,

causing an increase in the flow rate procured by the jet : this is induction,
- the conservation of momentum distributed over the blown air and induced air

gives the blowers a far greater range than the extractors. Induction normally
ranges from 10 to 20.

i = su>

I : induction
Q : blow air flowrate
Q : flowrate of jet at distance x

Each blower vent creates a convective cell causing homogenization. Air
change is defined by a characteristic time :

V
Tr =

V : volume of the room
Q : ventilation flowrate

Similarly, a characteristic homogenization time can be defined within a
eonvective cell :
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Vc

V : volume of eonveotive cellc
Q : blown flowrate at inlet opening

The velocities involved in this cell concerning pollutant emissions are the
transfer velocities and homogenization takes place by multiple passage in the jet.
Obstacles and small-scale turbulances also contribute to the diffusion of the
substances emitted.

If two or more inlet exist, the associated convective cells interchange part
of their mass. A homogenization rate is established between the cells, that can be
characterized by a coupling coefficient :

QH : exchange rate between cells

and a characteristic homogenization time extended to the entire room :

V : volume of room

Air change characteristic time and induction can be adjusted to optimize
general ventilation systems from the protection standpoint. This action indirectly
affects the transfer velocities and homogenization times. The transfer velocity and
its direction conditions the number and distribution of the detection and alarm
devices.

Homogenization reduces the amplitude of individual contaminations and
simplifies the measurement of ambiant contamination.

III. PRACTICAL SITUATION

Unfortunately, the ventilation concept is never optimized for these
objectives, and we shall show that it would be difficult to do this. The rooms are
not empty and the furniture significantly alters the distribution. A strategy to
coordinate the inlet opening and furniture distribution does not exist. Paradoxi-
cally, it is the distribution of the outlet opening that is analyzed, implicitly and
in advance, allowing the existence of dead zones where the effects of induction
are no longer felt, outlet opening at the lower part for heavy substances, and at
the upper part for light products. The result yields a poor containment, and any
atmospheric contamination occurs throughout, as well as slow homogenization that
lengthens the interval between product emission and the alarm. In thin context,
the operators must reduce the probability of individual and collective
contamination, while minimizing the investment costs in measuring, detection and
alarm devices. They must also shorten the decontamination times.

IV. FREQUENT CHARACTERISTICS OF CONTAMINATION ACCIDENTS

We shall consider the example of workshops equipped with many glove
boxes. In this case, the potential sources are known and the emission points
localized, including gloves and transfer locks.
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The following is generally observed :

1) Predominance of surfade contaminations and settling below the emission points.

2) Atmospheric contaminations display wide contrasts near the emission points.

3) High sensitivity to local emission conditions in the division between what
settles and what is diffused into the atmosphere.

4) Very narrowly contrasted atmospheric ocntamination throughout the room, apart
from the immediate vicinity of the source.

This situation conforms closely to the one described in the previous
chapter. Low velocities favor- settling and preserve contrasted concentration zones
in the space attended by the operator:;. The distribution of a blast is random, it
exposes the personnel to major contamination risks, and it maybe undetected by
the detection instrument. Outside the emission zone, the product is picked up by
the convective movements and distributed throughout the room with low
constrasts.

V. PROPOSED SOLUTION

The optimization of protection demands thorough control of tranfers and of
homogenization. This function can only rarely be required of a general ventilation
system. Settling is often a lesser evil. The question is how to avoid entraining
settled materials while rapidly homogenizing the diffused air, if not by locally
adjusting the velocities and the homogenization within limited volumes. The
general ventilation system could then be devoted exclusively to the confort and
replacement function with minimum investment outlay.

Systems of "Blow on exhaust" type can meet these objectives with low
flowrates (10 to 20 m3/h). In fact, they offer four major advantages :

- Directivity simplifying the installation of detection instruments.
- Homogenization reducing the risks of major contamination.
- Entrainment by induction in the jet direction.
- Local extraction which, even if imperfect, restricts the diffusion of

contamination throughout the room.

This concept means treating the work zone directly as a dead zone, which
is done implicitly, to avoid entraining settled materials. Since turbulences due to
the general ventilation system become the disturbing factors in this case, the
system must be reduced to the strict minimum. The investment outlay for a Pu
laboratory is around 100 dollars for 1 m3/h. A reduction form 5r000 to 2000 m3/h
means savings of 300,000 dollars, while preserving 3 to 4 replacements per hour.

From this point of view, local purification units not using the general
ventilation system may also offer applications in case of incident, by preventing
the contamination or clogging of the general ventilation filters, and would also
help to cut airconditioning investments.

Finally, homogenization on the scale of the room is necessary for the
fraction escaping local settling, which decreases the collective contamination.
Hence it would be interesting to favor couplings between convective cells induced
by the blowers, and this would accelerate the homogenization time without
increasing the air velocities and hence the entrainments of settled materials.
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VI. CONCLUSION

We should adopt a more directive attitude in optimizing protection, discard
random effects, and try to control transfers and hotnogenization. This project,
which should be conducted in close cooperation with the operators and the
personnel, could culminate in relations optimizing as well as installation cost.
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Abstract

In light water reactors, control rooms and technical support centers must be
designed to provide habitable environments in accordance with the requirements
specified in General Design Criterion 19 of Appendix A, 10 CFR Part 50. Therefore,
the effectiveness of HVAC and air cleaning system designs with respect to plant
operator protection has to be evaluated by the system designer. Guidance for
performing the analysis has been previously given in ANSI/ASME N509-1980 as well as
in presentations at past Air Cleaning Conferences. This paper extends the previous
work and presents the methodology used in a generic, interactive computer program
that performs Main Control Room and Technical Support Center (TSC) habitability
analyses for LWR nuclear power plants. For given accident concentrations of
radionuclides or hazardous gases in the outdoor air intakes and plant spaces
surrounding the Main Control Room (or TSC), the program models the performance of
the HVAC and air cleaning system designs, and determines control room (or TSC)
contaminant concentrations and plant operator protection factors. Calculated or
actual duct leakage, air cleaning efficiency, and airborne contamination are taken
into account. Flexibility of the model allows for the representation of most
control rooms (or TSC) and associated HVAC and air cleaning system conceptual
designs that have been used by the U.S. architect/engineers.

The program replaces tedious calculations to determine the effects of HVAC
ductwork and equipment leakage and permits 1) parametric analyses of various HVAC
system design options early in the conceptual phase of a project, and 2) analysis
of the effects of leakage test results on contaminant room concentrations, and
therefore operator doses.

I. Introduction

For nuclear power plants, control room habitability analyses can be broken
down into a number of separate analyses. These include the following:

(1) initial accident source term;
(2) release to the environment, including performance of post accident

fission product removal systems such as containment sprays and
filtration systems;

•Present work affiliation: SADELMI-COGEPI, Milan, Italy.
**Also, adjunct associate professor of Nuclear Engineering, University of Illinois,
Urbana, Illinois.
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(3) atmospheric transport to the control room air intakes;
(4) performance of the control room HVAC system;
(5) conversion of control room airborne concentrations to radiological

doses, and comparison with applicable regulatory limits.

The present research work has emphasized items (1), (2), and (4). However, only
item (A), the performance of the control room HVAC system, is discussed in this
paper. A detailed account of items (1) and (2) can be found in Refs. (1) and (2).

Control room or Technical Support Center (TSC) habitability systems are
designed to ensure that operating personnel can remain inside the spaces comprised
in the control room envelope with safety and comfort during all normal and abnormal
station conditions, in compliance with 10 CFR 50, Appendix A, General Design
Criterion 19.̂  ' In particular, much attention has been given by the U.S. Nuclear
Regulatory Commission and architect/engineers to the control room Heating,
Ventilation and Air Conditioning (HVAC) systems in an attempt to standardize their
design and construction, while meeting all regulatory safety standards and
requirements.^ '

At the present time, results of analyses of control room habitability and
performance evaluations of control room HVAC and air cleaning systems are included
in Safety Analysis Reports (SARs). Specifically, Sect. 6.4 deals with all the
habitability systems and considers their related safety and protection features
under a broad spectrum of possible events (fires, chemical accidents, nuclear
accidents, etc.); Sect. 9.4 considers all the HVAC systems and describes their
operation, and functional and power generation requirements; Chap. 15 deals with
the evaluation of consequences of postulated nuclear accidents, arid shows the
calculational models adopted to estimate the radiation doses to population and
personnel.

The calculational models shown in SARs for the evaluation of control room
HVAC and air cleaning system performance for the most part are not easily adaptable
to conceptual design variations; some models'- ' have a greater potential for
representing a number of conceptual designsc However, none of the published models
include features that allow an evaluation of the effect of components layout and
leakage characteristics on the radiation doses to control room personnel. These
factors have been shown*' ' to have an important bearing on control room Iodine
Protection Factors (IPFs) and need to be considered in order to more realistically
describe the behavior of a control room under accident conditions, improve system
design criteria and methodology, and better specify and achieve a standardization
of the quality requirements of manufacturing.

This paper is part of the results of a research effort specifically devoted
to developing a methodology for the systematic analysis of nuclear power plants'
control room or technical support center HVAC systems. The approach to air
cleaning system duct design, described in the work presented by W. H. Miller, S. C.
Ornberg, and K. L. Rooney^7' at the 16th DOE Nuclear Air Cleaning Conference, has
been of special importance to the development of the model.

II« Mathematical Modeling of Control Room HVAC and Air Cleaning Systems

Several mathematical models have been Investigated during the present study
in an attempt to obtain a general, flexible, and computationally-fast computer code
that would allow the designer to perform a detailed leakage analysis and calculate
personnel protection factors. The model presented in the following sections is
based on a network representation of the system, and leads to a matrix
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formulation. This approach allows the inclusion of all aspects of design that are
of interest from the point of view of control room protection performance. The
model relies upon a system of consistent equations, and presents much flexibility
with regard to variations of system parameters and conceptual design.

Representation of Ductwork Network

In order to evaluate the effect of ductwork leakages on the protection
performance of a control room ventilation system design, it is necessary to
evaluate (i) the flow rates in the ductwork that result from leakages in all duct
segments, and (ii) the influence of the airborne radioactivity at the outside air
intakes on the control room concentration of radioactive material.

The flow rates corrected for ductwork leakages and control room contaminant
concentrations can be evaluated with the methodology illustrated hereafter. To
facilitate the presentation of the method, Figs. 1 and 2 are referred to. Figure 1
shows a diagramatic representation of a typical nuclear power plant control room
ventilation system. The ductwork system can be visualized as a network consisting
of nodes and segments; each node corresponds to the junction of two or more
segments, or to the ends of a segment. Nodal points are located where changes in
network layout, or duct leakage characteristics, or both occur. The system
schematized in Fig. 1 is graphically represented in Fig. 2.

The total number of nodes, N, is linked to the number of segments , S, by the
following relationship:

N = S + 1 - NR, (1)

where NR denotes the number of "rings" in the network; a "ring" is defined as a
continuous connection of segments originating from and eventually terminating at
the same nodal point.

Since the number of terminal nodes, NT, is related to the number of internal
nodes, Nj, by:

NT = N - Nz, (2)

subs t i tu t ing Eq. (1) into Eq. (2) y ie lds :

NT = S + 1 - NR - Nj. (3)

Conservation Equations

Conservation equations can be written for the air flow and for the airborne
radioactive species; in the latter case, radioactive decay is neglected.

Air Flow

A conservation equation for the air flow can be written for each individual
duct segment in accordance with the convention shown in Fig. 3:

Fin,i " Fout,i = Li' <*>
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FIGURE 1
DIAGRAM OF A TYPICAL CONTROL ROOM VENTILATION SYSTEM
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FIGURE 2
NETWORK REPRESENTATION OF THE CONTROL ROOM VENTILATION SYSTEM
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FIGURE 3
SEGMENT REPRESENTATION

where Fin ^ is the input air flow rate for segment "i"; FQUt * is the output air
flow rate'for segment "i"; L» is the leakage associated with'duct segment "i"

flow rate for segment "i"; FQ
^ is the leakage associated wi

> 0 is defined as outleakage; L < 0 is defined as inleakage).

Simil-irly, a conservation equation can be written at each nodal point in
accordance with the convention shown in Fig. 4:

Fin,j (5)

where the two summations are performed over the "j" input and "k" output air flows
that are respectively terminating or originating at the nodal point under
consideration.

FIGURE 4
NODE REPRESENTATION
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The leakage rates to be used are the (i) allowable leak rates, or (ii)
assumed leak rates, or (iii) actual measured l%4k rates for an existing control
room ventilation system. ANSI/ASME N509-198CT8'' prescribes that the minimum of the
values as determined by three different criteria be used as allowable leakage for
design and testing. The three criteria are: (i) air cleaning effectiveness; (ii)
duct/housing quality; and (iii) health physics requirements. In this model, the
first two criteria only have been retained since the application of the third one
cannot be performed a priori.

The number of equations of the type represented by Eq. (4) is equal to the
number of segments, S, and the number of equations of the type represented by Eq.
(5) is equal to the number of internal nodes, Nj. For each segment there are two
unknowns, F^n i and F t ^. Therefore, the number of degrees of freedom of the
network, Dj, is given by':

Dx = 2S - (S + Nj) = NR + NT - 1, (6)

after using Eq. (3).

This equation expresses the fact that in order to uniquely determine the flow
rates in all ductwork segments, it is necessary to assign specific values to the
number of flow rates given by Eq. (6). Once the required flow rates have been
chosen, the system of Eqs. (4) and (5) can be solved for the unknowns F^n ^ and
Fout,i*

Airborne Radioactivity

Conservation of radioactive species is expressed by equations similar to Eqs.
(4) and (5):

Fin,iCin,i " Fout,iCout,i = LiCl,i»

and

^ Fin,jCin,j ~ Z Fout,kCout,k = °'

where C^n ^ is the input concentration of radioactive material in segment "i";
Cout i i s 'the o u t P u t concentration of radioactive material in segment "i"; C^ ̂  is
the average concentration of radioactive material leaking out or into duct segment
"i.:l For all outleakages, it is assumed that:

i.e., radioactive decay is neglected. The number of equations of this type is SQ L,
representing the number of segments with outleakages. For each of the ductwork
segments subjected to inleakages, it is assumed that:

°l,i ~ Kic0AI» Li < °» (10'1

where KJCQ^J, is the concentration of radioactive material outside the ductwork
segment expressed as a fraction, given by K^, of the concentration at the outside
air intakes of the control room ventilation system. The values of CQ^J are known.
The values of Kj give the distribution of the radioactive material in the control
room building area. These fractions Kj_ may be derived from site meteorological
data and wake and terrain effect data* The number of equations of this type is
S-T-T , representing the number of segments with inleakages.
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A special case is that of a housing encompassing a filter unit. For these
segments, the conservation equation is written as:

5
Fin,iCin,i " Fout,ACout,i ~ eiFin,iCin,i (11)

where ^ is the filtration efficiency for radioactive species "s." The equation is
based on the convention appearing in Fig. 5. The upstream housing section has been
associated with the filter; the downstream portion of the filter housing can be
treated as any other nonfiltrating segment.

For each segment, there are three unknowns: C^n ^, CQ t ̂  and C-̂  J.
Therefore, D^, the number of degrees of freedom of the network 'is given *by:

3S - S - S
Q L

- S I L - = NR + NT - 1,

after using Eq. (3), and

S " S 0L

(12)

(13)

The number of degrees of freedom is actually further reduced by assuming perfect
mixing of air flow at internal nodes where several segments converge. This results
in the equality of the concentrations at the input side of the ductwork segments
that originate at the same internal node. Thus for the example shown in Fig. 6,
these considerations translate into:

Cin,A " Cin,5;

Cin,6 = Cin,7;

Cin,8 = Cin,9*

(14)

L:
'in,i

V
"out.i
c,out, i

FILTER

FIGURE 5
FILTER REPRESENTATION
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FIGURE 6

EXAMPLE OF NETWORK

It can be shown that the number of additional equations of the type represented by
Eq. (14) is given by: N̂  Oy^ - 1 + N ,̂ where N-j. Qŷ  denotes the number of terminal
nodes with output flow. 'Therefore, Eq. (12) becomes:

where denotes the number of terminal nodes with input flow, and

(15)

(16)

Thus, in order to determine the unknowns C i n ̂ , C t j, and C-, j, it is sufficient
to fix the values of the radioactive concentrations at all the 'terminal nodes where
an input of air occurs.

Both flow rate and radioactivity conservation equations are linear with
respect to flow rates and radioactivity concentrations. This leads to the result
that the instantaneous value of the radioactivity concentration at any point: of the
ductwork network is a linear combination of the concentration at the outside air
intake, C 0 A I, which is known, and the concentration in the control room, CCR, which
is unknown and the main object of the evaluation. This condition is expressed by
the equation:

Ch,i * ah,icCR + bh,iC0AI

where the subscript "h" stands for "in," "out," or "1."

(17)
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Network Configuration

The equations presented in the preceding section are segment or node
equations and do not contain any information on how the system is configured. In
order to account for the actual layout of components and for ductwork routing and
branching, a matrix representation is adopted. For example, with reference to Fig.
7, the following matrix is defined:

[ a ] =

N
0

d
e
s

J

1
2
3
4
5
6
7
8

Segments »

1

- 1
+1

0
0
0
0
0
0

2

0
- 1
+1

0
0
0
0
0

3

0
0

-1
+1

0
0
0
0

1

4

0
0
0
0

- 1
0
0

+1

5

0
0

+1
0
0
0
0

-1

6

0
0
0
0
0
0

+1
- 1

7

0
+1

0
0
0
0

- 1
0

8

0
0
0
0
0

-1
+1

0

(18)

CONTROL
ROOM

FIGURE 7

EXAMPLE OF NETWORK
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where a matrix element has the following property:

= -1 if segment "m" originates from node "n";
= +1 if segment "m" terminates at node "n";
= 0 if segment "m" has no connection with node "n".

Any subnetwork of the general network is representable by a submatrix of
[a ]. It is only necessary to eliminate the columns corresponding to the segment
not present in the subnetwork and the rows corresponding to the nodes not present
in the subnetwork.

Control Room Radioactive Contamination Concentrations

With reference to Fig. 8, the equation governing the time-dependent
concentration of a radioactive species "s" in the control room is given byt

lCCR *
Pin,pCL,p

QC* +
OAI

F CS

out,q out,q

out.q

INPUT
FLOWS

(19)
CR

QSCs^OAl

F;
in ,p

OUTPUT
FLOWS

L.CCR Q,CCR

FIGURE 8
DIAGRAM OF A CONTROL ROOM
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where:

V Q £ = control room volume;
L = control room leak rate due to pressurization;
Q = infiltration due to personnel doors;

As = decay constant of radionuclide "s";
Ar = decay constant of radionuclide "r";

b = fraction of nuclide "s" produced by decay of nuclide "r".

Noting that:

L + " i n . p = ZFout,q>
p q

and using Eq. (17) to express C° u t , Eq. (19) becomes:

d C r p T out.q a o u t , q - i s

^ [ A 3 C
T out.q out,q -is , r

[- A 3 C
CR +

 L br^s XrCCR
L s vrn -I r

Q + Z F bS

CR

Having previously determined all air flow rate values, one can solve for
Cp^(t), to which the dose rate is proportional, and for the Iodine Protection
Factors. The time-dependent concentration integral in the control room, to which
the dose is proportional, obeys the equation:

t
Ic

S
R(t) = / cgR(t')dt«, (23)IcR(t) = / cgR(

0

with the initial condition:

l£R<0) = 0 . (24)

The time-dependent concentration integral at the outside air intakes is given

by:

C0AI<tt)dt'» (25>

with the initial condition:

C0AI

IoAI(O) = 0. (26)
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Iodine Protection Factors: Simplified Approach

A simple solution for Eq. (22) can be obtained when the decay terras are
neglected and CQAI remains constant. This approach leads to the IPF obtained
by Murphy and Camped '• For this case, the solution is given by:

(27)

where

Q + Z F . (1 - a s ,. )
out,q out,q

"S" - ^ 5 5
and

Q + Z F ,. bS ,.

out,q out q
~ V (29)

CR yiJ/

Specifying that the radionuclide "s" is an iodine isotope, the Protection
Factor for this particular radioiodine can be obtained from Eq. (27):

CS s
IPFS(t) = - 9 ^ . 2 — - (30)

For a period of time long enough, Eq. (30) reduces to:

Q + Z F ,. (1 - aS )
s out,q out,q

IPFS = iL = 9 , (31)
VS Q + E F bS ,.

^ out,q out,q
q

which is equivalent to the approach adopted by Murphy and Camped ^ When all
radioiodine species are considered, Eq. (3Q) becomes:

IPF(t) = Z u. lPFs(t), (32)
S

s

with

U— (33)
s ECS

8 C R
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where the summations are carried over the radioiodine species only. For a period
of time long enough, Eq. (32) becomes:

IFF = Eii)e IPF
S.

5

s

Iodine Protection Factors; General Approach

In the more general approach, the overall IPF, defined as the ratio of the
total doses without and with protection, is given by:

IPP(t) = -? , (34)

L CR
s

s s
where I C R and I 0 A I are defined by Eqs. (23) and (25), respectively. The most
general computation calls for the solution of the system of equations represented
by Eq. (22).

The use of this more accurate definition of IPF leads to better estimates
than those made from the simplified approach presented in the preceding section.

Mathematical Implementation

The math natical model of control room ventilation systems under accident
conditions discussed in the preceding sections has been incorporated in a computer
code. The mathematical methods, flow diagrams, listings, and sample outputs are
documented in Ref» (9).

Special Case; Multiple Filtration

The mathematical model described so far is formally exact but does not yield
realistic results when the ventilation system presents two filtrating units in
series. In fact, the model would result in a greater reduction of radioactivity
due to the fact that the radioactivity not filtered by the first xinit would be
refiltered by the second unit with a filtration efficiency given by the efficiency
of the second filter itself.

This can be more easily understood by looking at Fig. (9a), where

AQ = activity at the inlet of the filter chain;
k± = activity at the outlet of the first filter;
A2 = activity at the outlet of the filter chain;

El» e2 = filtrati°n efficiency of the first and second filter, respectively.

For this situation the following relationship holds:

Aj = Ax(l - e2) = AQ(1 - e ^ U - e 2 ) . (35)

The total filtration efficiency of the chain, £ t o t > is given by:

A2 = Agd - e t o t ) , (36)
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A.

(a)

A

(b)

FIGURE 9
FILTRATING UNITS IN SERIES

from which:

or

-e2) = (1 - e t o t),

S o t " £1

(37)

(38)

However, Eqs. (35) and (38) are not exact because, as pointed out by Murphy and
Campe, ' th^ filtration efficiency of the second filter is not the same on a
filtered stream as on an unfiltered stream. In fact, the filtration efficiency
depends on the size distribution of particulates and on the concentration of the
material to be removed from the stream. Therefore, as these conditions at the
inlet of the second filter are different from those at the inlet of the first
filter, the efficiency of the second filter Is reduced, even when it has the same
nominal efficiency as the first one.

On the basis of these considerations, the situation shown in Fig. 9a should
be modified as shown in Fig. 9b, where R is the second filter filtration efficiency
reduction factor, which accounts for the described effects and satisfies Eq. (37)
modified as follows:

(1 -e.)(i - (i -e.t), (39)
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OUTSIDE
AIR

INTAKE

+ L2+L3+L4-L5+F2

EXCHANGE RATE F3
DUE TO INFILTRATION
THROUGH DOORS

FIGURE 10

EXAMPLE OF NETWORK WITH M U L T I P L E F I L T R A T I N G UNITS

L,

(a)

-2=0

F,+L,

CONTROL
ROOM •L=F,

+ L3+L4-L5

(b)

= L2+L3+.L4-L5

FIGURE 11
SUBNETWORKS REPRESENTATION
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or

e t o t = Ej + e2R - £]£2R. (40)

When the ductwork network presents a situation corresponding to multiple
filtration in series, a special treatment of the model equations is therefore
warranted. To tackle this problem, two overlapping system situations have to be
considered. The performance of the simple control room ventilation system
illustrated in Fig. 10 can be studied by applying the principle of superposition of
effects to the two situations represented in Figs, lla and lib. In Fig. lla, only
the flow rates and the leakages that are filtered twice are taken into account;
ej.ot is the filtration efficiency of the doubly filtered streams given by Eq. (40).
In Fig. lib, only the flow rates and the leakages that are filtered once are taken
into account.

The final results, which take into account both situations, are obtained by
position of the two effects
ted by the values of the fi

respect to the total flow rates.

superposition of the two effects by averaging the ain/out ±
 an^ ^in/out i

weighted by the values of the fraction of the flow rates in each situation with

III. Example

The model has been tested on a sample problem, that is typical of nuclear
power plant control room systems. The control room ventilation system is shown in
Figs. 1 and 2. The main characteristics of the system are presented in Table 1.
The input data are contained in Tables 2 and 3.

Ductwork leakages for each HVAC and Air Cleaning (AC) segment as resulting
from the air cleaning effectiveness and the duct/housing quality criteria of
ANSI/ASME N509-1980 are presented in Table 4. If a segment encompasses a damper,
the latter is treated as a known air flow rate if the damper is closed in the
operation mode under consideration. The input or output flow rate of the damper
segment is then set equal to the leakage of the damper under the design or

Table 1 . Main characterist ics of the control room vent i la t ion system

Control Room Volume: 100,000 f t * *3

Air Cleaning System Rated Flow: 4,000 CFM

HVAC Rated Flow: 26,340 CFM

Control Room Ex f i l t ra t i on Rate at Design Pressure: 1,500 CFM

Control Room I n f i l t r a t i o n Rate Through Access Doors: 10 CFM

Part iculate and Elemental Iodine F i l t e r Eff iciency: 95*

Organic Iodine F i l t e r Eff iciency: 90%

Noble Gas F i l t e r Eff ic iency: 0%

Second F i l t e r Efficiency Reduction Factor: 0.842
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Table 2. Description of the nodes.

Number of Network Nodes = 33

Number of Internal Nodes of the Network = 21

Number of Terminal Nodes of the Network = 12

Number of Exhaust Terminal Nodes = 0

Number of Control Room Terminal Nodes = 10
Node Numbers

5002 5003 5004 5005 5006
5007 5008 5009 5010 5011

Number of Outside Air Intakes Terminal Nodes = ?.
Node Numbers

5001 5000

operating pressure differential. Damper leakage values can be obtained from the
damper manufacturer, actual test data, or ANSI/ASME N509-1980. The leakage
characteristics of the two dampers found in the system are specified in Table 5.

As can be seen from Table 4, the quality criterion leads, in general, to more
conservative results. Both the air cleaning effectiveness and the quality criteria
lead to high values of leakages for the ductwork segments of the IIVAC system in the
Class II leakage. These leakages, however, do not compromise control room
protection performance because they are outleakages. It can also be seen that most
of the inleakages are filtered; moreover, the small unfiltered inleakage only
affects the air cleaning system portion of the ventilation system. From a first .
look, this is a well-designed ductwork system and this will eventually be confirmed
by the values of the IFF.

Three modes of operation have been considered: (i) filtered pressurization
and unfiltered recirculation (Fig. 12); (ii) unfiltered pressurization and filtered
recirculation (Fig. 13); and (iii) filtered pressurization and filtered
recirculation. (Fig. 14).

As an example, the flow rates obtained with the filtered pressurization and
filtered recirculation operation mode are shown in Table 6 for the two following
cases: (i) leakages are not taken into account; (ii) ductwork leakages according
to the air cleaning effectiveness criteria and damper leakages are included.

When duct and equipment leakages are neglected, Table 7 presents the IPFs
obtained from Eq. (31) for elemental and particulate iodines, and for organic
iodine, f̂ r two different situations: (i) infiltration through the personnel doors
is neglected (Q - 0); (ii) infiltration through the personnel doors is taken into
account (Q * 10 CFM). For the latter situation, it is assumed that contaminant
concentrations in the air finding its way into the control room through the doors
are equal to the contaminant concentrations at the outside air intakes. The IPFs
for those simplified situations reduce to simple formulae that can be found in Ref.
(4); with reference to Fig. 8, they are:

205



18th DOE NUCLEAR AIRBORNE WASTE MANAGEMENT AND AiR CLEANING CONFERENCE

8>e
• *

01 01
i— Si

•F- tfl W •
trt 0) «/> C

Q l A L
L IAD

o. s- u- •,
O 1 5 -

5 5

SLu

a.-a

o o
•* o
CO O rOOOCMCM^OOOOC

^ ~4 - ^ OJ <M C»J CO i-H - ^

wo oooooooooooooooooooinoooo in o LO o vn

o o
CM CM

MO«*)P)(OrOO<*)OOOfOfOtOiOiO>OlOlflOVnM«)

l t ( l l l l l l l l + + f + + - 4 - + l l - ( - t l l

oooooooooooooooooooooooo

o o o o o o c

U-U.in vt
I.I r•!

U-U_U-U_U-U-tJ-Lt.La_Lt.LuLi_Li_U.Li_U.LuLi_Li-U-LuLi_Li-U.
t/iwuitn<sit/it/></it/t</></}is>t/>ts>is>Lnt/yts>tsyinistt/it/>*st
LLJ UJ UJ UJ i-tJ UJ UJ LU UJ UJ UJ UJ UJ IAJ UJ UJ UJ UJ UJ UJ UJ Lii IU LLJ

O
oo o o o oin in tn to un

>o o o
•» LO* o o

o o 0 0 0 o o
r— r*. r*. ̂ * GO O O

LO tn fC^S o o

PliDO O O

U. U_ U_ U- U.
CO V I CO LO l/l
rit i j j LU uj UJ

»-4 »-« HH(\J rH rH

CVJN CO 00 O O —I

T3CM tO CM

w at ii

s Zt
O 'r-

I

206



18th DOE NUCLEAR AiftBORNE WASTE MANAGEMENT AND AIR CLEANING CONFERENCE

+•» i— <O • CU
1*6 <O »i— L* ̂  *-••»
en 3 s- cu a s

<0 S- - IT - CO • —

J4-UIOO.
I

I CO I ^H CM r- l e I . - I r - l t - t I I
I I I I CM CO CO * CM

+JIL IB
IDUJ'r<

(0 S. i
CU O i .
JU.U

. - i —I I 00 I N O t r A I I CO I
CM I I i-4 I '

o c M i O
i i I C M I

in

in

I— 1— I— I— 1— I— 1— I— 1
OOOV100OOO: lOOOOOOOOOOtOOOOI/JOOOOOS-J

I |̂ ^ £^ f^ f^ f^ f^\ f*̂  f^ ̂ ^ ̂ ~y "*? C2 C5 C3 f~^ C3 Ci f^ O C3

OOorJ=>=)CJOOOOOOOOCJtJOOOO=3330CJtJOO
f « i i t ! f . i ^ — t f ^ f i i . i i t i ^ i | \ , \ i . ; t i l f i l l i t t i l | < J i l l l i l i l l l i l i l l o i — \ t - \ r - " > t i l i t i t t l I . I i l l i

15
c

at
a>
ra
03
CU

CU

^ : ra

CU O

HNNrtHNN-HMNrtH, ICMCMCMCVJCMCMiMCM

o
I/)

O O O O O

ooouooo
< <: < «t < «c c

cu

re

«>

= c IO ^H CO •- ! HS

ICMC0dU10O
O O O O O Oo o oo o o
in tr> in to u> VD

O O O O O
in u> in in uo

ra

207



18tfr DOE NUCLEAR AIRBORNE WASTE MANAGEMENT AND AIR CLEANING CONFERENCE

© S ©

Hooo]
_ . FAN

= FlLTEf* SEGMENTS

> = OUCT SEGMENTS

= TERMINAL NODES

= INTEHNAL NODES

FIGURE 12
OPERATION MODE NO^ 1: FILTERED PRESSURIZATION AND

UNFILTERED RECIRCULATION

= FILTER SEGMENTS

= DUCT SEGMENTS

= TERMINAL NODES

- INTERNAL NODES

FIGURE 13

OPERATION MODE NO. 2 : UNFILTERED PRESSURIZATION AMD
FILTERED RECIRCULATION
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= FILTER 5RGMENTS

= DUCT SEGMENTS-

= TERMINAL NODES

= INTERNAL NODES

FIGURE 14

OPERATION MODE NO* 3: FILTERED PRESSURIZATION AND

FILTERED RECIRCULATION

operation mode no. 1:

IPF
L + Q

(1 - ej)*, + Q
(41)

operation mode no. 2:

L + ezZ F. + Q

IPF = H !

(1 - e2)L + Q
(42)

operation mode no. 3:

L + e_E F. + Q

IPF = -r;-—E ,
(43)

where e t o t is given by Eq. (40).

These expressions have provided a simple means to check the accuracy of the
code.
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Table 5. Damper leakage c h a r a c t e r i s t i c s

Segment:

Wumber

4
1

Input
Node

6000
5001

Output
Node

20
12

Cross
Sectional
Surface
Area
(ft**25

1.667
7.069

Segment

Type

I sol.
Isol.

Valve
Valve

Design
or Test.
Pressure
Difference
(in. W.6.)

10.000
10.000

Max. Allow.
Leak Rat.e
at Design
or Test
Pressure Diff
(CFM)

.062
39.500

Table 6. Operation mode no. 3: system flow rates
without and with leakages. The leakage values

are obtained from the air cleaning effectiveness
cri ter ia of ANSI/ASME N509-1980

SEGMENTS
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33

WITHOUT LEAKAGE
Input or

Output Flow
(CFM)

0
0

1500
0

1500
1500
1500
1500
1500

0
24840
24840
24840
24840
12970
1100
11870
10650
1220
11870
1220

10650
26340
26340
26340
26340
26340
11400
11400
1100
1220
1220

0

WITH LEAKAGE

Input Flow
(CFM)

39.5
39.5

1706.9
-.06

1732.5
1735.4
1737.3
1737.8
1737.3

-.06
24855.2
24865.1
24859.1
24858.9
12979.2
1100.0
11875.5
10650.0
1220.0
11876.0
1220.0

10650.0
26614.5
26615.7
26642.0
26643.6
26641.3
11451.4
11455.7
1166.0
1253.0
1286.8

-2.48

Output Flow
(CFM)

39.5
43.0

1730.0
-.06

1735.4
1737.3
1737.8
1737.3
1718.3

.35
24852.7
24855.2
24865.1
24859.1
12979.6
1103.0
11876.1
10652.5
1222.9

1187S.3
1223.7

10652.2
26615.7
26642.0
26643.6
26641.3
26613.1
11400.0
11400.0
1100.0
1220.0
1220.0

-.06
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Table 7. Iodine Protection Factors calculated when
duct and equipment leakages are neglected

Operation Mode
No.

1

2

3

Q =

V'p
. 20

335

1673

0
org

10

159

656

Q =
V1
17.

295

1004

10 CFM

P org

8 9.4

149

515

Note:

Q denotes the personnel door infiltration rate.

Table 8 presents the IPFs for operation mode no. 1, filtered pressurization
and unfiltered recirculation, and mode no. 3, filtered pressurization and filtered
recirculation, for various combinations of duct, door, and damper leakage. It is
again assumed that all inleakages occur with air contaminated at concentrations
equal to those existing at the outside air intakes. The results show that the IPF
for mode no. 1 is reduced almost 50% when duct, door, and damper leakages are
accounted for. With the interactive computer model, the IPF for mode no. 3 is
easily determined. The impact of adding filtration into the recirculation air
raises the IPF from 11.5 (mode no. 1 with duct, damper, and door leakage) to 818.
Also, the effect of adjusting the leakage rates for duct, door and dampers can
readily be seen on the IPF. As can be expected, the relative impact of a
particular leakage or infiltration depends upon the location at which it occurs
relative to the location of the control room and filters. For example, in
operation mode no. 1, the high leak rate of the damper in segment 1 represents the
most important factor in the reduction of the IPF, while in the operation mode no.
3, the most deleterious effect results Erom the personnel door infiltration. In
all cases, duct leakages drive the IPF values down by another 10 to 25%. 7."his
example illustrates the usefulness of this program in rapidly evaluating the
sensitivity of control room design concepts with respect to control room operators
dose.

Figure 15 shows the time-dependence of several species in the decay chain of
mass 131, as resulting from Eq. (22). '"he time dependence of the concentrations at
the outside air intakes is also shown; they have been derived from an assumed Loss-
of-Coolant Accident (LOCA) scenario more fully documented in Refs. (1) and (2). As
can be seen, when the source term remains constant, the IPFs approach their
asymptotic value with a time-dependence indicated by Eq. (30).

The time-dependent control room concentrations for all airborne radioactive
species could be used as input to a standard control room dose calculation model,
thus completing the control room habitability analysis.. It should also be noted
that the program can also be used to determine time-dependent, hazardous chemicals
concentrations for various system configurations.

211



18th DOE NUCLEAR AIRBORNE WASTE MANAGEMENT AND AIR CLEANING CONFERENCE

Table 8 . Iodine Protection Factors for various scenarios.
1

CA
SE
 N
O.
 

!

1

2

3

4

5

6

7

NO
 L

EA
KA

GE

X

DO
OR

 L
EA

K.

X

X

X

X

DU
CT

 L
EA

K.
NO

TE
 (
1
)

X

X

X

X

DU
CT

 L
EA

K.
NO

TE
 (
2)

X

DA
MP

ER
 L

EA
K.

X

X

X

IPF

(3)
Mode 1

20

17.8

—

12.3

—

11.5

Mode 3

1673

1004

1309

1213

861

818

752

org

(3)
Mode 1

10

9.4

~

7.7

~

7.4

—

(3)
Mode 3

656

515

547

513

446

423

384

NOTES:
(1) Leakages are obtained from the duct/housing criteria of ANSI/ASME

N509-198Q at operating pressure.
(2) Leakages are obtained from the air cleaning effectiveness criteria of

ANSI/ASME N509-1980.
(3) Mode 1: Filtered pressurization, unfiltered recirculation

Mode 3: Filtered Pressurization, filtered recirculation

IV. Conclusions

The methodology presented in this work allows the user to easily model and
modify the system configuration, and therefore permits a systematic analysis of
nuclear power plants' control rooms or technical support center HVAC systems. It
has the capability of representing most conceptual designs adopted by the U.S.
architect/engineers. The program replaces tedious calculations to determine the
effects of HVAC ductwork and equipment leakage on control room operator doses, and
permits 1) parametric analyses of various HVAC system design options early in the
conceptual phase of a project, and 2) analysis of the effects of in-place leakage
test results on contaminant room concentrations, and therefore operator doses.
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o

W/ INFILTRATION AND LEAKAGES

W/O INFILTRATION AND LEAKAGES
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FIGURE 15
TIME-DEPENDENCE ANALYSIS FOR THE RADIONUCLIDES

IN THE DECAY CHAIN OF I - 131
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CLOSING REMARKS OF SESSION CHAIRMAN PEARSON:

We wish to thank our> aut-hors for their excellent papers
presented during this session. We also appreciate your participation
during the question period. The papers presented today, together
with contributions from researchers in the past, offer a firm founda-
tion for future accomplishments in the area of control room habitabil-
ity. The degree of concern evidenced by what we have heard today
holds promise for the development of suitable tests methods and system
design evaluations, the results of which will undoubtedly be the
subject of our next session at the 19th Air Cleaning Conference.
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Sess ion 4

SOURCE TERMS AND ENVIRONMENTAL IMPACTS
MONDAY: August 13, 1984
CHAIRMEN: A.G. Evans

E.I. duPont de Nemours
J.P. Pearson
Nuclear Consulting Services

MONITORING OF NOBLE GAS RADIOISOTOPES IN NUCLEAR POWER PLANT
EFFLUENTS
M.J. Kabat

NOBLE GAS CONFINEMENT FOR REACTOR FUEL MELTING ACCIDENT
P.R. Monson

TECHNICAL FEASIBILITY AND COSTS OF THE RETENTION OF RADIONUCLIDES
DURING ACCIDENTS IN NUCLEAR POWER PLANTS DEMONSTRATED BY THE EXAMPLE
OF A PRESSURIZED WATER REACTOR
H. Braun, R. Grigull, K. Lahner, H. Gutowski, J. Weber

DESIGN EXPERIMENTS FOR A VENTED CONTAINMENT
R. Hesbol

OPENING REMARKS OP SESSION CHAIRMAN EVAN'S:

This session is entitled Source Term and Environmental Impacts.
Before the break we heard papers on reactor control room ventilation
and in this particular session we will deal with a somewhat more
hostile environment, the air from within the reactor room. The first
paper will address monitoring noble gas radioisotopos in ventilation
air, and the remaining papers will examine the feasibility costs and
so on for trying to clean up various air streams. It is interesting
to note that a couple of the papers represent different design con-
cepts and also that this is truly an international conference. We
have four papers and we have four different countries represented -
Canada, U.S., West Germany, and Sweden. It is an interesting com-
mentary on engineering design that we will hear how the operator
of an older production reactor is trying to deal with the lack of
containment, while new design concepts from Sweden are for power
reactors that are proposing the use of deliberate ventilation bypass
to deal with potential problems caused by containment.
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MONITORING OF NOBLE GAS RADIOISOTOPES
IN NUCLEAR POWER PLANT EFFLUENTS

M.J. Rabat
Ontario Hydro

Safety Services Department
757 McKay Road

Pickering. Ontario, L1W 3C8

ABSTRACT

Monitoring of gaseous radionuclides in the effluents of nuclear facilities is an
essential requirement in effluent management programs. Since there is no practical
way of removing noble gas radioisotopes from air at release pathways, their accurate
monitoring is essential for providing appropriate environmental protection. Emitted
gamma dose-rate is the limiting factor for concentration-time integral of noble gas
in gaseous effluents of reactor facilities. The external exposure to the public from
a semi-infinite cloud is directly proportional to both the noble gas isotope concen-
tration and the integrated gamma energy per disintegration. Both can be directly
measured in gaseous effluent pathways with a suitable detector.
The capability of Nal(Tl), CaF2(Eu) and plastic scintillation detectors to measure
the gamma-Ci.MeV content of noble gas releases was experimentally evaluated. The
combination of CaF2(Eu) detector in a pressurized through-flow chamber.with a charge
integrating sealer well complied with both gamna energy response and detection sensi-
tivity requirements. Noble gas source terms and effluent monitoring criteria are
discussed , theoretical and experimental results are presented and a practical, on-
line noble gas monitoring system is described in this paper.

I. INTRODUCTION

It has been generally accepted that radioactive effluents from nuclear facilities are
to be maintained ALARA, recommended by the International Commission on Radiation
Protection. The approval of site specific release limits (DEL) by national regula-
tory authorities has been a regular part of reactor licensing process. It is also
generally required that radioactive effluents be monitored at the release pathways in
order to provide data for the assessment of public doses, resulting from the opera-
tion of nuclear facilities, and to demonstrate the compliance with regulatory limits.

A complete system, used in Ontario Hydro nuclear generating stations for the monito-
ring of particulate radionuclides, radioiodines, noble gas and Tritium effluents, ias
been described in publication (1). The results of recent developments in the on-
line, real time monitoring of variable mixtures of noble gas radioisotopes in nuclear
power plant effluents, are presented and discussed in this paper.
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I I . PUBLIC EXPOSURE TO NOBLE GAS RADIGISOTOPES, RELEASED
FROM NUCLEAR POWER PLANTS.

1. Gamma Ci.MeV Concent.

I t was demonstrated in publication (2), that gamma dose rate from semi-infinite cloud
of noble gas radioisotopes i s the limiting factor for concentration-time integral of
noble gas effluent from nuclear power plants.
Generally, the external dose rate from a semi-infinite cloud is directly proportional
to both the noble gas isotopes concentration and their integrated gamma energy per
disintegration (Ey):

R = 0.25 • Ey " C (rad.s"1) eq. [1]

where:

Ey = J (np . Ep) (MeV.dis"1) eq. [2]

C = atmospheric concentration of noble gas (Ci.m )
n = number of grama photons of energy E

emitted per disintegration,

The gamna MeV.dis values for the most significant noble gas radioisotopes, calculated
from decay data in reference (3), are l i s t ed in Table 1.

Radionuclide Decay h a l f - l i f e Ey (MeV.dis"1)

"Krai 4.48 h 0.157
»»Kr 76.3 m 0.782
**Kr 2.84 h 1.935

(•*Rb) 17.8 m 0.626
"»Xe 5.24 d 0.030
"»Xe m 2.19 d 0.024
" 5Xe 9.11 h 0.245
l I 5Xe m 15.4 m 0.427
1I«Xe 14.1 m 1.095

(«»Cs) 32.2 m 2.3

Table 1. Gamma-MeV.dis values of noble gas radioisotopes and their
decay products in gaseous effluents of nuclear reactors.

2.2 Effective Tissue Dose

A nuuber of theoretical models have been published (4,5,6,7,8) in which the ratio of
exposure to dose, absorbed in cr i t ica l organs (bone marrow, testes) of an anthropo-
morphic ME© phantom were computed by the Monte Carlo technique, with considerations
to the distribution of absorbed dose within a human body, re lat ive risk of harm to
different t issues of the body (weighting factors), non-uniformity of the radioactive
cloud and i t s s ize, air-ground interface corrections sad other factors.
Detailed discussion of this complex problem would not serve the purpose of this
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paper. The required energy dependence of the noble gss effluent monitor has been
approximated in this project to the 'environmental gamma monitors calibration curve',
which was proposed in publication (9) from experimental data. In this publication
A. Jones reported results of his experimental evaluation of weighted average whole
body gamma dose, which was performed by measuring dose from photons (0.03 to 1.5 NeV
energy range), absorbed at different points in a real ist ic phantom. From the measu-
red energy dependence of the absorbed dose he derived cal ibrat ion factors as a
function of photon energy. The proposed energy dependence of calibration factors for
environmental gamma-monitors i s illustrated in Figure 1.

1 .0

o.e

0 . 6

0.06 0.08 0.1 0 . 2 0 . 3 o.e 1 . 0 1.5 E-y-MeV

Figure 1. Energy dependence of calibration factors for environmental
gaoma monitors.

III. CHARACTERIZATION OF NOBLE GAS EFFLUENTS FROM CANDTJ NUCLEAR POWER PLANTS

On-line, real time gamma spectram analysis of noble gas effluents was performed,
under normal operating conditions, at Bruce NGS. with a multichannel gamma spectram
analyzer and a Ge(Li) detector in both, a pressurized-shielded and atmospheric pres-
sure-nonshielded, through flow detection chambers. Several results were selected
from the measurements at atmospheric pressure, to demonstrate the variability of
noble gas composition in gaseous releases of this type of CANDU power plant.

Activity Concentration (8 hrs average)
jiCi.MeV.m"3

Ventil.
Stack

0
0
0
0
3C
3C
3C
4C
4C
4C
4C

Date

80/10/28
11/09
12/01
12/03
09/06
09/17
10/19
06/19
07/09
07/15
07/21

«*Xe

0.37
0.23
0.83
1.42
0.22
0.03
0.03
0.14
0.34
0,06

11.24

«*Xe

0.22
0.11
0.34
0.26
0.11
0.05
0.01
0.04
0.23
0.06
0.15

««Kr

0.26
ND

0.23
ND
ND
0.24
ND

0.49
0.12
0.17
ND

41Ar

ND
0.71
ND
ND
0.06
8.98
1.61
0.57
2.56
7.15
O.OS

Table 2. Concentration range of major components in ENGS noble gas effluents.
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I t i s evident from the above results thet the composition of the major noble gas
radioisotopes in stack effluents significantly changes, even under normal operating
conditions. Gesasa. energies, emitted by the above radionuclides covers the range of
0.08 to 3.5 HeV.

IV. REVIEW OF METHODS AND SYSTEMS FOR THE MEASUREMENT OF NOBLE GAS EFFLUENTS.

A number of different methods and monitoring rrstems have been used for the monito-
ring of noble gas e f f l u e n t s from sac 1 ear f a c i l i t i e s . The most common ones are
brief ly reviewed;

- Direct detection of noble gas in air with beta detectors (GM or sc in t i l l a t ion
detectors) i s r e l a t i v e l y simple and sensit ive, because external gamma background
can be eff ic ient ly eliminated. However, i t i s suitable only in applications
where a single radionoclide, or constant mixture of noble gas radionuclides i s
to be monitored in gaseous effluents.

'Gross counting' with non-corrected gamma detectors i s also applicable for the
monitoring of single noble gas isotopes and their mixtures with constant ratio.

- 'Gross gamma detection' of noble gas effluents with energy corrected GM tube was
described in publication (1). While the energy response of this detector was
found quite adequate for this purpose, i t s detection efficiency was not suff i -
cient for the monitoring of chronic, low l e v e l noble gas releases from the Bruce
and Darlington nuclear power plants.

Real time, multichannel gamma spectrum analysis of noble gas effluent w i l l
generally provide required sens i t iv i ty and accuracy for non-routine analytical
work. However such a system is not practical for routine, continuous monitoring
of gaseous effluents because i t is expensive, i t s operation i s complex and
requires much maintenance.

V. EVALUATION OF SCINTILLATION DETECTORS

The suitabi l i ty of s c in t i l l a t ion detectors for continuous, real time monitoring of
gaseous effluents with variable composition of noble gas radioisotopes, was evaluated
in this project. Preliminary theoretical considerations and the experimental program
and results are further discussed.

1. Theoretical Cons iderat ions.

The portion of gamma ray energy, absorbed in some scintil l&tors i s proportional to
i t s incident energy. The information on gamma dose rate can be obtained by the
integration of e lectr ic charge from the photomultiplier. Since sc in t i l l a t ion detec-
tors have high efficiency and wide dynamic range for the detection of gamma radiation,
they have good potential to satisfy most requirements on the real tine monitoring of
noble gas radioisotopes in nuclear power plant effluents.

Three types of s c in t i l l a t ion detectors were considered for this purpose:
- Plast ic sc in t i l l a tor type NE 105,
- N a l (Tl) crystal,
- CaF3 (Eu) crystal.
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The gamut energy dependence of their Mass Absorption Coefficients is illustrated in
Figure 2.

100

10

Figure 2. Energy dependence of mass absorption coefficients
of Nal, CaF2, and plastic scintillators.

The gamma energy loss in a plastic scintillator (from reference (10)}, occurs mainly
due to the Comptca absorption component. The energy dependence of its Mass absorption
coefficient is similar with water and muscle.

Cross section values of Nal and CaF3 for gamma absorption, reproduced from reference
(11); indicate large differences in their energy dependence. The graph shows that
prevailing gamma absorption in HaI(Tl) occurs at low energies, up to 300 KeV, due to
the photoelectric effect. This scintillator is very efficient for gamma detection,
however, it also has strong energy dependence.

Compton absorption is the major mechanism of ganma absorption in CaF3 scintillators
over the required range of gamma energies. Slight contribution of photoelectric
absorption at energies lower than 100 K<»V is convenient for this purpose, to compen-
sate for low energy gaima absorption in steel walls of a through-flow noble gas
detection chamber. From the above data, CaFa(Ea) detector was found to have the most
suitable energy response for the purpose of the monitoring of 'gamma dose equivalent'
from noble gas radioisotopes, released in gaseous effluents of nuclear reactors.

2. .•Optimization of Energy Response of Scintillation Detectors.

It was demonstrated above that the gnmmti. energy dependence of the above three scinti-
llation detectors increases in the order: Plastic scintillator < CaFs(Eu) < Nal(Tl).
With the use of 'photomultiplier charge integration' method, the energy response of
plastic scintillator (type NE 105) would be similar to the tissue response. It was
also apparent that the strong energy dependence of NalCTl) crystals would cause
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significant error in the monitoring of the 'gamma dose equivalent' in gaseous efflu-
ents of nuclear reactors with variable ratio of noble gas radioisotopes.
While the portion of gamna energy, absorbed in plastic scintiliators, is proportional
to incident energy of the photons, practically every other scintillation detector
needs to have its gamma energy response modified, to match the "tissue response'.
This can be performed in three ways:

By dividing the measured range of gamma energy into several channels and multi-
plying detector counts from each channel by experimentally established calibra-
tion factors and integrating the product values to obtain the Ci.MeV values,
This method would give the optimal approximation of the tissue (testes) response.
However, it is not very convenient for field applications because it requires
relatively complex instrumes.tation,calibration and maintenance procedure.

- By the integration of charge from Photomultiplier/Linsar Amplifier and transfer-
ring it to digital signal. The rate of digital pulses from the 'Wilkinson Peak
Amplitude to Digital Converter' is proportional to the post ion of ganna energy,
absorbed in the scintillation detector. However, the energy dependence of
Total' Mass Absorption Coefficients of most scintillation gamma detectors still
has to be compensated for, by additional electronic circuits or composite shiel-
ding of the crystal, in order to obtain a 'tissue equivalent response'.

- By Gamma filtration and dixect counting of detector pulses.
Typical gamma detection crystals are more sensitive within a low to medium
energy region (due to prevailing photoelectric absorptioa).This can be partially
compensated for by the installation of an appropriate gtimna absos-ber, which
functions as a filter between the crystal and measured gas. This simple method
has been frequently used for the energy compensation of GH gamma detection tabes
in field dose survey instruments, however, for the monitoring of noble gas in
reactor effluents it does not provide adequate approximation of dose to testes
from the direct pulse rate cf scintillation detectors.

- Combination of the above energy compensation methods.
Good approximation of the tissue response can be achieved from some combinations
of a suitable scintillation detector with optimized gamma filters and charge
digitizer/sealer pulse processing.
The combination of composite shielding with the first method above can also
eliminate the need for individual calibration factors for each channel of the
pulse processing system. This method of 'Ci.MeV monitoring', which was used in
our experimental evaluation of: selected scintillation detectors, is described in
the next chapter.

VI. EXPERIMENTAL EVALUATION OF ENERGY RESPONSES.

1. Method Description.

The method used iii this study is based on the integration of values, obtained from
the multiplication of net pulses from each channel by its average gamma energy, which
is expressed by following equation:
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IDEV . F

a*

eq. [3]

eq. [4]

where: CHE
DKV
F
n

Ci.MeV equivalent
Detector Response Value
Calibration Factor
Energy channel number
net count rate in channel 'n'
mean gams energy in channel

(Ci.MeV)
(cjm.MeV)
(Ci.cpoT1)

The energy response of tested detectors was evaluated within the gamsa energies range
of 50 KeV to 3.3 MeV, which was divided into fifteen counting channels. Net counts
from each channel were multiplied by the mean energy value of each channel and the
resulting products integrated, to obtain Detector Response Values'. This process
was repeated with each of 10 used radiation standards, covering the ganma energies
range of 60 EeV to 3.3 MeV. The DRVs for the averaged energy of each radionuclide
were plotted into the energy response graph for each tested scintillator-filter
combination,. The degree of approximation of the energy response of each measured
detector-filter combination to the tissue response was then graphically evaluated.

2. Experimental Set-nn.

Functional diagram of the testing system is illustrated in Figure 3.

Crystalll PhotomultlplHr Linear
Amplifier

Filter

idultichanrol
Amlyzw

Figure 3. Experimental set-up for the evaluation of energy
dependence of scintillation detectors.

Description of individual functional components and their technical specifications
follow:

Radiation Sources:

Ten MJS and Amershan standard radiation sources were used for the evaluation of
energy response of selected detector/filter combinations. The range of their major

energies and gammn activity values are listed in Table 3.
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Radionoclide

"Co
»*Se

i»*Ba
"»Cs
**Mn
««Co
• »y
*«Co

Table 3. Standard

Gamma energy range
Ey - MeV

0.06
0.05-0.084
0.12-0.137
0.07-0.4
0.08-O.38
0.66
0.835
1.17-1.33
0.9 -1.8
0.8-3.3

sources, used in the

Gamna activity
liCi.MeV

0.022
0.008
0.258
1.487
2.707
5.220
5.008

11.80
0.352
6.107

evaluation of energy
dependence of scintillation detectors

Geamii Filters:

Several combinations of detection crystal with a filter, made of individual metals o?
their composite tit different thicknesses, were tested. The suitability of fallowing
metals was evaluated: Stainless steel. Carbon steel, Aluminum and Load, The is:
thickness and combination was calculated from their Mass Attenuation Coefficients, in
relation to the energy response of Nal and CaF», to obtain the optimal approximation
of the required 'tissue response*. Specific attention was given in the the calcula-
tions to proper utilization of the *E edge' of lead, at 88 EeV, to flatten tine energy
response in the low energy region.

Detector Probes:

Three types of scintillation detectors were evaluated:

•- Plastic scintillator, NE 105, sizes 10 z 50 and 50 z 50 mm,
- Nal (Tl) crystal, 50 z 50 mm,
- CaFs (En) crystals, 10 z 50 and 25 x 50 ma.

The above scintillators were optically coupled with a Harshaw assembly of a pboto-
raultiplier with a preamplifier. The detection probes were shielded with 100 on of
purified lead for the evaluation of the effect of external gamma background in
operational field.

Energy Channels Analyzer:

A Cmnberxa 8180 Multichannel Analyzer was used, in 15 channels mode, covering the
ganwa energy range of 0.05 to 3.3 MeV. Gamma background pulses were measured in each
channel and subtracted from counts, measured in individual channels with the used
standard radiation sources. Resulting 'net counts' were processed in the way, des-
cribed in # VI. 1.
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3. Discussion of RfffuJttt

The measured energy responses of the tested scintillation detectors were generally in
agreement with calculated value*.

From the experimental results the plastic scintillators were not found very suitable
for this purpose, because, at discriminator bias setting identical with other tested
scintillators, its detection efficiency was rapidly decreasing at g«ana energies
below 150 EeV. Ihis was apparently caused by the combination of relatively low light
transfer efficiency of plastic scintillators, with 50 KeV discrimination (to reduce
PM noise and external background pulses). It would become still more significant with
additional shielding, caused by metal trails of a through-flow sample chaster. Also
the ratio of counts from activity/background was found to be tmeh lower from plastic
scintillators than from Nal(Tl) and CaF2(Eu) crystals,

Experimentally determined energy response curves of Nal(Tl), 50 x 50 mm scintillator
with several filter combinations, and Ct&a(Ea), 25 x 50 mo, with the optimal filter
configuration are illustrated in Figure 4.

Gamma filters composition:

- with Nal (11):

1. 1 mm stainless steel

2. 3 mm stainless steel
+ .24 ma lead

3. 1.5 mm stainless steel
+ 2 mm copper

- with CaFa (Eu)

4. 3 mm stainless steel
+ .24 mm lead

Figure 4, Measured energy response of scintillation detectors/gomma-filters.

Tie relative energy response of Nal and CaFa scintillators for four major components,
(a**Xe, "*Xe and **Ar and ((Er) in gaseous effluents of C/iMDU reactors, is further
summarized:

The measured Detector Response Values of Nal(Tl) detector wmte strongly dependent on
giuana energy, within the range of 0.05 to 1 HeV, in all tested combinations with
motal filters. The relative response of the cboee detector/filter combinations to
tkree main components in noble gas effluents is suinnarized in Table 4.
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Relative response of the dstector to:

Detector Filter Xe

Nal(Tl) 1 mm stainless steel S

3 mm st.steel + 0.24 mm lead 3

1.5 ran st .steel + 2 mm copper 1.8

Xe

3

2

2.5

Ax

3 mm st .steel + 0.24 mm lead 1.2

Table 4. Relative response of detector/filter combinations (from Figure 4)
to three major components in noble gas effluents.

The graph in Figure 4 alsc shows that the energy dependence of C£iF,(Eu) detector can
be made ve£v suitable for the monitoring of noble gas effluents by incorporating a
filter, composed of 3 mm of stainless; steel and 0.24 mm lead.

VII. EVALUATION OF A NOBLE GAS MONITOR PROTOTYPE WITH CaFs(Eu> DETECTOR

Figure 5 shows that the energy response of CaF3(Eu) detector, with the gamma filter
of 3 mm stainless steel + 0.24 mm leacl, was sufficiently similar with the proposed
calibration curve. The stainless steel filter is also practical to form sufficiently
strong walls, to satisfy structural requirements for a pressurized through-flair
detection chamber, which is needed for achieving required detection sensitivity for
the monitoring of noble ga« effluents under the conditions of variable external gamma
background. Therefore a gas detection system prototype was built and calibrated
with radioactive gas. to experimentally asses its detection sensitivity under opera-
tional conditions.

DEV

40

35

30

25 1~
0.06 0.1

Figure 5, Coasjpariaoia of the proposed calibration factors for environmental
gaana monitors with the measured response of CaF3 (from Figure 4),

Tissue Response
CaF2 (Eu) Response
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1. Description g£ the Gas. Detection System;

A Htrinelli Beater type detection chamber was made of 12 Gauge stainless steel* with
internal volume of 5 1, shielded with 100 urn of lead pellets and a Haxshaw 25 x 50 nm
CaFjCSu) scintillation detector (with a supplementary gamma filter) was inserted in
its detection well. The detection efficiency of this systen was calibrated with a
secondary standard, 1 S 1I in the form of CH,I gas. The calibration measurements; were
repeated with different concentrations of the calibration gas (ranging from 0.3 to 48
MCi.JfeV.m~3.
The signal processing method was the same as the method, used in the energy response
evaluation (described in # 6.1)

2. Calibration Results;

At normal atmospheric pressure and average concentration of 20 fiCi.MeV.ia of X ) 1I
calibration gas within the detection chamber, following 'net DRV and F value (see
equation 3) were obtained:

net DRV = 4.67 x 103 cpm.MeV per (iCi.MeV.m 3

F = 2.14 x 10"4 uCi per cpm

Exposing the detector to 25 iiR.hr"1 external gamma background,
a value of 32.9 uCi.MeV.m equivalent per uR.hr y field was measured.

8. FIELD MONITORING OF NOBLE GAS EFFLUENTS

1. Field monitoring requirements are site specific. They are derived from:

regulatory release limits (Ci or Ci.MeV per time period)
total volune of air, discharged per time period (dilution factors)
required dynamic monitoring range for noble gas concentrations in the effluents
(MDA/maxiiDum range)

The actual detection limits are then derived from following theoretical and
operational factors:

- statistical counting error,
- external gamma background levels and its variability,
- internal contamination of detection chamber
- accuracy of effluent flow determination and its operational variability,

internal pressure of the detection chamber and its variability,

2. Detection Limits of the Basic System.

Detection limits were derived for the Darlington NGS , which has the highest dilution
of noble gas in gaseous effluents. The DEL value of 2.2 x 105 Ci.HeV.wk~1, at total
effluent flow of 8.5 x 1©4 ̂ ^ ^ r,BSBits in the 'gamut activity concentration' of
25.5 uCi.MeV.m~3.
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Under constant background conditions and integrating period of 1 or 24 hrs following
Detector Response Values' would be obtained from the above described prototype
of noble gas monitor:

0.1 % DRLconc. - 'integrated DRV' = 7140 / hr, or 171360 / 24 hrs
ext.bkgr. 25 pK.hr"1 - *bkg DRV = 49320 / hr. or 1183680 / 24 hrs
ext.bkgr. 500 jfc.hr"1 - 'bkg DRV = 986409 / hr, or 23673600 / 24 hrs

Lower Detection Limit:

0.1 % of DSL could be measured, at 95 % confidence levol,
with the accuracy of:

7 * at 25 iiR.hr"1, or
28 % at 500 uR.hr and integrating period of 1 hr,

1.4 % at 25 iiR.hr"1, or
5.7 ft at 500 (iR.hr and integrating period of 24 hrs.

Upper Limits of Detection:

Noble gas concentrations of 10 x DRL can be measured with the dead time loss of
< 4 * and concentrations of 40 r, DRL ( 1 mCLMeV.rf3) with < 10 % loss.

Onder variable background conditions, an increase of external gamma background by 25
(iR.hr (averaged through the applied integration period) above the actually subtrac-
ted background level, would cause an overestimate of:

the noble gas activity concentration by 0.176 |iCi.M6V.m ,

or the release portion, reported for the integration period from an individual
release pathway to be overestimated by 0.7 % of DRL.

The overestimation of effluent monitoring results, due to internal contamination of
the detection chamber, would be negligible in complete monitoring systems in which a
particulate and iodine sample collectors are installed upstream of the noble gas
detection chamber.

Changes of internal pressure due to atmospheric pressure variations would have negli-
gible effect on the detection efficiency. In pressurized chambers, constant positive
pressure can be easily maintained within ± 10 % of the set-point.

3. Detection Errors in Operational Field.

The Design Target, established for the Ontario Hydro nuclear power stations, requires
that radioactive releases to the environment be maintained below 1 % of DRL. The
noble gas effluent aonitor should be capable to measure a fraction of this target
level with a reasonable accuracy.
Results of the above assessment show that 0.1 % DRLconc. can be accurately measured
with the tested system under the condition that external background level remains
absolutely constant. However, background variations of only 35 uR.hr won Id cause an
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experimental error of 1 % DSL. Under the realistic assumption that typical levels of
external background in the effluent monitor location are 0.1 ± 0.05 mR.hx , the
detection of + 1.5 % of DHL in the effluent would be masked with these, relatively
low, external background variations. Therefore, a significant improvement in the
'activity/background' signal ratio was needed to comply with the detection sensiti-
vity requirements under actual field conditions. Three methods were considered for
this purpose:

- the use of larger detected volume of the sample, at atmospheric pressure, does
not sufficiently increase the sensitivity. At sample volumes exceeding 10 1 the
detection geometry factor is rapidly decreasing. Also, it is difficult and
expensive to provide appropriate shielding for large volume detection chambers.

sample collection by its physical adsorption with adsorbents is not practical
for this purpose. Significant experimental errors would result from different
adsorption coefficients for each element (Ar, Kr, Xe), and from strong depen-
dence of the adsorption equilibrium on temperature and relative humidity of the
gas sample (moisture content in the adsorbent).

- Maintaining gas sample at moderate pressures in the detection chamber was found
to be the optimal method for this purpose. While the detection geometry and
shielding requirements remain at their optimal values, the detected amount of
sample con be easily increased up to tenfold with a regular air compressor and
pressure control valve. Stainless steel walls, 3 mm thick, provide for suffi-
ciently high safety factor even at operating pressure of 10 atm in the detection
chamber. A schematic diagram of a pressurized detection chamber, which was used
for the analysis of noble gas effluents at BNGS, is given in Figure 6.

Laad Shhridlng

DMactlon Chambar

Air
Comprauor

SclntU
CrysUI

Gamma
Prauura

Control Valva
7/ _.

Parllculata/lodlM HUar
Signal

Procasalnfl Syatam

Figure 6. Schematic diagram of a pressurized, through-flow,
noble gas detection chamber.

Detection errors, calculated from the above calibration data and detector's response
to the external gamma background are summarized in Table 4.
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Sample pressure Const.exter.backgr. Variable external background
the detection
chamber

1

5

10

a tin

a tin

a tin

St at .error in
measurement of
at 95 % confid

( ± 2 or)

26

5

2

X

X

X

lO-3

10-3

lO-3

the
1 DSL

.level

Detection error due to variability
of external y background
+ 25 jiR-hr"1 + 100 nE.hr"1

% DSL ftCi.MeV.aT3 % DSL fiCi.MeV.;

0.7 0.179

0.14 0.036

0.07 0.018

2.76 0,704

0.56 0.143

0.28 0.071

Table 4. Stannary of detection errors, occuring in the application of 25 x 50
CaFa(Eu) ssintillctor in 5 1 detection chamber for continuous
monitoring of noble gas effluents.

IX. CONCLUSIONS

A system was developed which is suitable for continuous monitoring of 'Gamma Ci.MeV
Equivalent' of noble gas radioisotopes in nuclear power plant effluents. The system
is based on a CaFt(Eu) scintillation detector with a charge integrating signal proce-
ssor (e.g. Wilkinson peak amplitude to digital converter).
Its performance was experimentally evaluated under simulated, field monitoring condi-
tions. Following conclusions were drawn from the results:

1. The measured energy response of this detector was within + 5 % of the tissue
response, from which calibration requirements for environmental gamma monitors
were specified. This will efficiently eliminate energy dependence errors (from
the variability of the noble gas composition), presently occuring in the monito-
ring of reactor effluents.

2. With a positive pressure (5 - 10 atm), through-flow detection chamber of 5 1
volume, this noble gas monitor has sufficient sensitivity to measure a fraction
of the 'Hydro Design Target' noble gas concentrations ( 0.255 (iCi.MeVjn"3) in
power plant effluents, even in variable ambient gamma background.

3. This detector also provides sufficiently wide dynamic range for the sionitoring
sncy release conditions. It can detect acti
with 'dead time counting loss' of < 10 %.

of noble gas effluents under emergency release conditions. It can detect activity
concentrations of > 1 mCi.MeV.nr* wit

4. The operation, maintenance and calibration of this monitor would be relatively
simple.

5. The optical and physical properties of CaFj,(Eo) crystal are suitable for this
purpose. It has high light collection efficiency, no 'afterglow' and high
resistance to mechanical and thermal shocks. The temperature dependence of its
light output io similar with other scintillation crystals.

Performance evaluation of a complete prototype of this noble gas monitor, assembled
of commercially available modular components, is scheduled for the near future.
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DISCUSSION

KAISERUDDIN: What is the lower limit of detectability of the
calcium fluoride detector?

KABAT: The table on the last page shows the sensitivity
in microcuries per hour. For _+ yR. hr~a, external background, we can
measure 0 . 02 i(Ci . MeV m~ 3 • If the background is 100 yR. hr~ 1, which is
practically the maximum field change we would expect in operations,
we can still measure 0.07 nCi.MeV.m~3 as the minimum detectable
activity. Even thousandths of yCi.MeV.m~3 are measurable with good
accuracy when the background is steady. That's the limiting factor
and then there is only the statistical error.

KOVACH, 3.: Did you consider using a software correction,
rather than metal filters, for energy equalization in your dose rate
calculations?

KABAT: Yes, that was one of the methods we considered and
it is described in our preprint. However, it requires a different
calibration factor for each channel. Software corrections would be
applicable only in the "channel counting method," used in our experi-
mental investigation. We used a TI59 for this simple task. However,
this channel counting method is less.suitable for field applications
than the recommended "charge digitizing method," which does not need
any correction of the detector's output.

KOVACH,B.: There already exists a software solution for that
problem and I know it corrects all the energy curves.

KABAT: But* as I said, the input has to be divided into
at least 5 or 7 channels, and that is the difficulty in the field.
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NOBLE GAS CONFINEMENT FOR REACTOR FUEL MELTING ACCIDENTS*

|_JPaul R. Monson
E. I. du Pont de Nemours & Co.

Savannah River Laboratory
Aiken, South Carolina 29808

Abstract

In the unlikely event of a fuel melting accident radioactive
material would be released into the reactor room. This radioactive
material would consist of particulate matter, iodine, tritium, and
the noble gases krypton and xenon. In the case of reactors with
containment domes the gases would be contained for subsequent
cleanup. For reactors without containment the particulates and the
iodine can be effectively removed with HEPA and carbon filters of
current technology; however, noble gases cannot be easily removed
and would be released to the atmosphere. In either case, it would
be highly desirable to have a system that could be brought online
to treat this contaminated air to minimize the population dose.

A low temperature adsorption system has been developed at the
Savannah River Laboratory to remove the airborne radioactive mate-
rial from such a fuel melting accident. Over two dozen materials
have been tested in extensive laboratory studies, and hydrogen
mordenite and silver mordenite were found to be the most promising
adsorbents. A full-scale conceptual design has also been developed.
Results of the laboratory studies and the conceptual design will be
discussed along with plans for further development of this concept.

Introduction

Most commercial power reactors use a "leaktight" containment
dome over the reactor vessel to contain the gases and aerosols
released in a core melting accident. These radioactive gases are
contained under the dome or in an auxiliary building until the
highly radioactive species have decayed, at which time, the less
hazardous krypton-85 can be safely released to the atmosphere.
This is the scenario that occurred at TMI. However, the Savannah
River Plant (SRP) production reactors were built without contain-
ment domes but with a very large buffer zone between the reactors
and the public. A partial confinement system was added in the
early 1960's which can effectively contain radioactive particulates
and iodine, but cannot prevent the release of noble gases. Various
improved confinement alternatives have been considered for these
reactors, and one of the most promising techniques is adsorption of
the noble gases on a solid. This technique is applicable not only
to SRP reactors but also to power reactors with containment domes
and auxiliary containment buildings which could leak, thus releas-
ing the trapped radioactive gases to the environment before
sufficient decay has taken place.

* The information contained in this article was developed during
the course of work under Contract No, DE-AC09-76SR00001 with the
U.S. Department of Energy.
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This work is the application of earlier work by the Savannah
River Laboratory1*2 and others3*4 on using adsorption for
treating reprocessing off-gas. The purpose of the present work is
to apply this technique to the much more difficult reactor accident
case, including the development of a conceptual design for such a
system. Table 1 is a comparison of the design basis for a full
core melt accident versus reprocessing off-gas treatment.

Table 1. Comparison of reactor accident versus fuel
reprocessing off-gas.

Reactor

Process

Air flow, cfm

Radioactive Isotopes

Concentrations, ppm

Decay heat, watts

Curies

Dose, rads/hr

Accident response

8000

Kr-88, Xe-133

200 (Kr) , 1700 (Xe)

106

>108

109-101 0

Reprocessing

Continuous

400

Kr-85

15 (Kr), 80 (Kr)

102

106/year

102-103

Methods of Noble Gas Retention

Work has been carried out for many years on removing the
.radioactive noble gas krypton-85 from the off-gas of fuel reproces-
sing plants. Several competing and promising methods have been
identified including: cryogenic distillation, fluorocarbon
absorption, and solid adsorption. However, there are substantial
differences in flow rates, decay heat, and dose between the reactor
accident and the dissolver off-gas (DOG) cases (Table 1). These
differences make the reactor accident case much more difficult.
The potential application of these and other methods, based on both
the physical and chemical properties of the noble gases, to confine
the noble gases from a reactor accident are discussed below.

Cryogenic Distillation

Cryogenic distillation uses the difference in boiling points
of the noble gases and nitrogen to effect a separation at low
temperatures. While this method is well established as a .leans
of routine air separation, and could be used in a nuclear fuel
reprocessing plant, there are major problems with its use in the
reactor case. Such a system would be very expensive to operate
since it would need to be in a standby condition at cryogenic
temperatures indefinitely in order to have the response time to
handle an accident situation. Cryogenic distillation is also
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carried out under relatively high pressure, thus decreasing reli-
ability, and presenting a safety problem by having concentrated
highly radioactive materials under high pressure. A severe hazard
would exist with concentrated oxygen and the subsequent radiolysis
of oxygen to produce ozone. Theise problems and expected high costs
rejected cryogenic distillation from further consideration.

Pluorocarbon Absorption

Fluorocarbon absorption takes advantage of the solubility
difference between the noble gases and nitrogen in fluorocarbon
solvents such as fluorocarbon-12. This method has been extensively
developed at ORGDP (Oak Ridge Gaseous Diffusion Plant), and a pilot
plant has been operated there for several years.5 The method was
developed for removing Kr-85 from reprocessing off-gas and is
expected to work well for that application. However, fluorocarbon
absorption is impractical for the reactor accident situation
because of scale-up problems, and would be prohibitively expensive.
While the radiation damage to the fluorocarbon from Kr-85 is
acceptable, the degradation in the much higher radiation fields in
the reactor case would be prohibitive. Pluorocarbon absorption
would be a viable method to treat the noble gases once they were
contained and the highly radioactive isotopes decayed, but for the
reactor accident case it would be unacceptable.

Selective Permeation

Selective permeation depends on the permeability difference of
the noble gases and air through a membrane to effect a separation.
Only small-scale laboratory studies have proved practical due to
the difficulty of producing large homogeneous membranes. These
membranes are usually organic materials and very susceptible to
radiation damage.6 Permeation also depends on a large pressure
difference and would require having radioactive gases concentrated
under high pressure. These problems preclude the further consider-
ation of selective permeation.

Selective Ionization

Selective ionization would require the preferential ionization
of one or more of the species Kr, Xe, N2, and 0, over the others.
The ionization source could be a laser, conventional light source,
electrical discharge, etc. The separation of the ionized species
could be by a charged collector or through enhanced chemical reac-
tivity which produces a chemical compound more easily separated*
from the others by conventional separation techniques. Unfortu-
nately these techniques require concentrated levels (%, instead of
ppm) of the species to be removed,, and would require some means of
preconcentrating the n6ble gases prior to selective ionization. (If
we could easily preconcentrate we would have what we need already.)
Other excitation techniques, such as photolytically producing
fluorine atoms to react with Kr and Xe which are then separated as
solids, have been carried out on a. laboratory scale using concen-
trated noble gases, but this technique is not practical for large
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scale, dilute systems. The many problems related to any selective
lonlzation technique preclude the further* consideration of this
method at this time.

Gas Centrifugation

Due to the very large differences in atomic weights and gas
densities one could conceive of a separation by gas eentrifugation.
However, present gas centrifugation techniques obtain a fraction of
the throughput necessary while being enormous In size and expense.
In addition they work at low pressure requiring high vacuum pumps.
It is impractical to consider a large-scale centrifugation system
to handle a core melting accident.

Inclusion Compounds

Inclusion compounds or cage type structures formed with the
noble gases trapped within the cages have been made. Most of these
cage compounds or clathrates are made with large organic molecules
such as phenol (CgH^OH) and hydroquinone (CgH^(0H)2]; however,
these organic structures cannot withstand the high radiation field.
In addition high pressures and high noble gas concentrations are
required. The same problems of high pressure and high concentra-
tions limit the usefulness of the non-organic or ice clathrates
formed with water.

Chemical Compounds

For many years the noble gases were truly Inert gases In that
no chemical compounds had been made with them. However, in 1962
the first noble gas chemical compounds were made with xenon,
fluorine, and platinum. Since that time noble gas chemistry has
continued to be a research laboratory curiosity with only tens of
compounds made with xenon and fluorine (the most electronegative
element). Harsh laboratory conditions of concentrated noble gas,
and highly reactive fluorine, high pressure, and low temperature
are required to make these compounds. The separation of the noble
gases from air in a reactor accident situation using noble gas
chemistry Is far from being practical at this time.

Solid Adsorption

The last and most promising method to be discussed is the
removal of the noble gases from air using solid adsorbents. Solid
adsorption has been suggested by Monson,1*2 Pence,3 and Ruthven4

as a method of removing krypton-85 from reprocessing off-gas. The
chemical process Industry uses similar techniques to clean process
gases on a scale as large as 100,000 cfm, so scale-up should be no
problem. The solids under consideration are all inorganic alumino-
silicates which are highly resistant to radiation damage. The only
potential problem, which can be handled by engineering design, Is
the effective removal of the decay heat. Since solid adsorption
appears to be the most promising method for removing the noble
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gases from a reactor accident, we chose to further develop this
method. In this research we are seeking new materials with the
best combination of noble gas capacity, krypton/nitrogen separation
factor, and availability at a reasonable cost.

Experimental

The experimental technique and apparatus used is the same as
that previously described.1 Figure 1 is a photograph of this
apparatus.

The candidate materials were sieved to 20 to 40 raer,'.. washed
to remove fines and dried overnight in air at 100°C in ai. :>ven.
The dried materials were then loaded into preweighed 10 foot by
1/8 inch stainless steel columns; the columns were then reweighed
to give the net weight of material in each column. The columns ware
then placed in the oven of a Varian 1720 Trace Gas Analyzer equip-
ped with helium ionization detectors, and conditioned overnight at
300°C with pure helium flow. All noble gas dynamic adsorption
capacity measurements were made by injecting pure krypton and xenon
onto the column using helium as the carrier gas. Comparisons were
made with other wo;r*k using the same material and conditions, but
with nitrogen as a carrier (more like air than helium) and were
found to be within 20% of the helium data.

GC

Dual-Column,
Dual He-lonization
Detectors

Exponential
Dilution
Flask

Dual-Channel,
Strip-Chart Recorder

Figure 1. Experimental apparatus
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Results

Over a dozen materials were investigated as part of the
reprocessing off-gas work, and results on these materials have been
published.2

Over a dozen additional materials were investigated during
the present study. These materials can be grouped into three cate-
gories: (1) the synthetic zeolite molecular sieves (dealuminated
and acid-washed hydrogen mordenite), (2) natural zeolites (Z-400®,
Z-500®, Z-700®, and the Zeosorbs®), and (3) amorphous materials
(charcoal and carbon molecular sieve). Table 2 summarizes the
dynamic adsorption capacities for krypton, nitrogen, and xenon, as
well as the krypton/nitrogen separation factor for each of these
materials. The adsorption capacity indicates how effectively the
material retains a certain gas, which relates to how much material

Table 2. Dynamic adsorption capacity in ce adsorbate/g adsorbent,
expressed as one atmosphere partial pressure of adsorbate at 24°C.

Kr/N2
Material Krypton Xenon Nitrogen Separation Pacts

Hydrogen mordenite

Silver mordenite

Dealuminated hydrogen
mordenite

Acid-washed hydrogen
mordenite

1Zeolon-400®

* Zeolon-500®

*Zeolon- 700®

2Zeosorb®

Zeosorb®-Ag

Zeosorb®-K

Zeosorb®-Ce

SK-4 Charcoal

Carbosieve-S

60

160

50

50

5

60

60

60

160

20

80

70

360

560

10,000

390

380

15

1,650

-

480

18,000

9 70

2050

1,860

10,900

15

85

15

15

-

120

90

70

50

15

130

20

55

4

1

3

3

-

0,

0,

0.

3.

1.

0.

3.

6.

.0

.9

.3

.3

.5

.7

.8

,2

.3

6

5

5

1 - Norton Company (USA).

2 - Laporte Industries (England).
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would be necessary to confine a given volume of that gas. The
separation factor is equally important in that it indicates the
efficiency of the separation between krypton and air (mainly
nitrogen).

The table shows that the carbon molecular sieve Garbosieve-S
has the greatest capacity for krypton, a very high capacity for
xenon, and also the highest Kr/M2 separation factor; however, it is
not commercially available in large quantities and is thus
prohibitively expensive. The other carbon material SK-4 Charcoal,
also looks promising; however, the danger of combustion is present
with any of the carbon materials while all of the other materials
are noncombustible.

Silver exchanged Zeosorb® has a greater capacity for krypton,
xenon, and a higher Kr/N2 separation than silver mordenite;
however, it is more expensive to produce (it contains a higher
percentage of silver). Outside of the carbons, hydrogen mordenite
still has the best separation factor as well as good capacity at a
reasonable cost for this commercially available material. The
Zeolon-500® and Zeosorb®-Ce have high affinities for xenon at low
costs; however, both materials retain nitrogen more strongly than
krypton.

A production separation system might use a mixture of these
materials to obtain the desired capacity and separation while
optimizing the size of equipment at a reasonable cost.

The data listed in Table 2 are for the adsorption of the gases
at STP, but it is well known that the adsorption capacity is an
inverse function of temperature, with increasing capacity at lower
temperature. The capacity increases about a factor of 3 for a 30°C
decrease in temperature. This means that there is an optimization
of cost of cooling to lower temperatures versus advantages of
increased capacity in terms of column size and reduced material-
costs .

Conceptual Design

Once the survey of possible methods of noble gas retention was
completed and solid adsorption chosen as a promising candidate
technique based on the small-scale laboratory studies, a conceptual
design of such a system for SRP reactors was developed. Figure 2
is a schematic of such a system.

In the unlikely event of a fuel melting accident at SRP, the
reactor room exhaust would be separated from the other process
areas and the exhaust flow reduced to a minimum while maintaining
negative pressure inside the reactor room (approximately 8000 cfm)
at the same time water sprays would be turned on to reduce the
airborne halogens. The diverted flow initially passes through a
compressor provided to overcome the resistances in the downstream
molecular sieve beds. The air stream next passes through a multi-
purpose pretreatment unit that operates at elevated temperatures
(>150°C). This unit consists of two beds. The first is a hydrogen
recombiner (noble metal catalyst on zeolite) that converts the
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gaseous hydrogen isotopes (H2,T2, and HT) to their oxide form for
subsequent removal. The second bed uses silver mordenite to remove
both elemental and organic forms of iodine. The size of the
adsorbent (catalyst) particles in both beds in the pretreatment
unit would be sized to remove particulates from the air stream.

The air stream exiting this pretreatment unit would contain
radioactive noble gas and moisture. Next the air passes through a
chiller to remove bulk moisture. The stream is further dried by
a molecular sieve dryer. At this point, the stream contains dry
noble gas laden air which enters the low temperature (-40°C)
adsorption beds for noble gas removal. These beds are designed as
standard heat exchangers containing the adsorbent on the tube side,
and boiling CO, (-5S°C) coolant on the shell side. This design
provides the efficient removal of the decay heat. The tube side of
the first double unit contains hydrogen mordenite (HZ) to hold up
the xenon isotopes. The tube side of the second double unit (in
series) contains i3ilver mordenite (AgZ) to retain the krypton
isotopes. The two units in parallel are used to provide enough
surface area to reduce the face velocity while the units in series
provide the needed holdup time. The purpose of HZ in the upper bed

REACTOR
BUILDING

FILTER COMPARTMENT
PARTICULATE

DEM I STIR I CARBON

200 FOOT
STACK

COMPRESSOR
NEW

8 0 0 0 CFM
FANS

IMPROVED
IODINE
TRAP

CHILLER

HYDROGEN PARTICULATE
RECOMBINER FILTER

NOBLE GAS
ADSORBER

- 4 0 ° C

Figure 2. Low-temperature adsorption

240



18th DOE NUCLEAR AIRBORNE WASTE MANAGEMENT AND AIR CLEANING CONFERENCE

Is to help spread the heat producing noble gases more evenly
throughout the beds, i.e., the xenon is held more strongly than
krypton and would form a concentrated "hot spot" if both beds
(series) were silver mordenite. The C02 coolant serves two func-
tions in removing the noble gas decay heat, and increasing the
adsorption capacity of the HZ and AgZ by allowing subambient
operation. The low temperature adsorption system would have the
capacity to remove >955? of the airborne releases from a prompt
meltdown. The air exiting the noble gas system passes through the
existing confinement filters to complete the loop. Once trapped
and shut off before krypton breaks through the lower column, the
noble gases would be kept in the cooled columns and allowed to decay
up to fifty days, at which time the only remaining radioactive
noble gas would be krypton-85. This krypton-85 could be either
bottled and stored or released to the atmosphere in a controlled
manner. The chiller and adsorbent beds would be kept at tempera-
ture with a dry purge in a stand-by condition at all times during
normal reactor operation.

A similar but smaller (lower flowrate) skid-mounted system
could be used for power reactor accident cleanup of contained noble
gases to prevent subsequent leakage to the environment while await-
ing decay to krypton-85.

Future

Work is continuing on the laboratory scale to seek better
adsorbents, and a larger scale prototype of the conceptual design
Is being fabricated to provide improved engineering data for more
realistic cost estimates.
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DISCUSSION

LAMBERGER: 1-The reactor room leak rate of 8,000 cfm is at what
pressure differential? 2-What is the annual consumption, or cost., for
the CO2 required to keep the system.in cold standby? 3-What is the
capital cost of this system?

MONSOH: 1-The 8,000 cfm would maintain the reactor room at less
than 12 inches of water,which is equal to the water seal on the reactor
room. 2-Estimated cost of COg is less than $100,000 per year. I don't
know what amount of COo that represents. 3-We are in the process
of generating more detailed engineering data to make a reasonable
capital cost estimate-. This information is not yet available.

MOELLER: What i s t h e sou rce of your CO2 supp ly and how do you
assure i t is adequate for an emergency?

MONSON: Local suppliers of large quantities of CO2 are available.
Maximum cooling is only required for a short peri-od of time (hours).
The highly radioactive species are rapidly decaying, thus requiring
much less coolant to maintain the operating temperature. In addition
to CO2, we are considering spraying liquid nitrogen on the- top of
the column init ial ly so to cool the gases down when they first hi t .

EVANS , A.G.: T might add just one more comment. We have a fairly
extensive agricultural fertilizer industry in the area which
generates C02 as part of their conversion of natural gas to nitrate
so we have a readly supply of CO2 in the area.

HULL: I f you have t o keep t he medium c o o l , why w o u l d n ' t
cooling the charcoal do as well, since cooling i t should alleviate
the fire hazard.

MONSON: Two points : (1) If we lost the coolant, the carbon
could heat up and igni te , whereas the zeoli tes wou^d not burn. (2)
There is l i t t l e or no capacity advantage of carbon over s i lve r
mordenite at the temperatures used in this system.

HULL: Somehow, i t strikes me that- that's really an awfully
big hedge for an awfully small possibility.

MONSON: We a r e very s a f e t y c o n s c i o u s .

WIKTORSSON: Have you made any calculations of the radiation levels
from and around this type of retaining system?

MONSON: This would be a non-personnel building that would be
radiation resistant. The building itself and the columns would be
shielded.

WIKTQRSSON: What do you do i n case you need any main tenance or
service on the system?

MONSON: This is for an accident response and normally i t is not
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online at all. We are talking about a major accident. What we are
trying to do Is trap the noble gases from the initial part of the
accident. Perhaps you are thinking that it is going to be regenerated
or that we would want to maintain it. This is pretty much a one
shot deal.
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TECHNICAL FEASIBILITY AND COSTS OF THE RETENTION OF RADIONUCLIDES
DURING ACCIDENTS IN NUCLEAR POWER PLANTS DEMONSTRATED BY THE EXAMPLE
OF A PRESSURIZED WATER REACTOR

H. Braun*, R. Grigull**, K. Lahnsr+ , He Gutowski
++, J, Weber++

* Federal Ministery of the Interior, Bonn, FRG
+ Brown Boveri Reaktor GmbH, Mannheim, FRG
** Brown, Boveri & Cie AG, Mannheim, FRG
+ + Linde G, Hollriegelskreuth, FRG

Abstract

The maximum allowable radiation doses during accidents in nu-
clear power plants, i» e» 5 rem whole-body dose and 15 rem thyroid
dose, have been laid down in the German Radiation Protection Act.
In order to ensure that these limits are not exceeded for all ex-
posure paths including the ingestion path or, if possible, to re-
main far below them, the Federal Ministry of the Interior has in-
itiated a study on the effectiveness and cost of additional safety
features for reducing the release of activity and the dose exposure
during accidents in nuclear power plants* Detailed investigations
were carried out for the following three radiologically represent-
ative types of accidents:

- Break of a reactor coolant line
- Break of an instrument line in one of the outer ring rooms
- Break of a main steam line outside the containment

The technical basis of the study was a BBR-type nuclear power
plant with pressurized water reactor and once-through steam genera-
tor* I 131 was chosen for determining the activity release as this
is the critical nuclide for the ingestion path, Altogether 33 feas-
ible technical measures were investigated and their potential im-
provement was assessed*

I» Introduction

The regulations of Article 28, Paragraph 3 of the German Ra-
diation Protection Act (Strahlenschutzverordnung) stipulate that

"Structural and other technical protection measures
against accidents inside or at a nuclear power plant
shall be planned in such a way that in the event of
the maximum credible accident persons in the vicinity
of the plant may not receive a radiation dose of more
than 5 rem for the whole body and 15 rem for the
thyroid gland."
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This stipulation may be considered as fulfilled if the below
cited safety criteria and guidelines for nuclear power plants are
taken into account in the design of a plant.

The guidelines /1/, /2/ define the accidents, the methods,
and conditions for radiation dose calculations on which the de-
sign has to be based* The draft guidelines which were in force on
September 1, 1979 showed that due to highly conservative assump-
tions, e. g., the exclusion of any administrative measures regard-
ing the consumption of contaminated food, difficulties arose with
respect to meeting the limits /3/» The German Federal Ministry
of the Interior thereupon ordered a study to be performed in order
to show which technical possibilities exist for reducing the ac-
tivity release into the environment by approx* 1 or 2 orders of
magnitude*

The technical feasibility of corresponding new concepts and
their costs of implementation were to be examined within the scope
of this study /V« The basis for the study was a BBR nuclear power
plant with pressurized water reactor and once-through steam gener-
ator*

Based on radiological studies 1-131 was identified as the
critical isotope for the radiation exposure on the ingestion path*
The measures described in the following are therefore restricted
to a reduction of the release of this isotope to the surrounding
atmosphere*

II* Work Performed to Date

II»1 General

The guideline (1) defines accidents whose radiological effects
on the environment shall be examined* Three types of accidents were
selected to be investigated in detail:

A Break of the primary loop (reactor coolant line)
B Break of a line containing reactor coolant outside

the containment
C Break of a main steam line outside the containraentv
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Fig. 1 illustrates the systems examined in this context.

A Braak or Primaiy Loop
(GffltftSk)( )

B Break of Una «Hli Primaiy
Coolant Outjidti of Contttamant

C Braak of Meki Staam Una

Accident* and influenced Sytteimi of • PWR J Fig. 1

The coolant activity and the examination of 1-131 in the various che-
mical and/or physical forms it is found were also dealt with accord-
ing to the calculation regulations*

The following boundary conditions were used in calculating 1-131 re-
lease:

1-131 release rate 2 .uCiMW^S"1

Release through cladding rupture 10 %
Proportion of this quantity entering
the containment atmosphere 25 %
the containment sump 75 %

1-131 in the annulus air
organic iodine 50 %
elemental iodine 50 %

Effectivity of filters:
organic iodine 99 %
elemental iodine 99»99 $
aerosols 99.-9 %
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II»2 Description of the Accidents and Measures Taken

11*2,1 Break of a Reactor Coolant Line

In the event of a complete double-ended break (guillotine break)
of the reactor coolant line the 1-131 activity is released, depend-
ing on the evolution of the accident, via any of the following
paths:

- Until the fast-closing dampera are closed (approx* 4 sees)
activity is released through the air inlets directly into
the atmosphere and/or via the subatmospheric pressure sy-
stem to the vent stack.

During the overpressure phase in the containment through
leakage to the outer annulus and from there via the gap
ventilation system and the vent stack or through leakage
via connecting rooms and/or through the concrete to the
atmosphere.

The release paths can be seen on the ventilation system schematic
of Fig. 2.

Schematic of Air Ventilation System

The 1-131 concentrations released via the various paths were
calculated on the basis of an activity flow chart.* With the results
of these calculations the following potential measures were examined:

Reduction of the iodine concentration in the reactor
coolant

a) Increased purification rate
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- Reduction of the exhaust air flow prior to the isolation
of the containment ventilation system

a) Shorter response time of the fast-closing dampers
b) Reduced cross section of the ventilation ducts

Reduction of the iodine concentration in the containment
atmosphere

a) By spraying water into the containment
b) By spraying water plus chemical additives (*)
c) Through purging by chemisorption of the recirculated

air in the containment
d) Through filtration of the recirculated air in the

containment (*)

- Redaction of the leakage from the containment through
more rapid lowering of the containment pressure

a) Internal spray system in the containment
b) Cooling of the containment shell with water
c) Passing the recirculated air in the containment

through ice
d) Ice channel with containment partitions (pressure

suppression system)

- Reduction of the activity concentration in the outer
annulus atmosphere

a) Reoirculated air filter system in the outer annuius (*)
b) Purging of the recirculated air in the outer annulus

through chemisorption

Reduction of the leakage from the outer annulus through
faster lowering of the pressure in the oute-* annulus
a) Increased flow rate of the gap ventilation system (*)

Reduction of the activity release via the gap ventilation
chain

a) Purging of the exhaust air through chemisorption (*)

Only the five specially marked (*) measures were examined in
detail* The increased purification rate has been investigated in
more detail for the typ C accident. The flow diagramm for a purific-
ation system with increased capacity is shown in Fig. 3
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tA recuperaSve
ftert ewhmgef

Flow Diagram for a Reactor Coolant
Purification System (TA) of Increased Capacity

Fig. 3

The typical results of a reduction of the 1-131 concentration for
filtration of the recirjulated air in the containment, according to
the schematic of Fig, 4, is depicted in Fig, 5* For increased fil-
tration of the outer annulus (gap) atmosphere as shown in Fig. 6
and for increased air flow the 1-131 concentration is given in Fig* 7,

Schematic of a Recirculated
Air Filter Train in the Containment Fig. 4
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II»2»2 Break of a Line Containing Reactor Coolant
Outside the Containment

For the postulated rupture outside the containment of an
isolatable connecting line containing reactor coolant two pos-
sibilities were examined:

A) A break of a low pressure injection and decay heat removal
system line

B) A break of an instrument line

The break position for case A is illustrated in a section of
the flow diagram of Fig» 8» In this case the 1-131 is released with
the reactor coolant directly into the outer annulus and will then
be spread via the gap ventilation system and the vent stack or via
leaks to the atmosphere*

Primary coolant (hot)

Primary coolant (cold)

Bnik position

Low prawura bi)«ctlon purnp
VMI •nctoalng LPt pump

Omcay Hmrt Rwnoval Sy*t«n
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Because of the availaDility of isolation devioes and resultant
low quantity of released iodine case A is less interesting than case
B and has therefore not been further examined.

The following potential measures were examined:

- Reduction of the iodine concentration in the reactor
coolant
a) Increased purification rate prior to the start

of the shutdown procedure
b) Increased purification rate after the start of

the shutdown procedure
c) Introduction of a waiting period during the

shutdown process for purifying the re -j or
coolant

Reduction of the leakage through the break op ling f

a) A more rapid isolation of the line by means of
a locating procedure, flow restricting devices,
and automatic break detection devices

Reduction of the activity release
a) Additional retention devices

The filtration equipment of some more recent constructed nuc-
lear power plants has been upgraded by adding an optional filtration
system which is available on demand* Such a filter system as depict-
ed in the schematic diagram of Fig, 9 is installed to filter the ex-
haust air when increased activity is present in the outer annulus
or in the reactor auxiliary building*

Flow Diagram
tor an Optional F]K»r System Fi»9
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The investigations referred to in this section are based on
the assumption that such a system has been put into practise.

With regard to the break of an instrument line outside of
the containment a rupture of a boric-acid-analysis system line
was established to be the critical break for the power plant sy-
stem being examined* Fig, 10 depicts the flow diagram examined
for this case. Fig, 11 shows the results of the activity release
rate determination.

J •

L_

Flow Diagram for Boron Concentration Analysis Fig. 10

Eltapwd em* until biMk notation

to too
AcMty m rate [inCl/14

1131 - Activity ( M e a n fnr BnMk of Instrument Urn na.11
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On this figure three regions can be distinguished. On the left there

^eacliii?yL^errfore:n^ S S S 2 flsHnou^ ̂nc
occu?s rlther fate In accumulated, fairly large amount of activity
can be released! In the second region (<103 mCi/h and >2 mCi/h)
a break is auickly detected and the activity release is restricted
through Solatia. I the third region (>105 mCi/h), after the break
the flow in the line becomes so large that the available break de-
tection system (through monitoring of the temperature) will reduce
the activity release considerably.

The measures which have been investigated concern an improve-
ment of the filter systems as well as of the detection of a break
trough monitoring of the room activity or sensing of flow rates,
temperatures, and humidity. Table 2 lists the reduction factors
achieved thereby and the costs and potential problems to be encoun-
tered in putting the concept into practise.
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II»2«3 Break of a Main Steam Line Outside the Containment

Regarding the release rates to be expected in case of a break
of the main steam line the existanoe of a closed emergency condenser
system (which is an unique feature of the BBR type of nuclear power
plant) is important. Fig, 12 is a schematic representation of the
major systems of the secondary loop*

dmarpum; iui.inij.Uc

Flow Diagram Secondary System Fig. 12

The main paths for an activity release are:

- Discharge through ttfe break prior to the closing
of th° main steam isolation valve (approx, 5 sees)

- Discharge to the atmosphere through the main steam
safety valves before the emergency condenser system
becomes operational (approx. 50 sees)

- Release via t'ie venting of the emergency condensers.

In all these cases additional a complete guillotine break of a steam
generator tube is postulated. The activity of the main steam is then
a function of the reactor coolant entering the secondary system
through this tube break.

The measures taken for reducing the release from the main steam line
break have to start at these paths. The following possibilities were
investigated:

Reduction of the iodine concentration of the reactor
coolant
a) Increased purification rate during normal operation (*)
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- Reduction of the discharge through the break opening
a) Preclusion of breaks upstream of the outer

main steam isolation valve
b) Reducing the closing time of the outer isolation

valve
c) Arranging a Venturi nozzle in the main steam line

as a flow restriction

- Influencing the location of resultant radiation release by-
channeling the discharged medium
a) from the break location to the vent stack or cooling

tower
b) from the main steam safety valves to the stack or

cooling tower

- Additional retention devices
a) Channeling the mediujn into a condensation system
b) Convevina the steam released through the main,

steam" safety valves to a condensation system {*)
c) Flushing out or filtering of the activity released

from the emergency condensers (*)

- Prevention of any discharge through the main steam safety
valves
a) Leakage-controlled closing of the main steam safety

valves and
Changing the design of the secondary side so that
it can withstand the primary side pressure (*)

b) Condensing the discharged steam in a closed system {*)

Only the five specially marked (*) measures were examined in
detail.

Table 3 lists the reduction procedures thus obtained plus cue
main design data, possible problems, and costs.
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I I I . Summary

During the work performed under this contract 3 main accidents
have been evaluated including a calculation of the possible activity
releases. A total of 33 possible measures for a reduction of the ac-
tivity releases have been examined. Out of these, 15 possibilities
have been worked out in technical detail with estimates for their
efficiency, technical realization, and cost. The main results have
been discussed in this paper.

On the basis of the latest results of reactor safety research
and radiation protection, e. g. , in the U.S.A. and in the Federal
Republic of Germany, new guidelines were issued in August 1933 by
the German Federal Government* In these guidelines much more rea-
listic calculation parameters and calculation models were used for
determining the radiation dose after a reactor accident. The state-
ments about the effectiveness of the technical improvements des-
cribed in this study by BBR/Linde remain valid but the new guide-
line made this implementations not neccessary and, therefore, they
have not been taken into consideration in more recent NPP s in
Germany. From all the results of the present study only tne instal-
lation of an optional filter system available on demand would be
used in German nuclear power plants for this reason*

The work of Mr. Hennings, BBR, during the earlier days cf
this project is greatfully acknowledged,

IV. Selection of References (all in German)

/^/ Guidelines for assessing the design of nuclear power plants
with pressurized water reactor for its ability to withstand
accidents, as defined in Arts 28, Para 3 of the Radiation
Protection Act (Str.SchoV,)
Published by the Federal Minister of the Interior (BMI)
RS II 4-511434/2 8/1/79

/2/ Basis for the calculation of accidents with respect to the
BMI Guidelines on the assessment of the design of NPP's with
PWR ace. to Art, 28, Para* 3 of the Str.Sch.V.

/3/ Activity release during accidents in nuclear power plants with
PWR via the exhaust air path within the scope of a guideline
on Art. 28, Paras 3 Str.Sch.V. (Status of Dec. 14, 1979)
Technischer Uberwachungsverein (TtiV) Baden e*V», Mannheim

/4/ Technical possibilities for and costs of retaining radionuclides
during accidents in nuclear power plants, demonstrated at the
example of a pressurized water reactor
BROWN BOVERI REAKTOR GMBH, Mannheim
LINDE AC-, Werksgruppe TVT, Munich
December 1983
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DISCUSSION

MOELLKR: What were the principal factors that led you to select
the optional filter system as the one to install? Looking at Table 2
I gather that cost was not the dominant factor.

BRAUN: The optional filter system is now state of the art for
WPP design in the PRG because of other reasons. This study demonstra-
ted that this type of measure is quite effective for the examined
accidents.
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DESIGN EXPERIMENTS FOR A VENTED CONTAINMENT

Rolf Hesbol, MSc
Studsvik Energiteknik AB
S-611 82 NykOping, Sweden

Abstract

A filtered containment venting system, operable late in 1985,
is currently under installation at the Barseback twin nuclear power
station in Sweden. The filter unit, which communicates with the
containments of both reactor units, but is separated from them by
rupture discs, consists of a concrete bed, 40 m high and 20 m in
diameter, filled with gravel of grain size 25-35 mm.

The performance of the gravel bed under such accident
conditions which might lead to an activation of this safe-guard
system has been the subject for investigation within the FILTRA
project. These investigations have shown that the gravel bed acts
as

an expansion volume for decreasing gas pressure and increasing
gas residence time

a heat sink for condensing steam

an excellent filter medium for removing aerosols and
elemental iodine

- a sump volume for collecting radioactive condensate.

In this report the results from iodine retention studies in
gravel beds are mainly considered.

". Background

Following the study and conclusions of the Swedish post-TMI
Commission on Reactor Safety, the government, in 1981, proposed to
parliament that the risks of radioactive releases from nuclear
power plants to the environment in the event of a severe accident
should be further reduced, even though the current risks were low.
The release of radioactivity causing land contamination , in
particular, should be reduced„

The government expected that every means leading to risk
reduction would be exploited by the utilities and that, if necess-
ary, additional safe-guard systems would be introduced even though
they might entail appreciable costs in relation to the risk reduc-
tion achieved.

In practice the regulations suggested by the government
required that

the release of radioactivity to the environment, except for
noble gases, should not exceed 0.1 % of the core inventory
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the measures adopted to limit the release of activity should
be put in service by the end of 1985 for the Barseback site,
and no later than 1989 for the other sites

the twin 580 MWe BWRs at Barseback, which are located rela-
tively close to large population centres (approximately 20 km
from Malmo and Copenhagen), should be equipped with a system
for filtered atmospheric venting of their pressure suppression
containments.

In order to provide technical information two projects, the
FILTRA project and the RAMA project, were initiated in co-operation
with the utilities and the authorities.

The FILTRA project (abb. of FILtrerad TRyckAvlastning -
Filtered Pressure Release) should only consider the application of
filtered containment venting at the Barsb|ck2site. The FILTRA
project has been completed and reported

The RAMA project (abb. of Reactor Accident Mitigation
Analysis) is still in progress. The main tasks of the project are
research and development work of a generic nature with regard to
core accidents. These generic studies will support the specific
assessments required for the.individual nuclear units other than
those at the Barseback site . The final result will not necess-
ary imply containment venting.

II. Objectives of the FILTRA project

The main objectives of the FILTRA project were two-fold:

to gain a further understanding of the phenomena and effects
caused by molten fuel in severe accidents, and

to obtain the information required to design a functioning
filter plant and evaluate its effectiveness.

Included in the first objective are detailed studies on core
meltdown sequences, break-through characteristics of molten core
material through the reactor vessel, interractions between core
melt and concrete and other structures, and how the final cooling
of the core melt proceeds. The purpose of these studies was to
indentify events which challange the integrity of the pressure
suppression containment, such as pressure build-up, hydrogen
combustion, thermal impact, and missile generation. Such studies
will supply data necessary for selecting a suitable design and
defining the required capacity and limitations of a filtration
device.

The second main objective includes examination and analysis
of the performance of the containment vent filter with regard to
particle and iodine retention, steam condensation, ageing effects,
hydrogen ingnition, and post leakage effects within the design
criteria.
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The design criteria of the filter system issued by the
Swedish Nuclear Power Inspectorate can be summarized as follows:

The activation of the venting system due to over pressura-
tion of the containment should be ensured and passive. In
this context a rupture disc is regarded as a passive com-
ponent .

- The venting system should operate passively for the first
24 hours. Beyond that time limit credit can be taken for such
active measures as have been prepared.

The filter system should limit the release of individual
. radioactive nuclides, noble gases excepted, to less than
0.1 % of the core inventory.

The filter system should not interfere with the safety levels
already assessed for the individual units.

The filter system should withstand an earthquake of 0.15 g
intensity.

III. Experimental and verification programme

In the past the use of sand or gravel bed filters has been
discussed and proposed in dicussions on nuclear safety on several
occasions in Sweden. Hence it was natural that the filter system
decided upon should be a gravel bed.-In the first instance a
gravel bed with a volume of 10 000 m filled with gravel which has
a size fraction of 25-35 mm was selected. For this concept a
comprehensive verification programme has been carried out. The
experimental programme has included thermal and flow rate tests

, retention tests on iodine and particulates, and studies of
combustion sequences in mixtures of air and hydrogen in the gravel
beds i:>).

In this report only the iodine retention studies are dis-
cussed.,The particle retention studies have been reported else-
where {b'.

IV. Iodine retention studies

Iodine might be released from the fuel in different chemical
forms and might also be converted to other forms by secondary
reactions inside the reactor vessel or the PS containment. One of
the most penetrating iodine forms is methyl iodide. Studies of the
TMI-2 accident showed, and it is also generally expected, that the
yield of methyl iodide is quite low, less than 1 % of the total
iodine. In addition methyl iodide does not represent any hazard
with regard to land contamination.

The next volatile iodine compound to be considered was ele-
mental iodine. In our approach it was assumed that the retention
of other volatile inorganic iodine compounds in the gravel bed
would exceed that of elemental iodine.
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Conservatively it was thus assumed that iodine will be
released completely as elemental iodine. Consequently the objec-
tive of the iodine retention studies was to prove that the filter
concept decided upon would have the capacity to remove all the
iodine released from the core as elemental iodine. Credit for any
iodine retention in the reactor and containment vessels was not to
be taken. The iodine retention studies comprised laboratory scale
examinations with sand and large scale tests with gravel under
steam conditions.

Laboratory scale experiments

The objective of the laboratory study was mainly a parametric
study for the specific stone material, AB Sydsten, selected for
the FILTRA bed. Tests were performed at different iodine loading
rates, temperatures, flow rates, bed depths and relative humidities
at ambient temperatures.

Gaseous elemental iodine tabelled with 1-131 was introduced
at a constant rate into a column filled with sand, grain size
normally 1.4-2 mm. The test apparatus is shown in Figure 1.

Some typical results are shown in Figure 2 in which the ratio
between the exit concentration, C, and inlet concentration Co of
iodine is given as a function of time for different loading rates
of iodine.

The results show that the iodine break through time depends
strongly on the iodine loading rate. It is also recognized that
break through iodine level within the experimental period never
x'eached the inlet iodine concentration level, but a fairly con-
stant lower level, which in the fo2lowing is referred to as the
break through level. A fraction of iodine thus seems to be
retained completely in the bed. This xatention is ascribed either
to chemical interaction between iodine ar.d the stone material, or
to a long time diffusion of iodine into the stone matrix. In fact
the retention is a •..•ombined effect of both. This has been demon-
strated in tests with small beds. The iodine build-up is con-
trolled by several mechanisms characterized by different rate
constants. An iodine build xip curve as a function of time is
"presented in Figure 3. In a prolonged test saturation was not
obtained within 300 hours. Desorption studies have also shown that
the desorption rate corresponds fairly well with the iodine
build-up rate. However, an undesorbable residue is left in the
bed. This residue is attributed to chemisorbed iodine. The effect
of chemisorption is dominant at low iodine concentrations.

Within the parametric range studied the break through level
increases with increasing flow rate, temperature, relative humidity
and grain size. Some of these effects are illustrated in the
Figures 4~7.
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FIGURE 1
LABORATORY TEST APPARATUS FOR IODINE RETENTION STUDIES IN SAND
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FIGURE 2
THE BREAK THROUGH OF IODINE FOR DIFFERENT IODINE LOADING REATES.
THE FLOW RATE AND BED LENGTH WERE 4 1/min AND 1.5 m RESPECTIVELY.

RELATIVE HUMIDITY WAS 98-100 %.

Time (hours)
FIGURE 3

IODINE SORPTION AS A FUNCTION OF TIME FOR AMBIENT CONDITIONS AND A
LOADING RATE OF 1.4 x 10""3 g/min.
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FIGURE 4
EFFECT OF FLOW RATE AND BED LENGTH ON IODINE RETENTION
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FIGURE 5
EFFECT OF RELATIVE HUMIDITY ON IODINE RETENTION IN SAND AT AMBIENT

TEMPERATURES
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FIGURE 6
EFFECT OF TEMPERATURE ON IODINE RETENTION
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FIGURE 7
EFFECT OF GRAIN SIZE ON IODINE RETENTION

The sorption mechanisms are manifold and complex and the
sorption of iodine on stone cannot be described by simple sorbtion
models. Nevertheless a physical-mathematical model SAD (Surface
Adsorption Desorption) describing the retention of iodine in
gravel columns has been developed l '. Theoretical and
experimental values are compared in Figure 8.
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FIGURE 8
FED AND 01

RESULTS ARE GIVEN AS DISCRETE POINTS (7).

Large scale experiments

The main objective of the large scale test was to demonstrate
whether or not the laboratory test results could be transformed to
large scale systems. Secondly the effect of steam and steam con-
densation was examined. A schematic diagram of the gravel bad
filter test facility is shown in Figure 9. It consists of a sec-
tional column, 7.5 m high and diameter 0.5 m, filled with gravel,
grain size 25-35 mm. Gaseous elemental iodine labelled with 1-131
was fed into the column at a constant rate for 5-10 hours. Gas
samples were drawn through carbon cartridges just in front of the
column and at column depths of 3 and 7.5 m. At the 7.5 m level
(column exit) gas samples were also drawn through a May pack. Test
results obtained under ambient conditions, a flow rate of 74 m /I
and iodine loading rate of 7x10 g/min, are presented in Figure 10.
The calculated break through level based upon the laboratory test
results is also shown. As can be seen the correspondence between
the predicted and experimental values is quite good.

The following runs were performed with steam mixed with some
air to simulate uncondensable gases. The steam/air ratio was
approximately 5. Prior to iodine injection the entire column was
heated up by passing steam through it. During the heating up
period it was recognized that condensation took place within a
narrow zone, 5-10 cm thick, which moved slowly downwards through
the column. The temperature fall across the condensation zone was
pronounced from steam temperature to ambient. The condensate was
self drained and collected in the bottom of the column. Any flow
resistance due to accumulated condensate on the gravel is thus
non-existent. These observations were later confirmed in thermal
hydralic tests performed with columns 30 m high and 1 m in diameter
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FIGURE 9
GRAVEL BED FILTER TEST FACILITY WITH IODINE INJECTION AND SAMPLING

EQUIPMENT FOR LARGE SCALE EXPERIMENTS
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FIGURE 10
THE BREAK THROUGH C/Co FOR I? UNDER AMBIENT CONDITIONS. FLOW RATE
AND IODINE LOADING RATE WERE 74 m /I AND 7x10 g/m RESPECTIVELY.

PREDICTED BREAK THROUGH LEVEL FOR BED DEPTH 3 m

Following the heat up period iodine was introduced into the
column. A typical result is shown in Figure 11.
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FIGURE 11
EFFECT OF STEAM CONDENSATION ON IODINE RETENTION-IN A GRAVEL BED.

THE IODINE LOADING RATE WAS 5.6x10 g/min.
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In the run referred to the bed temperature was kept at 95 C, which
was the saturation temperature of the steam/air mixture. Hence the
gravel was wet during the run.

By comparison of results in Figures 9 and 10 it can be seen
that wet conditions and high temperatures strongly enhance iodine
retention in gravel beds. Calculations have shown that hydrolysis
effects are negligible and the enhancement is assumed to be due to
chemical interaction.

The various forms of iodine present in the exit stream have
been characterized by sampling through May packs. The May pack
consists of silver plated screens, particle filters and a TEDA
impregnated carbon back-up filter. Some results are shown in
Table 1.

Table 1. The partition of iodine in % in May pack

Ag screen

Mp filter
Ag screen

Mp filter
Carbon bed

1
2
3
4
5
1
6
7
8
2

Dry conditions
Ambient temp

79
17
3

0.2
0.1
0.1
0.06
0.05

-
0.5

Wet conditions
High temp

55
20
6.7
4.8
3.7
1.2
1.4
0.4
0.1
-
6.4

The results in Table 1 indicate that elemental iodine is
dominant in the exit gas stream. The distribution of iodine
between the silver screens is somewhat different for the different
conditions, thus indicating an additional iodine species was
present in the hot run. The iodine trapped in the carbon bed is
assumed to be methyl iodide. By relating the iodine content in the
carbon bed to the amount of iodine injected during the test the
penetration of methyl iodide was found to be 0.15 % in the cold
run and 0.07 % in the hot: run. The lower number might indicate
effects of methyl iodide hydrolysis.

It is concluded for the test conditions examined that the
generation of penetrating iodine species in the gravel bed is
negligble.

Iodine Retention in The Sand-Water System

The steam tests showed that wet conditions strongly enhanced
the retention of iodine in a gravel bed. Some complementary
laboratory tests have been performed to study this effect. In
these tests elemental iodine dissolved in water passed a bed,
200 mm high and 23 mm in diameter, filled with sand of the same
type as the gravel in the previous experiments.
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The concentrations of I- and I,~ were measured spectrophoto
metrically. The concentration of i" was calculated using the
equation.

M = 768

The concentration of hypoiodic acid in the mother solution
was assumed equal to

H = t'J
A typical test result is shown in Table 2, in which the

iodine species concentrations are given in the inlet and exit
streams at the termination of the test. The hypoidic acid
concentration is assumed to be the same in the inlet and exit
streams.

Table 2. Concentration changes of iodine species in water after
passing a sand bed

Iodine species Concentration mg/1
Inlet stream Exit stream

I2 100 46

I3~ 3 17

I" 4 42

HIP 5 5
Total 112 110

The results show that under wet conditions elemental iodine
is reduced to nonvolatile iodides by the sand. The effect is
pronounced. The reaction yield is far above 0.1 mg iodine/g stone.

V. Conclusions

Iodine retention

The conditions inside the gravel bed in the real case are
very complex. After a while an upper hot region, a narrow condensa-
tion zone and a lower cold region will be established. To model
the iodine retention for these combined conditions is very tedious
and difficult. A retention model based upon the laboratory and
large scale test results under dry conditions has been developed
and applied for calculations on the iodine retention in the final
FILTRA bed shown in Figure 12. This is a conservative approach, as
no credit has been taken for the enhanced retention under wet
conditions. For these less favourable conditions the retention of
elemental iodine in the FILTRA bed is better than 99.99 %. It is
expected that the results obtained are: gravel material specific.
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FIGURE 12
SCHEMATIC DRAWING OF FILTRA FILTERED VENTED CONTAINMENT SYSTEM

Conclusions of the FILTRA project

On the basis of the design experiments reported here and
elsewhere the following,conclusions can be drawn for the gravel
bed, volume of 10 000 m , chosen for the Barseback site.

Complete condensation of all steam produced within 24 hours
of an accident will be obtained. Obviously by the extensive
condensation itself a good filtration effect will be obtained.

- Radioactive aerosols and iodine that could cause long term
land contamination will be efficiently removed in the gravel
bod.

The condensation of steam in a gravel bed is an continuous
process. There is no risk that the condensate formed will
plug the bed, thus impeding further condensation.

Many of the phenomena studied are very plant specific. As
regards reactors of the Barseback type, the following addi-
tional conclusions can be drawn.

Filtered venting does not affect other safety functions to
any appreciable extent.

Venting prevents pressure failure of the reactor containment
for such event sequences as might lead to over pressurization
failure in the absence of venting.

Analysis has shown that very rapid pressure transients caused
by steam explosions, hydrogen combustion, or rapid steam
formation, do not constitute a threat to the type of contain-
ment at the BarsebSck site.
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For the purpose of the FILTRA project only those events which
might lead to containment overpressure have been examined.
This means that the risk for radioactive releases has not
been eliminated completely. Certain event sequences with very
low probability are not affected by containment filtered
venting of the type discussed in this context.
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CLOSING REMARKS OF SESSION CHAIRMAN:

Today, vre have heard a number of interesting research papers.
Primarily on what to do with noble gas and iodine in accident situa-
tions, although the first paper was concerned with routine releases
from the CANDU reactor. I think there are areas where further
research in most of these areas would be quite fruitful and can be
presented at the next Air Cleaning Conference. Particularly if some
of the noble gas recovery concepts can be put into pilot scale demon-
strations .
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OPENING REMARKS OF SESSION CHAIRMAN ANDERSON:

We welcome you to Session 5 of the 18th Air Cleaning Conference.
This session will be divided into two segments; 5-A will contain
those papers presented before the morning break, and 5-B chaired by
Dick Dorman, will contain those following the break.

Our program for '5-A is dedicated to filter testing. Two of
the papers are related to in-place testing, one to techniques of
filter testing, and the fourth a comprehensive review of the testing
programs, procedures, requirements in Sweden. Each of the papers is
considered to be a significant contribution to their specific area
of interest and should provide an interesting and informative session.
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IN-SITU CONTINUOUS SCANNING HIGH EFFICIENCY PARTICULATE AIR
(HEPA) FILTER MONITORING SYSTEM

Karl N. Kirchner, Charles M. Johnson,
Joseph J. Lucerna, and Randy L. Barnett

North American Space Operations
Rockwell International

Golden, Colorado

Abstract

The testing and replacement of HEPA filters, which are
widely used in the nuclear industry to purify process air
before it is ventilated to the atmosphere, is a costly and
labor-intensive undertaking. Current methods of testing filter
performance, such as differential pressure measurement and
scanning air monitoring, allow for determination of overall
filter performance but preclude detection of symptoms of
incipient filter failure, such as small holes in the filters
themselves. Using current technology, a continual in-situ
monitoring system has been designed which provides three major
improvements over current methods of filter testing and replace-
ment. This system (1) realizes a cost savings by reducing the
number of intact filters which are currently being replaced
unnecessarily, (2) provides a more accurate and quantitative
measurement of filter performance than is currently achieved
with existing testing methods, and (3) reduces personnel exposure
to a radioactive environment by automatically performing most
testing operations.

An XYZ sample system was designed and constructed to
transport a sample probe to any location on a given filter bank.
Three stepping; motors, one for motion in each direction, are
used to move the probe along the twin-rail and rack and pinion
axes. A serial interface card distributes movement commands to
the proper axis indexer cards and driver cards which in turn
supply power to the stepping motors. Laser single-particle
analysis was chosen as the most sensititive detection method for
this monitoring system. A microprocessor is used as the CPU for
the target computer system. The target computer controls place-
ment of the sample probe. It also acquires and analyzes the data
obtained from the spectrometer. This sample system uses either
ambient air or a generated aerosol to challenge the HEPA
filters. It scans the downstream face of the filters to detect
leaks. The target computer then calculates the filter
efficiency.

I. Introduction

High Efficiency Particulate Air (HEPA) filters are used
throughout the nuclear industry to filter building and process
ventilation air prior to recirculation or exhaust to the
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atmosphere. These filters capture radioactive particles and
prevent their release into the "biosphere. Many of the process
cells ventilated through HEPA filters release acid vapors and
substantial levels of particulates which degrade the filters and
restrict airflow. The primary objective of this task is to apply
currently available technology to provide continual in-situ
monitoring of KEPA filter performance.

Advantages of a real-time monitoring system include:
instant detection of filter failure, possible detection of
incipient filter failure, a defineable and quantitative basis
for initiating filter change-out, improved assurance of
radioactive particle containment, and possible cost savings.
In-situ monitoring of filter performance as currently practiced
at Rocky Plats occurs only at installation and when abnormal
conditions are detected by alpha monitoring. The system designed
in this task provides a more accurate and thorough measurement
of filter performance than is acheived with existing differential
pressure and scanning air monitoring equipment. In-situ moni-
toring is needed to ensure that the performance of a filter
installation is within specification, and to assure the plant
operators (and the public) that degradation has not caused the
system to fail.

Several techniques were evaluated for monitoring of HEPA
filter performance. These included optical scattering particle
measurement, laser single-particle analysis, radiometric measure-
ment, sonic and vibrational technology, and enhanced differential
pressure measurement. A concept considered important to the
program was a method to challenge the filters without loading or
decreasing their performance. The ideal challenge would be air
entering the filter plenums to be filtered. This appears to be
viable on the first stage and possibly the second. The third
and fourth stages may require a small amount of challenge aerosol
introduced into the plenum. Because of the low sensitivities the
laser single particle analysis was the method chosen for this
investigation.

II. Discussion

The HEPA Filter Monitoring Program is broken into three
major subtasks: (1) Identification and selection of measurement
techniques, (2) technology evaluation and feasibility testing,
and (3) demonstration in a radioactive plenum.

Identification and Selection of Measurement Techniques

A literature search was conducted to identify available
technologies for particulate and airflow measurement. Several
weapons complex sites were visited to view and discuss their
methods of monitoring HEPA filters. Rocky Plats Plant (RPP)
utilities, filter installation and monitoring, and DOE Central
Division HEPA Test Facility at RPP were contacted for input on
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RFP methods of installation, monitoring, and testing of HEPA
filters. With the information gathered from these contacts
and the suggestions from Instrumentation and Control Systems
Engineering (I&CSE) group at RFP, the following methods were
considered: single-particle analysis, radiometric measurement,
sonic and vibrational technology, and enhanced differential pres-
sure measurement.

The following facts give some idea of the magnitude of the
HEPA filter air cleaning system at RPP. RPP has approximately
9500 2 ft x 2 ftx 1 ft HEPA filters in use at any one time.
These filters are distributed in about 80 plenums with each
plenum containing 1 to 4 banks or stages. A typical stage of
filtration contains 24 to 48 filters, although the number of
filters in one stage can vary as high as 720 filters. Generally
the stages are 4 filters high by 6 or 12 filters wide. HEPA
filters are also subjected to a wide range of conditions from
normal office air to corrosive plutonium recovery and waste
treatment atmospheres. Filters are changed about every 3 years,
with some areas as often as 6 weeks. About 1,000 to 5,000
filters are changed per year. Filter change out requires 9 to
11 people, half of these work in supplied air suits because of
contamination.

There are three methods of monitoring in place HEPA filters
at RPP and they all have problems. First differential pressure
is insensitive to leaks and it is used mainly as a guide for the
amount of filter plugging. Second are the radiometric monitors.
They detect how much alpha activity is lost, but the alarm sounds
after the leak occurs and if there is no radiocative material
present, there is no way of knowing if there is a leak. Also,
they are insensitive to incipient filter failure. The third
method uses challenge aerosol. This labor intensive technique
requires 2 to 4 people in supplied air suits and 1 person outside
to read the instrument. This method is used only when filters
are installed or when indicated by the presence of radioactive
particles detected by the radiometric methods.

The following list of conditions were established for a
proposed HEPA Filter Monitoring System to meet:

1. Improve the current methods of monitoring HEPA filters.

2. Develop a continuous real-time in-situ monitoring
system.

3' Use current technology. This was not to be a basic
research program.

4. No or very little challenge aerosol should be used in
the plenums. This would imply a fairly sensitive technique with
an attempt to use the ambient particles entering the plenum as a
challenge.
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5. Automate the system so there is little or no operator
interaction with the equipment in order to decrease personnel
exposure.

6. The system should be inexpensive when compared to the
labor required for a manual check for filter performance.

7. Develop a reliable system. Reliability is very
important in systems to be installed in a "hot" (radioactive)
environment.

8. Design and construct scanning and data acquisition
system such that a change in measurement technology would not
necessitate a major system re-engineering.

After thorough consideration of the suggestions, laser
single-particle analysis was chosen as the method that best met
the above criteria. Laser single-particle analysis has good
sensitivity and its use for HEPA filter monitoring has been
demonstrated.^~5 Optical scattering particle measurement was
not used due to the small number of particles expected to be
present and its low senitivity." Radiometric instrumentation
would require a constant source of radioactivity to verify filter
integrity. Several areas have little or no radioactivity
reaching the filters and challenging the filters would present
problems. Sonic and vibrational technology have been excluded
because of the amount of time and capital expense required to
characterize frequencies present in the plenum environment.
Differential pressure measurement was eliminated because of
insensitivity to very small changes. Enhanced differential
pressure, however, appears to be a viable technique for histori-
cal measurements of abnormal conditions occuring in HEPA filters.

Technology Evaluation and Feasibility Testing

Two computer systems were used in the development of the
monitoring system. The target system is placed at the plenum and
controls the sample system, monitors, and records the data. The
second, the development system, remained in the laboratory for
software and hardware development, and for data reduction.

A Digital Equipment Corporation (DEC) LSI 11/02 micro-
processor was selected as the CPU for the target system. The
CPU, DEC DRV11 parallel line unit, DEC DLV11-J four port serial
line card, DSC MXV11-A memory and synchronous serial line unit,
MSC 4604 memory card, DEC H9281-BB backplane. Burr Brown
TM 71-10 microterminal, dual DEC TU58 cartridge tape drives,
assorted power supplies to power the computer equipment, Power/
Mate SW-24-K high power switching power supply to power the
stepping motors, and inhouse designed relay and interface cards
used in. conjunction with the DRV11 parallel line unit make up the
target system (Figures 1 and 2). The target system acquires data
and controls the single-particle laser spectrometer in addition
to controlling the movement of the sample system.
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Figure Front view of the target system.

Two XYZ sample systems were designed and constructed by
the RFP Remote Engineering Department. The positioner was
required to transport a sample probe to any location on the
filter bank. The filter bank measures 114 in. wide and 93 in.
high; however, the filters do not cover the entire bank. The
probe had to be positioned automatically, not only along the
filter bank but at varying distances from the filters. This
required a 3-dimensional X, Y. and Z axis positioner. Two
separate XYZ sample systems were built. Reliability of the two
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Figure 2. Back view of target system.

systems in operation will be documented. The "best components of
the two systems will be selected for the "hot" (radioactive)
environments.

The first positioner was designed with a Lintech twin-rail
shaft assembly for movement along the width of the plenum
(Figure 3). A Saginaw Gear Company ball screw was used to propel
a carriage holding a 7-ft tall mast. The horizontal ball screw
is stationary. The carriage is positioned by a Slo-Syn stepping
motor mounted on the carriage. Stepping motors were used for

282



13th DOE NUCLEAR AIRBORNE WASTE MANAGEMENT AND AIR CLEANING CONFERENCE

Figure 3. First XYZ positioner.

ease of programming and positional accuracy. The mast contains
two teflon tracks that guide a small "bracket up and down its
length. Another ball screw within the mast is rotated by a
Slo-Syn stepping motor and positions the bracket. The third
axis, toward and away from the filters, is moved by a third
Slo-Syn stepping motor. This motor rides up and down with the
bracket. An 18-in. long 0.375-in. diameter gear rack is held by
a rack mounting block so that it can slide lengthwise. A pinion
on the motor shaft positions'the gear rack. The sampling probe
is attached to the gear rack (Figure 4 ) .
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Figure 4« Sampling Probe.

The advantages to the first positioner are its
weight, low cost, simplicity of programming, highly-
positioning, and finally, the probe position is held
the power is turned off. The disadvantages are the
of the mast, the great tension that must be exerted
zonjal ball screw to minimize its sag, and the extra
torque required of a stepping motor to turn the long
ball screw.

light
accurate
even when

instability
on the hori-
starting
vertical
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The second positioner was designed with the same basic
structure as the first positioner (Figure 5). The ball screws
were eliminated in favor of stationary gear racks with pinions.
The Slo-Syn stepping motors were retained with one being used for
motion in each of the three axes. The mast was made substan-
tially larger for greater stability. Lintech shaft assemblies
were used in pairs in all three axes. The axis which takes the
probe closer to or farther from the filter was moved down so that
it would not have to be raised by the stepping motor for the

Figure Second sample positioner.

285



18th DOE NUCLEAR AIRBORNE WASTE MANAGEMENT AND AIR CLEANING CONFERENCE

vertical axis. The vertical axis required a method to keep the
probes position even whon the power was off. A counter balance
was added which operates much like an elevator. The counter
balance also greatly reduces the load on the vertical axis
stepping motor.

The first sample system was equip3)ed with micro-dwitches,
or limit switches, for indexing and to sense when the motors are
driving against a stop. These limit switches are wired to the
target computer through the RFP designed interface and DRV11
parallel line unit. When one or more of the microswitches are
depressed the computer stops all motor movement e.nd determines
the next action.

The XYZ sample system is controlled by the computer through
a RS-232 serial-interface line, to Superior Electric Modulynx
cards. The Modulynx cards used are an I0D004 interface card,
IDD008 indexer cards, and DRDOO1 driver cards. The serial
interface card distributes the movement commands to the proper
axis indexers and driver cards. The stepping motors are powered
by the switching power supply through the driver cards.

The single-particle laser spectrometers chosen were two
Particle Measuring System, Inc. (PMS) LAS-X units. It was felt
that they would give the information needed in the size range
0.09-3-0 microns. Final choice of the instrument for a four-
stage working system will probably be able to use much simpler
instruments. Control of the spectrometer by the target computer
was accomplished by installing a relay in parallel with the
spectrometer's reset switch. By sending a command to the inter-
face via the DRV11, the relay is closed which causes the spec-
trometer to reset and send the acquired data to the target
computer. Both spectrometers are operated in the manual mode
so all sample count times can be controlled by the computer with
the reset relay.

In addition to monitioring the limit switches and control-
ling the reset relay, the RFP designed interface card will
control which sample area is routed to which spectrometer with
the use of solenoid valves and a manifold, T..iis will gain
importance when the system is installed in a multi-stage plenum
with the monitored stage selected and routed to the selected
spectrometer.

With the exception of the XYZ sample system, all boards and
electronics are housed in a 19-in. x 60-in. x 30-in. cabinet
equipped with wheels for portability.

The development system was designed to develop software
for* the target system and to reduce the data acquired by the
target system. The system consists of a DEC VT100 video
terminal, DEC LA120 printer, Adac 1000 card cage and power
supply, DEC LSI 11/23 processor with memory management and
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floating point options, Trendata Pincomm 23S MM-148 memory module
with 256 Kbyte capacity, DEC DLV11-J four-port serial line card,
DSD 880x/30 data storage system with 30 Mbyte Winchester, and
0.5 Mbyte single-sided double-density floppy disk, Hewlett-
Packard 7470A Graphics Plotter with RS-232 interface option,
dual DEC TU-58 cartridge tape drives, and ISOREG computer power
supply. All of the development system components, with the
exception of the printer, are housed in a 19-in. x 60-in. x
30-in, cabinet (Figure 6 ) .

Figure 6. Development system.
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Both the target and development systems are run with the
DEC RT-11 operating system. All programming was done with DEC
Fortran IV language.

The target system was designed for installation in plenum
FU-6, an unused plenum in the 771 Chemicl Reprocessing Building.
The plenum was modified for use of testing only. Instead of the
usual intake from a process area and exhaust to the environment,
it will recirculate the exhaust of the plenum to its intake
(Figure 7)- In addition, the modifications offer the option of
opening the closed loop with 2 tees to take room air, filter it,

Figure 7• Recirculation of plenum FTJ-6,
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and exhaust it to another portion of the area for ambient air
challenge experiments. The plenum has four stages of HEPA
filtration. Each stage or bank is 3 filters high by 4 filters
wide. The XYZ scanning systems will be installed downstream of
the last two stages (stages three and four). This will allow
testing the system as if it were installed in stages one arid
two by removal of the first two stages of filters or testing of
stages three and four with installation of stage one and two
filters.

Upon completion of tests in the demonstration plenum
(FU-6), the program will progress to the final phase which is a
demonstration in a radioactive plenum.

' III. Experimental

Several experiments were completed before the demonstration
plenum was completed. Studies were made on ambient air to deter-
mine the size distribution of particles in air in an HEPA
filtered building and sample line loss experiments using various
lengths of sample lines and different line materials. A small
four-stage test plenum was constructed using Plexiglas and four
No. 2 HEPA filters. Additional experiments were completed on
the small test plenum and are discussed later in this report.

A study of the room air determined the number and distribu-
tion of particles in the 0.09-3.0 microns range. The building
air was HEPA filtered, and as it was primarily office areas and
some machining operations, it was not expected to be one of the
buildings with high particulate counts. A building with HEPA
filtering was chosen to provide an indication of the particulate
distribution and if the quantities were in the range that HEPA
filters are least efficient. The building studied had 93 percent
of the particles counted within the 0.09-0.21 micron range.
These particles are in or close to the ranges HEPA filters are
least efficient.7,8

Sample line losses would be an important factor in using
the proposed LAS-X system. In the test plenum, the sample probe
would be a maximum of 25 ft from the spectrometer. Significant
line losses were particularly a concern using low particulate
concentrations. Several tests were made to determine particulate
losses in 0.125-in. outside diameter (OD) polyurethane ester base
sample lines. Overall, the average was 0.85 percent loss per
foot. This was too great a loss for the long runs in our appli-
ca.tions. In addition, the purge time would be too long between
samples. Instead, a 1-ft^/min. sample delivery system was
constructed to bring the downstream sample to the laser aerosol
spectrometers.

A small test plenum for experiments in the laboratory was
constructed. This plenum has four No. 2 (8 in. x 8 in. x 6 in.)
HEPA filters in series (Figures 8 and 9). Each filter is sepa-
rated by approximately 1 ft.' The top of the small test plenum is
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\

Figure 8. Small test plenum system.

removable to facilitate changing filters. There are holes in
the top behind each filter to allow insertion of a sample probe.
Air was drawn through the filters to simulate actual plenum
operation. The filters were challenged with room air to test
the feasibility of ambient air challenge. The results were both
encouraging and disappointing. Unfortunately, the number of
particles passed by stages three and four were nearly zero at
0.25 in. from the filter media. After a 30-minute sample time,
few or no particles were counted in the 0.15-0.30 micron size
range. However, the encouraging results came while moving the
probe away from the media several inches. At that point, there
were particles in the plenum between stages. These particles
were due to in-leakage from outside and from around the filter
mountings. This leakage will have to be quantified for each
stage in the plenum when the system is installed. If enough
particles are present, it may be possible to use them as a
challenge aerosol.

Another test performed using the small test plenum mapped
the dispersion cone of a hole in a HEPA filter. Determining the
dispersion cone of a detrimental leak will enable the number of
sample points and distance from the filter of the probe to be
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Figure 9- Close-up small test plenum.

calculated. The experimental plan called for several sizes of
holes to be mapped. The ability to accurately measure probe
position in the small plenum proved very difficult; therefore,
only one hole was mapped and the remainder will be completed in
the full scale test plenum. A 0.125-inch hole was made in the
first stage filter. To map the dispersion of leaking particles,
readings were taken every 0.25 inch in the X and Y directions
with the input of the probe approximately 5.5 in. from the filter
media. The particles from the 0.125-in. hole dispersed to form a
cone approximately 2 in. in diameter (Figure 10). One-thousandth
of a percent of the challenge particles passed was considered
the minimum detectable amount with challenge concentrations of
approximately one million particles counted per 3 minutes in the
0.09-0.195 micron size range.

Since completion of the test plenum, the first XYZ sample
system has been installed and experiments have begun. These
experiments have been structured to include traceability to the
currently used standard, ANSI N51O-198O. In order to provide
traceability, the filter banks are challenged with a gas-thermal
DOP generator. The upstream challenge aerosol is measured
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Figure 10. Percent particles passed 3-5 inches from hole.

directly with an aerosol photometer and a laser aerosol spec-
trometer through a dilution board (Figures 11 and 12). The down-
stream particulate concentrations are again measured with a
photometer and a laser aerosol spectrometer, but without the
dilution board.

First, the overall bank efficiency was checked using both
the photometer and the laser aerosol spectrometers. Aerosol
samples were taken downstream of the bank at the input of the fan
and upstream approximately in the center of the bank of filters
(Figure 13)« The photometer produced a bank efficiency of
99.959 ± 0.002 percent and the laser aerosol photometers result
was 99«967 ± 0.002 percent. These efficiencies were obtained as
a baseline to compare all other bank tests.

Next, efficiency measurements were taken at the centers of
each filter 9 in. downstream of the filter face. The laser
aerosol spectrometer indicated an efficiency of 99-998 ± 0.002
percent, and the photometer's was 99-975 ± 0.009 percent. Addi-
tional measurements will be taken at various distances from the
filters, and the single point on each filter measurement will be
expanded to multiple points on each filter in an effort to best
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Figure 11. Photometer and laser aerosol spectrometers.

represent the true bank efficiency. These efficiencies are
better than the overall bank efficiencies obtained above due to
in-leakage after the filters.
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Figure 12. Dilution board.

IV. Conclusions

For this application, single particle laser spectrometry
was the best application. The target computer system has been
demonstrated to control the LAS-X's and the XYZ sample system in
a viable manner. Laboratory tests indicate that the LAS-X will
work on the first two stages of a filter plenum and possibly on
the others.

234



18th DOE NUCLEAR AIRIBORNE WASTE MANAGEMENT AND AIR CLEANING CONFERENCE

Figure 13. Upstream sampling point.
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DISCUSSION

DYMENT: This is a very interesting paper. To the uneducated
eye and ear, it seems that a lot of development work has been going
on over the years on the improvement of test systems. And we are
seeing an increase in the complexity of the hardware and software
used in filter system evaluation. Traditionally, I think many of us
have reservations about the use of highly sophisticated test gear for
validating filtration systems. Do you think we are getting to a state
now where in order to assure ourselves that the equipment is func-
tioning correctly we have to have a test procedure for testing the
testing equipment?

KIRCHNER: Yes, to a point, but I don't know if I am qualified
to answer that. I think we might be. Some of other equipment is
getting quite sophisticated but we are finding out a lot more about
filters than we previously knew. I don't know if we need to have
test equipment to test the test equipment as the system operates.
However, you need checks to assure the equipment is operating properly
For example, the use of limit switches, on the XYZ sample system is a
check to see that the motors don't drive against a stop. Software
checks will be incorporated into the operating system to check the
instruments and computer and to alert someone to a possible problem.

JENKINS: It seems like- a lot of hardware in the housing of your
plant assembly. What did you find as far as maintenance of the hard-
ware and its ability to keep functioning without having people going
and making adjustments or additional work that may have to be done to
keep that sampling system functioning for, say, six months to a year?
Did it see that kind of use, did it ever run continually for any pro-
longed period of time?

KIRCHNER: We haven't had extended operating use yet, and we are
just getting to that point. We haven't had any problems with the
portion inside the plant. As far as hardware inside, all you have is
stepping motors to gear the ballserew drivers.

JENKINS: You mentioned motors and gear drives, etc. Prom the
little experience I have had, if that is intergral, which it is, as it
is keeping your scanner moving and so forth, does it hot require
people to go in and make adjustments?

KIRCHNER: We have not required any adjustments up to now.

JENKINS: I guess my- final question will be, what applications
in commercial power plants do you see? Are you looking toward it
being a viable means of scanning commercial nuclear power plants, or
are you looking more toward refining plants,or someplace where you
have higher doses in the ventilation ducting?

KIRCHNER: We were mainly designing to help ourselves at Rocky
Flats, and any other nuclear complex, if they were interested. I am
not familiar with -the set-up in a nuclear plant, so I cannot comment
on that.
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GOULET: Could you give, us an idea of the time required, using
the spectrometer, to locate a leak in a standard 2'x 2'ft. filter?

Kl'RCHNER: It would depend upon the sise of the leak, method of
challenge (i.e., ambient air,DOP), and number of points sampled. With
a DOP challenge and a single point sample, and a'leak within the range
of measurement of the instrument, probably within 4 minutes. With an
ambient challenge and a multipoint sample scheme, it may take several
hours. But, with no need for operator interaction time, it isn't
that important.
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IN-PLACE TESTING OF MULTIPLE STAGE FILTER
SYSTEMS WITHOUT DISRUPTION OF

PLANT OPERATIONS IN THE PLUTONIUM FACILITY AT LOS ALAMOS

John P. Ortiz
Industrial Hygiene Group

Health, Safety, and Environment Division
University of California

Los Alamos National Laboratory
Los Alamos, New Mexico 87545

Abstract

The Los Alamos National Laboratory Plutonium Facility has a
number of multiple-stage air-cleaning systems. These systems
operate on a continuous basis and economic considerations require
that shutting down of the ventilation systems due to in-place
testing be kept to a minimum.

Earlier methods of testing multiple-stage filter systems
required scheduled shut down of the filter system. Methods such as
injecting the test aerosol between the stages have proven costly
because of the need to install temporary injection ducts and
completely close off the ventilation from the process area. Also,
additional personnel were needed to install and move injection and
bypass ducts from one system to another. After considering these
costly methods, we improved our current methods of testing to
prevent interruption of plant operations.

The modified procedure uses a laser particle size spectrometer
that has the capability of counting single particles downstream of
two filter stages where decontamination factors of the first stage
and overall system effectiveness is established. This procedure is
similar to that of Nuclear Standard NEF 3-4IT, "In-Place Testing of
HEPA filter systems by the Single-Particle, Particle-Size
Spectrometer Method."

Decontamination factors of 10^ are measured downstream of
two stages. Particle size analyses of the challenge and the aerosol
penetrating the first and second stages have been established. A
cost estimation comparing two test methods show considerable savings
in operational costs.

I. Introduction

Nuclear Standard NEF3-4IT* has been implemented as
guidelines for in-place testing of HEPA filter systems at the Los
Alamos National Laboratory. Improved techniques in aerosol
detection and aerosol generation have contributed to the success of
testing multiple-stage systems. By utilization of these methods,
testing of filter systems can be accomplished without major
interruption of programmatic operations at the Plutonium Facility.
Testing by this method is considered to have an advantage over the
stage-by-stage method using less sensitive instrumentation such as
the light-scattering photometer.

The procedure for testing each stage individually required
closing' dampers to the process area in order to perform the
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testing. The tests were completed in approximately 1 hour.
Advanced notification of the impending tests was required so that
processes could be suspended for the duration of the test. Needless
to say, this practice had a serious economic impact in operational
costs during the 1 hour it took to complete the testing.

A typical process area that is serviced by one of these
systems may have up to 25 employees recovering or processing
plutonium. It has been estimated that recovery revenues and the
cost/hour/25 employees could be as much as $23,000.00 for the 1 hour
interruption of process ventilation.

The additional sensitivity of the single-particle,
particle-size spectrometer (SPPSS) permitted measurements of low
aerosol concentrations, even those that penetrate two stages of
filtration. Air-cleaning credit is established for the first and
second stages by assigning decontamination factors (DF). The
usefulness of this method is that the DF values for the system could
be determined by real-time measurements rather than multiplying the
DFs together, resulting in overestimation of overall system DF.

II. Description of Laser Spectrometer

The Laser Spectrometer, PMS model LAS-X2 (Particle Measuring
Systems Inc., Boulder C O ) , shown in Figure 1 as built into a
sampling cart, is designed to identify and count single particles
over a size range of 0.09 to 3.0 urn diameter. Four selective size
ranges are used to cover this total dynamic range, with each range
having fifteen linear size intervals.

The system has the capability of providing an interface signal
where data acquisition is transferred directly to an HP-85 micro
computer. Retrieval information includes, the number concentration
(particles/cm3) t geometric mean diameter (urn), geometric standard
deviation (<»g), and the mass concentration (mg/m^).

2H_. Aerosol Dilution

Si n c e the SPP S S is a s i n g l e - p a r t i c l e d e t e c t o r , the p r e s e n c e of
mor e than one p a r t i c l e in the s c a t t e r i n g v o l u m e will r e s u l t in
p a r t i c l e c o u n t i n g u n c e r t a i n t i e s . To o v e r c o m e t h i s p r o b l e m when
m e a s u r i n g the c h a l l e n g e a e r o s o l , it is n e c e s s a r y to d i l u t e the
c h a l l e n g e aerosol to a sample d i l u t i o n of at least 7 0 0 : 1 . A
d i l u t e r , shown s c h e m a t i c a l l y in F i g u r e 2, was c o n s t r u c t e d with t wo
d i l u t i o n s t a g e s . The first stage p r o v i d e s d i l u t i o n s of 2 5 0 : 1 , w h i l e
t h e econd d i l u t i o n is 1 0 0 0 : 1 . The nominal d i l u t i o n f l o w rate
t h r o u g h the system is 3 x 1 0 ~ * m 3 / s (18 L / m i n ) . A i r f l o w in the
s y s t e m is m a i n t a i n e d to a p p r o x i m a t e i s o k i n e t i c c o n d i t i o n s at the
S P P S S s a m p l i n g p r o b e . C o n s t a n t flow is m a i n t a i n e d t h r o u g h the
d i l u t e r and SPP S S during the t e s t i n g .

D i l u t i o n r a t i o s are d e t e r m i n e d by w i t h d r a w i n g a sample of the
u n d i l u t e d aerosol with a f o r w a r d l i g h t - s c a t t e r i n g p h o t o m e t e r , then
t a k i n g a p o r t i o n of the dilut e d aerosol and e s t a b l i s h a d i l u t i o n
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FIGURE 1
PHOTOGRAPH OF LASER SPECTROMETER

CLEAN [
AIR FILTER^

SOLENOID VALVES

LASER AEROSOL
SPECTROMETER PHOTOMETER CHART

RECORDER

FIGURE 2
SCHEMATIC DIAGRAM SHOWING AEROSOL DETECTION
INSTRUMENTATION INCLUDING AEROSOL DILUTION
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factor from the ratio of the two values. It is not necessary to
check the dilution each time a system is tested as long as constant
flow is maintained in the system. However, periodic checks are
advi sable.

IV. Aerosol Generation

Figure 3 shows a schematic of a gas thermal generator that is
capable of producing variable output concentrations of
di-(2-ethyihexyl)phthalate (DEHP) aerosol. The generator includes a
37 liter reservoir containing liquid OEHP. Reservoir pressure and
gas liquid mixture is maintained with carbon dioxide gas. Liquid
DEHP is metered to the desired flow then is combined with CO2
prior to entering the vapor core.

The core consists of a 76-mm (3.0-in.) di meter steel rod with
20 equally spaced channels machined on the core surface. The core
is press-fit inside a heating chamber and a 300-watt heater is
installed in the center of the core. Symmetrically surrounding the
core assembly is a 1100-watt heater, controlled by a 38-350*C
temperature controller. The preset core temperature is 315*C.

THERMOSTAT 10OGO0' F
TEMPERATURE RISE

DOP HESEflVOin
lOgil

FIGURE 3
SCHEMATIC DIAGRAM SHOWING THE AEROSOL GENERATOR

F i g u r e 4 shows one o f t h e g e n e r a t o r s i n j e c t i n g t e s t a e r o s o l
i n t o «a f i l t e r s y s t e m w h i c h i s b e i n g t e s t e d .
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FIGURE 4
GENERATOR INJECTING TEST AEROSOL INTO HEPA FILTER SYSTEM

by the SPPSS
2.8 x 105

Figure 5 shows aerosol size distribution measured
at various liquid feed rates. Output concentrations of
particles/cm3 at 30 cc/min and upwards of 5 x 10S
partic 1es/cm3 at 150 cc/min were obtained. The mass concentration
remained below 100 pg/liter as long as the feed rate did not exceed
70 cc/min. The output concentrations at 70 cc/min was 10^
partic les/cn)3, which is the recommended concentration outlined in
NEF3-4IT for testing two-stage filter systems. The size
distribution of the particles had geometric mean diameters of 0.24
ym at 30 cc/min, 0.33 ym at 70 cc/min and 0.47 vm at 150 cc/min.
Average eg of the size distribution was 1.5.

I5

.2 .3 .6 .7 t

DIAMETER (11ml

FIGURE 5
AEROSOL GENERATOR OUTPUT AS A FUNCTION OF NUMBER

CONCENTRATION AND PARTICLE SIZE DISTRIBUTION
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The size distribution at 106 particles/cm3 is slightly
larger than that recommended in NEF3-4IT. The standard recommends
that the size distribution of the test aeroso? have a geometric mean
diameter of C 2 5 ym and a an of 1.4 maximum. Our testing of
two-stage systems shows that the larger size characteristics'of the
test aerosol does not present any problems in yielding significant
number concentrations downstream of two filter stages.

J/_. P r e v i o u s M e t h o d s o f T e s t i n g I n d i v i d u a l S t a g e s

Figures 6a and 6b show the arrangement previously used for
testing each stage separately.3 Testing the first stage required
installation of a temporary aerosol injection duct (608-mm diameter,
6.2-m long) upstream of the first filter stage. A second duct was
installed between and around the second filter bank. The dampers on
the inlet side of the plenum and fan were closed and a temporary
blank-off plate was installed at the fan inlet. Challenge and
penetration concentrations were measured 10 duct diameters upstream

TEMPORARY
100% DOP / DUCT

i
PENETRATION SAMPLE

#2

100% DOP TEMPORARY DUCT

OOP
IN ^ PENETRATION SAMPLE

\ VALVE

\j><{CLOSED

IFILTERED AIR

FIGURE Sa AND 6b
IN-PLACE TESTING OF MULTISTAGE HEPA FILTER SYSTEM

PERMITTING INDIVIDUAL TESTS OF EACH STAGE
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and at the fan discharge using a light-scattering photometer. The
second stage is tested by injecting the aerosol between the stages
and the photometer measured the upstream and downstream
concentration as indicated. The temporary bypass duct and fan inlet
blank-off were removed for this test. Testing a system by this
method took approximately 1 hour to complete.

VI Current Method—Testing of Multiple Stages

Shown in Figure 7 is the system arrangement for testing a
multiple-stage filter system as one single unit using the SPPSS
method.4 A permanent aerosol injection duct 100-mm diameter
(4-in. diameter) was installed at the inlet side of the plenum.
Baffles were installed a short distance from the plenum inlet in
order to redirect the turbulent flow conditions and accomplish
complete mixing of the test aerosol. Three sampling manifolds were
permanently installed: upstream of the first stage, upstream of the
second stage, and at the exhaust fan inlet. The sampling manifolds
provide 21 sampling orfices to sample the air stream uniformly
inside the plenum. Figure 8 shows the SPPSS setup for testing. The
procedure for counting by the SPPSS is very simple and no
adjustments to the system air flows are necessary.

SAMPLING MANIFOLD

AEROSOL
INJECTION PORT

CIID

BAFFLE

EXHAUST FAN

FIGURE 7
IN-PLACE TESTING OF MULTISTAGE HEPA FILTER SYSTEM

AS ONE SINGLE UNIT RATHER THAN INDIVIDUAL
TESTING OF EACH STAGE

The following outlines the procedure taken to conduct the

J h e SPPSS was c a l i b r a t e d in terms of
latex microspheres (PSL). Two

_aruJ 0.312 vm. The geometric
produced—0-^214 and 0.291 vm.

p a r t i c l e s ize using polysty?
nominal diameters were s e l e c t e d :
mean diameter measured by the SPPSS
The index of r e f r a c t i o n f o r the PSL i s ca lcu latecT^toHw 1.59 and f o r
DEHP i s 1.48.5
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FIGURE 8
LASER SPECTROMETER SETUP FOR TESTING

2. Background Particles. Because of the expected small
concentrations of "particle's that penetrate two stages of HEPA
filtration,, it is necessary to make an evaluation of nontest
particles (background) that are known to occur naturally in filter
plenums. The procedure calls for setting up the SPPSS to count
particles downstream of the second stage for a period of at least 10
minutes to allow statistical comparison with downstream
concentrations collected in the test.

3. Aerosol
output to desired leve
achieve stable output.

Generation,
and"

Turn generator on and set the aerosol
wait 5 minutes for the generator to

4. Downstream Measurements of Second Stage. Without changing
sample the airstream by collecting three

of the four size ranges. The sampling times
a minimum of 100 particles.

sampling locations,
1-mi;'iiJte counts in each
can be adjusted to accumulate

5_. _Dgwnstream Measurements of First Stage. Move the .SPPSS to
the next sampling location without changing any of the test
conditions. Sample the airstream by collecting three 1-minute, or
three 10-second counts, depending on concentration in each of the
four size ranges.

Upstream Measurements
e"

of First Stage._ ^ Because of the
expected high particle" concentrations, it may be necessary to dilute
the sample. This is accomplished by withdrawing a sample from the
plenum through the diluter and establishing a dilution factor as the
ratio of undiluted to the diluted portion of the aerosol with a
forward light-scattering photometer. Sample the aerosol at the
diluter output with the SPPSS by collecting three I0~second counts
of each of the four size ranges.
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7. Scan Test. If penetration exceeds the specified
acceptable DF of Z x 1 0 3 for the first stage or 4 x 10° overall,
it will be necessary to probe the entire downstream side of the
affected stage. The scan test is conducted in accordance with
section 10.5 of ANSI/ASME N510, 6 using a photometer. A source
leak of at least 0.5 per cent measured with a photometer is
considered to be significant for replacement of filters or sealing
adjustments.

VII Results and Discussion

A. System Evaluation

Evaluation of system protection has been established for a
series of 20 tests of 2-stage, 10 m 3/s HEFA filter systems. The
DF values shown in Table 1 were based on total particle counts in
fifteen channels of each of four size ranges. DF values for the
first stage show consistent levels above lO 3. Second stage or
overall system protection DFs are consistently above 10^ and up to
10^. A comparison of the photometer results to those of the SPPSS
indicate that some of the DF values of the first stage to agree
reasonably well. The other DFs of Systems 1210, 20, 40, 1310, and
1320 show significant variation of the results when you compare the
two methods. There was no clear cut evidence as to why the
differences could be found. The only change was that the photometer
and the SPPSS tests were conducted on different days. The other
thing to remember is that the tests are conducted out in the field
and sometimes the test conditions are less, than ideal. The DFs
across both stages measured by the SPPSS show different values in
some of the tests compared to the photometer. Tests 1210, 70, and
80 show DFs below 10^ as compared to DFs above 10^ measured by
the photometer for the same systems. Systems 1210, 70 and 80 were
found to have leaks of the second stage and scanning substantiated
those findings. As expected, by taking the products of the DFs of
the first and second stages will result in an overestimation of
system protection as expressed by the photometer method.

Table 1. Decontamination factors of first and second
filter stages comparing two methods of testing.

DECONTAMINATION FACTORS
(LASER SPECTROMETER)

DECONTAMINATION FACTORS
(PHOTOMETER)

SYSTEM FIHST STAGE OVFRAti. SYSTEM FIRST STAGE SECOND STAGE

1210

1220

1230

1240

1260

1270

TZflfl

1320

2.4

2.7

2.2

6.6

1.6

1.9

3.7

x iD 3

«103

KID4

1D3

10<

ID3

70*

10*

10*

5.1

2.5

B.5

2?

2.5

4.3

7.5

1.8

-.10*

«106

K 1OJ

10*

107

10*

JO*

1 0 s

10"

1210

230

230

240

2150

2J0

2!it>

320

6 0 *

3.6 «

2.4 *

B.Ox

1.2 K

2.4 x

7.3 x

1.0 »

103

103

1O3

103

10*

103

10*

10*

so
3.3

1.4

10

28

2.3

b 3

1.0

«103

* 1 0 3

x lO*

• 10*

• TO3

- 1 0 3

* JO3

x10 a

IESTIMA

3.0>i

12a

3.4 K

a OK

3 1 •

3.3*

B.SK

e.9»

1.0 x 1

TION

O7

o'

0 6

o7

)7

0«
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8. Particle Size Distribution

Particle size analysis comparing the challenge to the first
and second stages, shown in Figure 9, indicate very little change
due to one stage of filtration. The second stage provided the
greatest ch.ange reducing the particle size by approximately 38 per
cent. A summary of the analysis shown in Table 2 indicates average
particle size downstream of the first stage to be 0.34 urn, while the
average particle size downstream of the second stage is 0.21 ym.
The average geometric standard deviation of the distribution is 1.57
downstream of one stage and 1.45 downstream of the second stage.

VIII Cost Comparison of Two Testing Methods

I terns
1. Instrumentation and miscellaneous

equipment(initial cost)
2. Operations cost, (one hour

interruption of process air)
3. Maintenance cost

Methods
Stage by Stage

S10-15K

$23K
<$ lK/yr

225 - 30K

None
Sl-2K/yr

OIAMETER (uml

FIGURE 9
TYPICAL SIZE DISTRIBUTION COMPARING THE CHALLENGE DISTRIBUTION TO

THE SUBSEQUENT FILTER STAGES

Table 2. Particle size distribution of the challenge
aerosol and first and second HEPA stages of
filtration.

PARTICLE SIZE DISTRIBUTION OF
FILTER SYSTEMS 1210-60

GEOMETRIC MEAN GEOMETRIC STANDARD
MEASUREMENT IQCATIOH DIAMETER (ami DEVIATICW In)

UrtTOEAM Of STAGE 1

DOWNSTREAM OP STAGE 1

DOWNSTREAM OP STAGE 2

o j g
0.43
0.35

ox
O.M

0.34
0.27
0.37
0.36
0.34
0.37

0.1S
0.2S
0.22
0.H
0.17
0.20

1.54
LSI
1.53
1.54
1.54
1.64

1.6B
1.55
1.M
1.57
1.59
1.5S

1.44
1.3S
1.34
1.4«
1.45
1.35
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IX. Summary

A laser particle spectrometer has been used to measure DFs of
multi-stage filter systems. Measurements of DFs as high as 10^
were obtained, which indicate a high level of sensitivity provided
by the SPPS to adequately test two filter stages as one unit. The
$PPS can also be used on single stages; however, the photometer is
still the instrument of choice as a substitute. The SPPSS and
associated equipment are more sophisticated, less rugged, and the
initial costs are high. The advantage of the SPPSS method provides
-information on system performance without interruption of process
ventilation, resulting in savings in operational costs and making
the SPPSS test method very beneficial.
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DISCUSSION

DYMENT: There may be a very easy explanation but on the Table,
system 1280 showed a decontainment factor of 1.9 x 10" in the first
stage and only 1.5 x 10l> overall for two stages. Can you explain the
reason for this apparent paradox?

ORTIZ: You-are referring to the results by the spectrometer,
I believe. They stand out as probably being wrong. I don't have
an explanation. Along with good data there is usually not so good
data and I did not want to leave it out. I have no reasonable explan-
ation for the distortion of the PF values.

SIGLI: Did you experience any problems with background counts
after the first and second stages of filtration? If you have leaks
in the duct, with negative air pressure in the duct holding the down-
stream filter, you can get some counts only from the background leakage.

ORTIZ: We don't do background checks downstream on the first
stage, primarily because most of the time there are many, many
particles, even approaching 103. The background particles wouldn't
influence the overall determination of the decontamination factor.

SIGLI: Do you intend to use a fluorescent laser in connection
with a suitable aerosol in order to avoid the problem of leakage in
the duct?

ORTIZ: Yes, as a matter of fact, we have twin systems. One
is the fluorescent spectrometer that we use in other systems. And we
do generate fluorescent particles, even when we use latex. We have
measured non-test particles that fluoresce using an ASASXF fluores-
cent spectrometer. Background particles are usually fewer than test
aerosol particles. It hasn't been a difficulty, so we don't see the
need of generating or measuring fluorescent particles.

ANON: What was the correlation between the results of
testing with an artificial aerosol and the real radioactive aerosol
you have in the plant?

ORTIZ: We have no figures to substantiate the comparison.
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PROJECTS ON FILTER TESTING IN SWEDEN

Bard Normann
Studsvik Energiteknik AB
S-611 82 NykSping, Sweden

Christer Wiktorsson
National Institute of Radiation Protection

S-104 01 Stockholm, Sweden

Abstract

The Swedish nuclear power program comprises twelve light water
reactors. Nine are boiling water reactors of ASEA-ATOM design and
three are pressurized water reactors of WESTINGHOUSE design. Of
these, ten are in operation and two are under construction and
planned to go into operation during late 1984 and early 1985 respec-
tively.

The responsible authority for questions concerning filters in
nuclear power plants is the National Institute of Radiation Protection.
New regulations in the field of stand-by gas treatment filter
systems are at present under discussion. The intention is to publish
these regulations during 1984.

Frequent tests on the penetration of particles through HEPA
filters, regular tests on the adsorption of methyl iodide in the
stand-by carbon filter units by laboratory testing are being
discussed.

The proposed new regulations are based on many years of
experience of filter system operation and of tests in-situ and in
the laboratory.

Moisture and water are factors that affect the functioning of
filters. In addition, high loading of dust can give rise to
increased penetration through HEPA filters, however pinholes could
have less influence on the total penetration.

Laboratory tests show that DOP particles retain 30-40 percent
in 90 mm carbon filters (8-12 mesh). However no effect on the
ability of carbon to adsorb methyl iodide after DOP contamination in
combined carbon/HEPA filters has been observed.

Leakage from ventilation ducts can cause radioactive contamina-
tion problems during filter testing with radioiodine. In-situ
testing of control-room filters has been performed using inactive
methyl iodide.

A type of carbon bed not previously used in Sweden has been
introduced. Testing of this filter type will be discussed.
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I. Introduction

In Sweden, as in other countries with nuclear power, the
tendency has been towards larger units.

The first BWR, designed by ASEA-ATOM, is rated at 440 MW el
whilst the two latest units, numbers 11 and 12 in the Swedish
programme, are rated at approximately 1100 MW el each.

The increased ratings, experience from the earliest stations
and increased safety requirements have lead to larger and more
complicated air cleaning systems.

Some types of filter and other components in the radioactive
air cleaning systems have been developed and are manufactured in
Sweden, others are imported.

The methods used for controlling the filters and filter systems
are also based on a combination of Swedish and foreign techniques.

For the units already in operation control of the filter
material, for example carbon, full-scale carbon filters, and
particle filters, has bean obligatory before start up, and the
carbon filter systems have then been tested regularly on-site.

II. Emission of Radioactivity

An investigation of digested slam and surface air around the
units in Barseback on the South coast and in Ringhals on the West
coast has given indications of considerably larger discharges of,
for example, Co-60 than had previously been assumed .

The explanation for this could be that the emission to the
surroundings occurs either through the stack or via personnel during
the annual revision periods.

It has been suggested that it could be large particles which
cause this, despite the fact that the gases are filtered through
HEPA filters.

In order to determine the cause short and long term
measurements of the stack contents in Ringhals BWR are being
planned.

Specimens of the dust will be sampled using an impactor.

The particle filter currently in use will also be examined in
particular with regard to its resistance to high humidity and dust
contents. This examination is the first step towards a planned more
extensive review of the functioning and response of the HEPA-filters
in accident conditions.

In addition, improved contamination control has been introduced
for persons leaving controlled areas in Swedish nuclear power
plants.
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III. Filters in Nuclear Power Plants

The so-called triple filter, consisting of a pre-filter
(particle), carbon filter and a HEPA filter is one of the filters
which has been designed in Sweden, see Figure 1.

6io

Micretatn- f t l ter 7E-25O

• . " ' . • • ' • • • " • Impregnerat f k t i v t 1<o] ' . - ' ..'

Absolute- f i l ter 1E-25O

FIGURE 1
TRIPLE FILTER MANUFACTURED BY CAMFIL

Other carbon filters which are installed are the "shallow
filter" type, see Figure 2, and filters in which the carbon can be
replaced.

FIGURE 2
SHALLOW FILTER, OR FOLDED CARBON FILTER MANUFACTURED BY SOFILTRA
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The specific design of the filter unit can vary with regard to
choice of material and the filters are classified according to fire
resistance, the filter house, amongst other things.

IV. Experiences from testing and operation

The Operational Environment

It has been found that there is a risk that humidity, in the
form of partially or completely condensed steam from the leakage
condensor can reach the filter via the off-gas system. In more
recent BWR units this is prevented by a demister

Incidents can also occur with water overflowing into the spent
fule pit drainage system during fuel changes.

The particle filters used by the plants are stated to be
humidity resistant, amongst other things, by their manufacturers.
This often means that the fibre material and bonding agent are not
readily soluble or are insoluble in water or under damp conditions.

In those cases, in which there is no demister, it is however
necessary for the filters to tolerate damp conditions during operation,
which means that they must be stronger since the condensate/water
increases the pressure drop more than would otherwise be the case.

The separation requirements for a filter system can, on good
grounds, often be set relatively low, 99.0 or 99.9 %.

In order to obtain a good safety margin HEPA filters are often
installed in these systems.

Since these often give 99.997 % separation the use of HEPA
filters is not always to be recommended. Without it being noticed a
filter can have been damaged by damp and then be taken into
operation and subsequently fail, see Figures 3 and 4.

These filters can, despite damage, be dried and then have.a.
sufficiently low prenetration for the plant, for example 0.1 %' .
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FIGURE 3
HEPA-FILTER, THE BULGE ON THE CLEAN AIR SIDE IS CAUSED BY WATER

DAMAGE

UJ
Q_

0,01

O.ooi

/

"^X. CRACKED FILTER

INTAC r FILTER

20 •40 TIME IN 5 60
FIGURE 4

FLUTTER IN A CRACKED FILTER
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Dust take up

During operation a particle filter becomes loaded with larger
or smaller amounts of dust particles, and even carbon dust if carbon
filters are positioned up-stream. When particle filters are used
separately, when their life is not determined by the life of
associated carbon filters, the effective filter area will be the
determining factor for their life, strength and capacity.

The nominal capacity can vary between different manufacturers,
according to their catalogues, and despite approximately the same
initial pressure drop, from about 1700 to 3400 m /h for a 24" x 24"
HEPA filter.

Information concerning the pressure drop as a function of dust
load varies for the various makes of HEPA filter.

This means that it is not possible to calculate the life of a
filter.

The accumulation capability can, according to the different
manufacturers, vary between about 0.5 and 3 kg. A study of 4
different HEPA filters indicates that the differences quoted are
exaggerated in that instance.

The study was aimed at measuring the dust adsorption by the
filters under equivalent conditions and for the length of time
necessary to increase the total pressure drop to 50 mm wg . The
results are shown in Figure 5.

The flow rate was 1700 m /h for all the filters.

It is commonly thought that in a HEPA filter the penetration
decreases with increased dust load. That conclusion is however not
supported by this study. Vibrations, the continual flow of air and
the wear from the collected dust appear to have damaged the filter.

According to the results the penetration through two of the
four particle filters tested increased from about 0.03 to about 2 %,
whilst the penetration decreased for the other two filters tested.

The Length of Life for a HEPA Filter

The factors which are determining for the length of the life of
a HEPA filter, apart from damage and increased penetration, are

pressure drop
- changes in the flow rate

amount of (radioactive) dust collected.

These factors are interrelated since the collection of dust
increases vhe pressure drop and can decrease the flow rate.

The capacity of the fan can thus be determining for the life of
the filter in some plants, whilst the strength of the filter can be
the criterion in other plants.
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195 3 2 0 | 3 3 0 j 3 6 0 d

0 i6o 200 300 O p e r a t i o n t i m e
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FIGURE 5
INCREASE IN RESISTANCE IN A HEPA-FILTER AS A FUNCTION OF OPERATIONAL
TIME. THE DUST LOAD AT 50 mm wg: FILTER A; 0.7 kg, B: 0.45 kg,

C: 0.72 kg and D: 0.70 kg

Under normal conditions a 24" HEPA filter can collect. 0.5 -
0.75 kg dust if the maximum pressure drop permitted is 50 mm wg. For
most brands this corresponds approximately to a factor of two on the
initial pressure drop. The amount of dust collected in the filter,
and the increased pressure drop, decrease the flow rate in the
system, and increase the risk for filter failure, and the spread of
fission products if the filter is subjected to high water contents
or other sorts of shocks

The HEPA filters in continuous operation, for example in the
off-gas system are normally monitored by measuring the pressure
drop, and are usually changed when the pressure drop has increased
by 100 %.

Pinholes

One possible way for large particles to pass through a. particle
filter is via pinholes: small holes in the particle filter which can
be detected easily by an oil cloud and illumination of the particle
stream which penetrates the hole, see Figure 7.
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It is, however, difficult to detect pinholes during on-site
testing. It can be shown by calculation, that the proportion of the
test aerosol which penetrates the pinholes, is very small compared
to what is permitted through the entire filter (Figure 6).

Turbulent flow and aerodynamic contraction are contributory
factors.

Penetration "'

0.015

0.010

0.005

10
FIGURE 6

PROPORTION OF 0.3 pm PARTICLES WHICH PENETRATE THROUGH A PINHOLE FOR
A 24" HEPA FILTER AT ABOUT 1700 m /h

FIGURE 7
DIFFUSE LEAKAGE AND PINHOLE LEKAGE IN A FILTER AFTER PROLONGED
OPERATION, REVEALED BY A PARAFIN AEROSOL AND ILLUMINATION. THE
FILTER IS AT THE BOTTOM OF THE PHOTOGRAPH AND THE ILLUMINATION

FROM THE TOP

318



18th DOE NUCLEAR AIRBORNE WASTE MANAGEMENT AND AIR CLEANING CONFERENCE

If a filter has an initial penetration of less than 0.015 %,
which is not unusual, a 5 mm diameter hole will not increase the
penetration to more than 0.03 %.

The filter can still be classified as a HEPA filter.

It should, however, be noted that much larger particles, which
are normally trapped by the filter material, can pass through
pinholes.

Transportation Damage

The design of the HEPA filter often results in direct contact
with the filter material. Since this is brittle it must be handled
with care.

Despite the fact that the filter is packed in corregated paper
boxes, with extra corregated paper sheets to protect the front and
back of the filter, damage can occur when loading/unloading, stacking
or unpacking the filter.

The final danger is during the installation of the filter into
the filter bank.

Sharp edges or fingers can damage the filter during
installation.

V. Carbon Filters and POP

The testing of combined iodine and particle filters is carried
out in two steps, with separate tests: one for the iodine filter
part and one for the particle filter.

Iodine filters are mainly tested with methyl iodide, often with
traces of 1-131.

DOP (Dioctyl phtalate), could be used as a test aerosol for
particle filters.

A natural question which arises is whether the test aerosol
based on DOP is adsorbed by the carbon and whether it poisons it.

In order to detect any effects of a poisoning mechanism for the
active carbon during tests with DOP, a series or measurements has ,..
been performed in which DOP and methyl iodide are dosed alternately

An 85 nan deep 24" carbon filter with a micretain filter
upstream was used for the measurements. This corresponds to the
configurations pertaining in the plants.

The micretain filter has a penetration of 5 % for 0.3 jim
particles.

Before the series of dosing with DOP was started, a carbon
sample was taken and tested.with methyl iodide at 80 % RH. The
method used is described in .
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After this a DOP was dosed a number of times. Each dose, apart
from the last one in the series, corresponded to a normal test:
about 500 mg DOP per filter. The last dose was 2 g.

Between each dose the filter was tested with methyl iodide at
ambient conditions.

Finally &i.~>ther carbon sample was taken for a laboratory test
at 80 % relative humidity (EH).

Adsorption of DOP in carbons

The penetration of metyl iodide (CH-I) measured for these tests
was very low and showed no tendency to an increase because of the
DOP load.

The_cenetration varied in the range 0.15 x 10~ % to
0.8 x 10 %, chich can be considered to be normal values for new
carbon and low humidity. The retention time was about 0.2 s.

The laboratory tests of carbon samples at 80 % RH were relatied
to the performance index, K, which was determined from the equation

_ log Df
K " t

where
Df = the decontamination factor and
t = the air retention time in seconds.

Results:
Sample 1: before DOP dosing: K = 15.02
Sample 2: after DOP dosing: K = 14.99.

Comments

The total amount of DOP dosed corresponds to 8-10 normal tests
of a particle filter.

According to the results from the methyl iodide tests no
deterioration of the carbon could be measured, either in dry or damp
atmospheres.

VI. Tests of Control Room Filters

A common factor for the filter systems which are tested with
1-131 is that the air cleaning systems are lead to the stack. This
method is unsuitable for other systems which supply for example the
control room, shelter and such like with filtered air, because of
the inherent risk for leakage and the resultant dose for persons
exposed to the release.

Non-Radioactive Methyl Iodide

Ac
testing

According to non-radioactive methyl iodide can be used for

amine impregnated carbon (which heis not been contaminated
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with iodine impurities)
unimpregnated carbon

- iodine impregnated carbon, if the instaneous penetration
can be calculated by extrapolation.

Non-radioactive methyl iodide is toxic in high concentrations;
modern instruments are however very sensitive.

Concentrations upstream can therefore be kept at levels within
the permitted limits as specified in '.

In order to test the carbon filters in the control room supply
system safely, equipment has been developed and tested for on-site
testing using non-radioactive methyl iodide. Experience from.tests
using non-radioactive methyl iodide has been obtained from ,
amongst other sources.

Methyl iodide is dosed upstream from the filters to be tested.
The distance between the point of dosing and the filter should be so
large that the concentration of the methyl iodide is uniform across
the cross-section. Before and after filter perforated glass probes
are mounted. These are connected via the sampling valve of a gas
chromatograph to a pump. The gas sample from above the filter flows
through a small sampling volume and that from below the filter
through a large volume.

The concentration of the methyl iodide is determined upstream
and downstream alternately . In principle three concentration
measurements are necessary to show that the concentration has
probably been constant during the penetration measurements.

Dosing Methyl Iodide

Methyl iodide boils at 42,4 C and the vapour pressure increases
rapidly between 20 and 40 C. This gives rise to difficulties in
obtaining an even dose by evaporation in this temperature range.

After considering a number of different methods it was decided
to boil methyl iodide using a controlled source of heat. For a
filter bank with a flow rate of about 3000 m /h a dosing rate of
about 0.1 to 1 g/min is necessary.

Sampling

A gas chromotaograph, AID model 611, with an internal sample
volume of 2 \xl is used to analyse the air samples; the external
sampling volume of the instrument is exchangeable.

Results

The results of measurements from a typical filter system for
a control room are shown in Figure 8. The carbon filters in the
system were unused. As expected the results show that the
penetration has been low.
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FIGURE 8
THE RELATIVE VARIATION IN METHYL IODIDE CONCENTRATION WITH TIME

BEFORE AND AFTER THE CARBON FILTER

Limitations of the Method

As mentioned earlier, non-radioactive methyl iodide as a
testing substance is limited to certain carbon filters. This is
because of the isotope exchange which occurs in iodide impregnated
carbon, which results in the formation and release of non-radio-
active methyl iodide. This can also occur with amine impregnated
carbon if it contains iodine impurities.

Non-radioactive methyl iodide can be used with advantage for
fresh amine impregnated carbon, for example TEDA-carbon. This is
also true for stand-by systems in which iodine contamination is
unlikely, such as the control room filters of a nuclear power
station.

VII. Regulations

'"he responsible authority for questions concerning filters in
nuclear power plants is the National Institute of Radiation Protection.
A draft for comments on new regulations on stand-by gas treatment
filter systems has recently been published. Recommendations from two
projects by Studsvik Energiteknik A.B sponsored by the Institute of
Radiation Protection have been used in the work ̂

e I

The basis for the regulatory work has been:

1.

2.

The releases of radioactive substances in an accident shall be
limited to an extent which is reasonably achievable.

A long service life is desirable for the filter units to
minimize the amount of disposable waste from filter handling,
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Only filters in emergency ventilation system are concerned by
the regulations.. Regulations for releases of radioactive materials
during normal operation were published in 1977 (10) m

Filter types
The filters used in Sweden are, as mentioned briefly in chapter

III, basicly box filters with external dimensions 610 x 610 x 290
mm. The same casing can contain both particle and carbon filters.

The two reactors not taken into operation are equipped, amongst
other filters, with a filter type not previously used in Sweden. In
these filters the carbon is filled and purged out with special
equipment. The carbon bed thickness is 100 mm. The amount of carbon
in the filter is about 600 kg.

The carbon used in both types of filters is TEDA-impregnated.

This latter type of filter is equipped with prefilters (particle)
upstream and HEAP-filters downstream from the carbon bed. Heaters
and demisters are also included.

QA-progaittme
A quality assurance programme for filter control has to be

approved by the authorities. This programme should contain the
following, at least:

the education/competence of the personnel at the utilities
responsible for filter testing

instructions for calibration of equipment used

a programme for calibrating equipment used on site against an
independent laboratory and

documentation system.

Experience has shown that impregnated carbon differs in
quality. In order to ensure the correct performance, quality
assurance tests must be performed according to the regulations.

These tests have to be performed with radioactive labelled
methyl iodide (CH_I - 131) under the following conditions:

Temperature 20-30 °C
Relative humidity 80 %
Face gas velocity 0.4 m/s ,
Bed depth 50 x 10~f m
Bed diameter 25 x 10 m
Preconditioning time 16 hours
Loading time 0.5 hour
Desorption time 2 hours

These conditions are about the same as those recommended by
11'
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For TEDA impregnated carbon a K-factor (defined at page 10) of
about 14 is required, i e carbon filters used should have an
adsorption for methyl iodide of about 99.9 % at least.

HEPA-filters have to be controlled by a DOP-aerosol and have a
retention of at least 99.97 % for 0.3 urn particles.

In addition the HEPA-filter should meet the requirements in the
US MIL standard or other comparable standards approved by the
authority.

Periodic control
Carbon filters have to be tested both in the laboratory and

in-situ.

The laboratory tests have to be performed regularly. The
absorption of methyl iodide has to be checked at humid (80 % RH)
conditions. The in-situ tests are considered as leakage tests and
have to be performed.

initially, and
following filter change, maintenance work affecting the filters
and following chemical release and/or fire in a ventilation
zone communicating with the system.

The leakage measured in-situ with methyl iodide should be less
than one percent at rated flow.

HEPA-filter systems have to be leakage tested regularly in-situ
with DOP-particles to confirm a penetration of less than 0.03 % at
the rated flow. A polydispers DOP aerosol is used.

In addition leakage and/or inspection tests should be
performed

initially
following filter change or maintenance work in the bank, or
following fire or suspected contact with water.

Documentation
The tests performed on site and/or at independent laboratories

have to be documented and reported to the Institute of Radiation
Protection.

Test methods and practice
Normally the test methods used in Sweden are the DOP-method for

HEPA-filters and the CHO I-131-method for carbon and carbon filters
(2, 12) >

 3

For control-room ventilation systems equipped with
TEDA-impregnafced carbon a method using inactive methyl iodide has
been tested l7'. The method has been used for in-situ testing of
unused TEDA-impregnated carbon in Sweden. Laboratory testing of
carbon in box filters is supposed to be carried out by testing one
or more units choosen randomly from the filter bank.
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For filters with refillable carbon the problem of sample
representativity exists.

A method discussed in Sweden is to equip the unit with control
filters parallel to the main filter. These control filters can than
be tested in the laboratory. This method has to be licenced by the
authorities before such filters are mounted onto the units. Laboratory
experiments are planned to start this year to study the details of
the design.

VIII. Plans for the Future

A high standard of the air filtering systems for emergency
conditions is supposed to be achieved by

1 continuing research in two main areas

- Factors influencing degredation of filter efficiency, and

- The response of ventilation system to anticipated emergency
conditions. Filters and other components in the systems are
considered.

2 participation in international groups working with filter
technology, and

3 analysing operating and test experience gained from nuclear
power plant operation in Sweden and abroad.
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DISCUSSION

PAPAVRAMIDIS: What's your concentration of C ^ I " 1 3 1 during
the loading time of the carbon sampler? Is it in the order of micro-
grams?

NORMANN: Approximate loadings of the charcoal during
in situ tests are about 0.1 yg CH3I-131 per g charcoal, and during
tests of samples, about 5 pg/g.

CADWELL: You. mentioned that a filter with an initial
penetration of less than 0.015$ will have a penetration of less than
0.0 3 with a 5mm hole. Is not the penetration caused by the hole also
functionally dependent on aerosol concentration and air flow volume?

NORMANN: The relations between the leakage through the
pinhole and the penetration through the filter medium may depend a
little bit on airflow. Airflow, in this canse, was normal, which
means about 1700 -m3/h. Concerning the influence of the aerosol
concentration, I think the results are independent of this.
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EFFECT OF DOP HETERODISPERSION ON ' x

HEPA-FILTER-PENETRATION MEASUREMENTS*

by

W. Bergman and A. Biermann
Lawrence Livermore National Laboratory

P.O. Box 5505, Livermore, CA 94550

Abstract

Uup

The accuracy of the standard U.S. test method for certifying High-Efficiency
Participate Air (HEPA) f i l te rs has been in question since the finding by Hinds,
et a l . that the dioctyl phthalate (DOP) aerosol used in the test is not
monodisperse as had been assumed and that particle-size analyzers, cr owls, could
not distinguish between different particle-size distributions with the same owl
reading. We have studied theoretically and experimentally the f i l t e r efficiency
for different DOP size distributions with the same owl reading. Our studies show
that the effect of varying DOP size distributions on the measured HEPA-filter
penetration depends on the light-scattering-photometer response and on the HEPA-
f i l t e r penetration curve, both measured as a function of particle size. HEPA-
f i l t e r penetration for a heterodisperse DOP aerosol may be increased, decreased,
or remain the same when compared to the f i l t e r penetration for monodisperse
aerosols. Using experimental HEPA-filter penetration and photometer response
curves, we show that heterodisperse DOP aerosols (^Cmd ®m^ ant* °9 = * * ^ yi^d
24% lower penetrations than that for monodisperse DOP aerosols (Dcmc) = 0.3 and
og = 1.0). This surprisingly small effect of the DOP heterodispersion on HEPA-
f i l t e r penetration is due to the response function of the owl that is similar to
the response of the photometer. Changes in the particle-size distribution are
therefore seen in a similar fashion by both the photometer and the owl. We also
show that replacing the owl with modern particle-size spectrometers may lead to
large errors in f i l t e r penetration because the particle-size spectrometers do not
provide measurements that correspond to the photometer measurements.

I . Introduction

All of the standard f i l ter - test methods used by the U. S. and other
countries are based, more or less, on a heterodisperse test aerosol which
challenges the f i l t e r and on integrated measurements of the sample aerosol
concentration before and after the f i l t e r . Table 1 compares the four most widely
used f i l te r - tes t methods.

A large number of studies have been reported ip the literature describing
the major f i l t e r test methods listed in Table/l.ju ' Correlations among the
various test methods have also been reported.^6»8^ One manufacturer of HEPA
f i l te rs even reports f i l t e r penetration for each of the f i l te r - tes t methods in
their commercial ' l i terature.^ '

I t is important to note that the same f i l t e r tested with each of the four
methods described in Table 1 has different penetration results, with the Brit ish
NaCl test yielding the lowest penetration and the French uranin test the
highest. In general, for these four test methods, the smaller the particle size,
the higher the penetration. This trend is i l lustrated in Fig. 1 where we have

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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Table 1. Comparison of the four major f i l ter- test methods used world-wide today.

Method (ref)

German . .
Paraffin ^'

British NaCl<3)

U. S. D0p(3'4)

French uranin' '

Test aerosol

nebulizing hot
paraffin o i l ,
liquid aerosol

nebulizing NaCl
water solution,
solid aerosol

thermal -generated
DOP, liquid
aerosol

nebulizing uranin
water solution,
solid aerosol

Volume average
diameter of aerosol

0.35 )m

0.65 )m

0.30 )m

0.15 )m

Aerosol
measurement

light-scattering
photometer measures
aerosols directly

flame photometer
measures aerosols
directly

light-scattering
photometer measures
aerosols directly

aerosols f i r s t
collected on f i l t e r
sample; uranin
dissolved from f i l t e r
and measured by
fluorimetry

0.10

0.06

§ 0.06

I 0.04
Q.

0.02 -

1

Uranin /

- /

/
1

1

' " \

1

1

\

1

i

DOP

\ Paraffin

* \ , NaCl

1

—

—

•f©
O.I 0.2 0.3 0.4

Particle diameter, fim
0.5

Fig. 1. Comparison of four major filter-test methods showing the portion of the
filter-penetration curve measured by each technique.
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plotted the HEPA-filter penetration as a function of particle diameter against
the various f i l ter - test methods. Note that the difference in the average
particle-size results in considerable variation in measured penetrations. Since
the aerosols listed in Table 1 also have a broad range of particle sizes, f i l t e r -
penetration tests thus represent, at best, an average penetration integrated over
the particle-size range.

Although experts have recognized the disparity in the results obtained from
the different test methods for many years, no one seemed to question the accuracy
of these methods. In reviewing the four test methods, Dormant points out that
each of the tests only "give a figure of merit toward the particular test aerosol
and may bear l i t t l e relation to that achieved in practice." The test methods
using NaCl, DOP, paraffin, and uranin aerosols have been independently developed
by Great Britain, United States, West Germany, and France, respectively, and
these tests have evolved into national standards for certifying HEPA f i l t e r s .
Each f i l t e r method has been successfully used for many years to ensure that HEPA
f i l te rs meet certain minimum standards. The fact that the same f i l t e r had
different penetration values for different test methods did not matter, since
each test method was at least repeatable and was able to distinguish between good
and bad HEPA f i l t e r s . Of course, this self-consistency argument fai ls when
f i l te r - tes t results are used in complying with absolute environmental and safety
standards.

In 1978, Hinds, et a l . questioned the abi l i ty of the U.S. DOP test method
to even provide.a reliable, i f not absolute, measurement of HEPA
penetration.^ ' They found that the DOP aerosols are not monodisperse and the
owl could not distinguish between different particle-size distributions having
the same owl reading. The concern was that these different particle-size
distributions would yield different f i l t e r penetrations as measured by the l ight-
scattering photometer. We shall show that the effect of DOP heterodispersion has
only a small effect on the HEPA penetration measurements.

I I . Theory of Present Fil ter Test Methods

The basic problem with present f i l ter - test methods is that the measured
f i l t e r penetration, P̂ -, varies with the number of particles in a given size
range, r, designated as N(r) [or the particle-size distr ibution], and the
instrument response function, R(r).

In general, the way in which the instruments in Table 1 respond varies
approximately with the volume of particles. The measurement of aerosols sampled
before the f i l t e r , MR, therefore, is an integrated measurement of the product of
N(r) and R(r):

MB= f*N(r) R(r) dr , (1)

where r is the particle size. This measurement of aerosols sampled before the
f i l t e r is i l lustrated in Fig. 2, where we have plotted relative values of N(r),
R(r), and the product N(r)R(r) as a function of r. Note that the instrument-
response function gives primary weight to the larger particles in the ta i l of the
particle distribution.

The measurement of aerosols sampled after the f i l t e r requires an additional
factor to take into account that the f i l t e r has removed particles and thus has an
altered particle-size distribution. The particle-size distribution of aerosols
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Fig. 2 . The measurement of a typical heterodisperse aerosol with a single-valued
detector (e .g . , a photometer) equals the number of particles, N(r ) , multiplied by
the instrument response, R( r ) , at each particle size, r, summed over a l l particle
sizes.

sampled after the f i l t e r is the product of f i l t e r penetration, P f ( r ) , defined by
the fraction of particles passing through the f i l t e r , and the in i t ia l particle-
size distribution of aerosols before the f i l te r 4 N(r). Figure 3 illustrates this
type pf particle-size distribution. The measurement of aerosols sampled after
the f i l t e r , MA, is

M A = fXN(r)P,.(r)R(r)dr (2)

and is il lustrated in Fig. 4 where we have plotted tho curves for the particle-
size distribution of aerosols after the f i l t e r , N(r)PF(r), R(r), the product of
al l three terms.

The complete filter-penetration measurement, PM, is

N(r) P,..(r) R(r) dr

(3)
_ M A _ JO

M,, N(r) R(r) dr

The primary effect of a widely ranging particle-size distribution is an
underestimation of the actual filter penetration, Pp, by the measured
penetration, PM, (or conversely, an overestimation of the filter efficiency).
would like to be able to measure the filter penetration directly, and that is
only possible if we have monodisperse particles. In that case, the size
distribution function becomes a delta function, ^(r-r0), where r0 is the
monodisperse size, and Eq. 3 reduces to r0

PM
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where NA is the number of particles after the f i l te r , and NB is the number of
particles before the f i l t e r . The f i l te r penetration at particle size r0 can,
therefore, be determined by measuring the ratio of particles before and after the
f i l t e r .

0.01 0.1 1.0
Particle radius, r, jum

10.0

Fig. 3. The particle-size distribution of aerosols sampled after the f i l t e r
equals the particle-size distributions before the f i l t e r , N(r) , multiplied by the
f i l t e r penetration, Pp(r).
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Fig. 4. The measurement of aerosols sampled after the filter with a single-
valued detector (e.g., a photometer) equals the number of particles after the
filter, M(r)Pp(r), multiplied by the instrument response, R(r), at each particle
size, summed over all particle sizes.
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In order to avoid the overestimation of f i l t e r efficiency due to
heterodisperse OOP aerosols, a large and complex vaporizer/condenser is used to
generate monodisperse aerosols. Recent findings, however, have shown that DCP is
not a monodisperse aerosol.

I I I . Accuracy of POP f i l ter-Cert i f icat ion Test
and Fi l ter Penetration is Questioned"

Several investigators have found that DOP aerosols in the HEPA-filter-
cert i f ication tests are not monodisperse 0.3-um-diameter particles as had been
assumed, but rather, are heterodisperse aerosols with a.count median diameter of
0.18 vm and a geometric standard deviation of 1.4.* ' There was serious
concern that, because of the heterodispersion of this aerosol, the measured
values of f i l t e r penetration were underestimates of the true f i l t e r penetration
CPp(0.3)]. This concern was compounded when researchers also discovered that the
owl gave the same reading for a large number of different particle-size
distributions.

The owl is an instrument that measures the size of monodisperse aerosols by
measuring the ratio of scattered l ight at two polarizations. Parameters that
control the DOP-aerosol generator are adjusted unti l the proper owl reading is
obtained corresponding to 0.3-um-diameter particles. A fi lter-penetration
measurement can then be made by measuring an aerosol sample with a l ight-
scattering photometer before and after the f i l t e r as shown in Fig. 5.

The owl's problem with the discovery that DOP aerosols are not monodisperse
is i ts inabi l i ty to uniquely define the particle-size distribution and the
possible underestimation of the f i l t e r penetration. This is i l lustrated in
Fig. 6 where three particle-size distributions yield the same owl reading,, The
broadest distribution in Fig. 6 is representative of the DOP aerosols used in
HEPA-certification tests. Hinds et a l . ' ' determined that the owl sees an
average particle size weighted to the power 8.1:

(5)

where R Q W I ^
 = the owl response to a particle of radius r and Kj is a

proportionality factor.

Any number of particle-size distributions, l ike the ones in Fig. 6 that have
the same weighted average size given by Eq. 5, w i l l yield the same owl reading.
Thus, the validity of current DOP tests has been placed in question by the
inabi l i ty of the owl to uniquely measure the particle-size distr ibution.

—Mondisperse aerosol ^ Filter

Up
{before filter)

Photometer Photometer

Fig. 5. Schematic showing the key components of a f i l ter - test method using
monodisperse aerosols and a single valued detector.
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Fig. 6. Three different particle-size distributions that produced identical
measurements of average size by the "owl."

IV. The Owl Performs Much Better than the Laser Spectrometer
in the UUP n i t e r Certification lest

There is an effort by some researchers to replace the owl in the present DOP
test with an instrument l ike the PMS-laser spectrometer (Particle Measuring
System, Inc., Boulder, CO). This is an effort that we feel is unwarranted i f
f i l t e r penetrations are s t i l l measured with a light-scattering photometer. This
effort is motivated by the fact that the owl cannot measure particle-size
distributions while the PMS-laser can.' ' Independent tests with a PMS-laser
spectrometer have shown that DOP aerosols have a broad range of particle-size
distributions with a significant number of particles exceedinq 0.3 urn in
diameter. The concern is that these larger particles create deceivingly low
HEPA-filter penetrations since a small increase in the size of OOP aerosols wi l l
result in a large decrease in f i l t e r penetration (Fig. 1). We feel that
replacing the owl with a laser spectrometer may create serious problems with
f i l ter-ef f ic iency tests.

Our analysis of the DOP f i l t e r tests has shown that the owl performs a
complicated and necessary function in the f i l t e r test. The owl is used in
adjusting the particle-size distribution so that the light-scattering photometer
sees the heterodisperse DOP aerosol as monodisperse 0.3-\im-diameter particles.
Figure 7 shows that the owl and the photometer have a similar instrument response
as a function of particle diameter. Thus, as a f i rs t approximation, the
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Fig. 7. Response of light-scattering photometer and owl to different particle
s izes .

photometer also sees the various part ic le-s ize distr ibut ions shown in Fig. 6 as
monodispsrse 0.3-)im-diameter par t i c les . This is only an approximation, and, as
Fig. 7 shows, the two curves do not overlap exactly. The comparable equation for
the photometer response was taken from data by T i l l a r y , et a l . ^ ' and is

= K2 r
5 2 , (6)

where K« is a proportionality constant. This equation is valid from diameters of
0.1 to u.4 urn. If the particles have a log-normal distribution, then it is
possible to calculate an equivalent monodisperse diameter that will give the same
readings on either the photometer or the owl. The equivalent monodisperse
diameters for the owl and the photometer are given by Eqs. 7 and 8, respectively:

In Dow , = in Drmrf + 4.05 In2<rg and
(7)

In D p h o t = In D c m d + 3.1 l n V , ,
(8)

where D . is the count median diameter and 0q is the geometric standard
deviation of the particle-size distribution.

Equation 8 can be used to calculate equivalent monodisperse-particle
diameters for heterodisperse aerosols as measured by the photometer. Figure 8
shows the equivalent diameter plotted as a function of increasing hetero-
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Fig. 8. The equivalent photometer diameter calculated from Eq. 9 for three
different particle-size distributions as a function of increasing aerosol
heterodispersion. The particle-size distributions for two of .the curves have a
constant count median diameter, DCIIK[, as the heterodispersion, a y increases.
The particle-size distribution for the owl with a 29° reading i^determined from
Eq. 8 and shown in Fig. 6.

dispersion for three cases. The two identified as Dcmd = 0.3 and D . = 0.2
represent particle-size distributions in which the count median diameters are
kept constant and the heterodispersion is allowed to increase. Note that the
equivalent photometer diameter increases significantly with increasing hetero-
dispersion. The curve labeled owl 29° represents a series of increasingly
heterodisperse aerosols, as shown in Fig. 6, in which the owl sees an equivalent
0.3-um-diameter aerosol, as given by Eq. 7. Note that the equivalent photometer
diameter for a constant owl value decreases only sl ightly as the heterodispersion
of the aerosols increases. Thus, we see that the owl provides an approximate
measure of 0.3-um aerosol as seen by the photometer even for heterodisperse
aerosols. We would therefore expect that the filter-penetration measurement
using heterodisperse aerosols having a photometer equivalent diameter of 0.3 urn
would yield similar results to penetration measurements using monodisperse 0.3-wn
aerosols.

To test this hypothesis, we computed the penetration of a HEPA " i l ter using
Eq. 3 for various particle-size distributions, N(r), al l having the same owl
reading. Particle-size distributions with various D . and a were selected that
had DQw1' = 0.3 un in Eq. 7. The filter-penetration function,9PF(r), used in
these calculations is the solid curve shown in Fig. 9 that represents a least-
squares best f i t of a log-normal distribution to the experimental measurements
shown as triangles. The best f i t t i ng log-normal curve is characterized by D . =
0.143 un and a = 1.47. Details of the experimental technique used to generate
the HEPA-filter penetration curve are given in Appendix A. The photometer
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Fig. 9. Experimental penetration of a HIE PA f i l t e r as a function of DOS particle
diameter.

response function R(r) used in these calculations.is given by Eq. 6 which is
derived from data presented by Ti l lary, et al .^ ' Figure 10 shows that
increasing the heterodispersion of particle-size distributions that have the same
owl reading of 29° (Fig. 6 shows three of these distributions) causes only a 24%
reduction in f i l t e r penetration. In contrast, increasing the heterodispersion
while maintaining a constant count medium diameter of 0.2 urn causes an 87%
reduction in the f i l t e r penetration. The purpose of measuring the particle size
in DOP f i l t e r certif ication tests is to ensure that filter-penetration
measurements are made with DOP aerosols having an effective diameter of 0.3 un.
I t is clear from Fig. 10 that the owl is better suited for measuring the
effective particle size in the current f i l t e r test than a laser particle-size
spectrometer.

Although these aerosol-size spectrometers are able to uniquely define the
particle-size distributions, they are unable to perform the function that the owl
so simply and so elegantly performs. Figure 10 also shows that potentially
serious errors in f i l t e r penetration can arise with the replacement of the owl by
an optical spectrometer. Only wher, the aq is within a narrow range of about 1.4
wi l l the f i l t e r efficiencies obtained witn an aerosol size spectrometer have
results comparable to that of using an owl.
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Fig. 10. Calculated f i l ter penetration using Eq. 3 as a function of increasing
aerosol heterodispersion. The curve for Owl 29° was calculated for particle siize
distributions satisfying Eq. 6 with D«^ = 0.3 urn. The curve for Dcmd = 0.2 was
calculated for particle size distributions having a constant Dcm(|-

V. Sensitivity of POP Fi l ter Test to Heterodisperse Aerosols,
HEPA PenetratfofTCurve and Photometer Response Function

The f i l t e r penetration measurement is a function of the particle-size
distribution, the f i l t e r penetration curve, and the photometer response as shown
by Eq. 3. Our analysis of the effect of OOP heterodispersion on HEPA penetration
was based on using experimental HEPA penetration and photometer response
curves. However, in order to determine the sensitivity of our penetration
calculations to variations in the HEPA penetration and photometer response
curves, we repeated the calculations in the previous section.

The HEPA penetration curve used in generating Fig. 10 is characterized by a
log-normal curve having Dcmd = 0.143 urn and crq = 1.47. We repeated the
calculation of the f i l t e r penetration measurement using Eq. 3 for other values of
Dcmd anc* ffq* T^e previous photometer response curve given by Eq. 5 was also used
in these calculations. As before, the parameters for the particle-size
distributions having a constant owl reading of 29° are given by Eq. 7.

Figure 11 shows the calculated HEPA penetration using Eq. 3 as a function of
increasing DOP heterodispersion for HEPA-filter penetration curves characterized
by a constant D . = 0.143 urn and a values of 1.3, 1.4, 1.47 and 1.6. The solid
curves represent filter-penetration calculations for DOP aerosols having a
constant 29° owl reading. The parameters for these aerosol distributions are
given by Eq. 7. The dashed lines represent DOP aerosols having a constant Dcm(j| =
0.2 urn and the a_ values indicated on the abscissa. Figure 11 shows that the
relative HEPA penetration for aerosol distributions having a constant owl reading
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Fig. 11. Calculated f i l ter penetration using Eq. 3 as a function of increasing
aerosol heterodispersion for HEPA fi lter penetration curves characterized by a
constant Dcmd = 0.143 i*n and a values of 1.3, 1.40, 1.47, and 1.6. The solid
lines represent penetration calculations for DOP aerosols having a constant 29°
reading (Eq. 7) while the dashed lines represent aerosols with a constant D,..,̂  =
0.2 ian. cma

deviates much less with increasing DOP heterodispersion than does the penetration
for aerosol distributions having a constant D ^. I t is noteworthy that the
calculated f i l t e r penetration for aerosols having a constant owl reading is
relatively insensitive to a broadening of the penetration curve as the aQ
increased from 1.47 to 1.6. However, a narrowing of the penetration curve from
a = 1.47 to 1.30 shows a significant deviation in calculated f i l t e r penetrations
between monodisperse and heterodisperse DOP aerosols. In contrast, al l of the
curves in Fig. 11 for aerosols having a constant Dc|TKj = 0.2 pm show major charges
in calculated f i l t e r penetration between monodisperse and heterodisperse DOP
aerosols.

A similar series of calculated f i l t e r penetrations were made for HEPA-filter
penetration curves having a constant a - 1.47 and D j values of 0.1, 0.143,
0.12, and 0.2. These calculations are shown in Fig. 12 for DOP aerosols having a
constant 29° reading (solid lines) and for DOP aerosols having a constant Dcmd =
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Fig. 12. Calculated f i l t e r penetration using Lq. 3 as a function of increasing
aerosol heterodispersion for HEPA f i l t e r penetration curves characterized by a
constant o = 1.47 and Dcmd values of 0.10, 0.12, 0.143, and 0.20. The solid
lines represent penetration calculations for DOP aerosols having a constant 29°
reading (Eq. 7) while the dashed lines represent aerosols with a constant Dc|nd =
0.2 im.

0.2 w (dashed lined). Again, it is apparent that the owl is preferred over
particle-size spectrometers to maintain the desired DOP size distribution for use
in HEPA-penetration measurements.

The sensitivity of the photometer response curve on the calculated HEPA
penetrations was then examined. We used Eq. 6 to.our previous calculations since
this equation was derived from both theoretical* ' and experimental^ ' data.
To determine the sensitivity of changes in the photometer response curve on the
calculated HEPA penetration, we have repeated the calculations using the
following response functions.

(9)

(10)W r ) " K4 '7
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Fig. 13. Calculated fi lter penetration using Eq. 3 as a function of increasing
aerosol heterodispersion-for different photometer response functions
characterized by r , r , and r . The solid lines represent penetration
calculations for OOP aerosols having a constant 29° reading (Eq. 7) while the
dashed lines represent aerosols with a constant D ̂  = 0.2 urn.

Figure 13 shows that the penetration curves for DOP aerosols having a
constant 29° reading are relatively insensitive to changes from monodisperse to
heterodisperse aerosols, while the calculated penetration for DOP aerosols having
a constant DcmcJ = 0.2 un shows major changes in HEPA penetration as the DOP
aerosol changes from monodisperse to heterodisperse.

A comparison of Figs. 11-13 shows that the DOP f i l t e r test is only
moderately sensitive to the degree of aerosol heterodispersion, HEPA penetration,
and the photometer response when the aerosol size distribution maintains a
constant owl value of 29°. However, i f the DOP aerosols are maintained at a
constant Dcmj = 0.2 um, then the DOP f i l t e r test becomes very sensitive to these
three parameters. Although the owl cannot measure the size distribution of
heterodisperse aerosols, the owl is superior to the spectrometers for measuring
aerosol size in the current DOP-filter test. Fiqures 11-13 show that the DOP
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f i l t e r test is far less sensit ive to test variables when the owl is used than
when a part ic le-s ize spectrometer is used for control l ing the par t ic le size. The
primary reason for the owl's superior performance is that a constant owl reading
yields a nearly constant photometer equivalent part ic le size as the degree of
heterodispersion is increased.

This behavior is shown in F ig. 8. In contrast, maintaining a constant Dcmd
with the aid of a par t ic le-s ize spectrometer as the degree of heterodispersion
increases w i l l s ign i f i cant ly sh i f t the equivalent photometer diameter.

V I . Conclusion

We investigated the effect of DOP heterodispersion on HEPA-filter penetration
measurements and determined that a typical heterodisperse DOP aerosol (®cm4 -
0.19 um and a = 1.4) results in a 24% lower penetration than that obtained for
monodisperse SOP aerosols (DcmcJ = 0.3 and a = 1.0). The surprisingly small
effect of the DOP heterodispersion on the HcPA-filter penetration is due to the
response function of the owl that is similar to the response of the photometer.
Changes in the par t ic le-s ize d is t r ibut ion are therefore seen in a similar fashion
by both the photometer and the owl. We have also shown that replacing the owl
with par t ic le-s ize spectrometers may lead to large errors in f i l t e r
penetration. These errors are produced because the par t ic le-s ize spectrometers
do not provide measurements that correspond to the photometer measurements.

V I I . Appendix A

Experimental Technique for Measuring HEPA-Filtar Penetration as a Function of
Par t i c le Size

The essential experimental apparatus used to generate the HEPA-filter
penetration as a function of DOS par t ic le size is shown in F ig. A - l . An aerosol
spectrometer is used to measure the concentration of aerosols as a function of
par t ic le size before and after the HEPA f i l t e r . The ra t io of the aerosol
concentration before and after the HEPA f i l t e r for each par t ic le size increment
yields the HEPA penetration as a function of par t ic le s ize. The aerosol
spectrometer used in these tests consists of two instruments: (1) a d i f fe ren t ia l
mobil i ty analyzer (DMA) coupled to a condensation nuclei counter (CNC) (Thermal
Systems, Incorporated, Minneapolis, Minnesota) for measuring par t ic le-s ize
dis t r ibut ions from 0.01 to 0.5 m diameter, and (2) a LAS-X laser par t i c le
counter (Part icle Measuring Systems, Bolder, Colorado) to measure par t ic le-s ize
dist r ibut ions from 0.1 to 3.0 urn. Both of these instruments are interfaced to a
LSI-11 computer that gathers data and reduces i t to graphical output.

A d i lu t ion system is required to reduce the high aerosol concentration
before the HEPA f i l t e r to a level acceptable to the aerosol spectrometer. The
d i lu t i on system is primari ly required for the LAS-X laser par t ic le counter to
prevent counting more than one par t ic le at the same time. Figure A-2 is a
schematic of the d i lu te r we used. In order to reach the desired d i lu t ion rate of
1500:1, we had to use two di luters in series.

An important factor to know when using a d i lu ter is the par t ic le losses in
the d i lu t ion system that results in a variable d i lu t ion as a function of par t ic le
s ize. Figure A-3 shows the d i lu t ion rat io as a function of par t ic le size for the
d i lu t ion system used in our tes ts . We have taken this variable d i lu t ion into
account in computing the HEPA-filter penetration as a function of par t ic le size
that is shown in Fig. 9.
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Fig. A-l. Schematic of filter test method for measuring filter penetration of
HEPA filters as a function of particle size by using a dilution system to reduce
the upstream concentration of aerosols.
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Fig. A-2. Schematic of diluter based on the principle of transferring a small
volume of concentrated aerosols through a needle to a large volume of filtered
air. The pressure differential across the needle determines the flow through the
transfer needle.
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Diameter,

Fig. A-3. Dilution ratio as a function of particle size for two diluters in
series. Solid curve represents least-squares f i t .
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DISCUSSION
SODERHOLM: A technical point in your paper, Equations 5 and
7 and Figure 7 reflect the response of the OWL being a radius to
the 8.1 power. if you go back to the paper by Hinds et al., you will
see that it is correct only over a limited size range, and is even
an approximation over that size range. It is not a bad approximation
the way you have used it, but I think, for the record", we should men-
tion that it is limited and we don't want people using it all the
way up to a micron or over, where it really becomes a bad approximation.
Also, I would like to point out that partly based on your input to
the DOE nuclear standards writing group, the geometric standard de-
viation that is allowed for a new aerosol has been set in the range
of 1.3 to 1.5. Most of your curves, however, show what happens with a
geometric standard deviation going from 1.0 to 1.4, a range that
shows much nore dramatic effects. There is actually a confluence of
the two systems at a geometric mean diameter of 0.2 ym and a geometric
standard deviation of 1.4. That is why we picked that point. We are
allowing some variation around that one point. The very large, as you

344



18th DOE NUCLEAR AIRBORNE WASTE MANAGEMENT AND AIR CLEANING CONFERENCE

call them, errors, or difference in measurements, which would occur
with a monodisperse aerosol of 0.2 ym are not allowed under the new
standards. Based on your inpus, we have tried to minimize the
problem and we'certainly agree that it is worthwhile evaluating new
systems to gain more' information on how the filter measurements we
have been making correspond to reality. Therefore, we challenge the
filters with a large range of aerosols. Finally, to give credit where
it is due, Ron Scripsick obtained and presented many of the experimen-
tal results to which you referred in your talk as being presented by
me.

BERGMAN: I agree with everything you have said and I apologize
for not recognising Ron Scripsick13 excellent work on HEPA filter
penetration as a function of size.

STEINBERG: Were all the numbers in your graphs derived from
actual tests or as computer model work?

BERGMAN: They were computations of experimental data. The
computations were an integration of the response curve, the HEPA
penetration curve, and the size distribution curve; the products of
all three. They were real numbers, measurements made in the laboratory,

STEINBERG: You kept going back and forth between the terms.,
photometer and OWL; when you said OWL, were you talking about the
Tyndall-beam effect type of instrument that looks at the particle
size, or were you talking about a scattering chamber?

BERGMAN:
instrument.
with LeMer';

STEINBERG:
indicator to measure particle size. Is the polarization OWL what
you were talking about or were you talking about forward light scat-
terming?

I will have to rely on you, since it is your
I'll admit I didn't tear it apart, although I am familiar
work.

The OWL is used together with a particle size

BERGMAN:

STEINBERG:

The one that comes with your Q10 7 instrument.

It contains both.

BERGMAN:
would 29° represent?

I believe it ib the polarization device, what else

STEINBERG: That's why I asked you if they were real
results or a computer model.

ANDERSON: They are real results.

SCRIPSICK: What was the percent deviation in your computation's
relative to the actual penetration (independent of the photometer
response) as opposed to the penetration of strictly mono'disperse
0.3 ym particles that is the reference condition in your presentation?
I think this is an important comparison.
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BERGMAN: The percent deviation will depend on what instrument
is used to measure filter penetration. The deviations in the paper
refer to those obtained with a light scattering photometer and
represent an interpretation over the size distribution N(r), the
filter penetr?';ion P(r), and the photometer response R(r) as shown
by Equation 3. I want to emphasize that the penetrations calculated
according to Equation 3 are actual penetrations. If one does not
like to measure penetration with a photometer, one can also use a
total particle counter, like a condensation nuclei counter, to measure
the number of particles before and after the filter. In that casa
R(r)=l in Equation 3. We did not do those calculations, although I
can assure you the resulting penetration will differ significantly
from that obtained when using a photometer. However, as strongly
pointed out in my presentation, the only unambiguous penetration
measurement is that obtained by directly comparing particle size
distributions before and after the filter to yield the penetration
curve shown in Figure 9.

DYMENT: (1) As a measure of the extent to which ideas on
filter QA testing have changed recently - 10 years ago no one would
have anticipated a speaker acclaiming the heterodispersity of DOP
as a challenge aerosol. (2) Referring to Table 1 and Figure \ the
geometric standard deviation of the sodium chloride aerosol used in
the British Standard Sodium Flame Test has been measured at 2.5i a
much greater degree of heterodispersity than is considered for *0P
Consequently, it has a significant proportion of particles in the
range 0.1-0.2 urn, which covers the region of maximum penetration.
(?' The ratio of DOP to NaCl penetration through a typical filter
medium has been measured as 2-2.5:1, not 12:1-as Figure 1 suggests.
(4) Earlier work with sodium chloride aerosols (quoted in Air
Filtration by C.N. Davies) shows that average measured penetration
(by mass) is a factor of 2-3 less than the maximum penetration ob-
tained with particles 0.1-0.15 vim. (5) The sodium flame method of
detection responds to all sizes of particles used in the challenge
cloud. It measures mass (volume) concentration irrespective of any
change in particle size^ distribution.,

BERGMAN: I agree that there is a wide size distribution
of the sodium chloride aerosjl. The central point, 0.65 pm, re-
presents the mass medium diameter and is what was plotted. The
position of the various international test methods was put on the
curve based on one number, which represents a volume average or a
mass average. Sodium chloride appears to be unusually low on the
curve based on actual penetration measurements; The reason it is in
that position is because of your own references, and those of Mr •
Dorman. I agreejthey overaccentuate the differences, but it does not
change the basic trend, namely, because sodium chloride has a larger
particle size,it gives a lower penetration than DOP or uranine.

I wish to emphasize that the trend has been greatlyDYMENT:

exaggerated in your figure.

BERGMAN: I find no fault with that. Comparing peak to
average penetrations by any of the current methods using heterodis-
perse test aerosols is really comparing averages of averages. We
know that averages knock off the peaks. Therefore, if you make dif-
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ferential measurements over very small increments,, instead of a 2 to 3
difference, you will get ten times^an order of magnitude^between the
peak penetration and what the current U.S. DOP test shows. We have
shown the same result with our laboratory sodium chloride aerosols^
although they may not be the same in our laboratory as those used in
England.
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A NEW PROCEDURE FOR TESTING
HEPA FILTERS

A method omitting testing at 20% rated flow

Liu Hui, Xin Song Nian, Guo Liang Tian

Radiation & Protection Branch
of Chinese Nuclear Society

Abstract

This article gives a theoretical analysis of IIEFA penetration
vs. pinholes In filter media. A calculation formula which shows the
tendency of such changes was derived and has been demonstrated experi-
mentally. By this formula "equivalent penetration" was calculated.
Nomograms were used to facilitate the work. As a result, testing needs
to be performed only at rated flow.

1. Theoretical Calculations of the
Penetration of HEPA Filters Against Pinhoies

It is well knowr* for a given filter construction, filter media,
and aerosol property, that penetration of a HEPA filter varies mainly
with air flow rate and attention to sealing.

If pinholes occur in filter media and sealing compounds, the
aerosol balance up- and downstream is shown in Fig. 1.

The balance is:
C2(q + Q) = CXQ + CQq

Where:
C = aerosol concentration upstream

C, = aerosol concentration of the filtered air

C^ = mean aerosol concentration of mixture of the filtered
air and the air leaked through orifice

Q = volumetric flow rate of the filtered air

q = volumetric flow rate of the leaked air

from Equation (l),

c2 c2
Co Co
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Since

Where:

Q + q

Go

+1

= K,

K2 = average penetration of filter with holes.

K-, = penetration of filter media at rated flow

Substituting and arranging,

= 100 - Q

Q+q
100-K. (2)

FILTER MEDIUM

FIGURE 1 AEROSOL BALANCE

KT, Q and q are closely related with filtration velocity V, and
therefore are discussed separately below.

1. Penetration K-̂  of Filter Paper

According to I. Langmuiry and C.N. Davies "logarithm pene-
tration theory," K-̂  can be expressed as .-
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-0.5
- aC Hs V

K± =10 (3)

Where:

oC = experimental coefficient of filter medium

H = resistance of medium,mm w.g., filtration velocity 1 cm/s

V = filtration velocity through medium, cm/s

2. Volumetric Flow Rate of the Filtered Air. Q, M5/h

Q = 36. VF (4)

Where: 2
F = area of filterpaper, M
3. Volumetric Flow Rate of the Leaked Air

The volumetric flow rate of leaked gas dependr on the flow
pattern in the orifice. In general, when the differential pressure
across the orifice is somewhat over a mm H2O, turbulent flow occurs.
The flow rate in M?/h may be expressed as:

q = 0.978f JIT

Where: 2
f = the cross - section of the orifice, cm

H = the differential pressure across the orifice

0.978 = effluent coefficient of the orifice
Since the differential pressure across the orifice is the same as
that across two sides of the filter,

H = RV

Where:
R = resistance coefficient of the medium

thus q = 0.978 f JW (5)

substituting Equations (3), (4)» (5) into Equation (2) and arrang-
ing.

=100 - ?6(F-f')v( 1 0 0 - 1 0 - ^ ^ " °)

36 (F-f')v + 0.978f JWT
0

Where f' = the cross - section of the orifice in M which is much
less than the surface area of filter paper and can be neelected. The
equation thus becomes:

350



18th DOE NUCLEAR AIRBORNE WASTE MANAGEMENT AND AIR CLEANING CONFERENCE

oiH „ -0.5
1§OOF-?6F1O y
36F + 0.978 f Ru#=> v ~ u °

This equation indicates theoretically the penetration of filters
with pinholes.

For a given filter, P, c£ , Hs and R are fixed, and K2 is a
function of cross-section of the holes and filtration velocity.
Equation (6) also describes how penetration varies, which
is consistent with the experimental results observed at home and
abroad .

II. Determining Penetration at Low Flow Rate

At low flow rate the orifice effect grows significant. Penetration
measurement at 20$ of rated flow is used to examine whether the
penetration is within the criterion sat by the manufacturer i.e.
even at this low flow rate the penetration should not excess the
limit at rated flow. In other '/ords,

K 2'< KH

Where:
K2' = filter penetration at 20% of rated flow

KTJ = filter penetration at rated flow set by manufactixrer as
standard

If VH is the filtration Telocity at rated
flow, at 20% o± rated flow it should be 0.2 VR and Equation (6)
becomes:

V W = K H = 1 0 0 -
-2 V 0 ' 5

° * 5 ( 0 2 V ) ~ 0 ' 536F + 0.978fmR°*5(0.2VH)

Where fin is the allowable cross-section of the holes at 0.?,
when keeping K ^ ^ g . Hence

0.447 „,„
~ 3 6 P

f
2.187.R0 '5 VH"0#5

For a given filter, fm is fixed. Substituting fm for f in Equation (6),
penetration at rated flow, 1^, can be calculated:
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100-10 °'447

0.553+ 0.447
100 -

Since Ja v-0.5
K,= 10 "^"s , we obtain:

F.W-100
100 -

( 100 -
0.553 + 0.447 \ 100 - K H

Km is the "equivalent penetration" we need.

Prom quation (8), it is found that K is only associated
with K-̂  and KR. Physical analysis shows that the following relation
should be observed Kn a? KTI and K, s? K <• K^

J- n. J. m n
Kg is already a stipulated value. For example: 0.03$(JD0P

method), in United States; 0.01$ (sodium flame method), in China.

K-̂  can be determined through different ways:

(1) Calculate the filtration velocity from the filter's
rated flow and the effective filter area. Then measure Ki ex-
perimentally under this filtration velocity.

(2) Select a leak proof HEPA filter which has been
checked by stringent scanning . Measure the penetration at rated
flow, the result will represent K^.

We calculated Km from K-,. and K w by Equation (8) and plotted the
shown in Fig. 2. The use of the nomogram is illus-

trated with an example.

Given: Kj = 0.0013$ K H = 0.01$

To solve: K = ?

Solving:

Kj (0. 0013® was found on the vertical (ordinate) axis,
% (O.Olf) on the horizontal axis, and Km was found to be 0.0057%.

The nomogram has been demonstrated in lab. The experimental
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conditions were: filter overall size 484 x 484 x 180 mm, rated flow
1000 M3/h, filtration area 10 M2, rated filtration velocity 2.8 cm/s,
testing method sodium flame.

The Table 1 summarizes related data and test results from which
the following can be found:

(1) For filter No. 28, checked by scanning, with no holes, the
penetration at 20% of rated flow is much less than at rated flow.

(2) For filter No. 44, with holes, penetration at 20$ of rated
flow may reach the manufacturer's criterion (0.01$). The test of this
filter shows that the penetration (0.0055%) measured at rated flow is
approximately equal to Km (0.0057%) obtained from Fig. 2.

(3) For filter No. 515 with holes, penetration at rated flow is
near manufacture's criterion, but excessive penetration was measured
at 20% of rated flow.

(4) For filter No. l-3> testing indicates that the measured Km
(0.033%) is near the Km (0.035%) found from Fig. 2.

In general, the calculation represented by Fig. 2 is consistent
with practice.

III. Summary

1. A theoretical expression (6) for penetration of filters with
holes was derived from the theories governing filtration, aerosol
behavior, and fluid dynamics.

2. The maximum cross-section of holes (fm) was calculated for
which the penetration of the filter at rated flow should not exceed
KH.

3. Substituting the•calculated fm into Equation (6) we obtained
Km, which representes the penetration of the filter at rated flow
(and filtration velocity). Km is "called "equivalent penetration."

4. If K 1QQ < % , it means that at 20% of the rated flow the
penetration of this filter will not exceed KJJ.

5. The new testing procedure makes it unnecessary to test each
filter at low flow rate, though requiring a measurement of the pen-
etration of the filter paper for each batch. Therefore, the filter
test needs simpler equipment and takes less time.

6. The nomograms recommended have been demonstrated in the lab.
Further experiments, especially in connection with filtration velocity
and penetration of filter media, have been planned.

353



18th DOE NUCLEAR AIRBORNE WASTE MANAGEMENT AND AIR CLEANING CONFERENCE

i • • ' . ' • ' •••'

• ! ' • ' : ' •

• £00=

•K00

I .
• 1 "

I
I
I

• ZOO

• SIOO

JOB

•SOOO

a_

cc
IJU

CD
«' U-

L U

cc
LU
a:

5 <C

g
o
s
§

S3

M

% ')/ MC7i VI03W 10 N0IlVM13N3d

354



Table 1 Results of filter testing

F i l t e r Number

No. 2 8 ^

No. 4 4 ( 2 )

No. 5 1 ( 2 )

No. 1 ^

No. , <2>

BO. 2 <2>

Note: (1)

(2)

Penetra t ion
of Filter

at
Rated Flow

0.0013

0.0013

0.0013

0.013

0.013

0.013

No holes

Holes

Manufacturer's
Criterion for
Filter Pene-
tration Kg i°

0.01

0.01

0.01

0.05

0.C3

0.05

Equivalent
Penetration
Found from
•raj « O V °L

r i g . d K. fo
m

0.0057

0.035

0.035

0.035

Measured
Penetration
at 1000 MVh
K100» *

0.0013

O=OO55

0.011

0.013

0.047

0.033

t

Measured
Penetration
at 200 M3/h
K20 » '

0.0005

0.01

0.026

0.0008

0.084

0.05

D
O

E
 N

U
C

LEA
R

 A
IF 1B

0R
N

E
 W

A
! 3T

E
M

A
1A

G
EM

EN
T

A
N

D
A

R
 C

LE
A

IIIN
G

 C
O

N
FE

R
E

N
C

E



18th DOE NUCLEAR AIRBORNE WASTE MANAGEMENT AND AIR CLEANING CONFERENCE

References

1. Linck F.J., Geer J.A., "In-place Testing of Multiple
Stage HEPA Filter Plenum," 13th AEC Air Cleaning Conference, San
Francisco, Califoria. (1974)

2. Xin Song Nian,"The Effect of Orifices on the penetration
and Testing procedure for HEPA Filter," 1980, unpublished.

3. Adley F.E., Anderson D.E., "The Effect of Holes on the
Performace Characteristics of High-efficiency Filters," 8th AEC
Air Cleaning Conference, Oak Ridge National Laboratory (1963)

356



18th DOE NUCLEAR AIRBORNE WASTE MANAGEMENT AND AIR CLEANING CONFERENCE

THE DESIGN OF GRADED FILTRATION MEDIA IN
THE DIFFUSION-SEDIMENTATION REGIME

K.S. Robinson
Chemical Techology Division

AERE Harwell, Oxon UK

Abstract

The collection of a graphite aerosol on silica gel particles
has been studied experimentally. These data, and data from Gebhart
et al'1' have been used to obtain an empirical correlation for
penetration in terms of diffusion and sedimentation mechanisms and
an interaction term. In addition, a rapid graphical procedure for
the design of graded packed beds is presented based on the
assumption that a linear axial deposition profile will maximise bed
operating lifetime.

I. Introduction

Modelling of Packed Bed Aerosol Collection

Over the past 25 years the collection of aerosols in packed
beds of granular media has received considerable attention. Work
has been carried out to determine the mechanisms involved in
collection and the conditions under which each mechanism is either
dominant or plays a significant role. The most extensively
investigated collection mechanisms are diffusion' ' » ' ,
sedimentation' ' ' and inertial deposition' ''. Other collection
mechanisms such as direct interception, thermophoresis,
diffusiophoresis and electrostatic charge can also affect bed
collection efficiency.

Models have been derived for the collection of aerosols in
packed beds under conditions where one mechanism is effectively
responsible for deposition. Generally the fractional penetration,
P, of a packed bed aerosol collector can be expressed as:' '

Q
p = ^O _ E x p ( _ K L) (1)

where C o is the bed outlet aerosol number concentration, Cj is the
bed inlet aerosol number concentration, K is the bed penetration
coefficient and L is the bed length.

For collection by diffusion only the bed penetration,
coefficient KD, is given by:' '

KD - 6,54 . -g- . (—J . (g-J (2)

where e is the bed voidage, D is the aerosol diffusivity, U is the
superficial gas velocity and dc is the collector diameter.

For collection by sedimentation in downflow, the penetration
coefficient, Kg, can be expressed as:'4J
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[0.056 (££)"• ' + 0.31 ( ^ ) U ' / O ] (3).

where ufc is the particle terminal velocity in still air.

In circumstances where more than one mechanism is significant
it has been assumed that the bed penetration coefficients are
additive* ''. However, Fuchs* ' suggests that the bed penetration
coefficients are additive only at low efficiency and Gebhart et
al.* 'postulate that the additive principle should be modified at
higher collection efficiencies with an interaction term Kjj.Kg,
although no experimental evidence or quantitative correlation is
presented.

The work reported in this paper has been carried out in a
regime where diffusion and sedimentation combine to affect aerosol
deposition in a packed bed. An empirically derived equation is
presented that successfully describes aerosol collection in this
regime using in-house data and data abstracted from the work of
Gebhart et al. ( 1 ).

The Design of Graded Packed Bed Collectors

The concept of graded beds, comprising layers of progressively
smaller collector particles towards the bed outlet, has been
employed to prevent filter cake, and hence pressure drop, build-up
at the bed inlet. Graded packed bed aerosol collectors have been
used industrially for the final polishing of ventilation off-gases
from nuclear processing facilities in the USA*11'1^' and are at
present under investigation for similar applications in the UK.
Work has also been carried out in the Federal Republic of Germany to
design a graded bed to collect sodium oxide aerosol* '.

The large sand bed filters at Batelle PNL1*11) and DuPont
Savannah River* ' have given efficient service over many years and
minor problems have been due to mechanical faults. However, Bohm
and Jordan* , in their work on sodium oxide aerosols, encountered
filter cake build-up at the upstream end of their smallest grade
collector which limited the operating life of their equipment. In
order to facilitate the design of this type of equipment a rapid,
graphical procedure has been developed which predicts the depth of
each layer of collector particles required to give a near-linear
deposition profile within the bed.

II. Experimental

The experimental equipment used in this work is shown in Figure
1. Filtered air was supplied to the bed by means of an unlubricated
rotary vane compressor via a rotameter and bipolar ion source
(polonium 210) which was used to bring to equilibrium any surface
charge on the aerosol particles. Air samples were taken before,
after and within the bed at a constant flowrate, diluted with
filtered air and analysed using a Royco Particle Analyser. The
results quoted are the mean of at least ten replicate one minute
counts. The scatter was typically ±5% about the mean. Isokinetic
sampling was compared with the above method over the range of
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flowrates used for the aerosol size range of major importance (0.3 -
0.6 (im). The results obtained using isokinetic sampling were
similar to those obtained using the simpler technique.

During preliminary experimental work, using what was thought to
be laboratory air and ambient aerosol, it was found that the
graphite vanes of the rotary compressor were producing an aerosol of
constant size range (70% 0.3 - 0.6 \im) at a near constant mass
concentration over the range of flowrates used. It was therefore
decided to utilise this method of aerosol production throughout the
experimental work. A scanning electron micrograph of the aerosol
particles showed them to be approximately spherical, however, it was
impossible to distinguish the degree of surface roughness.
Therefore in the calculation of aerosol settling velocity and
diffusivity the appropriate coefficient was used at a mean value
between that for smooth and rough spheres. This assumption could
lead to an error in the value of the calculated penetration
coefficient, Kc, typically in the range +2.5%, which is of similar
order to the error band for the experimentally determined
penetration coefficient.

The bed was filled with silica gel particles or pellets, dried
at 120*C, and compacted by heavy tapping to obtain the maximum bulk
density without the application of external forces. Physical
properties of the collectors are given in Table 1. Particle
envelope density, using gel dried to constant weight at 120°C, was
measured using starch as a pseudo-liquid. Bed voidage, e, was
calculated as:

e = 1.0 - ^ J (4)

where pe and p^ are the particle envelope density and packed bed
bulk density respectively.

After filling the bed, any surface charge on the collector
particles was brought to equilibrium using a Zerostat pistol.
Before taking measurements the silica g^l was allowed to come to
equilibrium with the air supply.

III. Collection in Beds of Single Size Collector Particles

Results

A series of experiments was carried out at ambient temperature
(18°C) to determine the fractional penetration of the silica gel
particles in a 0.3m long, 0.045 m i.d. b'id for mean aerosol
diameters of 0.45 \im (0.3 - 0.6 \m) and 0.9 (im (0.6 - 1.2 \im). For
all experimental conditions studied, the penetration measured with
the equipment packed with collector particles, Pgv, was corrected
for anomalous filtration in pipework, at the bed inlet and exit.
The penetration through the bed of collector particles alone, P, is
given by:

P = PEX/PEM (5)

where Pg^ is the penetration measured with the empty equipment.
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Experimental values for the penetration coefficient Kg were
obtained from the slope of a plot of loge penetration vs. bed length
and are given in Tables 2 and 3. The values of K D and"Kg are also
given. These were calculated using eguations (2) and (31
respectively with D and u t calculated according to Fuchs' '. The
density of the graphite aerosol was taken as pa = 2.25xlO~

3 kg nT 3.
The collector diameter, dc, for the narrow size ranges of silica gel
particles was taken as the mass median diameter of the distribution
obtained by sieving. The volume surface mean diameter of the gel
pellets was calculated from ten random length and diameter
measurements. Penetration coefficients were also calculated for
direct interception and inertial collection, for the most
advantageous of the experimental conditions employed. The
calculated penetration coefficient for inertial collection was
several orders of magnitude less than those observed experimentally
and direct interception contributed less than 2%. It was therefore
assumed that collection was due to diffusion and sedimentation
only.

Discussion

As would be expected, the experimental values K E decrease with
increasing velocity and collector diameter for a. given aerosol mean
diameter. It is also evident from Tables 2 and 3 that K E> Kg or
Kg, and Kg < (Kg+ KD) in agreement with observations of Fuchs"

 l'.
Calculated values, KD and Kg, suggest that as the aerosol mean
diameter increases so collection by sedimentation becomes the
dominant mechanism. Similarly, as the collector diameter increases
so does the relative effect of sedimentation.

Further experimental data in this mixed regime were obtained
from the work of Gebhart et al.l ' and are listed in Tables 4, 5 and
6. These results were obtained using latex aerosols (pa = 1.05 x
10 3 kg m~3) and single sized glass ballotini collectors. They
demonstrate trends similar to those found using the graphite
aerosol.

Using both sets of data an empirical correlation for K E in terms
of K D and Kg was found using an interaction parameter KD.Kg in the
form: K E - (Kg+KD) = f (Kg.KD). In order that Kc=0, when K Q and
Kg=0, the equation fitted to the data was constrained to pass through
tne origin. The best least squares fit to all the data was:

K c = K D + Kg - 4.4 X 10"2 . KD.KS + 7.72 x 10~
5 (K D.Kg)

2 (6)

Tables 2 to 6 inclusive show the good agreement obtained between
KE and K« calculated using equation (6). For KE < 10, equation (6)
gives values for Kc that generally lie between KB and KD + Kg. For
Kg > 10 the agreement with Kc is excellent.

IV. Collection in Graded Beds

Design Procedure

The design technique presented here is based on the premise
that an axial penetration profile, as near linear as practicable,
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will prevent filter cake build-up and maximise the use of available
bed voidage and therefore bed operating lifetime, especially with
narrow size range aerosols. For a linear axial profile;

P =£ o_ = ! L_ (7
*- I L T

where L is any axial position in the bed and L T is the total bed
length. Figure 2 shows equation (7) and equation (1) for a graded
packed bed, on linear coordinates, where K changes as a result of
changes in collector diameter dc and bed voidage e only. Although
the implicit solution of equations (1) and (7) eliminating Lp, will
lead to a solution for L with the appropriate value of K for each
packing, it was thought desirable to obtain a rapid graphical
solution, especially as the accuracy afforded by the mathematical
solution could not be reproduced in practice, owing to variations in
bed voidage e for replicate packings»

A rapid graphical method for obtaining the lengths of each
packing grade is available when Figure 2 is replotted on log-linear
coordinates, as in Figure 3, where the linear deposition profile,
equation 7, becomes a curve.

The axial penetration profile for each packing is represented
by a straight line with gradient -K passing through (0,1). The
length of the least efficient packing, 1^, is found directly from
the intersection of its penetration line with the linear profile at
(L 1,P 1). The length of subsequent packings are then found by
transposition of the appropriate penetration line through
(Ln_2,Pn_j) to meet the linear profile et (Ln,P_) where the packing
length required, l n, is given by L Q - Ln_i» This procedure can be
used to specify the lengths of available packings or to define the
packing grades required to meet a given duty in as many grade steps
as necessary to give a good approximation to the linear profile.
Values of K can be obtained from existing correlations^ ' or
determined experimentally.

Experimental Validation of the Graded Bed Design Procedure

In order to test the design procedure for a graded bed
collector a series of experiments was carried O M : at 0.01 and 0.035
ms" 1 using a 1.2 m long x 0.045 m i.d. bed, with sample points at
the interfaces between collector grades as well as at the bed inlet
and outlet. It was decided to divide the bed into three sections
and to aim at a penetration of 10~2 for 0.45 \tm diameter aerosol.
Three straight lines were therefore fitted, by eye, to the linear
penetration profile, as shown in Figures 4 and 5,, The slope of each
line gave K c and the intercepts on the x axis determined the depth
of each packing. The diameter of packing required for each section
was found, by trial sn6 error, by substituting values for dc in
equations (2) and (3) and calculating Kg from equation (6) until the
calculated value of Kc was within ±5% of that determined by the
slope of each straight line fit to the linear profile. Where
possible the grades of silica gel shown in Table 1 were used. In
circumstances where this was not possible larger and smaller sizes
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of gel were obtained by sieving or by crushing and sieving the
existing material.

Results

The graded beds and the results obtained from them are shown in
Figures 4 and 5. As can be seen the experimental values for
penetration at the grade interfaces and bed outlet are in good
agreement with the required design values at both 0.01 and 0.035
ms"1.
These results clearly validate the design procedure for graphite
aerosols in the diffusion-sedimentation regime.

Discussion

The work presented here on graded bed design assumes a narrow
size range of aerosol that can be characterised by a single
diameter. In cases where the distribution is more polydisperse a
range of bed designs will be needed, as a function of aerosol
diameter, and a compromise solution reached.

V. Conclusions

1. The empirically derived equation, incorporating an interaction
term, used to predict penetration in the
diffusion-sedimentation regime gives very good agreement with
experimental results for aerosols of different densities over a
range of collector diameter and gas velocity when K E > 10.

2. When K E < 10 agreement is less good, although better than that
obtained with existing models.

3. The procedure for designing a graded packed bed aerosol
collector with a penetration profile as near linear as
practicable has been validated for graphite aerosols over a
range of operating conditions.

Further work is being carried out at Harwell to examine the use
of the des:ign procedure in demisting and it is envisaged that
further application may be found in other separation/filtration
processes.
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Nomenclature

C Q aerosol number cone, at bed outlet
Cj aerosol number cone, at bed inlet
D diffusivity of aerosol
da aerosol diameter
dc collector diameter
e bed voidage
KD penetration coefficient for diffusion
KE experimental overall penetration coefficient
Kg penetration coefficient for sedimentation
Kc calculated overall penetration coefficient
1 length of packing
L axial location along bed
L T total bed length
P penetration
u superficial linear velocity
u^ aerosol terminal velocity in still air
pa aerosol density
pe media envelope density
Pb media bulk density

Subscripts

1 course grade collector
2 intermediate grade collector
3 fine grade collector
EX experimental value with packing
EM experimental empty bed value

m~
m~
m2

m
m

m~
m~
m~
m~
m
m
m

ms
ms'
Kg
Kg
Kg

3
3

S~

1
1
1
1

-1
-1
m1

m"
m'

1

-3
-3
-3
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Table 1. Properties of Silica Gel Collector Media

Nominal size range m

Mass median diameter dc
(sieve analysis), m

Envelope density, pe Kg m~
3

Bulk density, pb Kg m"
3

(heavily settled)

Bed porosity, e

0.5-1.OxiO"3

0.78x10~3

1 . 1 8 X 1 0 3

0.75x103

0.36

0.7-1.5x10"3

0.96x10~3

1 .22x103

0.71x103

0.40

1x10~2

1x10~2*

1 . 23x103

0.68x103

0.44

* Volume surface mean

Table 2. Calculated and Experimental Penetration Coefficients for
la = 0-^5 ym, p? - 2.25 kgm.m"

3 at 18°C

c

d =9.6x10-"m
c

d =1.1x10~2m
c

ms

0
0
1
2

0
0
1
2

0
0
1
2

u
~'x102

.16

.65
,0
.9

.16

.65

.0

.9

.16

.65

.0

.9

K
m

26
10
8
4

15
6
4
2

0
0
0
0

1

.0

.0

.0

.5

.2

.20

.08

.06

.03

Kg
m' 1

12
5.
4.
2.

10
3.
2.
1 .

0.
0.
0.
0.

0
0
4

6
8
8

70
30
20
14

m

38
15
12
6

25
9
7
4

0
0
0
0

1

.4

.6

.3

.0

.90

.38

.26

.17

KE,
m ]

32
13
8.
5.

22
8.
6.
3.

0.
0.
0.
—

3
0

0
0
5

90
40
27

m

31
13
10
6

21
8
6
3

0
0
0

j

.86

.6

.0

.7

.3

.8

.89
• 38
.26
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Table 3. Calculated and Experimental Penetration Coefficients for

0-9 2.25 kgm.m"3 at 18°C

d = 7. 8 x 1 0 ~ " m

d c = 9.6x1O"'
ttn

d c = 1 .1x10"
2m

ms

0
0
1
2

0
0
1
2

0
0
1
2

u
! x 1 0 2

.16

.65

.0

.9

. 1 (5

.615

.0

.9

.16

.65

.0

.9

KD
m 1

14
5.0
4.0
2.0

8.0
3.0
2.4
1 .0

0.10
4x10~"

1 .6x10-"
8x10" 5

K

ra

30
16
8
4

20
1 1
6
3

1
1
0
0

1

.0

.0

.2

.0

.2

.6

.0

.40

.20

K +K
m 1

44
21
12.0
6.2

28
14
8.4
4.2

1 .7
1 .0
0.40
0.20

KE
m

_
18
11

23
1 1
6
4

1
1
0

i

.6
,0

.6

.1

.40
—

K

ra l

18
10.7

23
12.6
7.8
4.1

1 .69
1 .0
0.40
-

Table 4. Calculated and Experimental Penetration Coefficients for
d = 0.45 um, p.. = 1.05 x 10 3 kgm.m"3 at 20°C
—a —•——a «

c

d =1.6x10~"m
c

d. = 4x10~2m
c

u
ms~'x10 2

0.30
0.55
2.2

0.30
0.55
2.2

0.30
0.55
2.2

m l

32
20
8.2

4.6
2.9
1 .1

1 .0
0.65
0.26

Ks
m l

8.0
5.0
2.6

2.6
0.9
0.5

1 .0
0.65
0.35

m 1

40
25
11.0

7.2
3.8
1 .6

2.0
1 .3
0.61

KE
m l

33 •

23
10.3

4.9
3.2
1 .4

1 .2
0.90
0.50

KQ
m *

33.8
21 .4

9.9

6.68
3.68
1 .57

1 .96
1 .28
.60
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Table 5. Calculated and Experimental Penetration Coefficients for
-la ° 0.725 urn, pa .05 x iF~kgm.n i ' 3 at 20°C~

dc = 5x10""
tm

dc=1.6x10""m

ms"

0.
0.
2.

0.
0.
2.

0.
0.
2.

u
"'x102

30
55
2

30
55
2

30
55
2

m

21
13
5.

3.
1 .
0.

0.
0.
0.

4

0
9
80

66
42
17

m

14
9
3

4
2
1

1
1
0

I

.0

.7

.0

.7

. 1

.7

.1
• 37

m 1

35
22
9.

7
4.
1 .

2.
1 .
•

1

6
9

4
5
54

m 2

29
18
8.

5.
3.
1 .

1 .
1 .
0.

0

6
5
3

9
2
50

m

28
17
8

6
4
1

2
1

.8

.9

.25

.4

.3

.36

.3

.5

.54

Table 6. Calculated and Experimental Penetration Coefficients for
d, = 1 urn, p, = 1.05 x 103 kgm.m"3 at~20°C

d = 5x10""m

d =1.6x10""m
•

dQ = 4x10"
2m

u

ms ̂ l O 2

0.30
0.55
2.2

0.30
0.55
2.2

0.30
0.55
2.2

Kj

m

15
9.
3.

2.
1 .
0.

0.
0.

2x1

5
8

1
3
56

43
30
0"6

Ks
m~

24
15
6

7
4
1

3
1
0

.2

.5

.8

.9

.0

.9

.40

ID '

39
25
10

9.
6.
2.

3.
2.
0.

-Ks

6
1
5

4
2
40

m

33
20
8

7
4
1

3
1
0

.3

.3

.3

.7

.0

.7

.60

m *

33.
19.
9.

9.
5.
2.

3.
2.
0.

2
8
0

2
8
4

4
1
4
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LINEAR PROFILE

z
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SINGLE COLLECTOR
PROFILE

GRADED 8ED
PROFILE

BED DEPTH L

Fig. 2 Penetration profiles In a packed bad collector

UL»CONSTANT

0-0C1

0-01- -

Fig. 3 Gradad bad design procedure
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A DESIGN

O EXPERIMENT

<
tr

z
a

0-001.

0-01-

0-S
8EO OEPTH L,

1-0 1-2

Fig. 4 Graded bed design and performance for u = 0.01 ms~\ 18°C
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A DESIGN

O EXPERIMENT

o

<

uJ

a.

0-01

0-001-

<?a»2-25»103KgM"3

da = 0

0-S
BED OEPTH U

1-0 1-2
LT

Fig. 5 Graded bed design and performance for u = 0.035 ms~\ 18°C
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DISCUSSION

DUHMAN: It is gratifying to see one's name in the references
when i t is favorable. In your paper, i t is-perhaps a left-handed
compliment. I plead that adding bed penetration coefficients is at
least some sort of approximation and^although I believe that some
modifications may be necessary at high efficiencies, I don't know
how important they would be. In self defense, I don't think anyone
else knows.
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A DISPERSION MODEL FOR AIRBORNE PARTICULATES INSIDE A BUILDING*.

William C. Perkins and Dean H. Stoddard
Savannah River Laboratory

E. I. du Pont de Nemours & Co.
Aiken, South Carolina 29808-0001

Abstract

An empirical model has been developed for the spread of air-
borne radioactive particles after they are released inside a
building. The model has been useful in performing safety analyses
of actinide materials facilities at the Savannah River Plant (SRP),
operated for the U.S. Department of Energy by the Du Pont Company.
These facilities employ the multiple-air-zone conceptj that is,
ventilation air flows from rooms or areas of least radioactive
material hazard, through zones of increasing hazard, to a treatment
system.

A composite of the data for dispersion of airborne activity
during 12 actual case incidents at SRP forms the basis for this
model. These incidents occurred during approximately 90 plant-years
of experience at SRP with the chemical and metallurgical processing
of purified neptunium and plutonium after their recovery from
irradiated uranium.

The model gives ratios of the airborne activity concentrations
in rooms and corridors near the site of the release. All data are
normalized to the data from the air sampler nearest the release
point. The model can be applied in predicting airborne activity
concentrations from particulate releases elsewhere, if the facility
in question has similar features of floor plan, air velocity, and
air flow direction,

The multiple-air-zone concept has been applied to many designs
of nuclear facilities as a safety feature to limit the spread of
airborne activity from a release. The model illustrates the limita-
tions of this concept: it predicts an apparently anomalous behavior
of airborne participates; namely, a small migration against the flow
of the ventilation air. The following phenomena are suggested as
possible mechanisms for this migration:

• ed> currents in the air flow

• leaks of ventilation air between zones

• open doors

« movement of personnel during an incident

• inadequate flow of ventilation air

• thermal gradients

• The information contained in this article was developed during
the course of work under Contract DE-AC09-76SR00001 with the
U.S. Department of Energy.
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I. Introduction

..*.-.-•- This report documents the results of an effort at the Savannah
River Laboratory (SRL) to construct a model to predict, in accident
situations, the potential range and magnitude of the spread of
airborne activity inside a processing building. The model is
restricted to glovebox and cabinet facilities in which actinides,
including plutonium and neptunium, are handled. In some Savannah
River Plant (SRP) facilities, purified plutonium and neptunium are
converted to final form, such as compacted oxides. In others, scrap
materials are prepared for recovery. In all cases, the multiple-
air-zone concept* was used In the design of the ventilation system.

The decision was made early not to attempt a theoretical
calculation of the model from first principles. The difficulty in
accounting for the many perturbing influences was deemed too large.
Rather, an empirical model was planned, to be based on experience at
SRP.'1*2) These decisions prompted an extensive research of SRP
history that identified a limited, but sufficient, number of case
incidents to supply data for a model. The details of each case were
obtained from a variety of informal sources, such as personal
recollections, air sampler logsheets, and heating/ventilation blue-
prints. None of these incidents resulted in injury or significant
radiation dose to any personnel or in a release to the environment.
Since these case incidents occurred in actinlde materials handling
facilities, the resulting model applies only to airborne particulate
actinides, as opposed to gases and fission products.

II. The Dispersion Model

Only data from incidents in actinide materials facilities at
SRP operating under the multiple-air-zcne concept are used in the
model. The data are taken from reliable measurements of airborne
activity concentrations recorded soon after these incidents. Kow-
ever, the model should be regarded as an order-of-magnitude method
for estimating the consequences of an accidental release of partic-
ulate activity, since its precision has not been evaluated.

Discussion

In each of the incidents used to develop the model, the air-
borne particles tended to migrate upstream against the prevailing
flow of ventilation air. It Is this apparently anomalous behavior
that makes theoretical calculation of this phenomenon difficult and
potentially ineffective. Consequently, an empirical model based on
actual incidents was considered the more practical approach. The
following are suggested mechanisms for the observed upstream
migration:

* In the multiple-air-zone concept, ventilation air flows from
clean areas through areas of Increasing potential for radioactive
contamination.
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eddy currents,
leaks of ventilation air through barriers
movement of personnel during the incident
low ventilation air flow
temperature gradients

Some of the incidents used in the model illustrate situations where
one or more of these mechanisms have been identified as a principal
factor in a given release.

The model does not depend on the mechanism of a release or on
the energy involved in causing the release. Although the input
incidents involve only low-energy events, the model may be appli-
cable to some high-energy events* if the following assumptions are
acceptable.

• Since the lifetime of a shock wave from a high-energy event is
much shorter than the sampling time for airborne activity, the
temporary effect of the shock wave is not considered.

• Missiles tend to travel in a straight line, and their effect on
migration of the lighter airborne particulates from the room is
negligible.

• The spread of airborne activity beyond the immediate area (to
other rooms or corridors) is independent of the amount of force
causing the initial release. On this basis, as long as the room
and cabinet ventilation systems are not damaged, the migration
from the room soon after the release is the same for a low-
energy release and a high-energy release.

The model is a set of ratios that describe, in terms of range
and magnitude, the spread of airborne activity, given that a
release occurs. Each ratio represents the maximum activity that
reaches a given point with time, since only the highest concentra-
tion measured at any point is used in the model.

Features

The specific features of this model are presented in Table 1
and are shown superimposed on a typical floor plan in Figure 1.
Each airborne activity value is normalized to the value from the
air sampler nearest to the release point, usually in the Operating
Room. Normalized values from SRP incidents are averaged to provide
the model values. Table 1 also shows the specific source incident
and position from which each input value was taken. The design
basis for the SRP facilities, on which this model is based, is
shown in Table 2 along with the operating ranges for the case
incidents.

* A high-energy event is defined as one with sufficient energy to
potentially destroy both the primary containment (vessel) and the
secondary containment (cabinet). A leak is an example of a low-
energy event.
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Table 1. Dispersion values.

Source of Activity Value
Position
Description

1.

2.

3.

4.

5.

6.

*
«*
t
tt

, Operating Room (OR)

Relative
Activity*

100

. Maintenance Room (MR) 800

Outside Single OR
Entry Door:

A. Low Air Plow

B. High Air Plow

Outside Airlock

Regulated Corridor

A. from 3A

B. from 3B

Nearby Room

A. from 3A

B. from 3B

415
250

1.4
0.58
0.7
2.7

0.005
0.005
0.01
0.004
0.022
0.048
0.1

<0.005
<0.01
0.015
<0.004
0
0.02
0

0.28
0.38

0.008
0.016

0.12
0.007

• 0.27
0.17

o.oooic;
0.006
0.004
0.006

Normalized to: Position 1 = 100
Average of Relative
Inferred Value; not
Calculated from:

incident
Number

-

3
5
7

1
1
4
9
2
2
3

10
11
12
2

I
5
11
12
12

1
6
6
9

1
6
8
8
6
8
8
9

Activity Values
shown on the figure

figure
Number

-

4
5
7

2
2
—
9

3

1
5
10
11
12

I
5
11
12
12

2
6

6
9

2
6
8
8
6
8
8
9

fositlon
Number

1

2
2
2

4
5
—
2

2

I
4
2
2
4
t
t
_
t
3

6

6
tt

tt
3

7
tt
1
1
tt
1
u4

Model
Value**

100

490

1.4

0.028

0.008

0.33

0.012

0.14

0.0040

(Figure 6, Position 2 or 3) x (Model Value,
Calculated from:
(Figure 8, Position 2 or 3) x (Model Value,

Position 3A or 3B)

Position 3A or 3B)
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Airlocks

Regulated
Corridors

Maintenance
Room

Process Cabinets

Operating
Room

Personnel Corridor

Circled numbers are
position numbers.

— • • = Air Flow Direction

Nearby
Room

Nearby
Room

Position Number Relative Airborne Activity

1
2
3A
3B
4
5A
5B
6A
6B

100
490
1.4
0.028
0.008
0.33
0.012
0.14
0.0040

FIGURE 1. Dispersion Model
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The data indicate that undirected releases from these SRP
facilities distribute unequally between the Maintenance Room (MR)
and the Operating Room (OR). The ratio is almost 5 to 1. This
rather high ratio indicates that, due to the design of SRP
cabinets, non-directional events would be vented more to the MR
(Position 2) than to the more-frequently-occupied OR (Position 1).

The entry to the OR is an important barrier to the spread of
airborne activity. The model gives two different options for
Position 3, depending on the efficiency of this barrier. Position
3A represents a relatively inefficient barrier, such as a single
door with a low pressure differential, louvers in the door, and/or
openings around the door. Position 3B represents an efficient
single door or an airlock, i.e. two doors with an air supply
between them. Therefore, Figure 1 shows three entries to the OR:
an airlock (3B), an efficient single door (3B), and an inefficient
single door (3A).

The concentration of airborne activity migrating down corri-
dors to nearby rooms is dependent on the value at Position 3.
Consequently, two values are given for Positions 5 and 6, using
data from appropriate incidents (hallway migrations) and either
Position 3A or 3B. (See Figure 1 and the footnotes to Table 1.)

In contrast to the data in Table 1 which involves both physi-
cal barriers and distance. Table 3 gives the effect of distance
only. These values are normalized and averaged values from inci-
dents (1, 6, 8) where several measurements were made in a room.

III. Accident Analysis

The quantity of radioactive material involved in an accidental
release is not predicted by the model. Such data must come from
other analyses. If the airborne activity at the monitor nearest
the release (Cx) is known, the airborne activity concentration
outside the operating room (C3g) is:

C3B =

The concentration at another position may be calculated from CL and
the appropriate ratio from the model.

IV. Basis for the Model

The model is based on the data available from incidents at SRP
that meet the following criteria:

• An event releasing significant airborne activity in particulate
form from a containment structure, such as a glovebox. (Note
that small releases become indistinguishable from background at
short distances from the release point.)

• A multiple-air-zone concept for ventilation of the area.

• Adequate instrumentation for data collection.
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Table 2. Pressure differentials for ventilation air.

AP (in H,0) Between
OR

0.

*

and

01 -

Corridor

0.1

Cabinet

0.7- 1.

0.8

and

0

OR MR

0.

and

01 -

*

OR

0.1Case Incidents:

Design Basis:

* Designed to maintain ventilation air flow toward areas of
increasing potential contamination on a once-through basis.
The ranges necessary to meet these bases at all points are
taken from the Case Incidents.

OR - Operating Room

MR - Maintenance Room

Table 3. Effect of distance on the concentration of airborne activity.

Source of Value
Distance from
Release, ft

0

12

15

21

Figure
Number

-

12

2
6

2
6
12

Incident
Number

-

12

1
6

1
6
12

Position
Number

-

2

2
2

3
3
3

Value

-

38

7
27

3.3
0.5
5.0

Model
Value*

100

HO

20

3

* Average value; one significant figure.
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Description of Air Samplers

Input data for the model was obtained mainly from air samplers
that measure room air activity by collecting samples of particu-
lates in the air. These samples are considered representative of
air present in the room and are converted to an average concentra-
tion for the time period of the sample.

Samples are collected by filtration or by impaction. The
filtration method draws air at 6 cfm through a fiberglass filter
paper. The impaction method draws air through an orifice and
impacts it on a planchet at 40 cfm. With the sample rate and
collection efficiency known, the collected sample is counted to
determine the concentration of activity present. Some filtration
and impactor samples are counted while being collected; these
counters are connected to a high-activity alarm system. These
devices are called constant air monitors (CAM).

Case Incidents

The twelve incidents used to form this model are listed in
Table 4 and are discussed individually below. In most cases, the
vicinity of the release was either unoccupied or occupied by
workers already wearing protective clothing and masks. Evacuation
of the work area and the surrounding areas prevented exposure of
other personnel. In no case was there a significant release of
radioactive material to the environment.

Glovebox Fire. An overheated piece of equipment started a
fire in a glovebox containing dry PuO2 and PuP^ powders. A plastic
bag melted on a bagport near the fire, releasing airborne Pu
activity to the room. Of the three entries to this room, the one
nearest the fire was apparently sealed so that no air or activity
moved past it, the one directly across the room was louvered for
air passage but air flow through it was practically nonexistent at
the time, and the door moat remote from the fire was solid (non-
louvered) with a small space underneath.

A simplified drawing, showing air flow directions and the
relative airborne activity concentrations taken from air sampler
and constant air monitor (CAM) data, is given in Figure 2. Air is
supplied directly to each room from ducts shown in Figure 2. Air
exhausts from the room through the glovebox, a chemical hood, and a
wall-mounted exhaust fan. The pressure differential between the
room and the glovebox is normally about 0.05 in. H2O.

Cabinet Fire. A fire started from an overheated piece of
equipment in a glove cabinet containing dry wastes contaminated
with plutonium. A cabinet glove burned, releasing airborne Pu
activity to Operating Room 1. Entry to this room is by a door from
Operating Room 2 (0R2) and by an airlock to a personnel corridor.
Constant Air Monitor (CAM) data, verified by impactor sampler data
500 ft3 of air), showed no detectable airborne activity in 0R2, in
the airlock, or in an adjacent control room. (Pressure differen-
tials for ventilation air at these doorways are maintained between
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Incident
Number

1

2

3

5

6

7

8

9

10

11

12

Figure
Number

2

3

4

5

6

7

8

9

10

11

12

Table 4. Incidents used In the model.

Incident Description

Overheated equipment'started fire in glovebox containing
Pu, bagport breached.

Overheated equipment in cabinet started fire, glove
breached.

Exhaust damper malfunctioned, cabinets pressurized.

Routine maintenance work, containment opened.

Cabinets pressurized during filter change.

Pressurized package of Pu scrap opened in a temporary hut.

Uncontrolled reaction in a scrap dissolver.

Release to regulated corridor from pressurized PuO2
container in storage room.

Undetected leak to cabinet sump under Pu scrap dissolver.

Air reversal in Np process area.

Pu cabinet glove failure.

Release from cabinet during removal of a container.
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X = Ventilation Air Supply Point
-». = Air Flow Direction

Air Flow Direction

100 Above glovebox

6.7 Across room from fire, 15 feet from 1

3.3 Far end of room, 15 feet from 2

1.4 Outside louvered door, 20 feet from 1

0.58 Outside solid door, door is 40 feet from 1

0.28 Adjacent clean room, 75 feet from 4 and 30 feet from 5

0,12 Far room, 20 feet from entry door; Door is ~45 feet from 6

FIGURE 2. Glovebox Fire (Incident 1)
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0.01 and 0.10 inches of H,0.) Pressures inside cabinets are main-
tained between 0. ? and l.ff inches of H,0 below the operating rooms.
Maintenance rooms (MR) behind the cabinets are maintained at 0.01
to 0.10 inches of H20 below the operating rooms.

A schematic drawing of this incident is shown in Figure 3.
Air locks in this area are about 8 ft x 8 ft x 8 ft with ventila-
tion air supplied from the ceiling. Doors are solid (not louvered)
with narrow spaces beneath. Air flows into an air lock from the
personnel corridor and then from the air lock into the operating
room. Air is also supplied to operating rooms through ceiling
diffusers and exits the rooms through wall-mounted grilles near the
floor. A relatively small amount of room air also exits through
the cabinets. 0R1 is about 40 ft long and 10 ft wide.

Damper Malfunction. Glove cabinets were pressurized briefly
when a mechanical malfunction occurred in a cabinet exhaust damper.
Airborne activity measurements showed that the activity on the
maintenance side (MR) of the line was 8.0 times that on the
operating side (OR). No activity was detected in the OR or MR
airlocks.* This incident is shown in Figure 4, and occurred In the
same facility as Incident Number 2. Cabinet air pressure in this
line is normally maintained between 0. ? and 1.0 inches of H20 below
the Operating Room air. The pressure differential between the
Operating Room and the Maintenance Room is maintained between 0.01
and 0.10 inches of H20; the Maintenance Room is at a lower pressure
so that any leakage of ventilation air goes from the Operating Room
to the Maintenance Room.

Routine Maintenance. This case is composed of data from three
typical maintenance jobs where containment was broken for the work,
and small airborne releases were recorded in the Maintenance Room.
The average airborne activity concentration in the MR airlock was
0. ?$ of the activity in the- MR. The average outside the MR airlock
entry was <0.015/S of the activity in the MR. The movement of
workers through the airlock may explain these relatively-high,
average-concentration ratios.

These jobs were performed on the same facility described in
Incidents 2 and 3, Figures 3 and 4.

Filter Change Error. Cabinet ventilation was accidentally
lost for about two minutes during routine filter change operations
in the cabinet exhaust treatment system. During this time the
pressure inside the cabinets was higher than the pressures In the
operating and maintenance room; the ventilation and room exhaust

* The OR1 airlock value Is calculated by:

i^ x
800
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FIGURE 3 . Cabinet Fire (Incident 2)
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FIGURE 4. Damper Malfunction (incident 3)
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systems were not affected by the maloperation of the cabinet
exhaust system. The cabinets are designed to allow some inleakage
from the operating and maintenance rooms into the cabinets. Loss
of the cabinet.ventilation caused an air reversal at these inleak-
age points, releasing partinulate contamination to both sides of
the cabinet. The airborne activity concentration in the MR wa§.
4.15 times that in the OR (see Figure 5). Airborne activity ^ s
not detected in the MR airlock; the concentration there was <0.01?
times the OR concentration. See Incident 2 for ventilation
details.

Pressurized Containment Hut. A temporary containment hut
was constructed in a regulated corridor near a scrap processing
facility. Air flow into this hut was 140 linear ft/min (1250 cfm)
from ventilators in the corridor ceiling. The hut was being used
to open, shipping packages "containing plutonium oxide scrap from
offsite, and the packages were not expected to be pressurized.
However, when one of the packages was opened, the contents (several
welded cans) were suddenly expelled from the container along with a
puff of aerosol (smoke). The operator felt a surge of pressure
against his protective suit. Seme of the airborne alpha activity
detected outside the hut may have escaped through a '6-in. flap in
the wall of the hut. A schematic drawing of this incident is shown
in Figure 6. Dimensions of the corridor are about 5 ft wide and
25 ft long. To extract adequate data from this incident, it was
necessary to use some values from portable air samplers.

Unexpected Reaction in a Scrap Dlssolver. An unusual reaction
occurred in a small scrap dissolver, probably because the scrap
contained traces of plutonium hydride. Although no process mate-
rial was observed outside the dissolver (on the cabinet floor), air
samples were taken in the maintenance and operating rooms. The
airborne activity concentration in the maintenance room was 2.5
times that in the operating room. The pressure inside this cabinet
is maintained about 0.9 inches of H20 below the operating room and
about 0.8 inches of H20 below the maintenance room. Pressure in
the maintenance room is about 0.1 inches of H20 below the pressure
in the operating room. No airborne activity was detected in any of
the airlocks (see Figure 7).

Release to Corridor. While operators in a storage room were
trying to loosen a stuck cap on a 238PuO2 container, an airborne
activity release occurred. Airborne activity was detected in the
regulated personnel corridor and some other process rooms, as shown
in Figure 8. Some other rooms may have been contaminated, but data
are not available. Typically, air flows at about 50 cfm, from this
regulated corridor into the process rooms where measurements were
made. This corridor is about '6 ft wide. Air is supplied to each
room in this area, but not to the regulated corridor. Air exhausts
from each process room through a room exhaust system.

Leak to Cabinet Sump. Corrosion caused a leak in a vessel
locate in a Zia?u scrap recovery facility consisting of several
gloved cabinets. This leak dripped into a cabinet sump under the
leaking vessel. The liquid-detector in the sump failed to alarm.
Airborne alpha activity spread from the cabinet to the operating
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FIGURE 5. Filter Change Error (Incident 5)
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HUT FLAP

7

Regulated
Corridor -•_Air Flow*

" Direction

Relative
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Position Activity Description of Position and Approximate Distances

Corridor outside hut, 3 feet from hut entrance

Far end of corridor, 15 feet from hut entrance

Far room, 22 feet from Position 1

1

2

3

100

27

0 .5

FIGURE 6. Pressurised Hut (incident 6)
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• = Air Flow

Position

1

2

Relative
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Activity

100

250

Description of Position

Operating Room

Maintenance Room

FIGURE 7. Unexpected Reaction in Scrap Dissolver (Incident 7)
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room and to the regulated corridor outside the entry door, as
in Figure 9. The release to the corridor was aided by low air flow
from the regulated corridor into the operating room and by openings
around the entry door. The widths of the operating room and the
regulated corridor are each about 5 feet. Activity was undetect-
able in nearby rooms.

Building Air Reversal. Malfunction of the building air-supply
fans caused an air reversal in a process area. Airborne activity
was released from facilities in one room and migrated through the
doorway into the regulated corridor as illustrated in Figure 10.
This door is solid (non-louvered) with small tolerances on each
side.

Glove Failure. Failure of a glove on the maintenance side of
a process cabinet released airborne Pu activity to the maintenance
room (MR). The activity migrated into the airlock adjoining the MR
entry door. The airlock is about 5 ft wide. Other distances and
air flow directions are shown on Figure 11. The entry to the MR
from the airlock is a single, nonlouvered door. No activity was
detected in a second airlock at the OR entry.

Release During Container Removal. As a product secondary
container was moved from a cabinet to the entry hood, airborne Pu
activity was released into the maintenance room (MR), apparently
because of low air flow into the entry hood. This activity
migrated to other regulated rooms and facilities in this building,
as shown in Figure 12, partly because of a ventilation air
inbalance in the building at the time. Subsequent helium leak
tests revealed a migration path through some electrical conduits
connecting some of the rooms. These paths were closed.

Ventilation air flows from the operating area (OR) to the
maintenance area (MR) through racks at each end of the process
line. The pressure differential is about 0.02 inches of H20. Air
exhausts from the maintenance area through filters below each cabi-
net on the maintenance side. There are airlocks at each entry;
each airlock has an air supply in the ceiling (see Figure 12).

V. Conclusions

It is concluded that the multiple-air-zone concept is an
effective method of controlling released airborne part'.culate
activity.

Since the model is based on average values from actual inci-
dents, it may provide a method for assessing the efficiency of
safety features in mitigating the consequences of incidents in
other facilities. Should airborne activity migrate substantially
more than predicted by the model, analysis should be made to deter-
mine why the multiple-air-zone concept, combined with physical
barriers, fails to provide effective containment.
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Personnel, Corridor

•--Down Up—

Process Room

•= Air Flow

Relative
Airborne

Position Activity Description of Position

100 Process room

0.022 Regulated corridor

FIGURE 10. Building Air Reversal (incident 10)
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OR MR

Process Cabinets'

= Air Flow

Relative
Airborne

Position Activity Description of Position and Distances

Maintenance Room, 5 feet from door

Regulated Airlock, 8 feet from 1

Adjacent Airlock, 20 feet from 2
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FIGURE 11. Glove Failure (Incident 11)

394



18th DOE NUCLEAR AIRBORNE WASTE MANAGEMENT AND AIR CLEANING CONFERENCE

»> = Air Flow

Relative
Airborne

Position Activity Description of Position and Distances

MR-1, over entry hood

MR-1 center, 12 feet from Position 1

MR-1 end, 21 feet from Position 1

MR-1 airlock, 8 feet from Position 1

OR-1 airlock, 12 feet from Position 4

Far airlock, 24 feet from Position 4

1

2

3

4

5

6

100

38

5.0

0 .1

0.02

<io-6

FIGURE 12. Release During Container Removal (Incident 12)
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DISCUSSION

ETTINGER: What was the range of dilution ratios for the various
release situations which provided the basis for the empirically
determined values? What is the error bar for the ratios? You quoted
one as 12,000 to 1. What range did you find in those 15 or so
incidences which were the basis for the empirical numbers?

PERKINS: There is a Table in the paper that shows the actual
numbers I averaged. The answer to the question is probably about a
factor of 2. Originally, the model was intended to give us the
answer within a factor of 10 for use in making a safety analysis on
a conservative basis. We were quite pleased,in instances that have
occurred since., that we appear to be much better than that, roughly a
factor of 2. That is a nice result when you are expecting something
that is to the nearest order of magnitude. If you want to do the
error bars mathematically, the base numbers that were averaged were
given in one of the Tables in the paper.

ORNBERG: What airflow rates did you have through the non-air-
locked personnel doors when they were opened? Do you have figures
for that?

PERKINS: There are some figures given in a Table in the
paper. They may not be entirely satisfactory, as what they give is
our average design rate. Ventilation is checked at the doorways to
see if airflow Is in the right direction, and that the doorways and
barriers have the correct pressure drops. I do not have actual air-
flow measurements at those r'oo-rwayŝ  so I can't give you a complete
answer. The pressure-drops and the design values are given in the
small Table in the paper and you may refer to that. Also in the paper,
there are distances and sizes of the rooms, and distances between
the doorways and the corridors, which may be of help.
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DYMENT: Is it possible to use the model -t'o predict the effects
of air change rate on operator exposure, i.e., would a high or low
air change rate benefit safety?

PERKINS; Certainly., it is agreed that a high air change rate
usually improves safety. However, I do not see how this model can
be used on this subject.

DORMAN: The Chairman said that in work with airlocks it had
been found that particles migrated against the prevailing air flow.
The back flow depends considerably on room and door design and the
mechanisms put forward by Dr. Perkins. He agreed with the author
that theoretical calculations were difficult and potentially
ineffective
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CLOSING REMARKS OF SESSION CHAIRMAN--DORMAN:

In our first paper, Mr. Kirchner from Rockwell described a
computer controlled in-situ monitoring system for in-place testing
and filter efficiency. Claims of increased accuracy, lower costs,
and reduced personnel exposures more than off-set the Increase in
equipment costs. John Ortiz, from Los Alamos, related to us his
work on using a laser particle size spectrometer to measure decontam-
ination factors as high as 109. This technique allows cost-effective
facility testing of multiple-stage systems without interruption of
production. Mr. Norman gave us the new regulations for filter testing
in Sweden and presented data on both HEPA and charcoal units currently
used. Bergman from Livermore commented on the interrelationships of
the DOP generators and the various techniques of size and size
distribution. He demonstrated that since the Laser and OWL give
different average sizes and size distributions, t^e photometer
responses might be expected to be different also. He indicated that
the OWL-penetrometer relationship might be best for penetration
measurements since they relate to the same physical responses.
Although no new techniques or procedures were given in the papers
presented, increased understanding and utilization of existing
testing methods resulted.
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Session 6

RECOVERY AND RETENTION OF AIRBORNE WASTES:
PROTOTYPE AND OPERATIONAL SYSTEMS

TUESDAY: August 14, 1984
CHAIRMEN: A.G. Croff

W.S. Groenier
Oak Ridge National
Laboratory

SELECTED OPERATING RESULTS OF THE PASSAT PROTOTYPE DISSOLVER OFF-GAS
CLEANING SYSTEM
J. Amend, J. Furrer, R. Kaempffer

TREATMENT OF THE OFF-GAS STREAM FROM THE HTR REPROCESSING HEAD-END
H. Barnert-Wiemer, B. Jurgens, H. Vijgen

TEST RESULTS FROM THE GA TECHNOLOGIES ENGINEERING-SCALE OFF-GAS
TREATMENT SYSTEM
D.D. Jensen, L.J. Olguin, R.G. Wilbourn

EXPERIENCE OF IODINE REMOVAL IN TOKAI REPROCESSING PLANT
K. Kikuchi, Y. Komo-ri, .K. Takeda

IODINE-129 PROCESS CONTROL MONITOR FOR EVAPORATOR OFF-GAS STREAMS
J.R. Burr, G.J. McManus

CONTINUOUS CHEMICAL COLD TRAPS FOR REPROCESSING OFF-GAS PURIFICATION
E. Henrich, U. Bauder, H.J. Steinhardt, W. Bumiller

DEVELOPMENT OF THE ELEX PROCESS FOR TRITIUM SEPARATION AT REPROCESSING
PLANTS
A. Bruggeman, L. Meynendonickx, C Parmentier, W.R.A. Goossens,
L.H. Baetsle

OPENING REMARKS OF SESSION CHAIRMAN CROFF:

Welcome to Session 6 of the l8th Airborne Waste Management and
Air Cleaning Conference.' The purpose of this session is to discuss
the practical aspects of cleaning radioactive and chemical species
from air streams in reprocessing plants. In particular, the seven
papers to be presented involve the results of either operating
engineering-scale equipment during development activities or, in the
case of one paper, experiences in an operating reprocessing plant.
The emphasis of the papers is on the performance of processes for
the removal of iodine, tritium, nitrogen oxides, carbon, and krypton,
with integrated systems having been used in most of the studies.
The practical aspects of particulate removal from air streams are
covered In other sessions of this Conference.
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SELECTED OPERATING RESULTS OF THE PASSAT

PROTOTYPE DISSOLVER OFFGAS CLEANING SYSTEM

J. Amend (KTB), J. Furrer, R. Kaempffer (LAF II)
Nuclear Research Center Karlsruhe

Federal Republic of Germany

Abstract

To test the HEPA filters and iodine soirption filters
developed for cleaning the dissolver offgases of a reprocessing
plant investigations were performed with iodine and nitrogen
dioxide containing offgases at the PASSAT prototype offgas cleaning
system. Corrosion caused by iodine in combination with water vapor
was found on the components of the offgas cleaning system made of
the materials Nos. 1.4541 and 1.4571 and the adhesive used for the
HEPA filters was found to resist inadequately nitrogen dioxide.

With a view to selecting suitable materials laboratory scale
tests were performed under conditions relevant to the plant. Among
a number of preselected materials the material No. 1.4563 was found
to be the pipe material suited for exposure to iodine containing
moist offgases. A material fabricated on the basis of silicone poly-
mer with temperature stabilizing additives proved to be a suited
adhesive for HEPA filters.

I. Introduction

When nuclear fuels are reprocessed according to the PUREX
process the dissolver offgas contains the volatile radionuclide io-
dine-129 as well as radioactive aerosols which must be retained in
the facility in order to protect the environment from harmful ef-
fects and to compile with the limits fixed by the Radiation Pro-
tection Commission /l/.

To test the retention techniques developed for this purpose
/2/ the PASSAT prototype test facility was built at the Karlsruhe
Nuclear Research Center which permits the performance of experi-
ments with simulated nitrogen dioxide carrying dissolver offgas and
iodine as well as aerosols fed simultaneously.

The facility has been operated since July 1978; ten test cam-
paigns of 55 weeks duration in total Thave been performed till nov.T.

The layout of the facility and the results of filter develop-
ment and remote handling technique were reported in detail at. the
16th and 17th DOE Nuclear Air Cleaning Conferences /3,4,5/.
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During the last two years work has been concentrated rather
on an inspection under aspects of process engineering of the whole
facility and of the filter components with simulated offgas contain-
ing iodine and nitrogen dioxide. Heavy corrosion of the pipework
material Nos. 1.4541 and 1.4571 was detected in the wet part of the
test facility as well as a lack of resistance of the adhesives used
in the HEPA filters.

In the following chapters the results will be reported which
have been obtained from special investigations into corrosion
caused by iodine and into the resistance to nitrogen dioxide of ad-
hesives used in HEPA filters.

II. Corrosion Caused by Iodine in the PASSAT Prototype
Dissolver Offgas Cleaning System

1. Corrosion Damage on the CrNi Steels

As a result of test operation performed in the PASSAT acility
with iodine carrying offgas, the pipework made from titanium-stabili-
zed, molybdenum-free material No. 1.4541 and the sensors made from
titanium-stabilized, molybdenum containing material No. 1.4571 under-
went substantial corrosive attack. The damage occurred exclusively
in the non-heated part of the pipework which had become wet by con-
densation, at a temperature of 30 "C upstream of the fiber pack mist
eliminator (Brink filter), and at the iodine feed line.

Figure 1 shows the block diagram of the PASSAT test facility
with iodine production and iodine feed systems.

In the dry part of the facility downstream of the heater W 3,
no corrosion was detected with the same material, but with a sub-
stantially reduced relative humidity of «10 % of iodine and water
vapor resulting from heating the gas flow to a temperature of 80 "C.

The conclusion to be drawn was that the corrosion had been
caused by iodine in combination with water saturated air.

The corrosion damage of the pipework was found after iodine;
loading tests had been performed. During the respective tests the
facility was operated for 60 hours with moistened air at a dew point
of 30°C. The offgss, volume flow rate 150 m3/h, was loaded with an
average amount of 1.1 g iodine/m3 ( •/*» 20 % ) . At the end of loading,
nitrogen dioxide was added to the gas flow for six hours up to a
concentration of 5 vol.%.

The corrosion phenomena had been particularly pronounced on
the welding seams and in the welded zones exposed to heat. At points
where corrosion products had deposited, local corrosion attacks in
the form of pitting corrosion were found by mere visual inspection
after the corrosion products had been removed.

Figure 2 is a photograph of iodine induced corrosion at an un-
heated pipe flange.
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In the corrosion products the alloy constituents of iron,
chromium, nickel, titanium, manganese and molbdenum used as mate-
rials for pipework and sensors were detected by X-ray fluorescence
anlyses in qualitative terms. Due to the high volatility of iodine
little iodine was contained in the dry residues, but a higher
amount in the wet residues.

On account of the danger of pipework fracture and failure of
the sensors, it was not possible to perform further investigations
involving iodine offgas in the facility. By cleaning of the damaged
pipework with pickling acid (18 - 20 mass % HNO3 + 2 - 3 mass % HF)
the corrosion products were completely eliminated and the progress
of pitting corrosion was stopped. The corroded isensors were replaced
by new ones.

For better assessment a damaged flange was cut off 10 cm above
its welding point and subject to metallographic examination. Accor-
ding to the results presented in /6/ no structural changes appeared
up to a distance of 4.5 mm from the welding seam. At greater distan-
ce considerable amounts of carbide precipitates were detected at the
grain boundary which suggests that the material had not undergone
proper heat treatment in the course of welding. However, pitting
corrosion was detected both in the zones with and without carbid pre-
cipitates .

Figure 3 is a photograph of pitting corrosion on the pipework
material No. 1.4541.

In the flange proper the precipitation lines reaching up to the
surface are determinant of corrosion attack.

Figure 4 shows the direction of corrosion attack at the pipe-
work flange.

2. Laboratory Corrosion Investigations at CrNi Steels under
the Conditions Prevailing in the Simulated Iodine Bearing
Dissolver Offgas

After the materials Nos. 1.4541 and 1.4571 used in the PASSAT
had been found to be non-resistant to corrosion when exposed to io-
dine bearing and moist offgas and only a limited number of indica-
tions of iodine induced corrosion had been found in the literature,
laboratory tests were performed with a view to selecting corrosion
resistant materials. The investigations had been organized in such
a way that they could provide an overview of the qualitative differ-
ences in the chemical resistance of some selected steels under the
operating conditions prevailing in PASSAT. The main requirement to
be fulfilled was an improved resistance to pitting corrosion as com-
pared with the materials previously used in the filter section.

2.1 Material Selection

The resistance of stainless CrNi steels to pitting corrosion depends
primarily on their chromium and molybdenum contents.
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To evaluate materials in terms of their resistance to pitting corro-
sion calculation of the active sum was introduced /?/ Which is made
up of the mass content of chromium and three times the mass content
of molybdenum according to the formula below

active sum = mass. % Cr +• 3 • mass. % Mo.

In conformity with this criterion of evalution and the addi-
tional requirement of a high resistance to corrosion in nitric acid
another four materials were selected for laboratory tests in addition
to those used in PASSAT.

Table 1 shows the chemical compositions, the active sums of
the materials selected for investigation and the filler metals used
for welding.

The Inconel 625 material is a nickel-base alloy, the other
five materials are fully austenitic steels, the materials Nos.
1.4541 and 1.4571 being stabilized with titanium.

2.2 Test Program

For the laboratory corrosion tests, specimens were taken from
series produced pipes and sheet metals, respectively, 20 mm x 50 mm
in size. These steels had been delivered in a cold strained, heat
treated (1050 °C - 1150 "C/air) and pickled condition. To realize
the technical conditions of use in PASSAT at the highest degree
possible the specimens were welded in addition with filler metals
made of a similar type and with higher alloy contents, respectively,
and pickled subsequently. The testing vessel chosen was a multi-
specimen apparatus made of quarts glass in which the steel specimens
to be tested simultaneously in the liquid and in the vapor phase.

Figure 5 is a schematic representation of the testing
equipment.

As iodine undergoes condensation at cold vessel walls the
equipment had to be well insulated and operated on the once-through
principle. The elemental iodine needed for offgas simulation was
produced in the reaction vessel proper, following the reaction

5 Nal + KI03 + 6 HNO3 —*» 3 I2t+ 3 H20 + 5 NaN03 + KN03.

However, to achieve aidequate iodine stripping from the acid
feed tank a temperature of at least 60 °C must be maintained,,

The initial substance, potassium iodate (KIO3), was supplied
together with the nitric acid which was replaced every 24 hours in
the stoichiometric amount required. The sodium iodide (Nal) was
added in a quasi-continuous mode into weak nitric acid solution
through a dropping funnel; the dropping liquid volume compensated
for the losses occurring in distillation.
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The gas stream introduced at 50 l/h flow rate into the tes-
ting vessel contained different amounts of nitrogen dioxide depen-
ding on the conditions of testing. As the iodine concentrations of
0o3 g I2/I offgas found in the iodine feed pipe of the test facil-
ity the tests were performed at the maximum iodine concentration
possible of 50 mg I2/I offgas. Two test series were performed to
take into account the different conditions in the iodine feed pipe
and in the pipework of the filter section *

2.3 Conduct of Tests and Results

Besides the determination by gravimetry of the corrosion rate
the specimens used were evaluated with the help of metallographic
transverse microsections and scanning electron microscopy, respec-
tively, and on the basis of deposition products formed.

2.3.1 Testing under the Conditions Prevailing in the Iodine
Feed Line

The first test series was performed under the conditions pre-
vailing in the iodine feed line; unlike the iodine concentration of
approximately 0.3 g iodine/1 offgas attained in the test facility,
only a reduced iodine concentration of 50 mg I2/I offgas at the
maximum could be set in the laboratory scale equipment for technical
reasons (iodine condensation). This corrosponds to a saturation with
iodine of -the offgas stream of about. 20 %. The vapor phase was sca-
venged with an offgas stream (air) of 50 l/h to which 5 vol% nitro-
gen dioxide had been added. The acid feed was 3 molar nitric acid.

To determine the influence of thermal treatment on the chemi-
cal resistance of the materials used non-treated, as-delivered sheet
metal specimen made from the material No. 1.4539 was placed into
the testing equipment in addition to the welded specimen. Inconel
625 and material No. 1.4563 were investigated in the form of a sheet
metal specimen only.

Table 2 shows the results of the test series during an exposu-
re obtained up to 150 h in the vapor phase above boiling nitric
acid.

The results show that under the prevailing conditions the mate-
rials having lower active sums of up to 23.6 mass % are attacked by
pitting corrosion. Within the period of testing there had been rup-
tures at some points of the specimen walls. The intensity of corro-
sion attack is evident also from a high corrosion rate.

Despite the condensate film permanently running down the
specimens corrosion products deposited at the molybdenum-free mate-
rials and became firmly attached to them.

Figure 6 is a photograph of material specimens after a dura-
tion of treatment of up to 150 h in the testing equipment under the
conditions enumerated.

404



18th DOE NUCLEAR AIRBORNE WASTE MANAGEMENT AND AIR CLEANING CONFERENCE

The steels with active sums greater than 23.6 mass % are not
attacked by pitting corrosion? this applies both to the welded mate-
rial specimen and to the untreated material specimens. Under both
conditions of pretreatment the same numerical values were found for
the corrosion rate.

2.3.2 Testing under fche Conditions Prevailing in the Offgas
Carrying Pipework

Another test series was performed under conditions similar to
those in the offgas carrying pipework in the wet part of the filter
section. On account of condensate formation at the pipe walls the
material specimens were placed into the liquid as well as into the
vapor phase. The iodine concentration was set at 2.5 mg I2/I offqas
(rlj = 20 % ) , the acid feed at 3.5 molar nitric acid. The nitrogen
dioxide content in the offgas stream (air) was set to 0.5 vol.%.

Only welded specimens were used in the tests; Inconel 625 was
not taken into account.

The results determined after a testing period of 150 h at
temperatures of 60 °C, in liquid and 40 "C in the vapor phase have
been entered in Table 3.

It appeared that especially the molybdenum-free material
specimens suspended in the vapor phase were damaged on the whole
surface by pitting corrosion whilst the material No. 1.4571 with
molybdenum as an alloy constituent exhibited but a few locations
affected by pitting corrosion. The materials Nos. 1.4539 and 1.4563
with active sums greater than 23.6 mass % are extremely resistant
to corrosion under these conditions. The surface of the specimens
is fre<» from deposited products.

Figure 7 is a picture by scanning electron microscopy of the
material specimens subject to pitting corrosion in the vapor phase.

No pitting corrosion is found on specimens immersed into the
liquid. The materials show nearly identical corrosion rates with an
average of 2.7 mg/m2h.

The fact that the steels immersed into the liquid was no lon-
ger attacked by pitting corrosion obviously depends on the acid feed
which under these conditions has an inhibiting effect on pitting
corrosion attack. Only little condensate had deposited on the speci-
mens suspended in the vapor phase so that the said effect did not
accur there.

2.3.3 Conclusion

It can be concluded from the comparison of the two test series
described in 2.3.1 and 2.3.2 that active sums of the materials used
of 23.6 mass % are necessary for the simulated composition of the
offgas to avoid the dangerous pitting corrosion.
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It was found for the specimens placed into the vapor phase
that with a reduced temperature of exposure of 40 "C and an iodine
concentration reduced to 2.5 mg I^/l offgas - the relative satura-
tion of the offgas stream containing iodine remained roughly con-
stant - the corrosion rates of all materials diminish in some cases.
However, the sensitivity to pitting corrosion of mainly the molyb-
denum-free materials continues to exist.

The uniform corrosion which takes place in the materials Nos.
1.4539 and 1.4563 resistant to pitting corrosion is without impor-
tance for the technical use of the materials in the PASSAT filter
section. These steels with a high CrNiMo content are suitable under
the tested conditions as material for the components in the PASSAT
filter section.

With a view to selecting one of these two corrosion resistant
materials as a material replacing the damaged PASSAT pipe section
transverse microsections were prepared of the welded steel speci-
mens which had stayed in the vapor space during the second test
series (2.3.2).

Figure 8 shows the enlarged pictures of the transverse micro-
sections. It can be seen from the pictures that, compared with the
basic material, the material No. 1.4563 possesses a fine crystal-
line boundary zone where the onset of intercrystalline corrosion
can be observed at some locations. It is supposed that the struc-
ture in the boundary zone underwent changes on account of non-obser-
vance of the welding code because small specimen sizes had been cho-
sen for the fabrication of welded specimens. Under the impact of
the simulated offgas these changes led to intercrystalline corro-
sion. In the material No. 1.4539 welded under the same difficult
conditions no damage whatsoever was detectable, neither in the
basic material nor in the welding seam.

Due to the slightly better welding behaviour but also on ac-
count of the price, which was about 15 % cheaper, the material 1.4539
was selected for the refabrication of pipework for the PASSAT fil-
ter section and the iodine feed pipe. The pipework was replaced in
autumn 1983; after fabrication it was treated in a pickling solu-
tion (18 - 20 % HNO3 + 2 - 3 vol.% HF).

2.3.4 Testing under the Conditions Prevailing in the Fuel
Dissolver simulator

Another test series was intended to clarify to which extent
the material No. 1.4539 selected for the pipework of the filter sec-
tion was suited, besides the material No. 14306 likewise under dis-
cussion, for the fuel dissolver simulator to be erected at PASSAT.
For the investigations likewise welded specimens made from the se-
lected materials were placed into the testing equipment described
and, under the same conditions as in previous experiments., tasted
simultaneously in the liquid phase and in the vapor phase.
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The acid feed was 7 molar boiling nitric acid which was re-
placed every 24 hours. The offgas volume flow rate 50 l/h, was
admixed 5 vol.% nitrogen dioxide. The amount of iodine feed corres-
ponded to 2.5 mg I2/I offgas.

The results obtained have been entered in Table 4.

Under the influence of the 7 molar boiling nitric acid and
the resulting higher nitric acid vapor content in the vapor space
pitting corrosion is more strongly inhibited as compared with the
results obtained before; on the other hand, uniform corrosion is
more pronounced in both testing media.

Pitting corrosion is still observed only on the molybdenuin-
free materials Nos. 1.4541 and 1.4306 suspended in the vapor space
which is evident also from the elevated corrosion rates of the speci-
mens as compared with the rates of the immersed specimens. A direct
comparison of the two materials under discussion has led to prefer-
ring the material No. 1.4539 to the material No. 1.4306 currently
used in nitric acid processing since there is the danger of attack
by pitting corrosion under the prevailing conditions. The corrosion
rate of about 52.3 mg/m^h of the material No. 1.4539 determinded is
of secondary importance under the conditions of technical use at
PASSAT. Also the metallographic micrographs of the material speci-
mens tested in liquid and in the vapor phase did not reveal draw-
backs associated with the recommended material No. 1.4539. The
grain 'boundaries of the specimen surfaces had been more bearily
attacked by the elevated corrosion rate. As a supplement, addition-
al microsections were prepared of the materials Nos. 1.4306 and
1.4563.

Figures 9, 10 and 11 show enlarged pictures of the microsec-
tions.

2.5 Evaluation of the Corrosion Tests

In a conclusive evaluation of the results obtained it must be
pointed out that the investigations performed were intended primari-
ly to allow an intercomparison with respect to the susceptibility
to pitting corrosion of the materials used in PASSAT and of the
materials selected for the investigations. Considering the short
time of exposure of 150 h at the maximum and the fact that repro-
ducibility has not been tested, quantitative statements particular-
ly on the corrosion rate, cannot be made. It is neither possible
with the test conditions chosen tc make a statement about the influ-
ence of corrosion enhancing metal ions, e.g., Cr6+. However, the
latter may play a role in the fuel dissrlver part with a view to
application of the selected materials in the offgas section of a re-
processing plant because recycled acid is used there. It is planned
to investigate in long-duration studies the influence exerted by
corrosion promoting metal ions on the chemical resistance of the
materials selected.
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III. Resistance to Nitrogen Dioxide of the Adhesive
Materials Used in the HEPA Filter

1. Experience Accumulated with the PASSAT Test Facility

A major element, in cleaning the dissolver offgas in a repro-
cessing plant consists in the retention of solid aerosols. To test
the respective separators, two HEPA filters have been installed in
the PASSAT filter section upstream and downstream, respectively, of
the iodine filters; see Fig. 1.

In the filter cells manufactured by industry the filter mate-
rial made of a glass mat and the spacers between filters made of
aluminium sheat metal are attached to the filter frame with an ad-
hesive consisting of a self-curing plastic, the requirement being
that an effective sealing must be achieved between the filtered and
the unfiltered air sides.

Figure 12 shows the layout of a filter cell.

The manufacturer describes the adhesive as a plastic material
on the basis of polyurethane with fire inhibiting additives.

During filter testing in the PASSAT filter section with nitro-
gen dioxide bearing exhaust air, performed with a view to determine
its suitability for the process, it appeared that the adhesive,
contrary to information supplied by the manufacturer, is decomposed
at an nitrogen dioxide concentration of 5 vol.% and an offgas tempe-
rature of 80 °C, both required in operation according to specifica-
tion. The adhesive used was converted into a low-viscosity decay
product with a fusion point of about 49 "C so that the fixation of
the filter material and of the spacers as well as the leak tight-
ness of the filter were no longer guaranteed.

Figure 13 shows the damaged HEPA filter after exposure to ni-
i r?iriYî ja namj'inn nffnac.trogen dioxide carrying offgas

As under the conditions jorevailing in the offgas section the
chemical resistance of the adhesive used constitutes the condition
for achieving the removal efficiencies required for the filters, la-
boratory tests were performed on other materials recommended by the
manufacturer with a view to selecting a suitable adhesive material.

2. Investigation into the Chemical Resistance to Nitrogen Dioxide
of Selected Filtfer Adhesives

For laboratory testing the adhesives were selected with the
following properties! taken into account:
- pore free, pourable material,
- chemical resistance to nitrogen dioxide (NO2) carrying offgases
with an content of up to 5 vol.% N02#

- temperature resistance up to at least 170 °C,
- adhesive contacts with the materials used for the filter components
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First, the filter manufacturer, on the basis of preliminary
tests, concluded that various; adhesive materials were suited to pro-
vide proper adhesive contacts between the materials used for the
filter components, and six materials were selected for chemical rs-
sistance testing in the laboratory. These were four plastic pro-
ducts on the basis of polyurethane with various fire inhibiting ad-
ditives, and two plastic products on the basis of silicone rubber
with and without temperature stabilizing additives (Fe2C>3), respec-
tively.

Of the materials to be tested specimens were cast of 20 mm x
20 mm size and after hardening in a glass flask exposed to a mix-
ture of air and 5 vol.% nitrogen dioxide. The sequence of testing
included an initial 24 hour test at room temperature («?"= 22 °C)
followed by a 48 hour test at an elevated temperature of 100 °C.
Only nitrogen dioxide resistcint specimens were taken over from the
first stage into the second stage of testing.

The test results obtained have been summarized in Table 5.

It appears from the test results that under the conditions of
testing both filter adhesives prepared on the basis of silicone rub-
ber are resistant up to a temperature of 170 °C whilst all adhe-
sives consisting of polyurethane decomposed as early as at room tem-
perature.

To fabricate new HEPA filters silicone rubber with additives
was used as adhesive on account of the better flowing properties.

In practical testing in PASSAT of PF.PA filters with silicone
rubber and temperature stabilizing additives as adhesive it appeared
that even with a nitrogen dioxide concentration temporarily increased
to 20 vol.% and a temperature raised to 170 °C at the same time the
selected adhesive was resistant for a period of four weeks. This
means that the HEPA filters installed upstream and downstream, re-
spectively, of the iodine filters can be operated at 150 °C, i.e.,
the reaction temperature required for iodine sorption. Consequent-
ly, drying and heating of the offgas can be performed in a single
step upstream of the HEPA filter. Thus, it was possible to simplify
the filter section.
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FIG. 1 BLOCK DIAGRAM OF THE PASSAT TEST FACILITY WITH IODINE

PRODUCTION AND IODINE FEED SYSTEMS

FIG. 2 CORROSION CAUSED BY IODINE AT A UNHEATED PIPE FLANGE
OF THE PASSAT FACILITY
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- • • * •

i J 100 |jm

FIG. 3 PITTING CORROSION ON THE PIPE MATERIAL DIN-NO. 1.4541
FROM THE PASSAT TEST FACILITY

FIG. 4 DIRECTION OF CORROSION ATTACK AT THE PIPE FLANGE MADE
OF MATERIAL DIN-NO. 1.4541 FROM THE PASSAT TEST
FACILITY
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NAI-SOLUTION

MIXING TUBE AIR + NO,

(30...50 1/h)

GAS-STATION

I D'D
HNO- + KIO,

SPECIMENS IN VAPOR

SPECIMENS IN
LIQUID

HEATING
BATH

REACTION VESSEL

NAOH-
SOLUTION

OFFGAS SCRUBBER

EXHAUST

FIG. 5 SCHEMATIC REPRESENTATION OF THE LABORATORY-SCALE
EQUIPMENT.

MATERIAL D I N - N O . :
DURATION OF
TREATMENT :

1.4306

•

1.4541

50 h

1.4571

150 h

•FIG. 6 PITTING CORROSION ON WELDED CrNi STEELS FOLLOWING
DIFFERENT DURATIONS OF TREATMENT IN A SIMULATED
DISSOLVER OFFGAS
(3 mol HNO3, air + 5 vol.% N02 + 50 mg I,/!)-
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DISSOLVER OFFGAS
(Duration of treatment 150 h. 3.5 mol HNO, <9 = 60 °C,
air + 0.5 vol.% N02 + 2.5 mg I2/D-

in
ms
m



18th DOE NUCLEAR AIRBORNE WASTE MANAGEMENT AND AIR CLEANING CONFERENCE

100

MATERIAL DIN-NO.: 1.4539

50 pm

1.4563

FIG. 8 TRANSVERSE MICROSECTION OF THE WELDED MATERIAL
SPECIMENS DIN-NOS. 1.4539 AND 1.4563 FOLLOWING
CORROSION IN A SIMULATED DISSOLVER OFFGAS
(Duration of treatment 150 h, 3.5 mol HNO,
a i r + 0 . 5 v o l . % N02 + 2 . 5 mg

- 60 ° C ,
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100 pm ., 100 ym

Liquid phase Vapor phase

F I G . 9 TRANSVERSE MICROSECTION OF THE WELDED MATERIAL
SPECIMEN DIN-NO. 1 .4539 FOLLOWING CORROSION IN
A SIMULATED DISSOLVER OFFGAS
(Duration of treatment 150 h, 7 mol boiling HNO,,
a i r + 5 vol.% N02 + 2.5.mg I 2 / l ) .
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iiirtliif

Liquid phase

100 (im

Vapor phase

100 jim

FIG. 10 TRANSVERSE MICROSECTION OF THE WELDED MATERIAL
SPECIMEN DIN-NO. 1.4306 FOLLOWING CORROSION IN
A SIMULATED DISSOLVER OFFGAS
(Duration of treatment 150 h, 7 mol boiling HNO_,
air + 5 vol.% N02 + 2.5 mg I2/l).
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wt

;••: > - .

100

Liquid phase Vapor phase

50 ym

F I G . 11 TRANSVERSE MICROSECTION OF THE WELDED MATERIAL
SPECIMEN DIN-NO. 1.4563 FOLLOWING CORROSION IN
A SIMULATED DISSOLVER OFFGAS
( D u r a t i o n of t r e a t m e n t 150 h , 7 mol b o i l i n g HNO,,
a i r + 5 v o l . % NO2 + 2 . 5 mg I / D
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FIG. 12 LAYOUT OF THE HEPA FILTER CELL

FIG. 13 DAMAGED HEPA FILTER FOLLOWING EXPOSURE TO NITROGEN
OXIDE CARRYING EXHAUST AIR
(air + 5 vol.% NO 2, <xf = 80 °C)

419



to

o

Material Ho.
(DIN)

1.454!

(X 10 CrNiTi 18 9)

1.4306

(X 2 CrNi 18 9)

1.4571

(X 10 CrNiMoTi 18 10)

1.4539

(X 2 CrNiMoCu 25 20 5

1.4563

(X 1 NiCrNoCu 31 27 4

Inconel

625

Manu-

facturer

KTB

WAX

KTB

Sandvik

)

Sandvik

)

Wiggin

Alloys

Filler
Metal

1.4316

Thermanit

3O/4OE

1.4530

2O.25.5L Ci

27.3I.4L C

Active.
Sum W
Mass %

18

19. 1

23.6

i 32.6

i 37

49

C

0.069

0.016

0.035

0.018

0.01

0,006

Co

Si

O.7S6

0.56

0.402

0.497

0.15

0.30

mpositii

Mn

1.49

1.12

1.76

1.667

0.67

0.05

an in V

P

0-025

0.026

0.038

0.016

0.014

0.005

lass %

S

0,014

0.021

0.007

0.004

0.003

0.006

Cr

17.64

18.28

16.65

19.4

26.9

21.8

Ni

9.390

10.26

10.40

24.77

32.2

62.3

Co

0.035

0.182

0.027

Me

0. 130

0.26

2.22

4.393

3.36'

9.05

Ti

0.445

0.414

0.2

R e m a r k

C o • 1 .4%

Cu = 1.03

Fe « 2.4X

Ta+Nb«3.7Z

TABLE 1: CHEMICAL COMPOSITION, ACTIVE SUM AND FILLER METALS OF THE MATERIALS INVESTIGATED
(W = mass % Cr + 3 - mass ss Mo).
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Material No.

(DIN)

1.4541

1.4306

1.4571

1.4539

1.4539
sheet metal

1.4563
sheet metal

Inconel 625
sheet metal

Corrosion Rate

mg/m • h

»

CO

500

7

2.3

1

3

Pitt ing
Corrosion

yes

yes

yes

no

no

no

no

Corrosion
Products
Deposited

yes

yes

no

no'

no

no

no

Remark

50 h treatment

50 h treatment

am treated

un treated

untreated

TABLE 2: CORROSION RATE AND EVALUATION OF WELDED CrNi STEELS
AFTER EXPOSURE IN IODINE CARRYING OFFGAS
(Duration of treatment 150 h, 3 mol boiling HNO,,
air + 5 vol% N0 + 50 mg I2/l).air + 5 vol.%

Material No

(DIN)

1.4541

T.43O6

1.4571

1.4539

1.4563

Corrosion Rate

mg/m

Liquid

2 . 3

2 . 6

2 . 9

3 . 0

2 . 7

• h

Vapor

897

111

2 . 3

0 . 7

0 . 3

Pitt ing

Liquid

no

no

no

no

no

Corrosion

Vapor

y e s

y e s

y e s

no

no

Remark

-

> no deposits

TABLE 3: CORROSION RATE AND EVALUATION OF WELDED CrNi STEELS
AFTER EXPOSURE IN SIMULATED DISSOLVER OFFGAS
(Duration of treatment 150 h, 3.5 mol HNO,
air + 0.5 vol.% NO., + 2.5 mg I./l). J

•9 = 60 °C
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Material No

(DIN)

1.4541

1.4306

1.4571

1.4539

1.4563

Corrosion Rate

mg/m

Liquid

30.3

27.4

73.2

52.3

22.4

• h

Vapor

119

59.7

90.4

42.0

13.9

Pitting

Liquid

no

no

no

no

no

Corrosion

Vapor

yes

yes

no

no

no

TABLE 4 : CORROSION RATE AND EVALUATION OF WELDED CrNi STEELS
AFTER EXPOSURE IN SIMULATED DISSOLVER OFFGAS
(Dura t ion of t r e a t m e n t 150 h , 7 mol b o i l i n g HNO,,
a i r + 5 vol .% N02 + 2 .5 mg I 2 / l ) .

Adhesive
(Trade Mark)

Manufacturer Chemical Resistance
in Air + 5 vol.% NO

at
Room
Temperature

Remark

Polyurethane

- with additive 1

- with additive 2

- with additive 3

- with additive 4

Silocone rubber

- with
additive Fe2°3

- without
additive

Delbag,
Berlin

no

no

no

yes

yes

yes

yes

yellowish
decay product

surface slightly
sticky

no change

TABLE 5: TEMPERATURE RESISTANCE AND CHEMICAL RESISTANCE OF
THE ADHESIVES INVESTIGATED.
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TREATMENT OF THE OFF-GAS STREAM FROM THE HTR
REPROCESSING HEAD-END

H. Barnert-Wiemer
B. J i i rgens
H. Vijgen

Kernf o r schungsan lage J i i l i ch GmbH
J i i l i c h , Fed. Rep. of Germany

Abstract

The AKUT II-facility (nominal throughput 10 m3/h, STP) for the
clean-up of the burner off-gas has been operated for 20 cold runs in
parallel to the JUPITER reprocessing head-end. Two of these runs were
continuous operation tests with a duration of 50 and 80 hours, respec-
tively. The facility met or exceeded all design specifications.

In a further test series the distillation column alone was run
with pure CO2 and two- and three-component gas mixtures to determine
the flooding curves and the stage height (HETP).

I. The composition of the Burner Off-Gas

The burner off-gas (Table 1) consists mainly of CO2 with varying
amounts of CO, N2,and O2 and impurities in the ppm-range of which I2,
Xe, Cs, part of the Kr, and T present in the form of tritiated water,
are fission products.

CO2 86 Vol%
CO 12 Vol%
N2 1,5 Voll
O2 0,5 Voll
Ar 500 ppm
H2O 300 ppm
Xe 42 ppm
Kr 18 ppm
SO2 2 ppm
CI2 2 ppm
12 1 PPm
Cs-Aerosols 50 mg/m3

Table 1: Typical composition of the burner off-gas

II. Description of the AKUT II-Facility

To clean up the burner off-gas the AKUT II-facility has been built
(1,2). The facility has been operated with off-gas from the JUPITER
reprocessing head-end (3) and with synthetic off-gas.'

The AKUT II-facility (nominal throughput 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 £ 100 bar) for the
enrichment and separation of the low boiling gases N2, 02, Ar, and Kr
(Figure 1).
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FIGURE 1
SCHEMATIC FLOWSHEET OF THE AKUT II-FACILITY

The low pressure section comprises electrostatic precipitators
(EF 1+2), HEPA-filters (FF 1+2), adsorption beds for I2 and CI2
(JA 1+2), SO2 (SA 1+2), and H2O (WA 1+2) and a recycle system with a
catalytic oxidizer (CTK 1) for the conversion of CO and O2 to CO2 (1).
The adsorption and catalyst materials and the operating conditions are
listed in Table 2.

The main component of the pretreated off-gas that reaches the
high pressure section is CO2, which contains S 0.5 % O2, 500 ppm Ar,
18 ppm Kr, and £ 10 % N2 which stems from air leaking into the burner.
Before being able to enrich Kr by a distillation step the other low
boiling gases N2, O2, and Ar need to be distilled off. Because of the
uncertainties in designing these columns (see chapter IV) it was
decided to first build only one distillation column and with the data
gained during the tests design a new complete system. The distillation
column (RK 1) was used to distill off N2, O2, and Ar during the runs
with JUPITER off-gas.
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AKUT II
Component

I2-Adsorber
(IA 1 + 2)

SO2-Adsorber
(SA 1 + 2)

Oxidizer
(CTK 1)

H2O-Adsorber
(WA 1 + 2)

B(

Volume

6.5

6.5

12

6.5

id

Height

[mm]

650

650

2x40

650

Ml

Name

AC 6120

Zeolon
900 Na

1922 K
(0.15% Pd)

3 A
Molecular

Sieve

terial

Manufacturer

Sud-Chemie,
Munchen

Norton,
Wesseling

Kali-Chemie,
Hannover

Merck.
Darmstadt

Pressure

[bar abs.;

1.4

1.3

1.2

1.2

Operatlo

Tempe-
rature

[°C]

25

25

250-650

25

II

Nominal
Gas

Velocitv
[m/s]

0.21

0.23

Space
Velocity:
12.5 m3

(STP)/lh

0.25

Pressure

[bar abs.;

-

1.1

1.1

Ragenerat

Tempe-
rature

[»CJ

-

250

250

on

Gas
Velocity

[m/s)

-

0.24

0.28

Table 2: AKUT II, adsorption and catalyst beds (1)

III. Tests with JUPITER Off-Gas

AKUT II was operated in parallel with the JUPITER head-end in
20 cold runs (1,4,5). In Table 3 the range of input and output concen-
trations is listed.

Tests
Throughput

.20

. 3.5 - 11 m3/h (STP)

Concentrations:

Input

CO2 40-99 %
CO 0-60%
O2 0-10%
H2O 200-15000 ppm
SO2 0,05-7 ppm

Effluent
Low Pressure Section

= 100%
«£5 ppm
=£0.5%

3 ppm
0.02 ppm

Effluent
Distillation Column

N, 0-10% <5ppm N2+02 in CO2 (Reboiler)
10-42 % N2+O2 in CO2 (Distillate)

Table 3: AKUT II, test conditions for JUPITER off-gas

It can be seen that the output concentrations for most components
are independent of the input concentrations, even though these varied
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in a wide range.

It was found, though, that the SO2 is adsorbed already on the
silver impregnated silica gel of the 12-adsorbers and not on the
Zeolon 900 as designed. While this fact does not disturb the process,
it encreases the cost for the replacement and storage of the iodine
loaded silica gel.

The only slight effluent variation was found in the oxygen concen-
tration behind the catalytic oxidizer. But since the oxidizer was
equipped with a computer aided control system, where off-gas through-
put, CO-, and 02-concentrations are measured and the necessary amount
of CO or O2 for a complete reaction to CO2 are determined, the catalytic
oxidizer system has shown a very rapid response to changes in input
conditions and has excellent load-following and turndown capapilities.
Figure 2 shows the 02-surplus for a stepwise change in CO input
concentration (the CO output cocentration is below the detection limit
of 5 ppm). The slight 02-peak after every change in CO-concentration
is due to the fact that the computer scans the analyser signals only
every 10 seconds. The peaks can be reduced by more frequent scanning.

FIGURE 2
RESONSE OF THE CATALYTIC OXIDIZER CONTROL SYSTEM TO CHANGES

IN INPUT CO-CONCENTRATION

The distillation column was also easy to control. The bottom
product was pure CO2 (the detection limit of the gas chromatograph
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for N2 + 02 + Ar is 5 ppm). The distillate concentration varied between
10 and 42 % N2 + 02 + Ar, depending on temperature and pressure and
distillate flow, which was controlled by a hand valve, since the
original automatic distillate withdrawel system was designed for the
much smaller distillate flow of the C02-Kr-system.

It can be noted that in the tests the AKUT II-facility met or
exceeded all design specifications. It was operated on automatic,
except for the distillate flow of the column. The two lonq duration,
tests of 50 h and 80 h respectively confirm the reliability of the
facility.

IV. Fluid Dynamic and Distillation Tests

Design of the Distillation Column

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 4 x 4 x 0.5 mm)
is 4.2 m. It is divided into four parts with liquid distributors
between them (2).

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 for pure CO2 with the empirical
equation given in Perry's Handbook (6) which is based on the work
of Sherwood et al. (7).

= function •* / —a (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.
Pl,g r gas and liquid densities, lb./cu. ft.
L = liquid-mass rate, lb./(sec.)(sq. ft.)
G = gas-mass rate, lb./(sec.)(sq. ft.)
\i± = liquid viscosity, centipoise

The decision to design the column for the rather low vapor
velocity of 50 % of the flooding velocity was based on the experience
at ORNL (8) where the measured flooding velocity for Goodloe packing
was only 50 % of the calculated flooding velocity.

The column was designed for the CO2-Kr~-system, but it was also
used for CO2-N2- and CO2-N2-Kr-tests (see following chapter). Figures
3 and 4 show the McCabe-Thiele-diagrams for the CO2-Kr-system and for
the CO2~N2-system for which logarithmic scales were used because of
the wide range of concentrations (9).

A problem was the assessment of the stage height. In literature a
HEPT value between 15 and 90 mm had been given for Goodloe packing (10)
which was at that time considered the best performing packing on the '
market. But at ORNL a HEPT value between 150 and 300 mm was found for
this packing (8). Because considerable problems also arose with the
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FIGURE 3
McCABE-THIELE-DIAGRAM
FOR THE SYSTEM CO -Kr
p = 40 bar
t = 10 °C
ntheor = 2 2

ICf6 Itf5 I t f * 1 0 * K J 2 ] Iff1

FIGURE 4
McCABE-THIELE-DIAGRAM
FOR THE SYSTEM CO--N
p = 5 0 bar^ ^
t = 15 °C
ntheor = 1 6

mounting of this packing, we decided to use wire spirals, even if th*Ls
meant a bigger stage height. Not knowing what stage height to expect,
we decided to make the column as long as possible. This resulted in
4.2 m of packing, which means a stage height of 214 mm in the case of
the CO2-Kr-system, where 22 stages are needed (Figure 3).

At five liquid distributors between the packing sections liquid
and gaseous samples can be withdrawn and temperature and pressure are
measured.

The column can be operated between - 30°C and + 30°C. The lower
limit is given by the temperature of the refrigerant and the upper
limit by the critical point of CO£ (31°C, 74 bar).

Determination of the flooding velocities

The flooding experiments were conducted with pure CO. In
Figure 5 the vapor velocities at the flooding points (up) at tempera-
tures between - 10°C and + 20°C for L/V £ 1 are shown. The calculated
curves are based on the graph of Sherwood et al. (6,7) where data from
numerous tests mostly in the air/water-system are correlated.

Figure 5 shows the unusually good agreement of calculated and
measured values. The mean error is always below 5.5 %.

This means that the calculated flooding velocity on which the
design of the column wae based was right and the column operates
at nominal throughput at 50 % of the flooding velocity.
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0.07

0,06

0,05

0.04.

0.03

0.02 I

l/V-1,00

L/V-1.W

UV-2,00

L/V-2,60

Calculated values
•Mi

(Sherwood)
O L/V = 1,0

L / V = 1,4 \ Measured
• L/ V= 2,0/ values
x L / V = 2,8

-10 -5 10 15 20

T t*Cl - •

FIGURE 5
VAPOR VELOCITIES AT FLOODING POINTS (UF) AS FUNCTION OF

TEMPERATURE AND L/V-RATIO FOR CO2

Distillation tests

The distillation tests were made with synthetic gas mixtures to
guarantee a constant composition of the feed.

In Table 4 the parameters varied during the tests and their range
are listed.

The measured concentration profiles in the column were compared
to profiles gained with a computer model of the column (11).

Figure 6 shows the calculated and measured concentration profile
of a CO2-N2-Kr-system distillation test, were the AKUT II column was
operated.as stripper column, which would be needed in the complete
AKUT II-facility to remove the low boiling components N2, O2, and Ar
prior to the final distillation step to separate CO2 and Kr. The
model fits the distillation process very well and is therefore suited
to be used in designing columns for the tested systems.
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Test
Number

1

2

3

4

5

6

7

8

9

10

11

CO,

CO,

CO,

CO,

CO,

CO,

CO,

CO,

C02

CO,

C02

System

- N ,

- N ,

- N ,

" N2

- N ,

" N2

- N 2

- Kr85

- Kr85

- Kr65

- N, -

Pressure

p
[bar]

55

55

55

55

50

50

40

45

40

35

Kr 50

Temperature

T
t°c]

19

19

19

19

14

14

5

10

5 '

0

14

Heating
Power

PH
[KW]

0,426

0,525

0,642

0,702

0,274

0,372

0,250

1,000

1,000

1,ono

0,530

Feed

P
[Nm3/hJ

9,5

9,3

11,0

10,0

11,0

11,0

11,0

0,0

0,0

0,0

15,0

Distillate

D
[Nra3/h]

2,5

2,5

1,5

'.5

0,5

0,5

0,5

0,0

0,0

0,0

1,0

L/V
Ratio

2,36

2,16

2,32

2,08

4,77

3,76

5,85

1 ,0

1,0

1,0

3,77

Vapor
Velocity

UD
[m/s]

0,011

0,014

0,017

0,018

0,008

0,010

0,008

0,030

0,032

0,036

0,015

Vapor
velocity

UD
[S of u F*]

52,1

61,1

77,1

80,4

46, 1

53,9

41,2

75,0

69,6

69,2

57,8

Stage
Height

HETP
[cm]

7,0

6,2

6.2

6,1

7,7'

8,0

6,1

6,7

7,6

7,9

8,0

Table 4: Distillation column, parametric tests
Range of concentrations: CO2-N2 : 1-5 % N2

CO2-Kr : 18 ppm Kr
CO2-N2-Kr : 2 % N2, 100 ppm Kr

*uF = Flooding velocity

It was found that in all tests the HEPT-value was 70 + 10 mm
(Table 4). In the tested ranges no dependence on gas mixture, concen-
tration, pressure, and temperature was found. Another positive
characteristic of the wire spiral packing is, that. HETP at a vapor
velocity between 40 and 80 % of the flooding velocity is independent
of the vapor velocity. Even a total immersion of the packing in
liquid CO2 before the distillation tests were started rendered no
different results, whereas for wire mesh rings a definite improvement
in efficiency was determined (12).

Compared to Goodloe packing (8) the efficiency of the wire
spirals tested in AKUT II is better by a factor of 2 - 4.

On the basis of the described test results the conceptual design
for the complete high pressure section of a AKUT II-facility with a
nominal throughput of 50 m3/h (STP), corresponding to a reprocessing
capacity of 1000 MWe, has been completed (11).
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FIGURE 6
COMPARISON OF CALCULATED (SOLID LINE) AND MEASURED (x,o) CONCENTRATION

PROFILES FOR A CO2-N2-Kr-SYSTEM DISTILLATION TEST (11)
Pressure : 50 bar
Number of stages : 52 .,
Throughput
Distillate

15 itC/h (STP)
1 m /h (STP)
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DISCUSSION

MONSON: What was the catalytic oxidlzer used to reduce
the oxygen? At what temperature does it operate? Do you inject
hydrogen to convert 32 to H20?

BARNERT-WIEMER: The catalyst is a Pd-catalyst with 0.15 wt % Pd
on AI2O3. The lowest operating temperature is 200°C. We operate it
usually at 250°C. If operated above -400°C no S0-2 p-oisoning occurs,
or if the poisoning has occurred at lower- temperatures the catalyst
is reactivated at 400°C. We do not convert 02 to H2O but we react
0 2 and CO to form C02-
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TEST RESULTS FROM THE GA TECHNOLOGIES ENGINEERING-SCALE
\ I OFF-GAS TREATMENT SYSTEM

D. D. Jensen, L. J. Olguin,
and R. G. Wilbourn

GA Technologies Inc.
San Diego, California

Abstract

Test results are available from the GA Technologies (GA) off-gas
treatment facilities using gas streams from both the graphite fuel
element burner system and from the spent fuel dissolver. The off-gas
system is part of a pilot plant for development of processes for
treating spent fuel from high temperature gas-cooled reactors (HTGRs).

One method for reducing the volume of HTGR fuel prior to reproc-
essing or spent fuel storage is to crush and burn the graphite fuel
elements. The burner off-gas (BOG) contains radioactive components,
principally H-3, C-14, Kr-85, 1-129, and Rn-220, as well as chemical
forms such as CO2, CO, O2, and SO2. The BOG system employs components
designed to remove these constituents. Test results are reported for
the iodine and SO2 adsorbers and the CO/HT oxidizer.

Silver-based iodine adsorbents were found to catalyze the prema-
ture conversion of CO to CO2. Subsequent tests showed that iodine
removal could not be performed downstream of the CO/HT oxidizer since
iodine in the BOG system rapidly deactivated the Pt-coated alumina CO
catalyst. Lead-exchanged zeolite (PbX) was found tc be an acceptable
alternative for removing iodine from BOG without CO conversion.

Intermittent and steady-state tests of the pilot-plant SO2
removal unit containing sodium-exchanged zeolite (NaX) demonstrated
that decontamination factors >100 could be maintained for up to 50 h.

Integrated testing of major BOG system components confirmed the
performance of units evaluated in individual tests. Design decontami-
nation and conversion factors were maintained for up to 72 h.

In a reprocessing flowsheet, the solid product from the burners
is dissolved in nitric or Thorex acid. The dissolver off-gas (DOG)
contains radioactive components H-3, Kr-85, 1-129, Rn-220 plus chemi-
cal forms such as nitrogen oxides (NOX). in the pilot-scale system at
GA, iodine is removed from the DOG by adsorption. Tests of iodine
removal have been conducted using either silver-exchanged mordenite
(AgZ) or AgNO3~impregnated silica gel (AC-6120). Although each sor-
bent performed well in the presence of NOX, the silica gel adsorbent
proved more efficient in silver utilization and, thus, more cost
effective.
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Introduction

Engineering-Scale Off-Gas Treatment System

GA has completed the design and installation of a (radioactively)
cold engineering-scale facility for the treatment of off-gases result-
ing from volume reduction or dissolution of spent fuel. Engineering-
scale component tests have been performed to simulate the treatment of
fission, activation, and decay products and nonradioactive gaseous
constituents.(1*2,3) m addition, integrated testing of major off-gas
components has been carried out to verify the overall arrangement and
operation of the system.

The GA off-gas treatment system, shown in Fig. 1, is designed to
process simulated radioactive or other noxious, volatile, and gaseous
constituents in fluidized-bed BOG streams specific to HTGR spent fuel
treatment. The GA off-gas treatment system also has the capability of
treating DOG streams common to several nuclear fuel cycles, e.g.,
HTGRs, light-water reactors, and liquid-metal fast-breeder reactors.
Gaseous fission products are released into the off-gas stream during
spent fuel treatment activities. It is necessary to remove most, or
perhaps all, of these radioactive species before releasing the gaseous
effluent into the environment. In addition, other gaseous components
in the off-gas stream, such as CO, SO2, and N0x» must be removed or
converted intc harmless molecular forms to prevent process or
environmental contamination.

DISSOLVED
OFF-GAS

(DOG)

IODINE
ADSORBER x

SCRUBBER

CONDENSER
AND

DEMISTER
x

CONVERTER

IODINE
ADSORBER

IODINE
BACKUP

BED

HEPA
FILTER 1 S02

ADSORBER

BURNER
OFF-GAS

(BOG)

ELECTRO-
STATIC

PRECIPITATOR

~1

SEMIVOLATILES
REMOVAL

TRITIUM
MOISTURE
ADSORBER

MOISTURE
ADSORBER

RADON
HOLDUP

BED

CO/HT
OXIOIZER

C02/Kr
ADSORBER

FUTURE ADDITION

ii
["KRYPTON

HEPA
FILTER

I [KRYPTON! r I
I J REMOVAL I C02

\ (KALO I I FIXATION
' 0 R N L !

\ (KALO I I FIXATION
I (ORNL) j I ' 0 R N L '

Fig. 1. Integrated GA DOG/BOG treatment system

The GA off-gas treatment system is divided into BOG and DOG sub-
systems. The BOG subsystem includes units for removal of iodine, SO2f

moisture (including tritiated water), radon, and CO2, and a CO/HT oxi-
dizer. The DOG subsystem includes units for removal of iodine, NO X,
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moisture, radon, CO2 and krypton. Future additions to the system will
include a semivolatiles (e.g., Cs, Sr, Ru) removal unit and an elec-
trostatic precipitator. In addition, Kr-85 removal (KALC process)?4)
and CO2 fixation investigated at Oak Ridge National Laboratory (ORNL)
will be incorporated.

The processes used in this engineering-scale system are based on
prior laboratory-scale development that has been performed 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
(CFRP), which is managed by ORNL for the DOE.

Burner Off-Gas Treatment

HTGR spent fuel volume reduction is the current focus of CFRP
off-gas work. The BOG stream resulting from the crush/burn process of
unirradiated HTGR fuel elements typically contains CO (0 to 0.6%), O2
(~0.2%), CO2 (~99%), and SO2 (<200 ppm). During burner startup and
off-balance conditions, incomplete combustion has been observed (i.e.,
CO = 3% to 5%, O 2 = 10% to 15%, CO2 = 80% to 87%). Iodine and other
radioactive gases and semivolatiles will be present in BOG stream.?
from irradiated fuel.

Several iodine adsorbents for the BOG stream were tested. Ini-
tial plans called for use of either AgZ or AC-6120 in the pilot-plant
tests. However, when simulated BOG streams containing iodine, CO, O2,
and CO2 were passed through the adsorption bed at 150°C, the silver-
based sorbents catalyzed the CO/O2 reaction, resulting in rapid tem-
perature excursions in the bed due to the exothermic nature of the
reaction (AHQ = -283.1 kJ/mole). In light of this finding, bench-
scale tests were carried out with an iodine sorbent positioned down-
stream of the Pt-alumina CO/HT oxiciizer catalyst. Test results (dis-
cussed below) showed that iodine rapidly poisoned the catalyst. Pbx
was then tested as an iodine adsorbent. Pbx was found to adequately
getter iodine without catalyzing the CO/O2 reaction.

Performance of the pilot-plant SO2 absorber was tested under both
steady-state and intermittent operating modes. Acceptable performance
was found for periods up to ~50 h.

Integrated testing of the iodine adsorber, SO2 adsorber, and
CO/HT oxidizer was initiated to verify overall system performance.
Results demonstrated that BOG streams can be adequately treated prior
to their release to the environment.

Dissolver Off-Gas Treatment

During HTGR fuel reprocessing, graphite blocks containing fuel
particles are crushed and then burned in a fluidized-bed burner.
Uranium carbide or oxycarbide present in the fuel is oxidized to U3O8
and subsequently dissolved in HNO3. The DOG stream, containing N2,
02/ NOx (predominantly NO and N O 2 ) , CO2r iodine, and other con-
stituents, passes through an iodine adsorption bed, NOX scrubber,
condenser/demister, and NOX converter. The iodine adsorber is posi-
tioned upstream of the NOX removal components since ~20% of iodine
volatilized in the dissolver would otherwise be held up in the NOX
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scrubber solution. In addition, significant amounts of iodine have
been observed to deposit in process piping and other system components
if not removed from the process stream. Iodine losses of this magni-
tude prevent collection at a single process control point and reduce
equipment life due to the formation of corrosive hypoiodous acid in
the presence of water vapor.

The NOX scrubber is designed to attenuate wide NO fluctuations,
such as those that occur during the dissolution of U3O8, and to limit
N0 x concentrations to 1% of total flow at the N0 x converter inlet.(5)
The scrubber contains a nickel-bearing mesh that can retain NO on its
surface long enough for the NO to be oxidized to NO2. The NO2 reacts
with itself to form N2O4, which easily dissolves in water. As the
water is recirculated, the dissolved N2O4 is converted to HNO2 and
HNO3.

The N0x converter uses NH3 to reduce NOX to N2 and H2O. Under
normal operating conditions, the converter can handle a maximum NOX
inlet concentration of 1%.

Iodine adsorption tests were carried out in the pilot-plant
iodine adsorption unit using either AgZ or AC-6120 as the sorbent.
The objective of this work was to establish iodine decontamination
factors (DFs) in the presence of N0x and select the optimum sorbent.

Burner Off-Gas Treatment
Experimental Method

Figure 2 is a schematic of the major BOG treatment subsystem
components included in current testing. The subsystem is designed to
process 566 1/m (20 scfm) of simulated or actual BOG. The individual
components are described in the following sections.
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Fig. 2. BOG system components included in current tests
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Iodine Adsorber .

After being heated to 150°C in a preheater, the BOG stream
containing iodine or CH3I passes through an iodine adsorption bed.
Depending on the material, the sorption process can be predominantly
chemisorption, as with AgZ sorbent, or physisorption, as with PbX sor-
bent. The adsorber vessel is 211 mm (8.3 in.) in diameter by 60 mm
(24 in.) deep. It is fabricated from 219 mm outside diameter (o.d.)
and 3.8 mm wall thickness (8-in. Schedule 10S) 316L stainless-steel
pipe with pipe end caps. Normal operating conditions are 150°C and
151 kPa (7.3 psig).

SO2 Adsorber

Depending on the graphite and pitches used in the fuel blocks,
the BOG stream will carry <200 ppm SO2, which will be removed by the
SO2 adsorber. This bed is 346 mm (13.6 in.) in diameter by 457 mm
(18 in.) deep, packed with 3.2 mm (1/8-in.) extrudate of Norton Zeolon
900 (sodium form) adsorbent. The vessel is fabricated from 356 mm
o.d. and 4.8 mm wall thickness (14-in. Schedule 10S) 316L stainless-
steel pipe with pipe end caps. The normal operating conditions are
50°C at 150 kPa (7.0 psig).

CO/HT Oxidizer

After being heated to 350°C in a preheater, the BOG stream enters
the CO/HT oxidizer. Reaction occurs in a shallow bed of noble-metal-
impregnated alumina catalyst. The degree of CO conversion is con-
trolled by the catalyst loading in each segment. Each percent of CO
reacted in the bed raises the exit gas stream temperature ~82°C in an
adiabatic condition (in the concentration range considered in the BOG
system). The exhaust stream from the bed is cooled to 350°C in an
interstage air cooler, if needed, and enters the next stage catalyst
bed. Reaction in any one stage is limited to 15% CO by the catalyst
loading. The oxidizer contains six stages, permitting conversion of
peak CO concentrations of 30% without any dilution of the stream. The
effluent from the last catalyst bed contains ~1% of the CO concentra-
tion (DF of 100) in the oxidizer feed stream.

The oxidizer is fabricated from 152-mm (6-in. Schedule 40S) 304
stainless-steel pipe divided into six segments of catalyst bed with
an interstage cooler (heat exchanger) between stages. Each catalyst
bed is 152 mm (6 in.) in diameter by 178 mm (7 in.) deep, except
the last segment, which is 350 mm (14 in.) deep. The oxidizer uses
Pt-impregnated alumina catalyst. The bed operating temperature range
is 350° to 700°C. Gas sample ports are provided on each segment.

Control and Safety Features

A Diogenes analog-digital process controller (Rosemount, Inc.)
provides automatic control of all essential system operations. These
include control of inlet gas flows, inlet sample gas concentration
levels, cooling water and air flows, and electric heater power, among
other parameters. A Hewlett-Packard 9825B desktop computer is inte-
grated with Diogenes and Hewlett-Packard system voltmeters and scan-
ners to allow monitoring of all necessary system flows, temperatures,
pressures, and gas compositions. Continuous monitors and alarms are
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provided for toxic and/or explosive gas mixtures, heater outlet tem-
peratures, essential gas supplies, and heat exchanger outlet tempera-
tures. Relief valves are included in both the BOG and DOG lines to
ensure that the system pressure does not exceed 23R kPa (20 psig).

Gas Analyzer System

The system is designed to continuously analyze/monitor the com-
bined off-gas at various process points for concentrations of the dif-
ferent component gases. Determinations are made for O2, CO2, CO, SO2,
iodine, and other gases. The analyzer system consists of a panel-
mounted assembly of separate gas analyzer instruments. These ana-
lyzers are selectively valved into the various process points through
electrically operated solenoid valves on the panel.

The Beckman 864 infrared analyzer determines the concentration of
CO and CO2 in the flowing gas mixture. The analysis is based on a
differential measurement of infrared energy adsorption between the
sample and a reference. Each analyzer has three selectable concentra-
tion ranges available. Meter readout is generally nonlinear, requir-
ing a calibration curve for conversion to correct concentration
values. However, for the normal operating range selected for each
analyzer, an internal output-linearizer accessory has been included
for direct, linear readout on the meter. The combined off-gas system
utilizes six Beckman 864 analyzers for CO and CO2 determination. A
Beckman 865 infrared analyzer, functionally the same as the Beckman
864, is used to measure SO2.

The Beckman 755 analyzer determines oxygen content of a flowing
gas sample based on measurement of magnetic susceptibility. Oxygen is
strongly paramagnetic, whereas essentially all other common gases are
weakly diamagnetic.

Iodine is monitored with a Mast Model 724 iodine analyzer. The
sensing element is a microcoulomb sensor. A chemical solution is
metered into the sensor over an electrode that is also exposed to the
sample gas. A bias voltage is maintained across the cathode and
anode, resulting in a microampere current output that is proportional
to the iodine present. Concentrations up to 10 ppm can be monitored.

Simulated Feed Gas Preparation System

Simulated off-gas mixtures are created in a gas-blending console.
The individual component streams are metered in 6.35- or 12.7-mm (1/4-
or 3,/2-in.) diameter lines and tapped into the main 50.8-mm (2-in.)
BOG line.

Individual gas supplies are available for N2, CO2, CO, O2, SO2,
NO, NO2, NH3, I2, H2O, and krypton. The N2, CO2, and O2 supplies are
obtained from storage tanks containing the liquefied gas. The CO,
SO2# NO, NO2, NH3, and krypton are supplied from pressurized gas
cylinders.

Brooks thermal mass flow controllers are used to regulate the
flow rate of O2, SO2, NO, NO2, NH3, and krypton. The controllers
maintain a preset flow to within ±1.0% of full-scale reading when mea-
suring the gas at operating conditions of 21° ± 12°C and 172 ± 103 kPa
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(25 ± 15 psia). The N2 and CO2 supplies are controlled with
Masoneilan air-actuated flow-control valves in series with Brooks
rotameters. The flow rates of CO, 02l SO2, NO, NO2, and krypton are
manually controlled with local control potentiometers. The flow rates
of N2, CO2, NH3 and the CO/HT oxidizer interstage O2 are automatically
controlled by an analog-digital process control system.

Test Description

CO/HT Oxidizer. Figure 3 shows the bench-scale apparatus used to
determine the effects of iodine poisoning on the Pt-coated alumina
catalyst present in the CO/HT oxidizer. Table 1 shows the operating
conditions for the three tests performed. Simulant gases were accu-
rately metered with calibrated mass flowmeters prior to mixing. A
bypass route to vent allowed adjustment of the system pressure. The
bench-scale CO/HT oxidizer was fabricated from 114 mm (4.5 in.) long,
12.7 mm (0.5 in.) inside diameter (i.d.) stainless steel pipe. The
oxidizer bed was charged with ~10 g of Pt-coated alumina catalyst
spheres. The oxidizer inlet and outlet gas streams were continuously
monitored for iodine using the Mast iodine analyzer. Two thermo-
couples were provided for measuring inlet and outlet internal bed tem-
peratures. A third thermocouple measured the outer wall temperature
at mid-reactor length. A gas chromatograph was used to measure the
extent of CO conversion. Decreases in CO conversion indicated iodine
poisoning of the catalyst.

HEATER
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C02 BROOKS CO OXIDIZER

CATALYST BED

IODINE
GENERATOR

200-300°C

MAST
IODINE

ANALYZER

COLD
TRAP

P^
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CHROMATOGRAPH

VENT

P i g . 3 . Bench-sca le CO o x i d i z e r a p p a r a t u s

r
VENT

SO? Sorption Bed. Tests of SO2 sorption capacity were performed
under both intermittent and steady-state coiditions. A simulated BOG
stream containing ~200 ppm SO2 in CO2 was passed through the unit at
566 1/m (20 scfm). The bed was operated in the range of 25° to 60°C.
The experimental data recorded during the tests included voltage sig-
nals from thermocouples, differential pressure indicators, flow trans-
ducers, and the on-line SO2 infrared analyzer. The Diogenes process
controller unit was used to set/control operating parameters, and a
computer program was used to record selected data at predetermined
time intervals. Data from the intermittent tests were obtained by
operating the system 8 h per day until the bed was fully saturated.
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Steady-state results were derived from continuous operation tests
lasting up to 100 h.

TABLE 1
BENCH-SCALE OXTDIZER TEST CONDITIONS

Test No.

1

2

3

Integrated

Gas Flowrates
(cc/rain)

CO 2

3990

3990

3920

Testing.

CO

5

5

40

02

5

5

40

The performance

Inlet
12
(ppm)

8

7

3

of a number

Outlet
Temp.
(°C)

220

450

316

of majot cc
nents of the off-gas system was verified by integral tests with simu-
lated BOG streams. Components included in integrated testing to date
are the iodine bed preheater, iodine sorption bed, SO2 sorption bed,
CO/HT oxidizer preheater, and CO/HT oxidizer. Table 2 summarizes the
simulated off-gas composition used. Note that "spikes" of CO and O2
v/ere intermittently introduced into the gas stream. This was used to
simulate a phenomenon of CO and O2 spikes seen during burner startup
or off-normal operation. Process instrumentation and control for
these tests have been described above.

TABLE 2
SIMULATED OFF-GAS COMPOSITION IN

INTEGRATED BOG SYSTEM TESTS

Component

C02

CO

O2

302

12
Mixture

Flowrate

555

6(a)

3(a)

0.11

2(b)

566

%

98.4

1.06

0.53

(200 ppm)

(9 ppm)

100

(a)Including "spikes" of CO = 30
1/m and O2 = 15 1/m for 15 min.

* 'Approximate CO2 flow through
iodine generator.

Results

CO Oxidizer. Figure 4 shows the percent of CO conversion to CO2
on the Pt-coated alumina catalyst as a function of iodine contact time
for these test conditions. Test 1 at 220°C demonstrated that low con-
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centrations (8 ppm) of iodine will inhibit the catalytic conversion of
CO to CO2. The CO conversion was verified to be 100% complete prior
to injection of iodine and decreased to 23% conversion following 2.5 h
of iodine contact at 220°C. Apparently platinum tetraiodide (Ptl4)
forms at temperatures above 200°C.(6) platinum triiodide (Ptl3) is
formed at 350° to 400°C. Platinum diiodide (Ptl2) is also formed at
350°C and remains a stable compound up to 1400°C. It is believed that
a combination of these platinum iodide compounds formed on the cata-
lyst surface, reducing the number of potential active sites. Visual
examination of the poisoned catalyst revealed a dark solid on the sur-
face that is indicative of Ptl2, Ptl3, and Ptl4,

- O TEST1: 220°C
TEST 2: 450°C

-Q- TEST 3: 316°C

1.5 2.0

IODINE CONTACT TIME (H)

Fig. 4. CO conversion on Pt-coated alumina catalysts as a
function of iodine contact time

The second experiment wafe conducted at 450°C to determine if
higher bed temperatures affect the formation of platinum iodides.
Iodine poisoning occurred at nearly the same rate as it did at 220°C.
The poisoned catalyst material again had a dark black appearance.

In the final experiment, the concentrations of CO and O2 in CO2
were increased from 0.13% to 0.97%, and the iodine concentration was
reduced from 7 to 3 ppm. The CO conversion rate decreased more rap-
idly than in the previous experiments. The internal bed temperature
was monitored prior to iodine injection and was found to increase 96°C
(220° to 316°C) due to the exothermic heat of reaction. As iodine was
introduced, a sudden drop in the bed temperature was observed, indi-
cating that less CO was reacting. The bed temperature stabilized at
232°C. As in the pr ; tous tests, the inlet and outlet concentrations
of iodine varied less than 1 ppm during the course of the run.

As a consequence of this work, it was decided to retain the ref-
erence BOG treatment flowsheet incorporating iodine removal upstream
of the CO oxidizer. However, Pbx was substituted for catalytically
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active silver-based catalyst in bench-scale tests to ascertain if it,
too, catalyzed the CO/O2 reaction. Although the ratio of chemisorbed
to physisorbed iodine is much lower for PbX (0.17) than AgZ (1.59)<7)
(making PbX an unsuitable medium for the long-term disposal of 1-129) ,
PbX did effectively remove iodine from the BOG stream without result-
ing in any apparent oxidation of CO. Thus PbX was used in the pilot
plant iodine adsorber during integral testing of the system.

SO9 Adsorber. Figure 5 shows plots of C/C(j versus time for SO2
sorption in the pilot-plant unit. Results for both a summed series of
8-h teats and a steady state run (100 h) are shown. Table 3 summa-
rizes the test conditions, the calculated length of the mass transfer
zone (LMTZ), and the dynamic equilibrium adsorption coefficient
(DEAC).d) With continuous operation, SO2 broke through the bed after
~50 h. With intermittent operation, breakthrough occurred after
~30 h. Since the off-gas system will operate continuously during
burner operation, the SO2 DF of 100 can be maintained for up to ~50 h
at the maximum expected SO2 concentration of 200 ppm.
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Fig. 5. Plot of C/CQ versus time for SO., sorption
in pilot plant unit

Integrated Testing. Intermittent and steady-state tests were
performed in the integrated BOG system using simulated off-gas. A
series of 8-h tests was run under uniform conditions to verify overall
system performance. This was followed by a continuous 72-h test. All
major components of the system performed satisfactorily. Target
decontamination factors for iodine (1000) and SO2 (100) and conversion
factors for CO (100) were met. The CO oxidizer easily processed all
CO/O2 transients, with CO conversion factors of >1000 for all tests.

Two unexpected results were noted when monitoring system perform-
ance. The high concentration of CO2 in the BOG stream produced a
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large background signal for the SO2 analyzer, often representing up to
80% of the total signal. It may be necessary to select an alternative
region of SO2 infrared absorption spectrum that is not as strongly
affected by the concomitant CO2 absorption, in addition, up to 25% of
the CO entering the CO/HT oxidizer preheater was converted to CO2
prior to entering the oxidizer. This makes control of process temper-
atures difficult under conditions of varying BOG composition. A pos-
sible remedy is the use of a silver-based catalyst in the oxidizer,
which was found to effectively catalyze the CO/O2 reaction at 150°C.
A lower CO oxidizer operating temperature would require a lower pre-
heater temperature, with an accompanying lessening of premature CO
oxidation. These two problems are amenable to remedy and in no way
detract from the overall performance of the BOG system.

TABLE 3
OPERATING CONDITIONS AND SUMMARY RESULTS OF SO2 PILOT-PLANT

ADSORPTION TESTS

Bed material [3.17 mm (0.125 in.) extrudate]

Bed length [m (ft-.)]

Carrier gas

SO2 concentration (ppm)

Bed temperature (°C)

Length mass transfer zone [m (ft)]

Intermittent

Steady state

Dynamic equilibrium adsorption (mg/g - adsorbent)

Intermittent

Steady state

Conclusions

1. Low iodine concentrations (3 ppm) severely inhibit the con-
version of CO to CO2 by Pt-based catalysts within the recom-
mended operational temperature range of the CO/HT oxidizer.

2. Catalyst poisoning is caused by surface formation of
platinum iodides, which remain stable solid compounds up to
1400°C.

3. More efficient SO2 removal is attained under equilibrium
operating conditions versus intermittent operation. This is
supported by calculations of a relatively shorter LMTZ and a
larger DEAC for the continuous test.

4. A DF of ~100 (i.e., the SO2 bed design operating criterion)
is achievable for at least 50 h of continuous BOG operation.

5. Integrated testing of major BOG components using simulated
off-gas demonstrated that design decontamination and conver-
sion factors can be maintained for acceptable periods of
time (up to 50 h of continuous operation).
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Dissolver Off-Gas Treatment
Experimental Method

Figure 6 is a schematic of the dissolver/iodine removal/NOx
removal subsystem.. This subsystem, like others in the off-gas system,
can De isolated to allow independent testing. The dissolver/iodine
removal components of the NOX removal subsystem are described in the
following sections.

Fig. 6.

BRAIN

DOG dissolver/iodine removal/NO removal subsystem

Dissolver

Tests were conducted using a 0.5 m diameter prototype-scale dis-
solver system. The dissolver vessel is equipped wi'h four airlift
recirculator tubes, dip legs for measuring specific gravity and weight
factor, gas sparge, and heating and cooling jackets. A removable
steam jet is available for slurry transport. A Sharpies P-850 Super-
D-Canter vertical centrifuge is used to separate the mother liquor
from any solids left after dissolution. Solids are dropped from the
centrifuge into a repulp tank and dryer system, while liquid product
is transferred to a 1135-1 product tank. Equipment is remotely oper-
ated using the Diogenes controller.

DOG Iodine Adsorber

The DOG system iodine adsorber vessel is fabricated from 219 mm
outside diameter (o.d.) (8-in. Schedule 10S), 316L stainless steel
pipe. Sorbent material is loaded into the adsorber vessel through a
top blind flange and discharged through the same opening using vacuum
suction. A 114 mm o.d. (4-in. Schedule 10S) inspection port with a
blind flange cover is located near the lower end of the vessel. An
internal wire mesh screen assembly is used to support the bed mate-
rial. A wire mesh basket assembly, positioned on top of the bed,
allows sampling of the sorbent and also fixes the loose material in
place. The adsorber has an overall length of 137 mm (54 in.) and a
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bed height of 91 mm (36 in.). Five wall penetrations are provided for
measurement of the vessel pressure drop and bed temperature profile.

DOG Iodine Sorbents

The two sorbent materials selected for testing in the dissolver
iodine adsorber were AgZ and AC-6120. Table 4 presents a comparison
of the sorbent physical characteristics, reported loading capacities,
and relative costs.(8»9)

TABLE 4
DOG STREAM IODINE SORBEN1 PHYSICAL CHARACTERISTICS AND

RELATIVE COST

Sorbent

Particle Silver
Silver Size Utilization
(wt %) (mm) (%) $/kg(a)

Nominal
Bulk

Density
k / 3 )

AC-6120(d)

19

12

1.6
extrudate

1-2
sphere

55 - 79(c)

75 - 94<e)

177

137

752

778

(a)

(b),
Based on silver price of $8.80 per troy ounce.

Silver-exchanged mordenite (Zeolon 900 base, manufactured by
Norton Co.)

(c)Ref. 8.

Silver nitrate-impregnated silica gel (manufactured by Sud-
Chemie, Munich, West German-').

(e)Ref. 9.

DOG Iodine Adsorber Sampling System

Figure 7 shows the system used to sample for iodine in the DOG
stream. Sample gas streams flowing at 1.0 1/m are split from the main
DOG flow upstream and downstream of the iodine adsorber, and passed
through scrubbers containing 0.1 molar NaOH. Samples of the scrubber
solutions are intermittently sampled for iodine. The I~ and IO~ ions
formed via reaction with NaOH are oxidized using hypochlorite ion, and
the resulting 103" concentration is determined by ion chromatography.
For iodine concentrations less than 1 ppm in the DOG stream, a concen-
tration technique was used in which ionic iodine species were con-
verted to elemental iodine, extracted into carbon tetrachloride, and
measured spectrophotometrically.

Test Description

The dissolver vessel was charged with 200 1 of 2.5 molar HNO3 and
heated to 95°C. Nitric oxide was injected into the acid solution in .
sufficient quantities to simulate expected NOX generation rates.
Iodine, in the form of Nal, was metered into the heated dissolver
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solution. The DOG passed through a downdraft reflux condenser to
remove mosit of the water and acid vapors. The temperature of the off-
gas was increased from 30° to 150°C with a resistance-type heater
before entering the adsorption bed. The iodine-free off-gas stream
was scrubbed to remove N0 x before being released to the main pilot
plant ventilation system. The N0 x concentration was measured with two
Beckman Model 951 chemiluminescent N0 x analyzers.. Iodine was measured
with the iodine adsorber gas sampling system.

ROTAMETER

SAMPLE
VALVE

NaOH
WASH

CALIBRATION N0 x

GASES ~"~ lM0NIT0R
SPARGE DOG

HN0-,
U,0,
Nal

?.U8-

DISSOLVER

1

REFLUX
CONDENSER

UPSTREAM
SCRUBBER

NEEDLE^
VALVE

IODINE
BED
PREHEATER

IODINE
ADSORBER NaOH

WASH
CxM

t

f

ROTAMETER

DOWNSTREAM
SCRUBBER

SAMPLE
VALVE

NEEDLE
VALVE . WOX REMOVAL

SUBSYSTEM

Fig. 7. DOG iodine adsorber sampling system

Results

Five tests were performed with AgZ sorbent material. Analysis of
the final dissolver solution indicated complete iodine evolution into
the DOG stream in each case. Outlet adsorber gas samples had less
than detectable concentrations of iodine over the entire duration of
each test. Iodine DFs tanged from 1400 to 3300, as shown in Table 5.
These values exceed the established design criteria DF of 1000. Test
5 was conducted using NQX generated from the dissolution of 12.3 kg of
<' pleted U3O8 material. The average iodine concentration was 140 ppm
, th a peak concentration of 360 ppm. The average NOX concentration
wis 6,100 ppm with a peak concentration of 10,500 ppm. These large-
scale tests demonstrated that AgZ is effective in removing elemental
iodine vapors from DOG streams containing 2,200 to 10,500 ppm NOX.
Examination of the process piping between the dissolver vessel and the
iodine adsorber vessel revealed no iodine condensation.
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TABLE 5
OPERATING CONDITIONS AND MEASURED DECONTAMINATION FACTORS

FOR DOG STREAM IODINE ADSORBERS

Test
No.

1

2

3

4

5

6

(a)

(b)

inlet
Bed I2

Material (ppm)

AgZ

AgZ

AgZ

AgZ

AgZ

AC-612C

Average

Average

100

100

100

100

140<a>

) 270

(12) = 140

(NO.) = 6,

Outlet
12

(ppm)

<0.06

<0.03

<0.05

<0.03

<0.10

<0.02

4
2

2

4

6

ppm; peak

100 ppm;

Inlet

(ppm)

,400

,700

,200

,500
,100(b)

220

(12) =

Off-Gas
Flowrate
1/m
(scfm)

99

99

99

99

79

42

360

peak (NOX) =

(3.5)

(3.5)

(3.5)

(3.5)

(2.8)

(1.5)

ppm.

10,500

Carrier
Gas

N2
Air

Air

Air

Air

N2

ppm.

DF

>l,600

>3,300

>2,000

>3,300

>l,400

>ll,000

A single iodine adsorption test was performed with AC-6120 as
the sorbent material. Test results showed that a DF of 11,000 was
attained with an average inlet iodine concentration of 270 ppm. The
outlet iodine concentration was below the detectable limit. The NOX
concentration of 2200 ppm had no effect on the sorbent's ability to
remove iodine.

Conclusions

Iodine DFs greater than 1400 can be achieved in DOG streams
with either AgZ or AC-6120 sorbent materials.

There were no deleterious effects from NOX concentrations as
high as 1% in the DOG.

AC-6120 appears to be the more attractive sorbent material
in terms of silver utilization and cost effectiveness.
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DISCUSSION

MONSON: What was your SOZ adsorber?

JENSEN, P.P.: Sodium zeolite operated at about 25°C

von AMMON: We have studied iodine poisoning of noble metal
catalysts used for the reduction of 02 and N0 x with H2 and found that
Pt and Pd, in fact, are poisoned irreversibly, but Ru is regenerated
at higher temperatures (450-500 C). I wonder if the same is true
with CO oxidation and Ru.

JENSEN, P.P.: I do not know, we have not studied Ru, but I will
try it.
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EXPERIENCE OF IODINE REMOVAL IN TOKAI REPROCESSING PLANT

K. Kikuchi, Y. Komori and K. Takeda
Reprocessing Plant, Tokai Works

Power Reactor and Nuclear Fuel Development Corporation
Tokai-mura, Ibaraki-ken, Japan

Abstract

In the Tokai reprocessing plant about 170 ton of irradiated
fuels have been processed since the beginning of hot operations in
1977. There was no effective equipment for iodine removal from the
off-gas except for alkaline scrubbers when the plant construction
was completed. In order to reduce the iodine discharge to the atmo-
sphere, silver-exchanged zeolite(AgX) filters were installed
additionally in 1979 and 1980, and they have been effective.
However, those decontamination factors(DFs) were not so high as
expected, and increasing the reprocessing amount of spent fuels
it became necessary to lower the iodine discharge to the atmosphere.
Therefore another iodine removal equipment is planed to be installed
in the plant. Concerning these investigation and development of
iodine removal techniques, the iodine concentration of actual off-
gas has been tried to be measured and useful data were obtained.

I. Introduction

The Tokai reprocessing plant has processed the irradiated
fuels of 170 ton by using the Chop & Leach and Purex Process.
The average burn-up was 16,000 MWD/T and the cooling period was
1,600 days which is so long that 1-131 content in fuels can be
omitted due to its short life. In fact 1-131 has not been detected
in the off-gas stack. Therefore, with regard to the radioactive
iodine, it is enough to consider only 1-129. The typical 1-129
content was 14 mCi/T. These data are given in Table 1.

In the design basis the iodine was expected to be effectively
removed from the off-gas only with alkaline scrubbers. However, it
was proved that the alkaline scrubbers were not so effective as to
satisfy the criterion required for the plant. During the early
operations, for a while, the neutralization and stablization were
carried out experimentally for nitric acid recovered from the
dissolver off-gas by using caustic soda and hydrazine. Also, the
charcoal filter was installed on the ventilation duct in the waste
disposal facility. These test operations on iodine removal revealed
the difficulty of liquid waste treatment and the life shortness of
the charcoal filter.

The new iodine removal filters made of silver exchanged or
impregnated adsorbents were investigated and examined.Cl) After 20
ton of spent fuels were processed, AgX filters were addopted in the
plant ; one AgX filter equipment in the main plant and two in the
waste disposal facility in 1979, and additional one in the latter in
1980.
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Table 1. LWR fuels reprocessed in the Tokai plant

Weight of heavy metal 170 ton

Burn-up av. 16,000 MWD/T

Initial enrichment av. 2.3 %

Cooling time av. 1,600 days

Iodine inventory
1-129 av. 1.4 x 10"2 Ci/T
1-131 Trace

31 . Off-gas treatment system

The off-gas treatment system in the Tokai reprocessing plant
consists of Chopping off-gas(COG), Dissolver off-gas(DOG), Vessel
off-gas for Righ-Level Liquid Waste(HLLW-VOG) and Vessel off-gas(VOG).

The COG from the chopping machine passes through dissolvers,
stainless sintered filters and an absolute filter(HEPA filter) to
remove the dust such as UO2 powder. Moreover the COG is treated
through an alkaline scrubber, a demister and other HEPA filters, and
finally released to the atmosphere.

The DOG from two dissolvers is introduced into a condenser and
an acid recovery column to remove the nitric acid fume and nitrous
oxide(NOx), then passes through an alkaline scrubber, a demister and
HEPA filters. The recovered nitric acid of 1 or 2 mol/1 is transfer-
red to the acid recovery process and treated together with other
nitric acid from the extraction process. The recovered acid is
concentrated up to about 10 mol/1 and recycled into the entire main
plant.

The HLLW-VOG from high-level liquid waste storage vessels is
introduced into the treatment system composed of a condenser, an
alkaline scrubber, a demister and HEPA filters, then discharged to
the atmosphere.

The VOG from other vessels in the main plant is treated with a
similar system to the HLLW-VOG, without a condenser(Fig. 1).

The liquid waste from these four alkaline scrubbers is trans-
ferred to and treated in the waste disposal facility where the
vessel ventilation systems have no alkaline scrubber and the off-gas
is treated only with HEPA filters.

Presently one AgX filter equipment is installed downstream of
the COG, DOG, HLLW-VOG and VOG in the main plant, and three AgX
filter equipments are installed in the ventilation systems in the
waste disposal facility. Also AgX filters are installed for the COG
and DOG in the krypton recovery facility which will start the hot
operation in near future.
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Figure 1 Off-gas treatment, system in the Tokai plant
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JR. Iodine balance

The iodine balance has been examined using the hot operation
data of the plant.

Almost all iodine involved in spent fuels is released into the
DOG during the dissolution,^ and absorbed into liquid phases in the
condenser, the acid recovery column and the alkaline scrubber. There
remains a small amount of iodine in the DOG after caustic scrubbing.
The absorbed iodine in the recovered acid reaches to more than 50 %
of the total iodine inventory, and about a half of the absorbed
iodine released again to the VOG during the recovered acid concent-
ration. The alkaline scrubber of the VOG is not so effective and it
is supposed that the low DF is due to the possible presence of
organic iodide. (̂) About 10 % of the total iodine inventory is
escaped from the alkaline scrubber.

The iodine contained in the COG and HLLW-VOG from each alkaline
scrubber is negligible small in terms of the iodine balance. In the
waste disposal facility, a part of absorbed iodine is released again
to gas phases during treatment of the liquid waste from the main
plant, however the amount of released iodine is smalKFig. 2).

- 1 0 0 %
Acid recovery column}z=^|Alkaline scrubber

1 Pissolver Environment

-— |̂ Alkaline scrubber
Extraction

Acid recovery process
AgX filter

Waste disposal facility

Off gas stream

Solution stream

Figure 2 Iodine balance
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V. Total DF of the plant

Initially, total three AgX filters were installed ; one was at
the ventilation duct where the COG, DOG, HLLW-VOG and VOG meet
together in the main plant, and two were at the VOG ducts in the
waste disposal facility. Based on the further investigation, one
more AgX filter was installed for the off-gas from cells which
contain open tanks in the waste disposal facility. Consequently
the total DF of the plant was increased to be more than five times
as large as before. Figure 3 shows the historical DF of the plant.
The DF variation between campaigns is supposed to be caused mainly
by changing the plant operation mode.

V. Operation condition of AgX filters

The iodine removal equipment consists of a heater, AgX filters
and glass-fiber filters. The inlet off-gas is heated up to about 50
°C with an electric heater. Because of the low power of the heater
and the hardware structure problems, the gas temperature is relative-
ly low. The AgX bed depth is 50 mm. The glass-fiber filters are
mounted downstream of AgX filters to prevent scattering AgX
particles in case AgX filters are broken. The face velocity varies
in 5 to 20 cm/sec since the filter size is the same for all iodine
removal equipments. The iodine concentration is about 10~10 to 10~8

pCi/cm3 after caustic scrubbing, and the NOx concentration is about
5,000 ppm in the main plant and 10 ppm in the waste disposal facility
(Table 2).

Table 2. Operation condition of present AgX filters

Main
plant

Waste
disposal
facility

1-129 cone.
(uCi/cm3)

max. 4 x IO"S

av. 5 x 10"*

max. 3 xlO"8

av. 4 x 10"'
max. 4 x 10"*

av. 7 x IO"10

max. 5 x 10***
av. 2 x 10"*

Temp
(*C)

45

35

40

40

Humidity
(%)

20

60

40

50

NOx cone.
(DDm)

5000

10

10

10

Face
velocity

(cm/sec)

2 0

5

5

17

DF

10

~20

70

10
~3O
30
-60
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VI. Problem on iodine removal

Although the iodine discharge to the atmosphere was reduced by
AgX filters as described above, the DFs were not so high compared to
values obtained by laboratory tests. Especially the DF in the main
plant was the lowest one. It is supposed that the presence of
organic iodide partly causes the low efficiency of AgX filters,
because the organic iodide is less active to AgX than the elemental
iodine. *•*' It is probable that the organic iodide such as CH3I is
relatively rich in the main plant VOG after the treatment by caustic
scrubbing. It is reported that the iodine reacts to impurities in
nitric acid.(5) p o r the iodine in the recovered acid of the main
plant, it may react to a trace of solvent which is probably retained
in the liquid waste and recovered acid.

It is also supposed that the low efficiency of AgX filters is
affected by the low temperature of operation condition. The gas
temperature is restricted up to about 50 °C because of the electric
capacity and so on, and the AgX seems to be exposed to other
molecules such as NOx and H2O. A considerable decrease of the DF was
experienced in the waste disposal facility when a large amount of NOx
was discharged. It is obvious that the relatively high NOx concent-
ration in the main plant has influence on the AgX efficiency.

With regard to NOx interference, it is supposed that NO2 reacts
to H2O on the surface of zeolite to form nitric acid(6) which may
damage AgX and/or prevent iodine from reacting to silver in AgX.
It was confirmed by laboratory test that heating the off-gas up to
higher than 100°C expedites the reaction of CH3I to AgX and reduces
the influence of NO2 and H2O.

Now a new iodine removal system is prepared for the VOG in the
main plant to reduce the iodine discharge to the environment. The
AgX bed depth is 75 mm which is 1.5 times as thick as the present
one, and the face velocity is about 20 cm/sec. The VOG will be
heated up to about 150 °C. Since the demister and HEPA filters are
already installed in the VOG, they are eliminated from the new equip-
ment. The VOG will be treated by the present AgX and the new one in
series. It is expected that the iodine discharge is reduced to about
one half or less of the present value. The new iodine balance will
be as shown in Figure 5.

VJI. Iodine sampling

As a part of developing iodine removal techniques, the off-gas
sampling and measurement procedures were investigated. The off-gas
was drawn from the ventilation duct with a pump at a constant flow-
rate and iodine was absorbed on a charcoal paper filter and charcoal
cartridges. The charcoal both for filters and cartridges was im-
pregnated with TEDA, and the bed depth of a cartridge was 20 mm.
The face velocity was about 10 cm/sec ,and the sampling time was about
one day. Iodine absorbed in charcoal was measured by gamma-ray
counting for 40 keV with a Nal(T.l) scintilator or a Ge(Li) detector.

The iodine removal efficiency of more than 90 % was obtained
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Figure 4 New iodine removal equipment for the VOG
of the main plant
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Figure 5 Estimated iodine balance after new AgX
filter installation
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by the combination of a filter paper and two cartridges for the 6£f-
gas from the waste disposal facility(Fig.6 ). Also AgX cartridges
were tested instead of the charcoal cartridge and it seems to be
more effective than charcoal on iodine sampling even at room tempera-
ture. Nevertheless the gamma-ray energy is so low that the self-
shielding effect is significant and the total detection efficiency
is considerably low, which causes a relatively large measurement
error. A possible improvement is to use thinner cartridges for
suppressing the self-shielding effect and heat up the sampling off-
gas to obtain the higher sampling efficiency for iodine.

io-

u

I

10-3-

Temp.
F.V.

room temp.
25 cm/secF.V. : -so cm/sec

Iodine cone.: 10~9 uCi/cm3

Charcoal
filter charcoal
paper cartridge

210 40 60
Bed depth of charcoal cartridge (jnm5

Figure 6 Penetration of iodine as a function
of chrcoal bed depth
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IODINE-129 PROCESS CONTROL MONITOR FOR
EVAPORATOR OFF-GAS STREAMS

J. R. Burr and G. J. McManus
Westinghouse Idaho Nuclear Co.

Idaho Falls, Idaho

Abstract

The continuous monitoring of gaseous ^ 9 j m evaporator off-gas at nuclear
fuel reprocessing facilities is desirable from both regulatory and process control
viewpoints. Although a continuous *2^I monitor for nuclear fuel reprocessing plant
off-gas streams has already been developed, it needed to be evaluated under
evaporator off-gas conditions. Characteristics of the off-gas that pose problems
for 129i monitoring include: 1) high concentrations of nitric acid mist, organics,
and radionudides which may interfere with l ^ I detection, such as l^^Cs; 2)
off-gas that is predominantly water vapor; and 3) 129j in the form of liquid aerosols.

This paper reports on the development and evaluation of an *29j monitor for
evaporator off-gas using a laboratory-scale evaporator model. The work was
performed in two phases: 1) a suitable monitor configuration was determined; and
2) a 2* factorial design experiment was performed to determine the monitor's
response to HNO3, organics, aerosols, and l ^ C s . j \ filter was used in the monitor
configuration to vary aerosol concentrations. The concentrations of HNO3,
organics, and ^7QS in the evaporator feed were also varied from low to high levels.

In the experimental monitor, . H2O selective permeation device was used
to dry the off-gas stream before it passed through a charcoal bed where the iodine
was adsorbed. The bed was counted for *25i wjth a NaI(T£) detector.

" Results of this study show that the monitor should be operated with a filter.
Under high aerosol conditions, liquid buildup in the monitor prevented iodine from
reaching the detector and thus decreased the response of the monitor. Organics
increased the response of the monitor. This may be due to the formation of
methyliodide which is not adsorbed on the monitor's surfaces as readily as I2.
HNO3 and 137Cs did not significantly affect the response of the monitor. The
monitor had a detection limit of 6 x 10~^ UCL 129I / C C for a 24. hour period.

Based on these observations, the monitor when operated with a filter, was
demonstrated to be suitable for use in evaporator off-gas streams.

I. INTRODUCTION

Iodine-129 is one of the most environmentally significant radioisotopes
emitted from nuclear fuel reprocessing and waste solidification facilities. The
results of an *29j process distribution study at the Idaho Chemical Processing Plant
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(ICPP)l indicated that a significant fraction of the *^I n o t volatilized during fuel
dissolution eventually reached the Intermediate Level Waste (ILW) evaporator
(Figure 1). The ILW evaporator is a batch operation which separates
intermediate-level radioactive liquid waste into high-level and low-level liquid
waste fractions. Non-volatile radionuclides are concentrated in the evaporator
bottoms, while water vapor and some volatile radionuclides make up the
evaporator overheads. Continuous monitoring of evaporator overheads for *29i
would supply the necessary information to retain 129j j n the evaporator bottoms,
should a process control mechanism for the evaporator be developed.

Although a continuous ^29j monjtor for nuclear fuel reprocessing plant
off-gas streams has already been developed^, it needed to be evaluated under
evaporator off-gas conditions. Characteristics of the off-gas that pose potential
problems for M*l monitoring include:

1) High concentrations of organics, nitric acid mist, and radionuclides such
as cesium-137 (a potential interference in " 9 j detection);

2) A gas stream that is predominantly water vapor;

3) *29| m a y jje p r e s ent the form of liquid aerosols.

The development and evaluation of the evaporator monitor was done in two
phases. First, the proper monitor configuration was determined. For this
determination, a laboratory-scale model of an evaporator was assembled to
simulate evaporator off-gas.

Second, a 2^ factorial design experiment was performed to determine the
monitor's response to aerosols, organics, HNO3, and 137£S# A 2* factorial design
is a statistical method used to examine the response of the monitor as four factors
are varied between two levels. A glass fiber filter was placed in the evaporator
off-gas line to reduce aerosol concentrations to a low level. No filter in-place
corresponded to high aerosol conditions. The levels used for the other three
variables were 10% tri-butyl phosphate (TBP) in n-dodecane (0, l^mg TBP/L);
HNO3 (0, 0.5 mol/L); and 137Cs (0, 3.3 uCi/L), These concentrations are similar to
those found in actual plant feeds. The effect of each factor on both the response
and reliability of the monitor was examined.

II. EXPERIMENTAL APPARATUS CONFIGURATION

The conceptual design of the evaporator monitor is shown in Figure 2. An
off-gas stream is dried as it passes through a water selective permeation device.
Then the off-gas flows through a charcoal bed where the iodine in the gas is
adsorbed to the charcoal. The bed is counted for iodine with a thin NaI(TA)
detector (1 mm x 25 mm FIDLER).

Figure 3 shows the final configuration of the experimental apparatus; it
consists of two main components, the ILW evaporator model and the 129I monitor.
The evaporator model was operated as a batch process. Carrier iodine-127 and 0.9
uCi of 1 2 5I were added to 1600 mL of distilled water feed. This solution was

charged to the evaporator, filling the heating vessel and storage tank. As the feed
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FIGURE 2. CONCEPTUAL MONITOR DESIGN

was heated under 6 in. Hg vacuum,, the vapor flowed at 1.1 L/min through the mist
eliminator to the off-gas condenser. Cooler liquid from the storage tank flowed to
the heating vessel to replace vaporized liquid. Off-gas condensate was collected in
the condensate vessel.

About 60% of the gas stream leaving the evaporator was drawn into the
monitor upstream of the condenser. The gas stream to the *29j monitor flowed
through a stainless steel filter holder and into a water selective permeation device
(permatube drier). As shown in Figure 4, the permatube drier contains many small
tubes made of perfluorosulfonic acid polymer (Nafion*, Ou Pont) membrane in a
•tube and shell" configuration. A dry air stream flowed counter-currently at 6
L/min on the outside of the polymer tubing. As the off-gas passed through the
permatube, water vapor permeated into the purge stream, but the majority of
iodine remained in the product off-gas stream.

The ^25j in the product stream was collected by a 60 cm^ triethylenediamine
(TEDA) impregnated charcoal bed, and the 27 KeV X-ray was measured with a
lmm thick by 25mm diameter NaI(Tl) detector (FIDLER). The observed countrate
was recorded with an ND60 programmable multichannel analyzer. An additional
charcoal bed was used to collect any 125I in the purge stream leaving the
permatube drier.

Initial operation of the evaporator and monitor showed that the gas stream
cooled sufficiently to condense water in the charcoal beds and permatube drier.
Water in the charcoal beds may have caused migration of iodine through the bed,
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and changed the counting geometry. Water in the permatube drier prevented
iodine from reaching the charcoal bed and decreased the gas flow in the permatube
drier. Both these conditions were unacceptable for continous iodine monitoring.
These conditions were eliminated by heating the permatube and the filer holder to
75 degrees C.

III. 2* FACTORIAL DESIGN

Once it was determined that the experimental apparatus could be used
successfully to test for *25I in off-gas, a 2* factorial design experiment was
performed. A total of 16 tests were completed, as shown in Table I. Use of a
filter in the off-gas line entering the 129j monitor corresponds to low aerosol
conditions. No filter simulated high aerosol conditions. During each test, 4 to 9
individual counts were collected over time periods between 60 minutes and 190
minutes. Also, the amount of 125j which reached the monitor during each 2*
factorial test was determined.

To determine the amount of 125j which reached the monitor, a sample of the
evaporator feed remaining at the end of a run was counted for *25I with a LEPS
(L E P S ) d d h 1 2 5p g
(Low Energy Photon Spectrometer) detector and the total amount of
remaining in the feed was calculated. The amount of " 5 j volatilized from the
feed was determined by subtracting the amount of ^ I remaining in the feed from
the amount initially added. Since the f lowrates to the *2^I monitor and condenser
were measured, multiplying the amount of volatilized *2^I by the fraction of the
off-gas flow that entered the monitor gave the amount of " 5 i that reached the
monitor.

TABLE I

2* FACTORIAL EXPERIMENTAL DESIGN

Evaporator Feed Concentration

Test
Number

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16

Filter
used

No
Yes
No
Yes
No
Yes
No
Yes
No
Yes
No
Yes
No
Yes
No
Yes

TBP
(mg/L)

0
0

14
14
0
0

14
14
0
0

14
14
0
0
0
0

HNO3
(M)

0
0
0
0
0.5
0.5
0.5
0.5
0
0
0
0
0.5
0.5
0.5
0.5

137C

(yCj

0
0
0
0
0
0
0
0
3.3
3.3
3.3
3.3
3.3
3.3
3.3
3.3
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To evaluate the response of the monitor for the 16 tests, the net countrate
for each run was divided by the amount of 125I reaching the monitor. This gave a
normalized response for each run.

To evaluate the reliability (variability) of the monitor, the countrates were
plotted against time (as shown in Figure 5), and the data were fit to a logarithmic
curve of the form,

y = a + b (In x).

Where y equals detector response, x equals time of response, and a and b are
coefficients. This form was chosen because it produced the best least squares fit
of the data.

The correlation coefficient (r) is an estimate of how well the experimental
data correlate to a logarithmic fit of the data. Thus, the quantity 1-r2, which is
directly proportional to the variability of the response of the monitor, was
calculated for each test. Lastly, the effects of aerosol content (filter), organics,
HNO3 and *37Cs on variability and response were determined using an analysis of
a 2* factorial design detailed in standard textbooks*.

130

12s _ Filter + TBP + HNO3 + Cs-137

y = 36.6 + 8.35 Inx
r = 0.9857

801 1 L I 1 I 1 1

2000 4000 6000
Tims In Seconds

8000 10000

ICPP-A-10S15

Figure 5. Response vs. Time - Test 16
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IV. RESULTS

The results of the 2* factorial design experiment are summarized in Table IL

Test
Number

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16

TABLE II

RESULTS OF THE 2* FACTORIAL

Filter
used

No
Yes
No
Yes
No
Yes
No
Yes
No
Yes
No
Yes
No
Yes
No
Yes

Organics
(mR TBP/L)

0
0

14
14
0
0

14
14
0
0

14
14
0
0

14
14

HNO3

(M)

0
0
0
0
0.5
0.5
0.5
0.5
0
0
0
0
0.5
0.5
0.5
0.5

137cs
(uCi/L)

0
0
0
0
0
0
0
0
3.3
3.3
3.3
3.3
3.3
3.3
3.3
3.3

EXPERIMENT

Response
(cps/ uCi

125 D

21.8
9.2
6.2

93.9
5.5

11.9
15.1

106.5
11.6
23.6
13.5
70.4

5.1
75.5
5.2

75.1

Variability
U-r2)X

100%

13
36
33
18

1
12
11
9

37
25
30
14
58
34
24

3

Table III summarizes the efiect of each factor as calculated using the Yates
Technique3 for a 2* factorial design.

TABLE IH

INDIVIDUAL EFFECTS FOR
FILTER, TBP, HNO3 AND

Effecit on Response Effect on Variability
Factor (CPS/ yCI) (1-r2) x 100%

Filter 47.8 -7
Organics 27.7 -9
HNO3 6.1 -7
137Ci L3 11
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The results in Table III show that the filter had a very large effect on the
response of the monitor. It was observed that this effect corresponded to low
iodine collection in the purge stream charcoal bed. The amount of "*I on each of
the product and purge charcoal beds was determined at the end of each test, and
the ratio of 1 2 5I on the purge bed to *25I on the product b^d was calculated. This
ratio was 0.49 + 0.30 for the tests without a filter, and 0.03 + 0.02 for the tests
with a filter. Thus, when a filter was used, iodine losses to the purge stream were
less than 5% of the iodine that reached the product stream detector.

Because of high liquid aerosol conditions, liquid may have collected in the
permatube drier and transported 1 2 5I into the purge gas stream at a greater rate.
Therfore, when the filter was used and aerosol levels were lower, less liquid
collected in the permatube drier and little *25j w a s transported to the purge
stream. This may explain the increased amount of iodine in the purge stream when
a filter was not used, and indicates the monitor should be operated with a filter.

Since it was determined that the monitor be operated with a filter to minimize
iodine losses to the detector, only the data from runs with a filter were used to
determine the effects and significance of the other three variables. This data was
combined in three 2 2 factorial designs to determine the effects for organics,
HNO3, and *37cs and their interactions. The results are shown in Table IV. The
mean of the response data for the filter runs is 58 cps/uCi with a standard
deviation of +38 cps/ uCi. The large effect of organics (+ 56 cps/ uCi) is clearly
significant while those for HNO3 and 1 3 7Cs are not.

The large TBP effect may be due to the formation of methyl iodides which are
not adsorbed to the permatube walls as readily as 12- Because of the increase in a
response due to high organic concentrations, the monitor would need to be
calibrated according to the plant operating experience with respect to organic
concentrations.

Table IV

EFFECTS OF 2 2 FACTORIAL DESIGN

Effect (cps/ uCi)

+56

+18

+6

Organic + HNO3 Interaction -9

Organic + *37Cs Interaction +32

HNO3 + 1 3 7Cs Interaction +10

469



18th DOE NUCLEAR AIRBORNE WASTE MANAGEMENT AMD AIR CLEANING CONFERENCE

Although no significant effect was observed for l ^ C s , little ^^Cs was
liberated from the feed. For several tests, the product and purge charcoal beds
were counted using a LEPS detector. No appreciable amounts of 137QS were
detected on either bed. By counting samples of the feed before and after each
137Cs run, It was determined that ^Cs was concentrated in the bottoms. It
should be noted that while no ^^Cs was collected on the charcoal beds during the
laboratory evaluation, it is possible that during actual plant operations J3?Cs m a v
be deposited on the charcoal beds and interfere with the detection of 1 2 9 i .

The effect ef each variable on the variability of the monitor's response is
shown in Table III. Using the t distribution to calculate statistical significance at
the 95% condifence level, it was determined that any effect on variability greater
than 12% was statistically significant. None of the effects of the four variables or
their interactions significantly affected the monitor's variability.

V. CONCLUSIONS

The major conclusions of this work were:

1) The evaporator monitor should be operated with filter, to insure maximum
iodine transport to the detector;

2) The presence of organics significantly increased the response of the
monitor; the monitor should be calibrated according to organic
concentrations in the evaporator feed;

3) The presence of HNO3 had no statistically significant effect on the
response of the monitor;

4) Under conditions of the experiments, ^Cs remained in the evaporator
bottoms, and no effect of ^Cs on the monitor was observed;

5) The monitor had a detection limit of 6 x 10"9 uCi 1 2 9 ! for a 24 hour
period. c c

In conclusion, based on the results of. the laboratory evaluation, the monitor,
when used with a glass fiber filter, was demonstrated to be suitable for use in
evaporator off-gas streams.
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CONTINUOUS CHEMICAL COLD TRAPS
FOR REPROCESSING 0FF-6AS PURIFICATION

E. Henrich, U. Bauder, H.J. Steinhardt, W. Bumiller

Kernforschungszentrum Karlsruhe, Institut flir Heisse Cheraie,
Fed. Rep. Germany

ABSTRACT

Absorption of nitrogen oxides and iodine from simulated reprocessing plant
off-gas streams has been studied using nitric acid and nitric acid/hydrogen
peroxide mixtures at low temperatures. The experiments were carried out at the
laboratory and on the engineering scale. The pilot plant scale column has 0.8 m
diameter and 16 absorption plates at 0.2 m spacing. Cooling coils on the plates
allow operating temperatures down to -60°C. The NO concentration in the feed gas
usually has been 1% by volume and the flow rate 4-32 m3 (STP) per hour. The iodine
behaviour has been studied using 1-123 tracer.

1. Results using 90 weight % HNO3 at operating temperatures down to -55°C:
Residual N0x concentrations< 1 ppm have been obtained at -§5°C even from an O2-
free off-gas. Iodine decontamination factors have been^ 10*.

2. Results using 50 weight % HNO3 plus a slight stochiometric excess of H2Q2
in respect to the NO in the feed gas at operating temperatures down to -18°C:
Residual N0x concentrations< 100 pprn are possible even from an 02-free off-gas.
Most of the residual! N0x is NO2. The H2O2 prevents the decomposition of HNO2 by
oxidation to HNO3. Iodine remains in the elementary form and distributes between
the gas and the acid phase according to the operating conditions.

3. Results using 30 weight % HNO3 plus a slight stoichiometric excess of Hj
at operating temperatures down to -35*C: Residual N0x concentrations of some If
ppm have been obtained from air or an 02-deficient gas stream. Most of the residual
N0x is NO. At the operating conditions no iodine oxidation occurs.

4. Results using 5 weight % HNO3 plus a slight amount of H2O2 at operating
temperatures down to 0°C: The conventional nitric acid scrub is improved with H2O2
and lower temperatures.

5. Results after O3 addition: After addition of a slight O3 excess to the feed
gas, residual N0x is oxidized to N2O5 and absorbed completely. Iodine is oxidized
to an oxide mist.

The chemistry of the processes and the advantages and disadvantages in corre-
lation to the various applications for an off-gas purification in a reprocessing
plant are compared and discussed. The processes are compatible with the PUREX
process and do not produce additional waste.

1. INTRODUCTION

In the course of the off-gas purification steps in a fuel reprocessing plant
(FRP) the less volatile noxious constituents are separated stepwise from the more
volatile carrier air. Continuous condensation or absorption in solvents are
customary removal operations at higher concentrations; discontinuous adsorption
on solids or freeze-out in cold traps are used at lower concentrations. The
recovery of more reactive components can be supported by the process Inherent
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chemistry or additional process compatible chemicals, which aid to produce less
volatile or more soluble species. An example is the NO; it is oxidized in the gas
phase to NO2 and converted to HNO3 and HNO2 after absorption in dilute nitric acid.

Most of the typical constituents of a FRP off-gas are simultaneously present
in the dissolver off-gas (DOG) and the vapour pressures /I/ are shown in Fig.l. The
off-gas components can be sub-divided into three groups according to their
volatility: the very volatile carrier gases, the less volatile rare gas fission
products (FP) plus CO2 and N2O and the least volatile aqueous phase constituents
plus FP halogens and the radioactive aerosols.

At present, the 006 is released after highly efficient aerosol and efficient
iodine removal; only the bulk of N0x and water or nitric acid vapours are
recovered. The usual sequence of operations is off-gas scrubbing with dilute nitric
acid at about ambient temperature followed by an efficient aerosol filtration and
iodine recovery /2/. Additional recovery of the rare gases and C-14 as CO2 may be
required in future plants /3/.

Prior to the usual rare gas recovery steps /4/, the aqueous phase components
must be removed to the trace level. Generally solid sorbents or cold traps
(defrostable feed gas coolers) are used to achieve this aim. Taking into account
the DOG composition and the oxidation of NO to the less volatile N02» the aqueous
phase constituants and the FP halogens can be adequately removed by condensation
and desublimation in a cold trap at temperatures between -130 and -140°C. An
additional deentrainment pad could prevent carry-over of solid particles. Low
temperatures considerably improve the separation efficiency and selectivity.

Sufficient or even improved separation efficiency and selectivity can be
obtained with special sorbents at temperatures above the condensation and
desublimation points and sometimes even without refrigeration. The disadvantages of
such processes are connected to the presence of solids: The operating mode is
discontinuous, as the loaded sorbent must be regenerated periodically in a
temperature or pressure swing operation or with an additional desorption gas. Two
pieces of equipment are required at least and heat exchange in large sorbent beds
is not simple. Small volumes of regeneration gas can be recycled into the process.
At frequent regeneration cycles large volumes of regeneration gas are produced and
released under supervision via the stack. Accidentally spoiled or contaminated
sorbents must be replaced remotely.

The separation efficiency and selectivity of suitable liquid solvents is
comparable to the solid sorbents /5/. Solvents are preferred because of the
convenient continuous operating mode. Suitable solvents are compatible with the
'Purex'process and either constituents of the aqueous or the organic process
streams. They can be recycled into the process without producing secondary waste
streams.

Aqueous nitric acid solutions are an almost perfect solvent for water and
nitric acid vapours or NO2. Only the iodine solubility is relatively low and prior
bulk iodine removal from a DOG is desirable. The distribution coefficients for the
various off-gas components /6/ in Fig.2 demonstrate the separation selectivity. The
more volatile components prefer the gas phase. Efficiency and selectivity increase
at lower temperatures in order of the volatility.

Lower temperatures and refrigeration equipment are required anyway to achieve
an efficient rare gas recovery. A stepwise temperature decrease in the upstream
off-gas purification train is a natural measure. Therefore, low temperature
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absorption using a more concentrated nitric acid is being investigated on the
engineering scale /7/. The use of cold scrubs has advantages, if a more thorough or
reliable off-gas purification downstream from the aerosol, bulk iodine and N0x
removal steps is necessary or desirable.

2. CHEMICAL BASIS OF THE LOW TEMPERATURE SCRUBS

A comparison of cold serubs with the conventional N0x recovery process using
dilute nitric acid at atmospheric pressure and about ambient temperature
/8,9,10/brings the differences into sharper focus. The simplified N0x absorption
mechanism is explained in Table 1.

1. GAS PHASE OXIDATION OF NITRICWIBE

rate taw NO = -kNOz«(lj;lowraitatlowportifllpfiMures,i«gaUveUm(wrQlurecoefficJeat
2. GAS PHASE DIMERIZATION OF NITROGEN OIOXIOE N02

2N02 N20t;
fast equilibrium, increasing degree of dimerization at lower temperatures

3. LIQUID PHASE HYDROLYSIS OF 0 I I IT I06EI TETROXIBE M20(
H20 ^ = r * »^*fi|fl2

right t 2equilibrium on the right tide i e ^ E M HNSj ,oa the Uf t sidt in
4. LIQUID PHASE DECOMPOSITION OF NITROUS ACID HN02

3 HNOj NO; • 2 NO * N * + N20
HNO2 steady state concentration Spends on the operating conditions

_ _ 2H|0*4N0 • 3 % — * ~ " 41H%" — —

: : rwfnvz__
Table l SIMPLIFIED NO-RECOMBINATION REACTIONS
Reaction 1: The volatile and scarcely soluble NO is oxidized in the gas phase

to N02

Reaction 2: Partial dimerization of NO2 produces some less volatile and more
soluble N2O4

Reaction 3: The N2O4 is absorbed in the dilute nitric acid and quickly
hydrolyzed to nitric acid HNO3 and nitrous acid HNO2

Reaction 4: When the HNO2 has attained a low steady state concentration
depending on the operating conditions, HNO2 decomposition produces HNO3 and
regenerates 1/3 of the original NO, which escapes to the gas phase.

The scrub acid must be cooled to remove tha reaction heat. At N0x concen-
trations below about 1% by volume, direct HNO2 (or N2O3) absorption from the off-
gas is a competitive or predominant recovery mechanism. According to the sum
reaction, the N0 x can be completely recovered as HNO3 for process recycle3 if
sufficient oxygen in the off-gas and extended residence time in the scrubber are
available.

The slow NO-oxidation at lower partial pressures in the gas phase is the
'bottle neck' of an efficient NOX recovery. The usual off-gas rates and acceptable
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dimensions of the absorption tower limit the reasonable gas residence time to few
hundred seconds. In a plate column with counter-current and once-through scrub acid
flow, operating at atmospheric pressure and ambient temperature, residual N0x
concentrations of about 0.3% by volume may be obtained. The N0x removal efficiency
of a single packed column with recirculating acid is lower, due to the higher
steady state HNO2 concentrations and decomposition rates in the upper part of the
column; the regenerated NO recontaminates the purified off-gas.

Suitable and process compatible measures to improve the off-gas purification
efficiency of a nitric acid scrubber can be derived from more detailed
considerations of the equilibria and rate constants of the reactions involved:

a) Lower operating temperatures: The NO-oxidation in the gas phase is among
the few reactions proceeding faster at lower temperatures /ll/. Compared to room
temperature, the rate constant at -50*^ is about 5 times higher. The increased NO2
dimerization and the higher distribution coefficients of N2O4 and iodine
additionally contribute to the removal efficiency.

A more concentrated nitric acid is required at operating temperatures well below
0°C and the water and HNO3 partial pressures in the off-gas are reduced
corresponding to the off-gas dew point.

b) More concentrated nitric acid: At concentrations above about 6 M HNO3,
nitric acid is able to oxidize the NO to NO2; the equilibrium constants /9,12/ are
shown in Fig.3. The degree of oxidation increases with the HNO3 concentration and
the temperature. Contrary to a NO-oxidation in the gas phase, the oxidation with
HNO3 is more efficient at lower NOx concentrations, e.g. after bulk N0x removal
with a conventional scrubber and does not require any 62 in the off-gas.

In hyperazeotropic HNO3 the N204-solubility is excellent /13/. With a counter-
current flow of cold hyperazeotropic acid, residual N0x can be oxidized and
absorbed to the trace level. Absorption of elementary I2 and subsequent oxidation
to non-volatile iodic acid HIO3 simultaneously removes traces of iodine.

c) Nitrous acid oxidation with hydrogen peroxide (H?0?) /14»15/: In > 16 M
HNO3, lower valent N-species are present as dissolved N20"4~~or NO2; H2O2 is not
stable at the higher acid concentrations and evolves nitrogen oxides after an
induction period. In < 12 M HNO3 at room temperature lower valent N-species are
present as undissociated HNO2; H2O2 oxidizes the HNO2 to HNO3. Tne H2°2 "is
relatively stable and decomposes slowly to H2O and O2 in the course of hours or
days. The decomposition rate increases with the H2O2 concentration and the
temperature and in the presence of certain metal ion impurities (eg. Fe3+) acting
as decomposition catalyts. The oxidation of HNO2 with H2O2 prevents the N0-
regeneration connected with the HNO2 decomposition. This is especially beneficial
in case of acid recirculation. The acid circulation additionally helps to maintain
a low surplus concentration of H2O2 in view of a potential decomposition. Cold 10 M
HNO3 plus H2O2 combines sufficient oxidative power towards residual NO and oxidizes
HNO2 prior to decomposition.

d) Ozone (O3) addition to the off-gas: A slight stochiometric excess of few
hundred ppm O3 converts the total N0x in the off-gas to N2O5 in few seconds
/16,17,18/. The extremely hygroscopic N2O5 is very easily absorbed under formation
of HNO3. The 03-oxidation of NO to NO2 is very fast even at low temperatures; a
sufficiently fast NO2 oxidation at ppm levels to N2O5 via the unstable NO3
intermediate requires a slight O3 excess. Iodine traces are converted to the oxide.
Downstream rare gas recovery processes should be either insensitive to O3 or
preceeded by catalytic O3 decomposition:
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In Fig.4 three HNO3 concentration ranges are distinguished according to the
process chemistry. The curve represents the crystallization temperatures of nitric
acid and shows, that the liquid range extends down to -66°C at 9OX by weight HNO3.

Within the first concentration range up to about 6 M HNO3 (3O# HNO3 by weight)
the oxidation power is insufficient to oxidize substantial amounts of NO. The
oxidation occurs in the gas phase as usual and can be improved at temperatures as
low as about -35°C. Additional H2O2 aids to prevent the HNO2 decomposition.

Within the second HNO^-concentration range from about 7-12 M HNO3 (35-55* by
weight) the HNO3, especially at the higher concentrations, is able to oxidize NO
even without O2 in the off-gas. The total oxygen for HNO3 formation must then be
supplied with the H202* Otherwise, up to three times as much NO2 could be released
from the sytem. Any O2 in the off-gas reduces the H2O2 consumption to some extent.
At the higher HNO3 concentrations the operating temperatures are limited to about
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In up to 12 M HNO3, with or without H2O2, the Iodine oxidation Is negiigeable
at low operating temperatures.

The third range represents hyperazeotropic HNO3 ( > 16 M HNO3 or > 70X by
weight). H2O2 Is unstable and can not be used. The NO Is oxidized completely even
In an 02-free off-gas and Is efficiently absorbed as N2O4. Operating temperatures
down to -55°C are practicable using 90 weight % HNO3. Iodine 1s first absorbed
physically and subsequently oxidized to non-volatile 1od1c add.

3. OPERATING MODES

The removal especially of those off-gas constituents which are not transformed
sufficiently fast Into less volatile forms, depends on the operating modes and
conditions In a cold scrubber. Essential parameters are the operating temperatures
gas and acid rates, co- or counter-current gas to add flow and once through scrub
acid flow or acid recirculation with or without add regeneration,.

Below the solubility limit of the individual components, the temperature
dependent distribution coefficients Di(T) in Fig.2 allow a crude estimate of the
attainable decontamination factor (DFj. If the solubility limit is exceeded, the
scrubber acts only as a simple cold trap and the DF's can be calculated from the
vapour pressure in the feed and the purified gas using the data from Fig.l.

For co-current flow or fast acid recirculation without regeneration the
approximate DF's are Di(T)*L/G+l. L is the scrub acid volume used to purify G
volumes of off-gas; flow rate variations and the concentration dependence of
distribution coefficients are omitted. For counter-current flow either in the once-
through mode or with acid recirculation plus regeneration, the approximate DF's are
(En+1-1) / (E-l) or about En for E , n » 1; E = D-j(T) L/G; G/L is the gas-to-liquid
flow ratio on a volume basis, n is the number of theoretical absorption stages in
the column /19/.

Counter-current flow at low temperatures is the more efficient mode of
absorption. Low coabsorption of more volatile components e.g. Xe, Kr, N2O or CO2 is
unimportant at gas-to-acid flow ratios of 10* or more, if the spent scrub acid is
recycled upstream into the process. At the larger flow ratios, FP halogens or NO2
may accumulate within the column, if the operating temperature is conveniently
lowered from about ambient to suitable lower values in the course of scrubbing. The
accumulation of such less volatile components is connected to the greater
temperature dependence of their distribution coefficients (see Fig.2). Precooling
the off-gas in co-current contact with the scrub acid prevents such disturbing
effects /20/.

4. BRIEF DESCRIPTION OF THE TEST COLUMN

The simplified flowsheet of the test column is shown in Fig.5. Construction
materials are stainless steel, 1.4306 (corresponding to 304 L). The column is
subdivided into a lower co- and an upper counter-current part. Both parts have 0.8m
diameter, a height of about 2 m and 8 absorption plates at 0.2 m spacing. The
special plate design favours plug flow in the gas phase at small spacings. The
total scrub acid inventory in the column is 0.4 m 3 and the gas space between the
plates is about 1.4 m3.

Acid flow via the counter- and co-current part is by gravity. The vertical
distance between in- and outlet of the siDhon is large enough, to compensate for
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the pressure drop in the co-current part. Scrub acid recirculation via additional
equipment for acid regeneration is important during extended test campaigns and
prevents the generation of large volumes of waste acid.

Refrigeration equipment: Each absorption plate has an individual cooling coil,
The heat transfer fluid is HNO3 at about the same concentration as the scrub acid;
this avoids trouble in case of accidental leaks. The acid circulates in a closed
loop via a heat exchanger. Chilled refrigerant-11 (Rll, CCI3F) circulates on the
cold side of the heat exchanger. Rll temperatures down to -7O°C are generated with
redundant 2-stage refrigeration compressors. Column temperatures down to -60°C are
achieved easily. The thermal insulation of the columns and pipes consists of 10 cm
thick 'Armaflex1 foam (see photos of 5a and 5b of the column).
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a: lower co-current part b: upper counter-current part

Fig.5 a, b: Photos of the test column

Analytical equipment: NO and NO2 concentrations in the purified off-gas can be
monitored continually with calibrated IR and VIS photometers, chemiluminescence and
paramagnetism instruments. Another set of instruments is available for NO and NO?
determinations in the gas phase above each plate. Scrub acid samples cen be taken
from each plate for HNO3 and HNO2, N2O4 or H2O2 titration.

5. EXPERIMENTAL PROCEDURES AND OPERATING CONDITIONS

At the end of a test run, the scrub acid on each plate can be drained at will.
Usually the column was not drained and the acid on the plates continually
refrigerated overnight without circulation. This mode of operation allows short
start up times not far distant from thermal equilibrium. The first 4 plates at the
gas inlet are not cooled normally. After adjusting the desired acid circulation and
carrier gas rates, thermal equilibrium was reached in less than one hour.
Thereafter, the controlled addition of NO2, 30 or 50 weight % H2O2 or O3/O2 was
started. Depending on type and mode of scrubbing, steady state operating conditions
were established in less than one or in few hours. Temperature and concentration
profiles in the column were taken periodically to control the approach to
equilibrium conditions.
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The t e s t column has been designed for f l ex ib le multi-purpose use and not to
meet the requirements of a special type of process. Optimum design characterist ics
in regard to the number of plates , gas or acid inventories and rates , operating
modes e t c . wil l be specif ic for each process type and result in improved operating
features and removal e f f i c i enc i e s .

The essential operating conditions and parameters are summarized in Table 2:

SC8MB AC!O I j f f l C T S S f o M,'
• recirculation rate

I -1.1 I *4#
~3 1-33 I - «

0.02- 0.1 mol/l excess
0.15-0.25nv>/h

none
6-60l/h

OFF-GAS
• W W B M l K i / 1 <
•carrier gas air, O2 - deficient air, H2

mostly lab scale experiments

TEMPERATURE
feed gas

• co-current part

, ambient (20-25'C)

from ambient to low temperatures

MODE >acid regeneration
firs t co - then counter-turf en i G(is fio w

none (either N2
(or O3/O2

40E-
Table 2 OPERATING CONOITfONS AND PARAMETERS

6. EXPERIMENTAL RESULTS

The essential experimental results are briefly described and summarized in the
diagrams from Fig.6 to 15 and in Table 3. The operating conditions and parameters
are indicated on the diagrams.

6.1 Highly concentrated 90 weight % HNO3 without H?O? at temperatures down toHig
-55

Fig.6 shows the residual NO2 concentration in an entirely 02-free nitrogen gas
stream at low operating temperatures in the counter-current part. Even without any
O2, the hyperazeotropic nitric acid had efficiently oxidized the NO to levels far
below the detection limit ( < 0.5 ppmv). At -55°C the dimerized NO2 is physically
absorbed to a very low level of 1 ppmv or less, depending on the acid purity. Two
different procedures were tested for continuous acid regeneration and are
represented by the two lines in the diagram:

Regeneration with N2: The NO2 dissolved in the acid was blown out at 40-50°C
in a 10 stage bubble cap column with a counter-current N2 stream at a gas to acid
volume flow ratio of about 10*.

Regeneration with O3/O2: The NO2 dissolved in the acid was oxidized at low
temperatures in the same 10-stage column with a counter-current flow of ozonized
O2. The slightly stochiometric excess of 7-8% by volume O3 in O2 was generated in a
commercial 0.1 kg/h ozonizer.
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These procedures or partial vacuum distillation can be used to remove the NO2
impurities (1-2%) from the commercial hyperazeotropic 98-99% HNO3 prior to process
application in a once-through mode. NO2 concentration profiles at -48°C in the
counter-current part of the column are shown ^n Fig.7. The gas to liquid volume
flow ratio was 640; at 5 times higher flow ratios, the residual NO2 concentration
was about doubled. The slope of the curves and the absorption efficiency decrease
at lower NO2 concentrations, due to the lower degree of NO2 dimerization.

The accumulation of stainless steel corrosion products (Fe, Cr, Ni) in the
scrub acid was determined once a week during the test campaigns. An average
corrosion rate of about 1/100 mm/y was found.

102 ,

£ io\

gas rate: MmHmuti h (witbouto, >
0.1V. by volume NO

acid r a t e : 251/h90V.HN03(recirculatingJ

-55 -50 -45 -40 -35 -30 -25 -20
temperature in the counter-current part [*C]

FIC.6 RESIDUAL NO2 IN THE PURIFIED GAS
SCRUB ACID ABOUT 90V. HN03

-15

IHCH

Previous investigations /20,23/ in a 0.1 m diameter column with 10 absorption
plates at 5 cm spacing in both the co- and counter-current part, yielded similar
results for NO* decontamination. Iodine removal was investigated additionally using
1-123 tracer (13h half life). Iodine^DF's ̂  10* were obtained at about -50°C and
gas to acid volume flow ratios ̂  H P .

The iodine (I2) vapour pressure at -55°C is about 0.1 ppmv. Even without
couriter-current absorption and oxidation in 90% HNO3, the low partial pressure
corresponds to an I2 removal from the DOG of more than 99% An additional downstream
cold trap at -130°C would remove residual HNO3 and water vapours plus traces of NO?
and iodine to negligibly low levels prior to a rare gas recovery step.
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F I G . 7 N02-CONCENTRATION PROFILE
IN THE COUNTER-CURRENT PART

SCRUB ACID 9 0 7 . HN03

6.2 10 M HNO3 Plus H?O? at temperatures down to -18°C 77,22/

The oxidation power of 10 M HNO3 at low temperatures Is still sufficient to oxidize
NO to NO2 In an 02-free off-gas. The advantage of the less concentrated acid Is the
possible use of H2O2 for the oxidation of HNO2 The NO removed from the gas stream
Is thus recovered directly as HNO3. The removal efficiency for 1 X vol. NO from
carrier gas Is shown In Fig.8. Low residual NO plus NO2 concentrations between 1
and 103 ppmv have been obtained at the higher gas rates. At the less desirable
lower gas rates, the residual N0x concentrations are below 10

2 ppmv. The removal
efficiency increases at lower temperatures. NO is more efficiently oxidized at
ambient temperature but NO2 is less efficiently absorbed; therefore the residual
NO2 concentration 1s higher than the NO concentration.

An about stochiometric H2O2 consumption has been found at the lower operating
temperatures indicating a low H2O2 decomposition. Higher operating temperatures are
less favourable but still satisfactory from this point of view.
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Elementary Iodine 1s not oxidized In'cold 10 M HNO3 plus H2O2. Iodine traces
can be efficiently removed by physical absorption with a cold once-through scrub
acid flow, according to the distribution coefficients (see F1g.2). With a rapidly
circulating scrub acid stream without acid regeneration only partial absorption is
possible. The rapid circulation helps to maintain the desired low H2O2 concen-
trations throughout the column; The higher H2O2 mass rate (low concentration times
high circulation rate) guarantees flexibility in case of larger N0x rate
fluctuations.

The example in Fig.9 shows the NO and NO2 concentration profiles in the column
at -17°C at a relatively low gas rate.

For an 02-free feed gas containing IX vol. NO, total N0x DF's at various gas
rates and operating temperatures are summarized in Fig.10. At lower temperatures
and gas rates the N0x DF is > 102. Some time after a shutdown of the H2O2
addition, the NOX-DF drops continually to < 2 and recovers slowly after readdition
of H2O2. Without H2O2 up to 3 NO2 could be generated from 1 NO.

6.3 6.5 M HNO3 plus H9O9 at temperatures down to -35°C

At ambient temperature, low gas rates and low NO concentrations even a 6.5 M HNO3
is able to oxidize substantial amounts of NO to NO?; this is shown in Fig.11. But
at lower temperatures and higher gas rates the oxidation power is insufficient and
an efficient N0x recovery requires the presence of 02 i"

 tne off-gas. Residual NO
and NO2 concentrations obtained with 02-deficient air are shown in Fig.12. Compared
to room temperature. The gas phase oxidation of NO at -35°C is about 3 times
faster. The low residual NO2 concentration compared to the NO indicates two facts:

OPERATING COHOITIOHS :-acid re circulation rate: 0.2m3/h
composition: 10 M HNO3 plus H202

-gas composition: nitrogen
Nfli concentration: 17* by volume1000

o.
£3.

- 1 0 0 -

10-

NO -*•

N02

operating temperature in the counter-

1000

-100

10

- W C
current part

-VZ •22'C

4 B 16 32 4 8 16 32 4 8 16 32
nitrogen rate m3(STP)/h

F10.8 RESIOUAL NO ANO N02 CONCENTRATIONS VERSUS NITROGEN RATE
SCRUB ACIO 10MHNO3PLUS H2Q2
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1. NO2 is efficiently absorbed due to the higher degree of dimerization at
lower temperatures.

2. The 'bottle neck1 for a more efficient recovery is the slow gas phase
oxidation of NO at low partial pressures.

In the presence of O2 in the off-gas, 6.5 M HNO3 has advantages compared to
10 M HNO3: about 20°C lower operating temperatures are possible.the H2O2
consumption is up to 3 times lower and the HNO3 concentration of the spent scrub
acid is directly suited as dissolution acid for LWR spent fuel.

The example in Fig.13 shows the NO and NO2 concentration profiles in the
column at about 15 min gas residence time. The lower NO oxidation rate at the lower
partial pressures towards the gas exit is indicated by the flat NO concentration
profile.

1000:

i.
eu

J 100

10:

1-

-gasra te 8m3(STP}/h
composition air plus 1*/. vol.NO

- acid composition 6.5 M HNO3 plus H202
circulation rate: 0.15m3/h o y

-temperature: -35'C / /

/ '

>
0-0—o-

counter-current part ,. co-current part 1

16 U 12 10 8 6 k 2
plate number

FIG.13 NO ANOK02 CONCENTRATION PROFILE
SCRUB ACID 6.SMHNQ3 PLUS H202
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6.4 0.5 M HNOi plus H?0? at temperatures down to 0°C

The conventional N0x scrub with dilute nitric acid at ambient temperature or
somewhat below can also be improved by use of H2O2. An example of NO and NO2
concentration profiles is shown in Fig.14. Without H2O2 addition, the NOX-DF
decreases by more than one order of magnitude due to the scrub acid recirculation.
Residual NO and NO2 concentrations at 20 and 0°C and various gas rates are
summarized in Fig.15. Similar results can be obtained without H2O2 and a once-
through scrub acid flow, since the HNO2 decomposition rate in the counter-current
part is low at low HNO? concentrations and temperatures.

6.5 Comparison of HNOs-scrubs using H?0?

N0x DF's at various operating conditions are compared in Table 3. At ambient
temperature, the N0x removal efficiency from air with 0.5 or 6.5 M HNO3 plus H2O2
is comparable to the N0x removal efficiency from nitrogen using a 10 M HNO3 plus
H2O2. At lower temperatures, with the more concentrated acids, better retention is
obtained not only of N0x but also of water and nitric acid vapours. Additional
iodine retention is possible at special operating modes and conditions /20,24/.

CARRIER
GAS

nitrogen
nitrogen
nitrogen

air
air

nitrogen

air
. air

NO in the feed!

Table 3

OPERATING
TEMPERATURE

counter-current
part

- 1 7 *C
- 7«C
•22 *C

-33-C
• 20*C
+20-C

O'C
•20#C

gas IV* by volumi

SCRUB ACID
CONCENTRATION
m o l / l HN03
plus H2O2

10
10
10
6.5
6.5
6.5

0.5
0.5

A
H

830
330
125

- 8 0 0
180
92

220
115

i; slight stochiometric

N0x DECONTAMINATION FACTORS
carrier gas rate m3(STP)/h

500
280
55

360
100
20

88
55

16
I U

130
35
27

170
52

2-3

40
20

H2O2 excess in the acid for N0x

» IHCH

32

25
16
8

55
-
-

12
8

oxidation

COMPARISON OF GAS SCRUBS WITH NITRIC ACID PLUS HYDROGEN PEROXIDE
6.6 Additional observations

Some observations made during the test runs are worth mentioning even without
explanation. The H2O2 excess in the circulating scrub acid was usually between 0.02
and 0.1 M H2O2. The NOx,removal efficiency seems to increase somewhat towards the
lower values. A slight NO break-through peak was observed frequently during start-
up, indicating that a reactive intermediate species might be involved in the
recovery reactions. The detailed mechanisms of the low temperature HNO3 scrubs
using H2O2 are not well known up to now and deserve further investigation
especially for modelling the processes. At present, they are looked at as
continuous chemical cold traps for off-gas purification.
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6.7 Ozone addition to the off-gas

N0x was absorbed to below the detection limit of 0.5 ppm in dilute HNO3 at room
temperature after addition of ozonized O2; the stochfometric O3 excess was few 100
ppm. Lab scale experiments showed, that traces of iodine are converted to an oxide
mist, which is badly scrubbed but easily removed with glass fiber filters.

7. SOME ASPECTS IN A FUEL REPROCESSING PLANT

A simple and convenient application of cold scrubs in a FRP should not create
additional waste streams and should require only few operations. Regeneration or
additional treatment of spent scrub acids prior to reuse or process recycle are
possible but undesirable options. A suitable choice of sources and sinks for the
scrub acid in the process is essential: Volume, concentration and contamination
level of the acid transferred to or removed from the scrubber must be compatible
with the processing mode in the plant and vice versa.

In the course of most applications the scrub acid is gradually diluted by
absorption of water vapours from the off-gas, H2O2 addition and water produced in
some absorption reactions. A minimum scrub acid exchange rate is therefore
necessary to maintain the desired acid concentration.

The use of a cold scrubber in the DOG, downstream from an efficient aerosol and
bulk N0x plus iodine retention, is taken as an example. The uranyl nitrate
U02(N03)2 dissolved in the organic solvent removes 2 moles of nitrate per mole of U
from the FRP headend. Only half the deficit is assumed to be replaced by about 300
kg 90 % weight HNO3 per metric ton of U and first used for additional DOG
purification in a once-through mode. The amount of dilution water will be about 20
kg, assuming a specific DOG volume of 500 m3 (STP) per metric ton of U, 0.5% by
volume residual NO and an off-gas dew point of 20°C. Scrub acid dilution occurs
only in the co-current part of the scrubber and is acceptably low. A more smooth
operation without acid recirculation via a regeneration step can be achieved with a
control of the acid feed in proportion to the gas rate, e.g. using the pressure
drop in the column. Residual N0x and iodine will be removed to the trace level at -
55°C especially in the counter-current part of the column. The residual HNO3
vapours can be efficiently recovered In a defrostable feed gas cooler at < -100°C
prior to a rare gas recovery step.

An equally efficient recovery at higher DOG throughputs requires regeneration
and recirculation of the 90% HNO3. Use of a (30 or) 50% HNO3 plus H2O2 seems to be
more favourable in this case. The small residual amounts of H2O and HNO3 vapours
and N0x can be recovered in a small molecular sieve bed downstream from the cold
scrubber. Norton zeolon 900 H has been tested in a side stream of the cold
scrubber; each of the three adsorbable constituents was removed to the sub-ppm
level.

The dilution with water is less serious for 10 or 6.5 M HNO3 plus H2O2 as
scrub acid. Even an increase of the scrub acid concentration can be obtained using
50% H2O2 and higher N0x and lower water vapour concentrations in the feed gas.

The source of a sufficiently concentrated scrub acid for the DOG may be either
the highly active acid recovery system or a fresh acid. The spent scrub acid can be
recycled to the dissolution acid storage tank without additional treatment.

Upstream recycle in the DOG purification system avoids the production of secondary
waste streams.
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Similar considerations can be made for an application of cold scrubs in the
vessel off-gas systems. o

The most sensitive parts of the equipment for the cold scrubbers are the
refrigeration compressors. The refrigeration equipment should be redundant and
located outside the process cells in an easily accessible 'cold' area. This
simplifies maintenance and repair and maintains a high availability. Moreover, the
contamination level of the scrubbers itself will be low, since they are used
towards the end of an off-gas purification train.

The mode of refrigeration is an additional safety feature. The heat transfer
fluid is HNO3 at about the same concentration as the scrub acid and circulated in a
closed loop. Small accidental leaks will not cause immediate trouble or shut-down. .
Contaminated coolant can be discharged into the process.

8. SUMMARY AND CONCLUSIONS

The essential operating modes,
in table 4:

SUITABLE
CONCENTRATION
7.W.HNO3

-c30

30

50

90

various

remarks: (1)
(2)

SUITABLE
OPERATING
TEMPERATURE

0#C

-35#C

-18 *C

-55 #C

various

PREFERED
OPERATING
MODE (1)

• c o - o r
counter-
current

J>«acid
circulation
without

J regeneration
:ounter-currenl
ince-through

various

other operating modes are
depends on column design,

condit ions

SLIGHT EXCESS
OF ADDITIONAL
CHEMICALS

controlled
addition
of 30 or
507. H202
to the
scrub acid

none
1)3/02 to
feed gas

also possibli

and results are b r i e f l y

OXIGEN IK
THEOFF-GAS
REO.UIRED

yes

yes

no

no

no

RESIGUALVAPOUR
PRESSURESppmv

H20 HNO3

•*10* -=10 r

<io3 * io"

«103 - 1 0 '

~10° «10 l

various

operating modes and conditions etc.
JtffjjVZ

summarized

N0x AND IODINE
REMOVAL ppmv
N0 x (2} I z

10'-103

, partial
iclnuVl

~102

1 efficient
* ' removal

. oxide
< 1 mist

IHCH
Table 4 BRIEF SUMMARY OF OPERATING MOOES.CONOITIONS AND RESULTS

Essential characteristics of the various low temperature scrubs for
reprocessing off-gas purification are briefly summarized as follows:

• The low temperature nitric acid scrubs use a more concentrated nitric acid
either with or without H2O2 or O3. They are suited to achieve a more efficient or
reliable off-gas purification downstream from a normal nitric acid scrub at ambient
temperature.

• H2O2, HNO3 and NOX concentrations in the off-gas can be reduced by one or two
orders of magnitude. NOy and iodine can be removed to trace levels at special
operating modes and conditions.

• Efficient NOX removal can also be obtained from 02-deficient air or an 02-freenitrogen stream. This feature can be of importance for low flow ventilation
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concepts, using an (^-deficient cell atmosphere to prevent a solvent fire.

• Prior to rare gas recovery, a very efficient off-gas prepurification is
required. Continuous cold scrubs upstream from the discontinuously operated sorbent
beds or cold traps can considerably reduce the load to these less convenient steps.
Bed size, regeneration frequency and desorption gas requirements are reduced
correspondingly.

• Use of O3 is compatible with rare gas recovery by selective absorption in R-12
/25/.

Cold scrubs provide for an in-line .correction in case of defective upstream
N0x or iodine removal steps. This feature
of the total off-gas purification train.

improves the reliability and availability

• The convenient continuous processing mode and the simple, conventional
equipment are attractive characteristics for a technical application.

• A suitable integration into the process avoids additional treatment steps of
the spent scrub acids prior to process recycle.

• No secondary waste streams are produced. The nitric acid and the reaction
products of H2O2 and O3 are normal constituents of the process.

At present, the various low temperature scrubs are being investigated as a
part of an integrated dissolver off-gas system on the engineering scale.
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DISCUSSION

VIKIS: With r e spec t t o your work on the e f f e c t of O3. on I 2

and NOX in the l i q u i d phase , we have shown t h a t I 2 r e a c t s with O3
in the gas phase to form s o l i d iod ine ox ides . However,we a re con-
cerned about the economics of using O3 in the presence of l a rge
amounts of N0x . Have you looked at these economics i n your case-?

HENRICH: ^he ox ida t ion of NOX with ozonized oxygen or a i r does
make sense only »t lower NOX concen t ra t ions of a few t e n t h s of a percen t
by volume or l e s s . I t i s not s u i t e d for bulk NOX removal, e . g . from
the d i s s o l v e r o f f - g a s . Therefore , &• p r econd i t i on i s upstream bulk
NOX removal i n a convent ional n i t r i c ac id sc rubber . The economic
feasibility of this off-gas purification process is demonstrated
by many applications at similar conditions in the non-nuclear industry.
Large ozonizers, producing several 10 kg' O3 per hour, are commercially
available today and references of applications are available from the
Indus tt-y.

VIKIS: If we can oxidize iodine, which is a very volatile
species in the gas phase, to an iodide, and- if we can deal with the
N0x problem by using high concentrations of ozone economically, -then
i t seems to me that we can carry out the whole recovery in the gas
phase and need not worry about using complex liquid scrubbers.

HENRICH: Yes, that is an alternative. What the best solution
would be depends on the problem.
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DEVELOPMENT OF THE ELEX PROCESS FOR TRITIUM SEPARATION AT REPROCESSING PLANTS

A. Bruggeman, L. Meynendonckx, C. Parmentier, W.R.A. Goossens, L.H. Baetsie
Studiecentrum voor Kernenergie/Centre d'Etude de l'Energie Nucleaire

Mol, Belgium

Abstract

Within the framework of the Commission of the European Communities' indirect
action programmes on management and storage of radioactive waste the Belgian Nuclear
Research Centre, S.C.K./C.E.N., has been developing, since 1978, the ELEX process
for isotopic enrichment and separation of tritium from aqueous reprocessing efflu-
ents. The ELEX process is a combination of water ELectrolysis and tritium Exchange
between hydrogen and liquid water, the exchange being promoted by a hydrophobic
catalyst.

After the development of an appropriate hydrophobic catalyst and the study of
the separate constituent steps of the ELEX process, an integrated bench-scale in-
stallation with a detritiation capacity of 10 mol water per hour was constructed.
It comprises essentially a 1.5 kW electrolyser and two 2 cm diameter and 3 m high
exchange columns. In this mini-pilot the ELEX process was successfully demonstrated
by detritiating more than 1000 dm3 water containing up to 100 mCi tritium per dm3,
which is the feed concentration expected for application of the process in a repro-
cessing plant. The process decontamination factor was always larger than 100 and
the overall tritium balance could be kept within the experimental errors of the
various measurements. Depending on the duration of the runs, the volume reduction
factor was between 10 and 15, but this factor will become much higher when the pre-
sent electrolyser will be replaced by the low-volume one now under construction at
S.C.K./C.E.N. The technical availability of the mini-pilot amounted to 99 % or more
for the last experiments. During the nearly 6000 hours of operation there were no
tritium contamination problems.

At present the construction of a 280 mol.h~x or 0.12 m3 H20 (HTO) per day
pilot detritiation installation, nears completion. In this unit, wnich will have a
total tritium inventory of maximum 1000 Ci, the ELEX process will be demonstrated
with a volume reduction factor of 100 and a process decontamination factor of 100.
Again the feed concentration will be 100 Ci tritium per m3. In the future this in-
stallation will be supplemented with a pre-treatment unit for the removal of fission
products, organics and nitric acid. ...-

I. Introduction

Within the frarnevtork of the European Community's programmes "Management and
Storage of Radioactive Waste" the Belgian Nuclear Research Centre, S.C.K./C.E.N.,
has been developing, since 1978, the ELEX process for isotopic enrichment and sepa-
ration of tritium from aqueous reprocessing effluents [1, 2J. The ELEX process is a
combination of water ELectrolysis and tritium Exchange between hydrogen and liquid
water, the exchange being promoted by a hydrophobic catalyst. The development stage
of this process will be described in this paper.
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II. The tritiumManagement for an Inland reprocessing plant

Inside the fuel elements of present light water reactors about 0.75 PBq (20
kCi) tritium are formed per GW(e).a, mostly by ternary fission. Depending on the
time-temperature history in the reactor, a smaller or a larger part of this tritium
diffuses out of the fuel and is fixed by the Zircaloy cladding. When the spent fuel
is reprocessed this latter fraction is retained in solid wastes. But the remainder
of the tritium, and this represents 50 % or more, is not immobilized and if no spe-
cial treatment is used it ends up nearly quantitatively as HTO in the aqueous ef-
fluents of the reprocessing plant.

With the increase in nuclear power and in the corresponding reprocessing
capacity, release of these tritium-bearing effluents by discharge into local rivers
or evaporation to the atmosphere will have to be restricted. For some suitable re-
processing plant sitings alternative low cost management schemes for tritiated aque-
ous wastes may be possible, such as direct disposal into the ocean or on-site deep
well injection. At most inland plants, however, decay storage on site or transport
to a repository will be required and in both cases the tritium must be immobilized,
probably in a solid form, from which it does not leak or leach [3j. To minimize the
cost of immobilization and long-term storage, previous concentration of tritium in a
small volume will be necessary.

Technically, a normal chop and leach process is still preferred for present
and future reprocessing plants. Starting with the dissolution, the tritium in the
fuel is repeatedly diluted isotopically as aqueous reagents are introduced. To con-
fine the tritium into a relatively small volume, several schemes for segregation and
recycling of the tritiated plant streams and decontamination of the process reagents
have been studied and proposed [4, 5, 6J. At future reprocessing plants the volume
of tritiated aqueous effluents might thus be reduced to about 5-1 m3 per ton of
light water reactor fuel processed, with a tritium level of the order of 3.7 TBq
(100 Ci) nr3 or a HTO : H O ratio of about 10"' [7, 8, 9j. In many cases a further
reduction of the waste volume will, however, be required and an isotopic enrichment
and separation of tritium will be needed. Such method will then produce a product
stream that is sufficiently enriched in tritium (volume reduction factor, VRF) to be
economical for storage or disposal and a waste stream that is sufficiently depleted
in tritium (decontamination factor, OF) to be discharged to the biosphere.

III. The ELEX process for separation of tritium from aqueous effluents

S.C.K./C.E.N. proposed earlier an ELectroiysis-EXchange process for isotopic
enrichment and separation of tritium from the aqueous effluents of a reprocessing
plant [10]. This ELEX process is a combination of water electrolysis and tritium
exchange between hydrogen and liquid water, the exchange being promoted by a hydro-
phobic catalyst. The process is thus based on two large Isotope effects : the equi-
librium isotope effect in the tritium exchange reaction between hydrogen gas and
liquid water and the kinetic isotope effect in the electrolytic hydrogen evolution
reaction. Both isotope effects favour concentration of tritium in the liquid water
relative to the hydrogen gas. Analogous processes are being studied in Canada,
U.S.A., Japan and Germany [11, 12S, 13, 14].

Figure 1 shows a schematic illustration of the ELEX process. It comprises
essentially an electrolyser for production of hydrogen and a countercurrent packed-
bed reactor for tritium exchange between hydrogen gas and liquid water. As the liq-
uid water trickles down the column, it becomes more and more enriched in tritium.
The hydrogen gas, which 1s already depleted in tritium relative to the electrolyte
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Fig. 1. ELEX process for detritiation of water.

from which it evolved, becomes more and more depleted in tritium when it flows from
bottom to top. The tritium contaminated water is fed into the exchange column at the
point where its tritium content corresponds to the local tritium content of the
originally tritium free water that has been added at the top of the column. The
tritium poor hydrogen stream at the top of the column can be vented and a small
tritium enriched water fraction is removed as condensate from the electrolyser
for immobilization and storage. Alternatives are possible : If reliable fuel cells
become available, the decontaminated hydrogen can be oxidized in stead of vented and
the electricity can be delivered to the electrolyser.

Assuming an elementary tritium-protium separation factor of 10 for the water
electrolysis and an exchange temperature of 50 °C, the ELEX process needs only 5
overall exchange transfer units to concentrate 90 % of the original tritium in 1 %
of the original volume. On these assumptions a technico-aconomical comparison of the
ELEX process with two other possible methods for isotopic enrichment and separation
of tritium from aqueous reprocessing effluents, namely water distillation and water
electrolysis, shows that the total operating costs per year for the ELEX method can
be expected to be about two to four times lower than for these other methods [10].

IV. The experimental Investigation of the two steps separately

Initially the R 4 D work.at S.C.K./C.E.N. concentrated on the separate con-
stituent steps of the ELEX process. Electrolytic separation factors were experimen-
tally determined and after the development of an own appropriate hydrophobic cata-
lyst, studies in countercurrent packed-bed reactors allowed to optimize the overall
tritium exchange rate.
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For the study of electrolytic detritiatfon a test installation was con-
structed in a walk-in processing hood. This installation, which is shown schemati-
cally in Fig. 2, consists essentially of a transformer rectifier which allowed to
work in constant current mode, a small (1.4 kVf) but still industrial type of elec-
tro! yser with peripheric equipment for the conditioning of electrolyte and gases,
and a sampling train for (tritiated) hydrogen. The electrolyser is of the bipolar
and atmospheric pressure type and is composed of 12 cells in series. As the cathodes
are made of mild steel, rather high tritium separation factors could be expected,
especially at lower temperatures [15].

From a comparison of the tritium content of the water electrolysed and the
tritium content of the hydrogen produced, the tritium-protium separation factor for
the electrolysis installation described and for a 25 % potassium hydroxide solution
was determined at current densities from 370 to 2600 A.nr2 and at temperatures from
20 to 60 °C. The cell voltage that had to be applied was also measured and it in-
creased from 1.85 to 2.23 V with increasing current density and with decreasing
temperature. All experiments carried out yielded high separation factors, i.e.
larger than 10. For "normal" working conditions, i.e. current densities from 1500 to
2600 A.nr2 and temperatures from 40 to 60 °C (cell tension 2.06 to 2.21 V), a mean
separation factor of 11.6, with a standard deviation of 6 %, was obtained. At lower
current densities and at lower temperatures less reproducible but higher separation
factors were obtained. Economically the latter working conditions are however less
attractive.

The elementary separation factor for the exchange of tritium between hydrogen
and liquid water is given by the equilibrium constant of the exchange reaction. This
equilibrium constant equals about 7.2 at 20 °C and it decreases with increasing
temperature. The isotope exchange is thus carried out at rather low temperatures and
a catalyst is needed to obtain a sufficiently high exchange rate. Before starting
the investigation in a trickle-bed installation, a catalyst development programme
was thus executed. The aim of this programme was to find a suitable hydrophobic
catalyst which promotes effectively the isotopic hydrogen exchange between hydrogen
gas and water vapor while being in contact with liquid water. About 30 different
types of hydrophobic catalysts were prepared and tested at S.C.K./C.E.N. The details
of this selection procedure have been presented elsewhere [16, 17], Finally, a home-
made piatina-on-carbon-plus-teflon catalyst appeared to show the best characteris-
tics for application in the ELEX process [18].

For the trickle-bed experiments several test installations were constructed,
one of which is shown schematically in Fig. 3. The exchange column, a thermostati-
cally controlled plexiglass cylinder with an inner diameter of 20 or 30 mm and a
length of about 2 m, comprised a catalytic section with the proprietary catalyst,
surrounded at each end by a layer of inert glass spheres. To improve the liquid flow
distribution within the exchange column and to Increase the gas-liquid interface
area, the hydrophobic catalyst particles were mixed with water wettable inerts in a
volumetric ratio of about 1 : 2. The H2-HT mixture was prepared in batches by evacu-
ating a research-grade hydrogen tank (volume 50 dm 3), adding H -HT gas by means of a
tritium gas dispenser and pressurizing with hydrogen. The liquid flow rate was con-
trolled by a metering pump and to control the gas flow rate a mass flow regulator
was used. Both feeds were heated before entering the reactor and gas flowing out of
the bed was consecutively sent through a cooler condensor and a liquid nitrogen
cooled trap to remove water vapor. The liquid level at the bottom of the column was
kept constant with the aid of a double-level controller acting on a magnetic valve
between the reactor and the water collecting tank. In a revised version a level
controlling pump was used and the water leaving the exchange column pre-saturated
the hydrogen feed. Furthermore the gas flowing out of th^ exchange column was sent
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through a stainless steel condensor cooled at 2 *C and placed on top of the column.
Water samples for tritium determination by liquid scintillation counting were with-
drawn before and after the reactor. The dry hydrogen before the reactor or after the
liquid nitrogen cooled trap was continuously sampled and measured by proportional
counting.

In the trickle-bed installations several experimental runs were performed
with different batches of home-made hydrophobic catalyst particles in combination
with various packing materials. Furthermore other parametric experiments were car-
ried out during which the composition of the catalytic bed was kept constant. Most
of these experiments were carried out at relatively low operating temperature, and
to evaluate the performance of a particular combination of hydrophobic catalyst
particles and water wettable inerts the presence of water vapor could thus be ne-
glected [19]. Considering a small height of catalyst packing dZ(m) where the mol
fraction of HT in the gaseous hydrogen 1s y and the mol fraction of iiTO in the liq-
uid water is x, the tritium exchange rate per unit column area can then be written
as :

G'dy = k (y - y e) dZ

where : G1 : gas (hydrogen) flow rate per unit column area in mol.s" 1^" 2

k : overall exchange rate constant in 1 3

Y : IT, with K the equilibrium constant of the overall tritium
exchange reaction

gi
By definition, HQQ = ̂— = height of an overall exchange transfer unit.

Using tritium free water and tritium containing hydrogen as feeds the steady-
state tritium exchange rate was measured for bed depths of 0.5 to 2 m, at atmospher-
ic pressure, at temperatures between 20 and 80 °C and at liquid and gas flow rates
between 2 and 20 mol.s"1^"2. In the experimental range the overall exchange rate
constant k was independent of column height. The influence of column diameter was
not systematically studied but the results in a 3 cm diameter column were comparable
to those in a 2 cm diameter one. k was nearly independent of the gas and liquid flow
rates, except for some decrease at the lowest liquid flow rates. Up to 60 *c k in-
creased with increasing temperature but at higher temperatures this increase became
marginal or nonexisting. For some column fillings, experiments at high temperature
and at high gas and liquid flow rates were impossible because of flooding problems.
By ameliorating the hydrophobic catalyst without increasing its platinum content (1
wt %) and by combining it with more suitable, etched packing materials, overall
exchange rate constants of 100 to 140 mol.s" 1^" 3 at 40 °C could finally be obtained
in a reproducible way. These values are about 10 times higher than those reported
earlier [16, 17].

V. The experimental study in an integrated bench-scale installation

The promising results obtained in the separate steps have incited us to the
further development of the ELEX process. Therefore an integrated bench-scale detri-
tiation unit with a nominal through-put of 10 mol.h-1 has been built. Fig. 4 gives a
partial view of this ELEX mini-pilot, which consists essentially of the above de-
scribed electrolyser of 1.5 kW, two 2 cm diameter stainless steel exchange columns,
partially filled with a mixture of hydrophobic catalyst particles and water wettable
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Fig. 4. Part ia l view of the bench-scale ELEX insta l la t ion.
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packing material, and an available oxidation-adsorption installation which was modi-
fied to recombine the vented hydrogen. A detailed description of this installation,
its components and its related safety aspects has been given elsewhere [2].

According to the regular working procedure, a fixed flow rate of 60 cm3.lr1

tritium free water 1s added at the top of the stripping column, and the water to be
detritiated is added between the two exchange columns. By using a capacitive level
sensor within the electrolyser, the latter flow rate is controlled as a function of
the amount of water electrolysed. The electrolysis current is normally fixed at 60 A
(2220 A.m-2) over the 12 cells in series. No tritium enriched fraction is taken off.
Electrolyte (droplets) and water (vapor) removed from the electrolytically produced
hydrogen and oxygen gases, are recycled into the electrolyser. During each long-
duration experiment the tritium concentration or the tritium to protium ratio of the
feed water is kept constant, but with consecutive runs it has been gradually in-
creased until a value of 100 mCi.dm-3 because this concentration is expected for
real reprocessing effluents. Before starting an experiment, the electrolyser is
filled with a 25 wt % aqueous solution of potassium hydroxide which has about the
same tritium to protium ratio as the water to be treated. The columns are preflooded
with tritium free demineralized water, and their operating temperature is fixed at
40 °C.

For each experiment the overall tritium balance is rigorously checked. Sta-
tistical errors are minimized by multiple sampling and measuring. The most important
uncertainty in preparing the overall tritium balance is the total amount of tritium
enriched electrolyte at the end of the experiment, since after emptying the elec-
trolyser and weighing the electrolyte a certain amount of electrolyte still remains
in the electrolyser. This amount is determined on the basis of the measured dilution
factor for KOH and for tritium when the electrolyser has been refilled by adding a
known amount of water.

The integrated mini-pilot is provided with an extensive measuring and sam-
pling system. Real-time measurements by proportional counting of tritium in the
gaseous hydrogen stream are possible before, after and between the two exchange
columns. Low-volume counters are used for the more active gas streams. Methane is
added as a counting gas. For tritium determination by liquid scintillation counting,
samples can be taken from the feed water, from the lye, from the water removed from
the hydrogen and oxygen gas, from the aqueous streams leaving and entering the ex-
change columns, and from the water formed by oxidation of the effluent hydrogen.
Before measurement appropriate dilution is carried out.

In the 10 mol.h"1 bench-scale installation several integrated, long-duration
detritiation experiments were carried out. As an example, the most interesting re-
sults of a continuous run of 941 h during which 174 dm3 or 185 cn^.fr1 water with a
tritium concentration of 20 mCi per dm3 were detritiated are given in Fig. 5. The
central catalytic part of the enrichment column, 74 cm, was filled with a mixture of
67 vol. % non-etched Dixon packings and 33 vol. % hydrophobic Pt-C-PTFE catalyst
particles. In the stripping column the height of the catalytic bed, which was com-
posed of 67 vol. % etched Dixon packings and 33 vol. % hydrophobic Pt-C-PTFE cata-
lyst particles, was 208 cm. The total amount of water electrolysed was 232 dm3 or
246 cm3.!!-1, including 58 dm3 or 61 cm3 h"1 tritium free water for reflux. At 60 A
the theoretical value is 242 cm3.h-x plus 1.5 cm^h" 1 for the residual water in the
effluent oxygen and hydrogen. The final volume reduction factor (enrichment factor)
was 11.6 and the mean process decontamination factor was 372. The overall tritium
balance fell within the experimental error limits.

In another experiment, which lasted 1371 h, 232.5 dm3 water with a concen-
tration of about 100 mCi tritium per dm3 water were detritiated, or 169.5 cm3 h-1.
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Fig. 5. Results of a bench-scale detritiation experiment

This is somewhat less than in the previous experiment because the minipilot did not
always function at full capacity (b0 A). 82,9 dm3 or 60.5 cm3 h"1 tritium free water
were added. The final volume reduction factor was 14.1. The mean process decontami-
nation factor was 295 although there was again a peak in the breakthrough of triti-
um, resulting from an accidental Interruption in the addition of tritium free water
at the top of the stripping column. Within the experimental errors, the overall
tritium balance was in equilibrium.

The integrated and long-duration bench-scale experiments with an active feed
demonstrated succesfully the feasibility of the ELEX process for isotopic enrichment
and separation of tritium from water. They confirmed the results obtained earlier
during the study of the separate constituent steps of the process. The electrolytic
tritium-protium separation factor, about 15, and the overall tritium exchange rate
constants, about 35 mol.s-^nr3 when the hydrophobic catalyst particles were mixed
with non-etched Dixon packings and about 50 mol.s-i.nr3 when they were mixed with
etched Dixon packings, were approximately In accordance with previous experiments In
the separate units. More exactly they were respectively somewhat higher and somewhat
lower than expected. In a working period of more than 5000 hours the hydrophobic
catalyst had not to be replaced. The water wettable Dixon packings were once re-
etched.
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More than 1 m3 water containing up to 100 mC1 tritium per dm3 were detriti-
ated, representing nearly 6000 working hours. The mean process decontamination fac-
tor was always higher than 100 and a continuous on-line monitoring of the tritium In
the effluent hydrogen, with alarm and shut-down action, can further Increase this
factor. It could be useful to adapt the installation in such a way that the amount
of water added at the top of the stripping column would be controlled as a function
of the continuously measured breakthrough of tritium. The volume reduction factor
increased linearly with time and for the 1000 to 1500 hours experiments it lay be-
tween 10 and 15. Higher volume reduction factors will become possible as soon as the
present modified CJB electrolyser will be replaced by a new, low-volume electrolyser
which will be constructed at S.C.K./C.E.N. The overall tritium balance could be kept
within the experimental errors of the various measurements, indicating small overall
tritium losses.

The technical availability of the installation amounted to 99 % or more for
the last experiments. Remaining technical problems were caused by an insufficient
gas-liquid separation within the present electrolyser and by false alarms, especial-
ly during thunderstorms. There were no contamination problems. The tritium concen-
tration of the air in the processing hoods was continuously measured, but it never
attained the maximum allowable KTO concentration for the laboratory, namely 2.10-5
Ci.m"3. It was concluded that, although the bench-scale ELEX installation could be
further improved, the technique had matured sufficiently to justify, in complete
agreement with the successful results, the promotion of the ELEX study to a pilot-
scale demonstration.

VI. The pilot detritiation installation

Based on these experiences a pilot detritiation installation has been de-
signed and constructed as the ultimate step before industrial application. The prin-
cipal components of the ELEX pilot are an electrolyser with a hydrogen production
capacity of maximum 12 m^lr 1 (20 °C, 10b Pa) and a countercurrent packed-bed reac-
tor with an internal diameter of 10 cm and a total height of 8 m. The construction
material is mainly stainless steel. The 80 kW electrolyser is provided with a water
recovery system and the thermostatically controlled exchange column, which contains
the proprietary hydrophobic catalyst, has a saturator-evaporator at the bottom and a
cooler-condensor at the top. Other main parts of the installation are the feed water
system, the gas and liquid sampling system and the liquid waste system. Control
instrumentation and health and safety equipment are amply provided. All tritium
{and hydrogen) containing parts of the pilot are surrounded by a ventilated second-
ary enclosure which 1s at a lower pressure than the rest of the building and which
is connected to an extant 60 m high stack. In this installation, which will have a
tritium inventory of maximum 1000 Ci HTO, demonstration of the ELEX process will be
performed, according to the following design specifications :

* through-put : 0.12 m 3 HJ) (HTO) per day or 280 nsol h"1

* feed concentration : 100 Ci tritium per m3

* volume reduction factor : 100
* process decontamination factor : 100.

Fig. 6 shows the 80 kW electrolyser made by Teledyne C* while it was tested
in advance. It appeared that some modifications are necessary to guarantee an unin-
terrupted and stable hydrogen production rate such as required for a good operation
of the trickle-bed exchange part of the ELEX installation. Furthermore, from a pro-
cess point of view, the tritium losses from the Teledyne electrolyser, as delivered,
are too high and therefore several additional equipment pieces are necessary : The
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Fig. 6. The 80 kVA electrolyser fabricated by TeLedyne C%
before i ts adaptation and installation in the ELEX
pi lot .
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Fig. 7. The exchange part of the ELEX p i lo t insta l la t ion
during mounting.
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tritiated water has to be removed from the vented gas streams and recycled Into the
electrolyser or stored as the tritium enriched fraction, while the tritiatsd hydro-
gen has to be added to the main hydrogen stream which is vented after decontamina-
tion in the exchange column. These adaptations are now assembled. Fig. 7 shows the
exchange part of the ELEX pilot during mounting. After leak testing, precommission-
ing of the mechanical equipment and instrument testing, hydrodynamical commissioning
of the exchange column is now under way. The startup with tritiated water is fore-
seen for early 1985. In a farther future the pilot installation will be supplemented
with a pre-treatment unit because real reprocessing effluents will probably contain
organic impurities, fission products and nitric acid, which would be detrimental to
the ELEX system by adsorption on the catalyst or accumulation in the electrolyser.
The removal conditions are already investigated on a laboratory scale.

VII. Conclusion

Experimental evidence has been obtained on the technical feasibility of the
ELEX process for isotopic enrichment and separation of tritium from aqueous repro-
cessing effluents. Final experimental experience will be gained in the pilot instal-
lation that will soon be put into operation.

Design considerations have started to apply this knowledge for the treatment
of tritiated streams in nuclear fusion reactors.
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CLOSING REMARKS OF SESSION CHAIRMAN GRQEN1ER:

Three of the seven papers of this session have addressed a
prime concern of mine relative to airborne waste retention and re-
covery. That concern is the integrated performance of tandem treat-
ment steps. One paper reported on-the inadequacies of materials of
construction, not discovered when developing individual steps. Two
others reported unsatisfactory performance of one or more components
arising from the presence of several airborne waste constituents in
a single process stream (S02•trapped in unit intended for I2, CO
oxidation in icdine sorber, and I z contamination of CO oxidizer
catalyst). These papers confirm the need'for additional work using
an integrated systems approach and realistic feed streams.

Three of the remaining four papers have been excellent reports
of basic R &• D on process monitors, a low-temperature version of the
U.S. lodox process which also cleverly handles the problem of M0x

recovery, and the ELEX p'rocess for concentrating and recovering
tritium from reprocessing waste streams. These are valuable
additions to the off-gas treatment literature.

Finally, a paper on the operating performance of an actual
treatment system in a production plant has generally confirmed
previous data, much of it reported through this conference's
proceedings, with regard to iodine retention systems.

I thank you all for coming to this session and for your
participation. Especially, we thank the speakers for an interesting
morning and encourage each of them to> continue their wo-rk in this
field.
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Session 7

WORKING LUNCHEON

TUESDAY: August 1H, 198H
CHAIRMAN: D.W. Moeller

Harvard School of Public
Health

INVITED SPEAKER:

TITLE: THE SEARCH FOR GREATER STABILITY IN NUCLEAR REGULATION

SPEAKER:' COMMISSIONER JAMES K. ASSELSTINE
U.S. Nuclear Regulatory Commission

INTRODUCTION BY CHAIRMAN MOELLER:

We are honored to have as our speaker today Commissioner
James K. Asselstine of the U. S. Nuclear Regulatory Commission.

Mr. Asselstine was nominated for appointment, to the Commission
by President Reagan, his appointment was confirmed by the U. S.
Senate, and he was formally sworn in in May, 1982. Prior to his
appointment, Mr. Asselstine served as Associate Counsel for the
Committee on Environment and Public Works, U. S. Senate. Previous
to this assignment, he was Minority Counsel for the Committee's
Subcommittee on Nuclear Regulation. During this assignment,
Mr. Asselstine played a major role in the formulation of the Nuclear
Waste Policy Act of 1982 which has proven to be one of the most
beneficial and far reaching pieces of recent nuclear energy legis-
lation. Mr. Asselstine also served as Co-Director of the Senate's
investigation into the accident at Three Mile Island, Unit 2.

From 1975 - 1977, Mr. Asselstine served as Assistant Counsel
for the former Congressional Joint Committee on Atomic Energy.
From 1977 - 1978, he was a staff attorney in the Regulations Division
of the NRC's Office of the Executive Legal Director, and from
1973-1975 he was a legal intern and staff attorney for the NRC's
Atomic Safety and Licensing Board.

With that background, it is easy to understand the rapid pace
with wnich Mr. Asselstine has assumed a position of leadership
within the Nuclear Regulatory Commission. Coupled with his de-
tailed knowledge of the legal and legislative aspects of the field
of nuclear energy, Mr. Asselstine has endeared himself to the
technical community through his insistence on becoming familiar with
the real world aspects of nuclear power production. It was my
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privilege to join him: on a tour of the St. Lucie Nuclear Power Plant
in March, 1982, and also to accompany him during the Federal Field
Emergency Exercise conducted in Florida at that time. These are
but two examples of his direct involvement in nuclear activities at
the working level. If further proof is needed, I might also mention
that during the two years he has served on the Commission, Mr.
Asselstine has visited over 30 nuclear power plants within the
U. S.

It is a pleasure to present Mr. Asselstine to you. His topic
today will be "The Search for Greater Stability in Nuclear
Regulation." Mr. Asselstine.
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The Search for Greater Stabi l i ty

in Nuclear Regulation

remarks by

Commissioner James K. Asselstine

U.S. Nuclear Regulatory Commission

before the

18th DOE Nuclear Airborne Waste

Management and Air Cleaning Conference

August 14, 1984

Good afternoon, ladies and gentlemen. It is a real pleasure to be with

you today to participate in the 18th Department of Energy Nuclear

Airborne Waste Management and Air Cleaning Conference. I have chosen as

the topic for my remarks the search for greater stability in nuclear

regulation. At the outset, I should say that I support the objective of

providing greater stability to our regulatory process. Today, I want to

discuss two. possible approaches for dealing with the problems of new and

rapidly changing regulatory requirements. The first approach relies

heavily on the more traditional licensing reform initiatives that have

been considered off and on for the past decade. The second approach

would consider a new regulatory philosophy aimed at the root causes of

the proliferation of new safety requirements that have been imposed in

recent years.

For the past few years, the concepts of deregulation and regulatory

reform have been in fashion in Washington, and the commercial nuclear

power program has not remained unaffected. Many look to these concepts
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to provide greater stability in our regulatory program. The NRC, the

nuclear industry and the Administration have all been avidly pursuing

regulatory reform initiatives, which take the form of both legislative

and administrative proposals. Many of these proposals really look to

the future, and, if adopted, would have little impact on currently

operating nuclear power plants or plants now under construction.

However, a few would apply to the present generation of plants.

In their less controversial aspects, these proposals seek to establish a

framework for future plant applications that would encourage the expand-

ed use of more complete standardized plant designs in this country.

Typically, these proposals would provide for the issuance of stan-

dardized plant design approvals, early site permits that can be issued

separate from a specific plant design, and combined construction permits

and operating licenses that would resolve most, if not all, design

questions prior to the start of plant construction. Although many of

these previsions are useful and I have supported them , I have to say

that given the absence of interest in new plant orders, they are less

relevant today and probably for some years to come than are matters

affecting the plants now in operation and under construction.

In their more controversial aspects, the various licensing reform pro-

posals would have a direct and significant impact on the Commission's

ability to impose new safety requirements and the extent of public

involvement in cur licensing process. Certainly the nuclear industry's

first priority has been backfitting — the process for imposing new
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safety requirements on existing plants. Backfitting proposals sponsored

by the nuclear industry and the Administration seek to set a high safety

threshold, to impose requirements for detailed written analyses, to

establish requirements that imply the need for a quantifiable comparison

of economic costs and safety benefits, and to set internal NRC review

procedures that would apply to the Agency's consideration of any new

generic or plant-specific requirement. In my judgment, these proposals

would severely restrict the Commission's discretion to require new

safety measures for existing plants, particularly in those cases in

which the safety benefit of the measure is more judgmental in nature and

cannot be precisely quantified.

A second category of more controversial licensing reform proposals

involves changes to the NRC's hearing process for licensing nuclear

power plants. These proposals attempt to eliminate altogether some

opportunities for obtaining a hearing on. significant safety and environ-

mental issues. This would be the case, for example, for plant con-

struction quality assurance issues, for emergency planning, and for

issues regarding the qualifications of the plant operating staff under

some of the proposals for the use of combined construction permits and

operating licenses. The hearing proposals also attempt to change the

type of hearing required from the present trial-type hearing to a more

informal approach involving a combination of legislative-style and

trial-type hearing procedures. In addition, some of the hearing pro-

posals attempt to curtail the rights of public participants in the

hearing by restricting their access to information, by imposing a higher
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threshold for the admission of contentions, by requiring the early

filing of contentions before all relevant information is available and

by restricting opportunities for cross-examination.

Still a third category of these licensing reform proposals involves

changes to the internal management of the NRC licensing process. These

include changes to the role of the NRC staff in licensing hearings,

changes to the ex parte restrictions that prevent Agency decisionmakers

from communicating privately with NRC staff members on issues that are

in controversy in the hearings, changes to the internal appeal process

for reviewing initial licensing board decisions, and changes to the

process by which the Commissioners personally review and approve the

issuance of each full-power operating license for a nuclear power plant.

Taken together, these more controversial "reform" proposals would result

in a significant measure of deregulation. The Commission would be

hampered to a considerable degree in its ability to impose new safety

requirements for existing plants, and opportunities for public par-

ticipation in the NRC licensing process would be much more limited. In

those areas in which members of the public could still participate,

their hearing rights would be much more narrowly defined. All of this

would bring some measure of short-term stability to nuclear regulation

by decreasing both the number of new NRC safety requirements and the

uncertainty associated with licensing hearings. But those gains are

likely to be transitory at best given the failure of these reform

measures to address the root causes that have led to the proliferation
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of new and changing regulatory requirements in recent years. Moreover,

eny short-tern: gains in regulatory stability will likely be accompanied

by a substantial loss in public confidence in the Commission's ability

to assure saftity, in the basic fairness of our regulatory program, and

ultimately, in the safety of the plants that we regulate. For these

reasons, I conclude that the more radical regulatory reform proposals do

not provide a prudent or effective solution to the problem of new and

changing requirements.

This does not mean that all efforts to improve the licensing process

should be abandoned. Some regulatory reform measures can and should be

adopted. These include a more modest legislative proposal that focuses

on the less controversial elements of a licensing framework for future

standardized designs. In addition, some measures to address backfitting

are appropriate. These measures could establish a more formal and

disciplined review process for new requirements that does not turn our

staff into cost-benefit analysis writers and that avoids establishing

artificial barriers to the adoption of justified safety improvements.

Some improvements in the internal NRC management of the licensing

process and in our hearing procedures could also be made. The focus of

all of these changes should be on improving the quality of our safety

and licensing decisions. However, by assuring sound decisions as early

as possible in the licensing process, these measures will provide at

least some additional measure of regulatory stability. But these gains

are likely to be gradual, and most evident in the case of any future

plants.
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If sweeping changes to our licensing process are not the answer, I

nevertheless see an alternative path to greater regulatory stability.

That path would more directly address the problems that have led to the

proliferation of new safety requirements and the manner in which those

requirements have been imposed. But to better understand this approach,

it is perhaps useful to spend a few minutes on the origins of the

nuclear regulatory philosophy in this country and the positive and

negative sides of the current nuclear safety ledger.

The first regulatory philosophy was formulated, in concert with congres-

sional direction, in the mid-1950's. According to that philosophy, the

AES should impose the minimum amount of regulation while fulfilling its

obligations to protect the public health and safety. To nurture further

development of the technology in the private sector, the Federal Govern-

ment offered free R&D in government laboratories and waived certain loan

charges to those utilities willing to undertake a demonstration project.

These incentives and the regulatory philosophy behind them were jus-

tified on the ground that the private industry had assumed the economic

risk of the proposed project. The initial regulatory philosophy of the

1950's and early I9601s was also premised on the AEC's excellent reactor

safety record which, in turn, was based on careful, conscientious, and

skillful operations; and adequate maintenance. In short the minimum

regulatory philosophy was based on the assumption that each project

would be done correctly, and would be done correctly the first time. As

we began to Team more about the plants in the 1970's, it became appar-

ent that some of the assumptions underlying the minimum regulation
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philosophy were incorrect. This led to an ever-increasing number of new

and progressively more prescriptive requirements, regulations and

reinterpretaticns. By far the greatest number of these occurred after

the Three Mile Island Accident.

In terms of the present safety ledger, I see several elements on the

positive side. First, there has been a significant change in safety

attitudes among cur licensees since the TMI accident. Most, if not all,

fully understand the enormity and complexity of the challenge they face

in assuring the safe operation of the plants. Second, many of the

post-TKI safety improvements are now in effect. More personnel are

involved in plant operations, and they are better trained and qualified

to deal with emergency situations. Emergency procedures, which are

oriented toward understanding and responding to the symptoms of accident

situations, have been developed. Better accident diagnostic tools and

instrumentation are now available. Emergency planning has been substan-

tially improved. And some hardware changes'have been developed to

address specific accident problems. The success of many of these

pcst-TMI efforts has been evident in utility responses to serious

operating events such as those at1Crystal River and Ginna.

Third, the nuclear industry has initiated a coordinated effort to

improve operational performance. The centerpiece of this effort is iNPO,

the Institute fcr Nuclear Power Operations. Finally, there has been

generally good start-up experience for the new plants licensed since the

Three Mile Island Accident. For operating reactors, plant operations
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have been generally successful, with some notable improvements in plants

that had been consistently weak performers.

However, I also see several elements on the negative side of the safety

ledger. Just as there have been some notable successes in the past-TMI

period, there have been some notable failures. Examples are the Salem

ATWS event, the Grand Gulf start-up program and the Zimmer construction

quality assurance breakdown. Second, a number of post-THI changes are

taking much longer than anticipated. These include the Safety Parameter

Display Systems, the Technical Support Centers, the Post Accident

Sampling Systems and the Reactor Coolant Inventory instrumentation. The

last item, in particular, probably will not be installed and operational

in some plants until 10 years after the TMI accident.

Third, we are having great difficulty in resolving some lingering

problems. Two examples are fire protection and the environmental

qualification of electrical equipment. With regard to fire protection,

we are now approaching four years after the adoption of the Commission's

rule. Yet a substantial number of plants still do not comply and some

utilities &re still arguing over the requirements. Similarly, for

environmental qualification, it is now nearly two years after the

Commission issued its rule, and the majority of the equipment in operat-

ing plants has not been demonstrated to have the ability to withstand

the effects of an accident environment and still perform its intended

function.
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Fourth, we are continuing to experience problems with plant equipment

and components that significantly affect reliability and that are of

potential safety significance. Two examples are pipe cracks for boiling

water reactors and steam generator tube ruptures for pressurized water

reactors. Fifth, the role of plant personnel continues to be a key

factor in safety significant operating events. Personnel errors in

maintenance and surveillance testing have become the principal contrib-

utor in about one-half of all abnormal occurrences reported to Congress

by the NRC in the past few years.

A sixth problem area relates to acquiring and retaining qualified plant

personnel, particularly licensed reactor operators. A number of util-

ities, including some with substantial nuclear operating experience, are

having difficulty in putting together qualified operating crews for the

new plants. These utilities are experiencing particular difficulty in

obtaining operators with previous licensed operating experience at a

similar type of plant. As a result, some plants will begin operating

without having any member of the licensed operating crew with any

previous experience as a licensed reactor operator. In such cases, the

industry has proposed, and the Commission has accepted, an approach that

would rely on either the experience gained at a six-month visit to an

operating plant or the use of non-licensed shift advisors with previous

operating experience.

Finally, the Commission and the industry have not yet faced up to the

severe accident question. The Three Mile Island accident demonstrated
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that a severe accident leading to large-scale degradation of the reactor

core can occur. Despite this fact, NRC's principal severe accident

efforts thus far have focused on future plant designs rather than on the

roughly 120 plants now in operation or under construction. In addition,

there is a disturbing tendency to emphasize procedural changes —

changes that would inevitably place a greater burden on plant operating

personnel — rather than to consider possible hardware modifications to

prevent or mitigate the consequences of severe accidents.

What this all means to me is that we are not yet to the point that would

justify a return to the minimum regulation approach of the 1950's and

1960's. We have much to do in addressing the safety problems we are now

aware of, and I expect that we will continue to identify new ones. If

we continue with our current regulatory approach, we will be involved in

a continual exercise to address the latest safety problem. This reac-

tive approach to safety is likely to lead to further new requirements,

prescriptive regulations and ̂interpretations. The more extreme

regulatory reform measures that I have described would only serve to

postpone this result, perhaps with disastrous consequences.

Given this state of affairs, it seems prudent to consider alternative

regulatory approaches that would put the Commission in a more active

regulatory mode. Such a new regulatory philosophy might well include

one or more of the following elements: a shift in regulatory focus to

industry management; the establishment of reliability standards or

performance objectives, particularly in areas of general weakness
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throughout the industry; increased emphasis on inherent safety, and the

use of more creative NRC-industry relationships.

A key element in the success or failure of a nuclear plant operation is

the licensee's staff, management and organization. We ought to recog-

nize this fact and target our regulatory efforts toward assuring effec-

tive, capable plant management with a strong commitment to safety as the

first priority. We should give particular attention to the weak per-

formers and we should reward the strong ones. Such an approach could

effectively reduce the number of operating problems that have led to the

development of new, prescriptive requirements in the past.

The development of more detailed reliability standards and performance

objectives could help assure overall improvement in areas of weakness,

while minimizing the potential for changing prescriptive requirements.

Greater attention to inherent safety could both improve our overall

assurance of the ability to prevent or mitigate severe accidents and

minimize the need for subsequent prescriptive responses to individual

plant operating events. It is clear that many other countries have

given much greater weight to the benefits of inherent safety measures

than we have. Finally, new relationships between the NRC and the

industry, including the recognition of industry efforts such as INPD

that are having demonstrated success and the use of designated Federal

representatives within the industry, could help improve industry perfor-

manee.
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Taken together, these elements of a new regulatory philosophy could

perhaps more effectively address the types of problems that, have led us

to the present reactive and prescriptive approach to regulation. It

seems to ne that now is the time to think about constructive new ap-

proaches — approaches that will not merely postpone problems but rather

will solve them. Thank you.
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FIRE, EXPLOSION, EARTHQUAKE, TORNADO
TUESDAY: August 14, 1984
CHAIRMEN: H.J. Ettinger

S.C. Soderholm
L03 Alamos National

SEISMIC SIMULATION AND FUNCTIONAL PERFORMANCE EVALUATION OF A SAFETY
RELATED, SEISMIC CATEGORY I CONTROL ROOM EMERGENCY AIR CLEANING SYSTEM
D.K. Manley,R.D. Porco, S.H. Choi

COMPARISON AND VERIFICATION OF TWO COMPUTER PROGRAMS USED TO ANALYZE
VENTILATION SYSTEMS UNDER ACCIDENT CONDITIONS
S.H. Hartig, D.E. Wurz, Th. Arnitz, V. Ruedinger

RESPONSE OF AIR CLEANING SYSTEM DAMPERS AND BLOWERS TO SIMULATED
TORNADO TRANSIENTS
W. Gregory, E. Idar, P. Smith, E. Hensel, E. Smith

FIRE SIMULATION IN NUCLEAR FACILITIES — THE FIRAC CODE AND SUPPORTING
EXPERIMENTS
M.W. Burkett, R.A. Martin, D.L. Fenton, M.V. Gunaji

THE MATHEMATICAL MODELLING OF FIRE IN FORCED VENTILATION ENCLOSURES
G. Cox, S. Kumar

OPENING REMARKS OF SESSION CHAIRMAN ETTINGER:

This session is entitled "Fire, Explosion, Earthquake, Tornado".
I am very pleased to have the Nuclear Air Cleaning Conference focused-
on different aspects of atypical situations of concern from an air
cleaning and waste management point of view
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SEISMIC SIMULATION AND FUNCTIONAL PERFORMANCE
EVALUATION OF A SAFETY RELATED, SEISMIC CATEGORY I

CONTROL ROOM EMERGENCY AIR CLEANING STSTEM

D. K. Manley and R. D, Porco
Filter Products Division

Mine Safety Appliances Company
Evans City, Pennsylvania 16033

S. H. Choi, P.E.
Plant Engineering Department

Yankee Atomic Electric Company
Framinghaai, Massachusetts 01701

Abstract

Under a n u c l e a r contrac t MSA was required to d e s i g n , manu-
facture), s e i s m i c a l l y t e s t and f u n c t i o n a l l y t e s t a complete Safety
Related, Seismic Category I , Control Room Emergency Air Cleaning
System before shipment to the Yankee Atomic E l e c t r i c Company,
Yankee Nuclear Station in Rowe, Massachusetts. The i n s t a l l a t i o n
of t h i s system was required to s a t i s f y the KRC requirements of
NUREG-0737, Section I I I , D.3.4, "Control Room H a b i t a b i l i t y " . ( 1 )

The f i l t e r system t e s t e d was approx imate ly 3 f t . (1 meter)
v ide by 8 f t . (2.5 meters) high by 13 f t . (5.5 meters ) long and
weighed an e s t imated 8,300 pounds (3 ,265 k i l o g r a m s ) . I t had a
des ign f low ra te of 3,000 SCFM (1,416 l i t e r s / s e c . ) and conta ined
four (4) s t a g e s of f i l t r a t i o n - p r e f i l t e r s , upstream and down-
stream HEPA f i l t e r s and Type II s ide load charcoal adsorber c e l l s .

The f i l t e r tra in design fol lowed the gu id e l i n e s set forth by
ANSI/ASME N509-1980. Se i smic Category I Q u a l i f i c a t i o n T e s t i n g
consisted of resonance search t e s t i n g and t r i a x i a l random m u l t i -
frequency t e s t i n g . Seismic q u a l i f i c a t i o n t e s t i n g was performed in
accordance with IEEE Standard 344-1975 and Yankee Atomic E l e c t r i c
Company's RRS (Required Response S p e c t r a ) . Se i smic t e s t i n g con-
s i s t e d of three (3) s i n g l e - a x i s s i n e sweeps , one (1 ) in each of
the three (3) or thogona l a x e s ; f i v e (5) t r i a x i a l OBE (Operating
Bas i s Earthquake) t e s t r e s p o n s e s ; and one (1) t r i a x i a l SSE (Safe
Shutdown Earthquake) t e s t response. Functional t e s t s , in accord-
ance with ANSI/ASME N510-I980, were conducted both be fore and
after . seismic q u a l i f i c a t i o n t e s t i n g to demonstrate system i n t e g -
r i t y . l Z »3 »* » 5 ;

In a d d i t i o n to ANSI/ASME N510-1980 t e s t i n g , t r i a x i a l r e -
sponse accelerometers were placed at s p e c i f i c locat ions on d e s i g -
nated p r e f i l t e r s , HEPA f i l t e r s , charcoal adsorbers and t e s t c a n i s -
ters along with accelerometers at the corresponding f i l t e r s e a l
face l o c a t i o n s . The purpose of t h i s t e s t was to demonstrate the
i n t e g r i t y of the f i l t e r s , f i l t e r s e a l s , and monitor s e i s m i c r e -
sponse l e v e l s which i s d i r e c t l y re la t ed to the system's a b i l i t y to
function during a seismic occurrence.
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"he Control Room Emergency Air Cleaning System demonstrated
the ability to withstand the maximum postulated earthquake for the
plant uite by remaining structurally sound and functional.

I. Introduction

In commercial nuclesr power plants, filtration systems are
used for various air cleaning purposes. The applications vary
from release prevention of fission products, to in-house environ-
mental cleanup. The most critical air filtration systems are
classified Safety Related, Seismic Category I.

The Control Room Emergency Air Cleaning System, designed by
MSA for Yankee Atomic Electric Company, is one such system. Its
purpose is to provide clean, contamination free air to the control
room operators during an incident to enable the operators to bring
the reactor to a safe shutdown. The ultimate means of demon-
strating a system's ability to withstand an earthquake is to
functionally test the system under the most severe earthquake
postulation for the plant site. The system was tested in accord-
ance with the requirements of IEEE Standard 344-1975 and ANSI/
ASME K510-1980. By doing so, Criterion III of Appendix B to
10CFR50, Section 3.10 of the "Standard Review Plan" NUREG-0800 and
Regulatory Guide 1.52 are satisfied.t6»7»°'

The purpose of this paper is twofold. The first is to
demonstrate that the Control Room Emergency Air Cleaning System
maintained it's structural integrity when tested under simulated
seismic conditions. The second is to prove the system's ability
to function before, during and after a seismic occurrence.

II. Test Specimen

A schematic of the Control Room Emergency Air Cleaning
System, hereinafter called the system, is shown in Figure 1. The
air enters the system through a 20 inch (51 cm) diameter primary'
inlet and backdraft damper located on the left side as you face
the system doors. An auxiliary inlet is located perpendicular to
the primary inlet on the back side of the system. The air then
travels through a mixing transition and continues through the
prefilter and first stage HEPA filters. The air then enters the
Type II sideload charcoal adsorber section and proceeds through
the final HEPA section and exits through a flanged outlet transi-
tion .

The filter system was fully instrumented. Differential
pressure gages were installed across the prefilter, upstream HEPA,
charcoal adsorber stage and downstream HEPA banks. A high temper-
ature fire detection system was installed on the charcoal adsorber
stage.
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Figure 1. Control Room Emergency Air Cleaning System Schematic.

Qualification testing of the instrumentation, with the ex-
ception of the prequa 1 ifi«;d high temperature fire detection system
was not required, however, MSA tested the unit with all equipment
installed to simulate site installation. The system fan was
prequalified and not retested with the unit due to space limita-
tions of the test table. Figure 2 depicts the unit aa it was
mounted on the test table.

The installed prefliters, HEPA filters, Type II, sideload,
charcoal adsorber cells and charcoal test canisters are as shown
in Figures 3, 4, 5 and 6, respectively. Each filter shown i«
representative of a design that MSA has previously seismically
qualified.

III. Pre-Sei8«ic AWSI/ASMK M510-1980 Teiting

Procedure*

All inspections, tests and calculations were performed in
accordance with procedures outlined in the ANSI/ASKE N510-1980
Standard. Inspections, tests and calculations consisted of the
following:

Visual Inspection
Air Flow Capacity Testing
Air Distribution Testing
Adsorber Residence Time Calculation
(not required by ANSI/ASME N510-1980)
Air-Aerosol Mixing Uniformity Testing
HEPA Filter Bank, In-Place Leak Testing
Adsorber Stage, In-Place Leak Testing
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Figure 2. Unit and Test Table.
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Figure 3. MSA Dustfoe Series P r e f i l t e r . Figure 4. MSA HEPA F i l t e r .

Figure 5. MSA Type I I , Sideload,
Charcoal Adsorber Cell .

Figure 6. MSA Charcoal Test
Canister .
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Since the procedures for the above are standard throughout
the industry, they are not detailed herein.

Visual Inspection

Visual inspection of the system was performed in accordance
with Paragraph 5.1 of ANSI/ASME N510-1980 to reveal deficiencies,
if any, that might result in failure of the system to pass testing
or invalid test results. Visual inspection found no deficiencies.

Air Floy Capacity Te«t

An air flow capacity test was performed in accordance with
Paragraph 8.3.1 of ANSI/ASME N510-1980. The pitot tube traverse
method was employed with a total of twenty (20) sample point
readings being taken in a twelve (12) inch (30.5 cm) diameter
duct, located on the inlet of the test system fan. Readings were
taken in both the horizontal and vertical directions.

To set the air flow for testing, MSA monitored the differen-
tial pressure gauges located across the HEPA filter banks. The
fan manual control damper was adjusted until a pressure drop
reading of approximately one (1) inch ff.G. (1.9 mm Hg) was ach-
ieved. At this point flow measurements were taken. The flow
measurement readings are as listed in Table 1.

Table 1. Air Flow Capacity.

Velocity, FPM
Horiz. Readings
Vert. Readings

The system volumetr ic f low rate was c a l c u l a t e d as f o l l o w s :
f i r s t , the a v e r a g e sample duct v e l o c i t y was c a l c u l a t e d from the
fol lowing equation:

2900
3300

3300
3550

3550
3700

3550
4000

4250
4100

4600
4100

4400
4100

3750
3900

3800
3675

3400
3175

ii
V = —n—

ANSI/ASME N510-1980,
Para. 8.3.14.

(1)

V = 3,755 FPM (1908 cms/sec.)

where: V !

Vi
n

average velocity through the housing
individual velocity readings
number of velocity readings

second, the volumetric flowrate, Q, was calculated from the equa-
tion shown below:

A V

2,948 SCFM (1391 liters/sec.)

ANSI/ASME N510-1980, (2)
Para. 8.3.1 4.

where: A « cross-sectional area where velocity traverse
was made 0.785 ft.2.
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The volumetric flovrate per ANSl/ASME N510-1980, Paragraph
8.3.1.8 has an acceptance criteria of -10Z of design flow or 2,700
to 3,300 SCFM based on the system's 3,000 SCFM design. The actual
volumetric flowrate is therefore within -1.7% of the allowable.

Air Dintribtttion Testing

The air distribution test was performed, by taking readings
downstream of the first HEPA filter bank, in accordance with ANSI
/ASME 510-1980, Paragraph 8.3.2. The data collected during this
test is shown in Table 2.

Table 2. Air Distribution Velocity Readings

Velocity. FPM
280
260

240
260

230
260

260
230

300
260

250
260

The average v e l o c i t y was c a l c u l a t e d by using the same v e l o -
c i t y equation as that of the a ir f low capacity t e s t . The average
v e l o c i t y c a l c u l a t e d i s 257.5 FPM (131 c m s / s e c ) . Per ANSI/ASME
N510-1980, Paragraph 8 . 3 . 2 . 4 , " A l l r e a d i n g s s h a l l be w i t h i n ±20%
of the average v e l o c i t i e s measured." I h e r e f c r s , based on the
aforementioned average v e l o c i t y c a l c u l a t e d , the high reading i s
16.5% above the c a l c u l a t e d average and the low reading i s 10.6%
below.

Adsorber Residence Time Calculation

The Type II Charcoal Adsorber Cell residence time was calcu-
lated from the equation:

= nNt (A-b)
28.8 Qs ANSI/ASME N51Q-1975,

P a r a . 8 . 3 . 3 C 9 ;
(3)

where:

T « residence time, sec.
n = number of cells in system
N = number of adsorbent beds per cell
t - thickness of adsorbent-bed, inches
A * gross area of all adsorbent-bed screens

of one cell, inches
b * area of baffle, margin, and blank area

of all adsorbent-bed screens of one
cell, inches

Q • volumetric flow rate of system, CFM
s * number of screens of one cell

T = (9)(2)(2)(2.880-296)
(28.8)(2,948)(4)

T • 0.27 seconds
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The
adsorber
minimum,

above result indicates that the residence
c e l l s exceeds the system requirement of

tiae for the
0.25 second,

Air-Aerosol Mixing Uniformity

The air-aerosol mixing uniformity test was performed in
accordance with Section 9 of ANSI/ASME N510-1980. COP (dioctyl
phthalate) aerosol was introduced into the air stream by injecting
at the test fan inlet . Aerosol concentration readings were taken a
short distance upstream and across a plane parallel to the first
HEPA f i l t er bank. Penetrometer meter readings are given in Table
3.

Table 3. Air-Aerosol Mixing Uniformity.

.60

.60

Penetrometer
.60
.60

.60

.65

Meter Reading
.60
.60

.63

.67
.58
.60

The average concentration for the penetrometer readings was
calculated using the following formula:

n

ANSI/ASME N510-1980,
Para. 9.4 5.

C = 0.60

where:

Ci
n

average concentration readings
individual concentration readings
number of readings taken

The average concentration is 0.60 or 60%. Per ANSI/ASME
N510-1980 the maximum and minimum readings must be within -20% of
the average air-aerosol uniformity reading. For this particular
test the maximum reading is 8.3% high and the minimum reading is
3.3% low. Both readings are well within the allowable, therefore
the uniformity of these readings establishes the acceptability of
the injection location. •

HEPA Filter Bank. In-Place leak Tot

In-place HEPA filter bank leak tests were performed on both
the upstream and downstream HEPA filter banks. The tests were
performed in accordance with Section 10 of ANSI/ASME N510-1980.

The upstream DOP (dioctyl phthalate) aerosol concentration,
in both test instances, was set at 100%. The percent penetration
for each filter bank was calculated from the equation:

Cd100 7^ ANSI/ASME N 5 1 0 - 1 9 8 0 , (5)
P a r a . 1 0 . 5 9 .
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where:

P • percentage penetration
Cj = downstream concentration, from photometer

readings
Cu * upstream concentration, from photometer

readings

The results of the in-place DO? tests are shown in Table 4.

U.S. DOP Cone. %
D.S. DOP Pen. %
Filter Bank Eff. %

Table 4.

1st Filter Bank 2nd Filter Bank
100
.002

99.998

100
.001

99.999

Adsorber Stage. In-Place Leak Test

The Type II, charcoal adsorber cell stage was leak tested in
accordance with Section 12 of ANSI/ASME N510-1980. R-ll refrig-
erant tracer gas was used at a concentration of 20 PPM. The effic-
iency was determined by the following equation:

Eff. 1 -
500 Rus

Savannah River
Report DP-1082 (10)

where:

lds
us

recorder units downstream
recorder units upstream

The data from the adsorber leak test is shown in Table 5.

(6)

Table 5.

Time
Rds
'us

Reading
60 sec.

150 sec.
4.5

31.5

Eff. = 1 - 4.5
500x31.5 0.9997 or 99.97%

The Type I I , c h a r c o a l a d s o r b e r c e l l s t a g e m e e t s t h e l e a k t e s t
r e q u i r e m e n t of ANSI/ASME N510-1980.

Pre-Sej.s«ic AMSI/ASME H510-1980 Testing Conclusions

The system demonstrated its functional integrity by success-
fully completing the prescribed ANSI/ASME N510-1980 pre-seismic
inspections, tests and calculations.
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IV. Seismic Simulation Testing

A seismic simulation test was performed in accordance with
IEEE Standard 344-1975 as outlined in Wyle Laboratories' Seismic
Test Procedure 541/8499/WB. The test program consisted of reson-
ance search testing and triaxial random mu It ifrequency testing.
During all phases of seismic testing, air flow was maintained
through the system at the design flow rate of 3,000 SCFM. The
results of the test are contained in Wyle Laboratories Test
Report No. 46563-1.C3.ll,12)

Due to the combined length of Wyle Laboratories' Seismic
Test Procedure and Test Report, only a condensed summary is con-
tained herein.

V. Procedures and Results

System Mounting and Orientation Procedures

The system was mounted on a test fixture which simulated
the in-service mounting configuration of the unit. Ten (10) 3/4
inch diameter bolts were utilized and torqued to 200 foot-pounds.

The system was installed on Wyle Laboratories' triaxial
seismic simulator, such that, the horizontal axes of the unit were
colinear with the horizontal excitations of the test table, as
shown in Figure 2.

System Respoase Procedures

A total of eighteen (18) triaxial accelerometers consisting
of fifty-four (54) uniaxial piezoelectric accelerometers (refer-
ence Figure 7) were utilized. Three (3) of the uniaxial acceler-
ometers were control accelerometers located on the bottom of the
base. The remaining fifty-one (51) were response accelerometers
positioned in various locations. The system accelerometer loca-
tions are listed in Table 6, and shown in Figures 8 through 20. A
magnetic tape recorder was used to record each acce1erometer
response.

Resonance Search Procedures

A low-level single-axis sine sweep was performed in each of
the three (3) orthogonal axes tc determine resonant frequencies at
each of the fifty-four (54) accelerometer locations. The approxi-
mate input acceleration (g) levels were 0.4g horizontally and 0.2g
vertically. The frequency range of each sine sweep was from 1 to
40 Hz at a sweep rate of one octave per minute. Run Numbers 1, 2
and 3, Table 7, contain descriptions of the resonance search.
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Table 6. Accelerometer Locations.

Location
Number

1
2
3

4
-

5

6

7
8
9

10

11

12

13

14

15

16

17

18

Location Description

Bottom of Base
Top of Base
Middle of Housing Door-side
Exterior Skin
Top, Inlet, Door-side Corner
of Housing
Top, Center, Door-side Corner
of Housing
Top, Outlet, Rear-side Corner
of Housing
End Inlet Flange
Outlet Flange
Top Mounting of Fire Detection
Control Panel
Mounting of Upstream HEPA AP
Gage
Top of Prefilter Rack Seal
Face for Upper Filter
Top of Upstream HSPA Rack Seal
Face for Upper Filter
Top of Upstream HEPA Rack Seal
Face for Center Filter
Top of Adsorber Rack Seal Face
for Uppermost Cell
Top of Adsorber Rack Seal Face
for Fifth Cell from Unit Bottom
Prefilter Elements near Top
Seal Face
HEPA Filter Elements near Top
Seal Face
Adsorber Cells near Top Seal
Face

Quantity
Per Location
(Uniaxial)

3
3
3

3

3

3

3
3
3

3

3

3

3

3

3

3

3

3

Accelerometer

Control
Response
Response

Response

Response

Response

Response

Response

Response

Response

Response

Response

Response

Response

Response

Response

Response
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Figure 7. Triaxial Accelerometer Consisting of Three (3)
Uniaxial Piezoelectric Accelerometers.

Figure 8.
ACCELEROMETER LOCATIONS

1 X, Y a n d Z
2 X, Y and Z
3 X, Y and Z
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Figure 9.
ACCELEROMETER LOCATIONS

4 X, Y and Z
9 X, Y and Z

16 X, Y and Z

Figure 10.
ACCELEROMETER LOCATIONS

5 X, Y and Z
10 X, Y and Z
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Figure 11.
ACCELEROMETER LOCATIONS

6 X, Y and Z

Figure 12.
ACCELEROMETER LOCATION

7 X, Y and Z
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Figure 13.
ACCEI.EROMETER LOCATION

8 X, Y and Z

Figure 14.
ACCELEROMETER LOCATION

11 X, Y and Z
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Figure 15.
ACCELEROMETER LOCATION

12 X, Y and Z

Figure 16.
ACCELEROMETER LOCATION

13 X, Y and Z
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Figure 17.
ACCELEROMETER LOCATIONS

14 X, Y and Z
18 X, Y and Z

Figure 18.
ACCELEROMETER LOCATION

15 X, Y and Z

542



18th DOE NUCLEAR AIRBORNE WASTE MANAGEMENT AND AIR CLEANING CONFERENCE

Figure 19.
ACCELEROMETER LOCATION

16 X, Y and Z

Figure 20.
ACCELEROMETER LOCATION

17 X, Y and Z
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Table 7. Test Run Descriptions.

Run No.

1
2
3
4
5
6
7
8
9

Type Test

Sine Sweep
Sine Sweep
Sine Sweep

RMF
RMF
RMF
RMF
RMF
RMF

Axes

SS
FB
V
TRI
TRI
TRI
TRI
TRI
TRI

Level

_m u ml

06E
OBE
OBE
OBE
OBE
SSE

Acceleration (g)
FBZPA

0.4

0.95
0.75
0.70
0.70
0.65
1.2

SSZPA

0.4

1.0
0.75
0.70
0.75
0.70
1.3

VZPA

C.2
0*70
0.40
0.50
0.40
0.40
0.80

Legend: RMF = Random Mult i f r e q u e n c y
SS = Side-to-Side
FB = Front-to-Back
V = Vertical

ZPA = Zero Period Acceleration
TRI = Triaxial
CBE = Operating Basis Earthquake
SSE = Safe Shutdown Earthquake

Resonance Search Results

Three typical transmissibi1ity plots for each axis for the
in-line system response accelerometers from the resonance search
tests are shown in Figures 21, 22 and 23. The peaks indicate the
frequency at maximum amplification of the input acceleration and
the degree of amplification for the given accelerometer location.

This information, although not highly important in relation
to the tested system, provides useful information for similar
future systems designed analytically. The proof of a tested
system's capability to remain operative is in its ability to pass
random mu It ifrequency testing, regardless of acceleration amplifi-
cat ion levels.

Random Multifrequency Test Procedures

The unit was subjected to triaxial mu1tifrequency random
motion in 30-second intervals consisting of five (5) OBE (Opera-
ting Basis Earthquake) tests, followed by one (1) SSE (Safe Shut-
down Earthquake) test. The frequency was amplitude-controlled in
one-third octave bandwidths spaced one-third octave apart over a
frequency range of 1 to 40 Hz. To produce phase-incoherent mo-
tions in the vertical and two (2) horizontal axes, three (3)
simultaneous, but independent, random signals were produced. The
amplitude of each bandwidth was independently adjusted in each
axis until the TRS (Test Response Spectrum) enveloped the RRS
(Required Response Spectrum). The Zero Period Acceleration (ZPA),
as well as other areas of the RRS, were exceeded, as required, to
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meet the peaks of the curves. The resulting table action v n
analyzed by a response spectrum analyzer at the percent danping
required (2% for the OBE tests and 32 for the SSE tests), and
plotted at one-sixth octave intervals over a frequency range of 1
to 200 Hz. Reference Figures 24 through 29.

Run Numbers 4 through 9 in Table 7 show the ZPA Accelera-
tions for each axis for the five (5) OBE level and one (1) SSE
level RMF (Random Multifrequency) tests®

Figure 30 depicts a simulation view of the system during
random multifrequency testing.

Random MultxfrequencT Test Results

It was demonstrated, upon successful completion of the ran-
dom multifrequency tests, that the system, as a whole, possessed
sufficient structural integrity to withstand the prescribed simu-
lated seismic environment.

Seismic Simulation Testing Conclusions

As previously stated, the system demonstrated it's ability
to maintain structural integrity by successfully completing the
prescribed seismic simulation tests. However, in order to verify
the system's ability to operate and function during and after a
seismic occurrence, MSA conducted the same ANSI/ASME N510-1980
tests performed for the pre-ssismic testing segment.

VI. Post-Seismic AHSI/ASME H510-1980 Testing

Procedure*

The post-seismic ANSI/ASME N510-1980 testing performed was
identical to the pre-seismic testing reported in Section III. All
methods, calculations and formulas are as stated in the aforemen-
tioned section, therefore, only test results are given below.

Visual Inspection

The visual inspection found no deficiencies.

Air Flow Capacity Test

The sample point readings, for the post-seismic air flow
capacity test, are as indicated in Table 8.

Table 8. Air Flow Capacity.

Velocity* FPM
Horiz. Readings
Vert. Readings

3200
3250

3250
3200

3400
3350

3625
3650

4100
4100

4100
4100

3975
3850

3850
3650

3225
3525

3500
3400
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Figure 30. Simulation View of System During
Random Multifrequency Testing.
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The average sample duct velocity was recalculated from the
following equation:

ANSI/ASME K510-1980, (7)
Fara. 8.3.1 4.

V - 3,615 FPM (1836 cms/sec.)

The volumetric flowrate, Q, was recalculated from the equation
shown below:

Q = A V ANSI/ASME N510-1980 , (8)
Para . 8 . 3 . 1 4 .

Q = 2,838 CFM (1340 l i ters /sec. )

The volumetric flowrate is within -5.4% of the allowable.

Air Distribution Testing

The data col lected during post-seismic air distribution
testing is shown in Table 9.

Table 9. Air Distribution Velocity Readings.

250
270

Velocity
230 220
250 1 210

. FPM
210
250

240
240

250
260

The average velocity calculated is 240 FPM (122 cms/sec).
The high reading is 12.52 above the calculated average velocity,
and the low reading is 12.52 below.

Adsorber Residence Time Calculation

The Type II, sideload, charcoal adsorber cell residence time
was recalculated from the following equation:

T - nNt (A-b)
28.8 Qs

ANSI/ASME N510-1975, (9)
Para. 8.3.3

T = 0.28 seconds

The result indicates that the residence time for the adsor-
ber cells is above the system requirement of 0.25 second, minimum.

Aj.r-A«ro»ol Mixing Pniformitv

The post-seismic air-aerosol mixing uniformity penetrometer
meter readings are shown in Table 10.
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Table 10. Air-Aerosol Mixing Uniformity.

Penetrometer Meter Reading
60 60 . 6 0 60 .58 58
6'0 62 .58 60 . 6 0 58

The average concentration for the penetrometer readings was
recalculated using the following formula:

r n ANSI/ASME N510-1980 , (10)
Para . 9 . 4 5 .

C = 0.595

The average concentration is 0.595 or 59.5%. For this test
the maximum reading is 4.2% high and the minimum reading is 2.5%
low. Both readings are well within the allowable, therefore, the
uniformity of these readings re-establishes the acceptability of
the injection location.

HEPA Filter Bank. In-Place Leak Test

An in-place HEPA filter bank leak test was reperformed on
both the upstream and downstream HEPA filter batiks.

The percent penetration for each filter bank was calculated
from the equation:

P = 100 £
ANSI/ASME N510-1980, (11)
Para. 10.5 9.

The results of the post-seismic in-place DOP tests are shown
in Table 11.

U.S. DOP Cone. %
D.S. DOP Cone. %
Filter Bank Eff.

Table 11.

1st Filter Bank 2nd Filter Bank
100
.002

99.998

100
.0015

99.998

Adsorber Stage. In-Place Leak Test

The post-seismic efficiency of the adsorber stage was deter-
mined by the following equation:

Eff. 1 -
500 Rus

Savannah River
Report DP-1082

(12)
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T h e data f r o m t h e p o s t - s e i s m i c a d s o r b e r l e a k t e s t i s s h o w n
i n T a b l e 1 2 .

Table 12 .

Time R e a d i n g
R d s
R u s

E f f • = 1 - 500x15.5 = ° ' 9 9 9 7 o r 9 9 '

T h e T y p e I I , c h a r c o a l a d s o r b e r c e l l s t a g e m e e t s t h e l e a k t e s t
r e q u i r e m e n t o f ANSI/ASME N 5 1 0 - 1 9 8 0 .

Post-Seismic AHSI/ASME N510--1980 Testing Conclusions

Upon successfully completing the prescribed ANSI/ASME N510-
1980 post seismic inspections, tests and calculat ions, the system
was proven to possess sufficient functional integri ty.

VII. Conclusions

The s y s t e m ' s a b i l i t y t o f u n c t i o n d u r i n g a s e i s m i c o c c u r r e n c e
w a s d e m o n s t r a t e d i n t w o ( 2 ) w a y s - f i r s t , b y s u c c e s s f u l l y
c o m p l e t i n g ANSI /ASME N 5 1 0 - 1 9 8 0 t e s t i n g , s e c o n d , b y v i s u a l
i n s p e c t i o n a n d o b s e r v a t i o n . A i r f l o w w a s m a i n t a i n e d d u r i n g
t e s t i n g , f i l t e r s a n d c a r b o n c e l l s s u s t a i n e d no d a m a g e , f i l t e r
s e a l s r e m a i n e d i n t a c t , a n d no l o s s o f i n s t r u m e n t p e r f o r m a n c e o r
s t r u c t u r a l d a m a g e w a s e v i d e n t . T h e r e f o r e , t h e C o n t r o l Room
E m e r g e n c y A i r C l e a n i n g S y s t e m d e m o n s t r a t e d t h e a b i l i t y t o
w i t h s t a n d t h e maximum p o s t u l a t e d e a r t h q u a k e f o r t h e p l a n t s i t e by
r e m a i n i n g s t r u c t u r a l l y s o u n d and f u n c t i o n a l .
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DISCUSSION

PAPAVRAMIDIS: During the in-place leak test of adsorbers,
do you measure the background of R-ll refrigerant? How long do you
have to wait between a failed test and the retest?

MANLEY: Yes, we measure the background in accordance
with ANSI/ASME N 510. The test results are given in the text-- of the
paper. We did not fail any ANSI/ASME N 510 tests. Each test was per-
formed immediately after the completion of the preceding test^as
detailed in the body of the paper.

BELLAMY: Please define what you mean by a vapor-proof
light fixture inside the housing, and explain its function.

MANLEY: The light is gas tight to prevent any air
leakage in or out of the housing. The electrical components are
located on the outside, or clean side, to prevent possible contamina-
tion and for ease of replacement of the bulb.

WHITE: --jhat is the design (normal) air flow rate of
the control room filter system anr! what air flow rate was maintained
during the vibration test? What acceleration was applied at the base
of the unit?

MANLEY: Design air flow rate is 3,000 cfm. This flow
rate was maintained during the test. The applied acceleration was
0.4 g horizontally; 0.2 g vertically/for sine sweeps. Please refer
to Table 7 of the paper for multifrequency values.
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COMPARISON AMD VERIFICATION OP TWO COMPUTER PROGRAMS USED
TO ANALYZE VENTILATION SYSTEMS UNDER ACCIDENT CONDITIONS

S. H. Hartig and D. E. Wurz
Institut fiir Technische Thermodjmamik, Universitat Karlsruhe

Th. Arnitz and V. Ruedinger
Laboratorium fUr Aerosolphysik und Filtertechnik

Kernforschungszentrum Karlsruhe GmbH
Federal Republic of Germany

Abstract

Two computer codes, TVENT and EVENT, which were developed
at the Los Alamos National Laboratory (LANL) for the analysis of
ventilation systems, have been modified to model air-cleaning
systems that include active components with time-dependent
flow-resistance characteristics.

With both modified programs, fluid-dynamic transients were
calculated for a test facility used to simulate accident condi-
tions in air-cleaning systems. Experiments were performed in the
test facility whereby flow and pressure transients were generated
with the help of two quick-actuating air-stream control valves.
The numerical calculations are compared with the test results.
Although EVENT makes use of a more complex theoretical flow model
than TVENT, the numerical simulations of both codes were found to
be very similar for the flow conditions studied and to closely
follow the experimental results.

I. Introduction

In nuclear facilities during normal operation, the air-
cleaning systems function to protect human health from ionizing
radiation. To ensure that the containment of fission products is
also maintained during an accident situation, the response of an
air-cleaning system to the conditions imposed upon it by the ac-
cident, should be known. For the analysis of ventilation-system
response to pressure transients induced by respectively, tornados
and explosions, the computer codes TVENT /1/ and EVENT /2/, were
developed at LANL.

For the case of a Loss-Of-Coolant-Accident (LOCA), elevated
temperatures and high relative humidities are to be expected as
well as possible high air-flow rates and differential pressures.
To evaluate the performance of an air-cleaning system exposed to
these combined challenges, the behavior of individual components
under such challenges as well as the resultant fluid-dynamic and
thermodynamic conditions within the air-cleaning system must be
known.
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To this end, the test facility BORA /3/, which is capable
of generating transient air flow at high velocities, tempera-
tures, and relative humidities, was recently put into operation.
With this facilityf components of air-cleaning systems can be
tested with a variety of simulated accident conditions. Further-
more, the test facility can be used to help develop and to verify
computer codes for analysis of ventilation systems exposed to t,he
fluid-dynamic transients and the thermodynainic conditions expected
during a LOCA.

As a first step in the development of such a code, the
fluid-dynamic behavior of BORA during transient flows at constant
ambient temperature and humidity was numerically simulated with
both of the two LANL computer programs. Each code was designed to
model a particular type of transient within ventilation systems
and the underlying equations as well as the input and computa-
tional complexities are correspondingly different. By modelling
the identical test facility with both codes , under fluid-dynamic
conditions which could be expected during a LOCA, a comparision
of the respective numerical calculations from both codes, with
each other as well as with the test results, allow the required
complexity of the to-be-developed LOCA code to be evaluated.

II. The Verification Test Facility

The test facility BORA is located at the Kernforschungszen-
trum Karlsruhe in the rotunde of a decommisioned nuclear reactor.
Fig. 1 shows a scaled plan of the installation. The elements rel-
evant for the fluid-dynamic modeling are schematically illustrated
in Fig. 3.

The facility is designed as a recirculating-flow system with
a vent to the ambient environment. The two identical speed-
controlled radial blowers, of 420 kW electrical input each, can
be operated in individual, series, or parallel modes, dependent
on the desired static pressure and volumetric flow rate. In a
following finned heat exchanger with a 2 m cross section, the
test air is conditioned to the desired temperature. After the air
cooler a bypass duct (d=0.6 m) branches off, which can be closed
by a pneumatic butterfly-type valve, K2. In the main duct (d=0.75 m)
follows the structural test section with a transition section for
the air-cleaning component to be tested. For the verification ex-
periments' reported here, a clean 610x610x292 mm HEPA filter was
installed.

This section is followed by a rectangular observation cham-
ber which permits photo and video observation of the downstream
side of the test component. A duct 0.8 m in diameter exits this
chamber,, joins the bypass section and returns the test air to the
blowers' inlet via a filter bank and a second air cooler. Ac is
also the case in the bypass with valve K2, flow in the test sec-
tion can be controlled with EL quick actuating valve, K1 .

556



18th DOE NUCLEAR AIRBORNE WASTE MANAGEMENT AND AIR CLEANING CONFERENCE

Fig. 2 is a photograph of the test section with the valve K1 and
drive mechanism. The filter bank consists of 10 parallel-flow2
610x610x292 mm HEPA filters with a total facial area of 3 4 a .
The second cooler (1.0x0.6 m) is used to limit the blower inlet
air-temperature during operation at high temperatures. A short
vent duct connects the ductwork with the ambient atmosphere via a
muffler.

During an experimental run, steady and unsteady, flows and
differential pressures are generated within the facility by the
use of valves K1 and K2. During the initial flow-conditioning pe-
riod, valve K1 is completely closed to direct the recirculating
air flow via the bypass only. Required flow rate and static pres-
sure are adjusted by setting blower speed and then positioning
valve K2, as a partially open differential-pressure control valve.
Leakage in valve IC1 causes a negligible flow rate through the test
section, this effect however is intended and guarantees identical
thermodynamic conditions there. To produce an unsteady flow
through the structural test section, valve K1 is opened as valve
K2 is closed. During the resultant diversion of air flow from by-
pass to test section, a differential pressure pulse is generated
at the test component.

Plow-resistance characteristics, actuating speed, and
coordination of the control valves K1 and K2 are parameters which
govern the shape and slope of this pressure pulse. Therefore, re-
action time and coordination can be varied over a wide range by
means of regulator valves installed in the air-supply line of the
pneumatic drive mechanisms.

III. Instrumentation and Data Acquisition

Each of the experiments r j. jrted here involved a sequence
of 3 distinct conditions of air flow within the facility; an
initial steady flow through the bypass only, an intermediate
transient flow during which the air stream was diverted from by-
pass to structural test section, and a final steady flow through
the test section only.

Since both steady and unsteady flows were of interest, the
data acquisition systems and procedures used to measure and record
the relevant test parameters varied accordingly.

Steady flow

Measured and recorded during initial and final steady flow
were ambient temperature and barometric pressure, as well as the
temperatures and the static and velocity pressures within the air
stream at the pertinent locations in the facility. Ambient tempe-
ratures and barometric pressure were manually recorded from a
mercury-filled thermometer and barometer, respectively. Air-stream
temperatures were measured with sheathed 4-wire platinum - resist-
ance thermometer probes and manually recorded from digital
displays mounted in the control panel.
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Air-stream pressures were measured with probes and transdu-
cers, and digitally recorded, all as described below for unsteady
flow.

Unsteady flow

For these experiments during conditions of unsteady flow,
the only parameters to vary significantly from steady-flow values
were air-stream pressures and flow rates. Consequently, only
static, differential, and velocity pressures of the air streams
in the facility were recorded digitally during unsteady-flow con-
ditions.

Static and differential pressures were measured with
variable-capacitance transducers mounted directly to T-shaped
probes of 6 mm ID and 0.5-0.7 m length. The velocity pressures
were measured with variable-capacitance transducers mounted di-
rectly to pitot tubes for which the total-pressure tubes were of
2.5 mm ID and 0.6-0.9 m length. The nominal natural frequencies
for the transducers were given by the manufacturer to be 2 kHz
and those for the internal-volume geometries of probes and trans-
ducers, analyzed as pressure-transmitting systems, were calculated
to be in the 1-3 kHz range. The output signals of the pressure
transducers were low-pass filtered to remove undesirable
frequencies above 10 Hz, to improve recording of the transient
pressures for which only frequencies of < 1 Hz were of primary
interest. Registration of the transient pressures was performed
by an A/D data recorder which wrote the output voltages of the
pressure transducers onto magnetic disk at a rate of 80 Hz for
each of 8 channels.

IV. Numerical Simulation

TVENT and EVENT computer codes

The TVENT and EVENT computer codes were developed as
analytical tools to predict the fluid dynamics within ventilation
networks, subjected to induced pressure and flow transients. Both
codes assume single-phase ideal-gas behavior for a flow medium of
air and employ a lumped parameter formulation that neglects
spacial distribution. Complex ventilation systems which include
blowers, filters, dampers, rooms, and ducts are modeled as
networks of branches joined together at nodes. Rooms and compo-
nents of larger capacity are represented by storage nodes with
corresponding assigned volumes. Blowers are represented as
branches which perform dynamically according to the measured
blower characteristic curves. Passive elements such as filters,
dampers, valves, and ducts are also modeled as branches and are
described by specified flow-resistance relationships (Table I).
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Computation of unsteady flow is undertaken as a sequence of
quasi-stationary calculations. Therefore, the problem run tine is
subdivided into n equal time intervals, At. With consideration
for the imposed boundary conditions, such as pressure, tempera-
ture, mass-injection, and energy-injection rate as well as the
capacitance in the storage nodes, a system of non-linear equations
is set up and solved by an iterative procedure for each point in
time, t. (I<,i£n). The succession of all these quasi-stationary
solution's then simulates the transient flow.

The opening or closing of a control valve is a time— depen-
dent action, during which the flow-resistance characteristics of
the valve are altered. By setting up the equation of motion and
by use of the resistance coefficients as a function of the valve
position, a resistance-time function, R=f(t), can be determined
for any control valve. Therefore, for every point in time, t.,
the actual flow-resistance relation, Ap(t.)=R(t)•Q , is known and
may be put into the equation system for tne quasi - steady-state
calculation. By this method and a sufficiently fine time
subdivision, continuous valve action can be modeled
satisfactorily. Fig. 5 shows a simplified flow chart of the modi-
fied codes. The codes were altered so that up to 20 control valves
can be modeled in one network. Associated with every control valve
is a resistance-time function, which is approximated by a series
of straight line segments and prompted point-by-point. This
universal input formulation allows a variety of components with
time-dependent flow-resistance characteristics to be modeled. If
for example, the change in resistance due to progressive struc-
tural damage of a system component can be described by a
resistance-time relationship, the consequences of this failure
for the performance of the ventilation system may be evaluated
with either of the two modified codes.

Computer model of BORA

The numerical simulation requires a modeling of all compo-
nents relevant to the fluid-dynamic behavior of the facility. This
model is shown in Pig. 4. Node 1 represents the environment with
the imposed ambient conditions, P =100 kPa and T =293 K. The con-
nection between the system and the environment is established by
branch 1, the vent duct. The blowers operate in parallel mode and
are described by identical characteristic curves. The correspon-
dence between the other facility components and the respective
branches can be seen by comparison of Pig. 3 to Pig. 4. The rooms
which represent mass-storage nodes, are dimensioned according to
the volumes of the adjacent components.

The flow-resistance characteristics of the facility were
determined during steady-flow conditions with the instrumentation
described above. Blower characteristic curves were determined at
constant blower speed, while static pressure and volumetric flow
rate were varied by means of control valve K2. To determine re-
sistance coefficients for the test filter, filter bank, and air
coolers, pressure drops across the respective components were
measured at different volumetric flow rates of 1 0 - 2 0 rn^/s.
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The resultant air velocities cause turbulent flow in the entire
facility loop. Therefore the pressure-flow relationship of coolers
and filters obey^a parabolic law and can be described by the
equations Ap=R-Q and Ap=R-??v , respectively. Filter characteris-
tic curves obtained from the measurements coincide well with
earlier experiments of Ruedinger /8/.

The resistance-time function required to model the control
valves were determined as follows. With a position-angle indicator
attached to the pivot shaft of the valve, the equations of motion
were obtained in the form of angle-time relationships for several
actuation speeds. In a second step, the resistance coefficients
for valve K2 were determined as dependent variables of the
valve-angle positions, by measuring pressure drops across the
valve at 3 different volumetric flow rates for a number of
positions. With this data, a characteristic curve of the resist-
ance coefficient as a function of angle position was obtained
for valve K2, and after geometric scaling, also for valve K1.
Combination of the motion equations and the curves of
flow-resistance as a function of valve angle resulted finally in
the resistance-time function, R=R(t), for control valves K1 and
K2.

Because TVENT requires an incompressible flow-resistance
relationship, Ap=R-Q , the experimentally determined volumetric
flow rates were converted to conditions at P=100 kPa and the re-
sistance coefficients were corrected for TVENT input.

V. Verification Experiments

Several verification experiments with unsteady flows were
performed with the test facility BORA. The values of some relevant
operating parameters are listed in Table II.

Table II: Values of some relevant operating parameters for
the verification experiments with BORA.

Exp.
NO.

I

II

III

Valve
K1

3.0

3.0

3.0

actuation
K2

s

s

s

6

3

3

.1

.3

.3

time

s

s

s

Static
pressure

23 kPa

23 kPa

33 kPa

Rated
flow

14 m3/s

14 m3/s

17.5m3/s

Test
diff.

19

19

27

filter
press.

kPa

kPa

kPa

Test filter
differential
pressure slope

12 kPa/s

14 kPa/s

19 kPa/s

Flow
temp.

307 K

307 K

310 K
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Table I; Pressure-flow relationships for several ventilation
system components employed in TVENT and EVENT.

Component

Blower

Damper

Duct

Filter

Valve

TVENT

Ap =

Ap =

Ap =

= f (Q)

= R • Q 2

= R • Q 2

Ap-R • Q resp. Ap-R • Q

Ap == R • Q 2

Ap=

Ap

Ap

Ap

•^L * ^

Ap

EVENT

= f(

^ R

= R

Q

A1'5

= R •

Q)

•1
.1

+

1
2

.a!
A2

.si
A2

.Q!

A2

I' Q2

A2

TVENT is based on the assumptions of:
one-dimensional,
isothermal, and
incompressible

flow, but allows for fluid storage or capacitance in storage
nodes. The effects of shock and inertia are neglected.

The theoretical flow model employed in EVENT is more detailed /A/
and considers the effects of:

compressibility,
inertia,
choking, and also
mass and energy exchange.

For both codes, verification experiments with simple model
networks subjected to transient pressure conditions have been re-
ported. Experimental results and numerical simulation were found
to be in good agreement /5-7/.

Code modification

Preconditional to numerical simulations of the test facility
BORA was a modification of both codes to enable the quick actua-
ting control valves K1 and K2 to be modeled. The method of solu-
tion was the same for both TVENT and EVENT.
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For a verification experiment, blower speeds are increased
to obtain the required flow rate, during which time valve K1 is
closed and the flow is directed through the bypass section. Con-
trol valve K2 is then positioned so, that the pressure drop across
the bypass corresponds with the desired maximum pressure drop to
be generated across the test section. By this procedures changes
in the operating point of the blowers during subsequent flow di-
version from bypass to test section can be avoided. After regis-
tration of the steady-flow data, the drive mechanisms of both K1
and K2 are actuated together with the start of unsteady-flow data
recording. As valve K1 opens and valve K2 closes, the static
pressure downstream of the test filter decreases to nearly an am-
bient value and, since the static pressure upstream the filter
remains almost constant, differential pressure across the filter
simultaneously increases. At the end of the diversion process,
steady flow has been established through the test section.

VI. Results and Discussion

Figures 6-11 show the results of the tests and of the
numerical simulations with both modified codes. The continuous
curves represent the recorded data, while the dashed lines for
EVENT and the dotted lines for TVSNT indicate the calculated re-
sults.

For Exp. 1, some results of which are shown in Pigs. 6 and
7, the opening time for valve K1 was set to 3 s and K2 closed in
6.3 s. The delayed action of K2 resulted in a temporary reduction
of the collective resistance of bypass and test section. Accor-
dingly the total mass flow rate (branch 3) increased during the
flow-diversion process, while the static pressure decreased. This
pressure decrease upstream of the test section (node 4) also in-
fluenced the differential pressure increase across the filter
(branch 4). After an initial steep ascent of 12 kPa/s the pres-
surization rate decreased to zero slope indicated by the part of
the trace parallel to the trace of static pressure upstream of
the test section.

With the same opening time for K1, valve K2 was closed in
3.1 s for Exp. II, of which some results are shown in Figs. 8 and
9. Pressure and flow perturbations were of shorter duration and
smaller amplitude, and differential pressure across the filter
rose at 14 kPa/s. While calculated and recorded pressures
coincide very accurately for Exp. I (Fig. 6), the actual
differential- pressure ramp across the filter proceeds smoother
than that calculated for Exp. II (Fig. 8). This difference is
possibly caused by inertial effects delaying the release of air
from the observation chamber and is also indicated by the record
of the flow rate through branch 4- Although EVENT, in contrast to
TVENT, considers the effects of compressibility and inertia, cal-
culated flows and differential pressures are here almost identical
for both codes.
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The same valve-control parameters of Exp. II were employed
in Exp. Ill, but the blower speeds and accordingly the static
pressure and flow rate were increased. Fig. 10 shows the again
distinctly delayed differential pressure ascent, where a slope of
23 kPa/s was calculated with both TVENT and EVENT, but 19 kPa/s
were recorded.

For all experiments performed, the recorded and the calcu-
lated unsteady pressures and flows coincided rather well. The
observed deviations are possibly caused by physical effects which
are not sufficiently taken into account by the underlying theory
of either of the two codes. However, it is also conceivable that
inadequately accurate models of the individual components of the
experimental facility produced the differences between test re-
sults and numerical simulations. It did appear that both modified
codes reacted quite sensitively to variations in the control-valve
time functions.

In summary, the close agreement between TVENT calculations
and EVENT calculations for all verification experiments performed
with BORA were somewhat unexpected. Although the theoretical bases
for the two codes raise expectations of different prediction ac-
curacy for the examined air-velocities and overpressures, the
calculated transient flows and pressures were found to be almost
identical with each other.

VII. Conclusions

The close agreements, between the numerical calculations
and the experimental results for fluid-dynamic transients in BORA,
show that the modified codes TVENT and EVENT can be used to model
a relatively simple ventilation system that includes active com-
ponents which have time-dependent flow-resistance characteristics.

From the close agreements between the calculations and the
measurements, it can be concluded that the less complex code,
TVENT, is capable of successfully modeling flow and pressure
transients for the test conditions investigated. These conditions
include overpressures up to 35 kPa, pressurization rates up to 20
kPa/s, air velocities up to 30 m/s, and ambient temperatures.
Based upon the results reported here as well as the verification
experiments performed by LANL /5-7/, it is expected that the more
complex nuclear-facility air-cleaning systems, which contain si-
milar types of active components, can also be successfully modeled
with the modified versions of TVENT and EVENT.

The one-dimensional flow model, originally selected for use
in both codes to permit a simplified lumped-parameter formulation
of the modeled network, is judged to be an effective and practical
approach to minimize input and computational complexities without
a sacrifice in accuracy.
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The code EVENT that uses a more complex fluid-dynamic model
did not in all cases result in more accurate calculations, so that
for the fluid-dynamic transients studied, the less complex code
TVENT would be recommended. However, since EVENT is not much more
time consuming in application, its use would be advantageous in
such cases, where higher temperatures and differential pressures
are also to be taken into account. The verification experiments
will be extended to such conditions and subsequently the accuracy
of both codes will again be compared.

Given the effectiveness of TVENT and EVENT in prediction of
fluid-dynamic transients, neither was originally developed to take
into account the process of water condensation and the transport
of liquid-water aerosols that may develop during a LOCA in a
nuclear-power facility. In order to model the response of air-
cleaning systems to such challenges, additional code development
work is necessary.

References

f\I Duerre, K.H., Andrea, R.W., Gregory, ¥.S.;
"TVENT - A Computer Program for Analysis of Tornado-Induced
Transients in Ventilation Systems,"
LA-7397-M (1978).

/2/ Tang, P.K., Andrea, R.W., Bolstad, I.W., Gregory, W.S.;
"EVENT User's Manual - A Computer Code for Analysing
Explosion -Induced Gas-Dynymic Transients in Plow
Networks,"
LA-9624-M (1983).

/3/ RUdinger, V., Arnitz, Th., Ricketts, C.I., Wilhelm, J.G.;
"BORA - A Facility for Experimental Investigation of Air
Cleaning During Accident Situations,"
Proc. 18th DOE Nuclear Airborne Waste Management and Air
Cleaning Conference (1984)
To be published.

/4/ Tang,P.K. et al.;
"Analysis of ventilation Systems Subjected to Explosive
Transients - Par Field Analysis,"
LA-9O94-MS (1981).

/5/ Andrea, R.W. et al.;
"Investigation of Air Cleaning System Response to
Accident Conditions,"
C0NF--801058 (1980), pp. 1142-62.

/6/ Tang, P.K., Gregory, W.S., Ricketts, C.I.;
"A Numerical and Experimental Investigation of Simulated
Explosions Inside a Plow Network,"
LA-934O-MS (1982).

564



18th DOE NUCLEAR AIRBORNE WASTE MANAGEMENT AND AIR CLEANINQ CONFERENCE

111 Martin, R.A. et al.;
"Analytical and Experimental Studies of Ventilation Systems
Subjected to Simulated Tornado Conditions:
Vei'ification of the TVSNT Computer Code,"
To be published in 1934.

/8/ Rudinger, V., Ensinger, U.;
"Studium des Verhaltens von Schwebstoffiltern unter
StSrfallbedingungen,"
KfK 3350, p. 4400-20 (1983).

565



18th DOE NUCLEAR AIRBORNE WASTE MANAGEMENT AND AIR CLEANING CONFERENCE

Fig. 1: Plan view of the layout of the facility BORA
(second floor level); blowers and control room
are installed on the first level.

Fig. 2: Photograph of the end wall of the observation
chamberc On the right, the dismantled butterfly
valve K1 with the associated drive mechanism.
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Fig. 3: Schematic of the facility BORA with components
relevant for the fluid-dynamic behavior.
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Fig. 5; Simplified flow chart of the modified
TVENT and EVENT computer codes.
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node U

experiment

- - EVENT

TVENT

i ) .00 0 . 0 0

time [si
7.00

Fig. 6: Comparison of calculated and experimental results
for Exp. I. Static pressure upstream of filter
(= node 4) and differential pressure across
filter (= branch 4).
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-• TVENT

•^ '00 1.00 2. go 3.00 y.oo

time [si

5.00 6.00 7.00 8 00

Fig. 7: Comparison of calculated and experimental results
for Exp. I. Mass flow rate through air cooler
(= branch 3) and test section (= branch 4).
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node 4
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Fig. 8: Comparison of calculated and experimental results
for Exp. II. Static pressure upstream of filter
(= node 4) and differential pressure across
filter (= branch 4).
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Fig. 9: Comparison of calculated and experimental results
for Exp.II. Mass flow rate through air cooler
(= branch 3) and test section (= branch 4).
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node 4

7.00 8.00

Fig. 10: Comparison of calculated and experimental results
for Exp. III. Static pressure upstream of filter
(= node 4) and differential pressure across
filter (= branch 4).
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Fig. 11: Comparison of calculated and experimental results
for Exp. III. Mass flow rate through air cooler
(= branch 3) and test section (= branch 4).
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RESPONSE OF AIR CLEANING SYSTEM DAMPEKS AND BLOWERS
TO SIMULATED TOKNADO TRANSIENTS

W. Gregory, and E. Idar
Los Alamos National Laboratory

Los Alamos, New Mexico
P. Smith, E. Hensel, and E. Smith

New Mexico State University
Las Cruces, New Mexico

Abstr act

The effects of tornado-like pressure transients upon dampers
and blowers in nuclear air cleaning systems were studied. For the
dampers pressure drop as a function of flow rate was obtained and an
empencal relationship developed. Transient response was examined
for several types of dampers, as was structural integrity. Both
centrifugal and axi-vane blowers were tested and transient character-
istic curves were generated in outrunning and backflow situations.
The transient characteristic curves do not necessarily match the
quasi-steady cnaracteristic curves.

1. Introduction

Safety analysis reviews in the nuclear industry require tne
analyst to evaluate tne effect of natural phenomena on facility
design. The potential effect of tornado depressurization on facility
air cleaning systems can be evaluated using computer codes sucn as
TVENT . T m s code calculates the transient pressures and flows
througnout the facility and its ventilation system. However, a code
such as TVENT has its limitations and is dependent on empirical
response relationships determined from experimental data. Ventilia-
tion components such as filters, blowers, and dampers can cause
significant effects on the flow dynamics of the system.

The response of ventilation system dampers and blowers to
simulated tornado-generated transients is the subject of this paper.
Light- and medium-duty ventilation dampers, a backdraft damper, one
tornado protective damper, centrifugal blowers, and one axi-vane
blower were evaluated. The data needed for integration into flow
dynamics computer codes were obtained, and these include damper
response time vs. flow rate, pressure drop vs. blade angle, and
pressure drop vs. flow rate. These data then were transformed into
empirical response relationships. The structural response of the
dampers also was studied for several flow transients. Quasi-steady
and transient characteristic curves were generated for the centri-
fugal and axi-vane blowers for both outrunning and backflow condi-
tions.

II. Description of Dampers

Dampers are used as valves to obtain desired directions, flows,
and pressures within a ventilation system. In conventional air
conditioning and ventilating applications, little consideration is
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given to rigid specifications for the dampers; however, many
specifications are considered for nuclear applications. Depending on
its function, a damper may be constructed in several configurations.
Opposed- and parallel-blade configurations are discussed in detail
below.

In this investigation we had to select representative dampers
used in the nuclear industry. We chose to use the type of dampers
used in the Los Alamos National Laboratory's plutonium research
building as a basis. Although the size of the dampers can vary over
a wide range, most of the dampers used in the plutonium research
building for pressure balancing and flow control are 0.61-m by 0.61-m
(2 ft by 2 ft) in cross section. However, tornado and backdraft
dampers can be as large as 3.66 m (12 ft) in diameter. Isolation
dampers of this size recently were installed at the Department of
Energy's Rocky Flats plant at Denver, Colorado. For our tests, the
dampers were approximately 0.61-m by 0.61-m (2 ft by 2 ft) in cross
section. Our survey indicated that this size commonly is used,, and
in addition, our blowdown system is limited to this size.

Five devices were tested:
o an opposed-blade, medium-duty damper,
o an opposed-blade, light-duty damper,
o a parallel-blade, light-duty damper,
o a backdraft damper, and
o a tornado damper.

Figures 1 and 2 show the configurations of these dampers. Each has a
57.15 cm by 57.15 cm (22.5 in. by 22.5 in.) inside cross section.

i 25.4cm _ _ J

0

Parallel Blade
Diaper

Figure 1 Side Views of the Opposed-Blade and the Parallel-
Blade Dampers
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Alternate blades of the opposed-blade dampers opened in opposite
directions, whereas all the blades of the parallel-blade dampers
opened in the same direction (Figure 1). The blades of the backdraft
damper also opened in the same direction (Figure 2).

The opposed-blade and parallel-blade dampers all were built to
allow actuation by pneumatic controllers. However, during the quasi-
steady testing of these dampers, their blades were all fixed at the
desired angles by clamping the blade actuating mechanism. In this
way, quasi-steady resistance profiles could be obtained for the
dampers at fixed blade angles. The backdraft damper was controlled
by a weight on a variable-length lever arm. A high-speed motion
picture camera was trained on a blade angle dial indicator during
transient testing to measure blade angle as a function of time.

The tornado damper has a 50.8-m by 71.12-cm (20 in. by 28 in.)
inside cross section, as shown in the schematic diagram in Figure 3.
The damper's two valve plates face opposite from the direction in
which a tornado pulse is expected. The extension springs hold the

Figure 2 Side View of Backdraft Damper
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Figure 3 Top View Cut-Away of
the Tornado Damper

Figure 4 61 cm Centrifugal Blower
in place for an Exhaust Pulse

valve plates in the open position against normal exhaust flow forces.
An increase in flow, such as might be expected from the presence of a
tornado inducing a negative pressure downstream of the damper, will
cause the plates to close against the spring forces. Return to
normal atmospheric conditions allows the springs to reopen the valve
plates.

III. Description of Blowers

Three blowers were tested: a 61cm (24 in.) centrifugal blower,
a 30.5 cm (12 in.) centrifugal blower, and a 83.8 cm (33 in.)
axi-vane blower. Each blower was subjected to pressure pulses at
their exhaust and at their inlet, which caused backflow and out-
running flow, respectively. The pressure pulses used simulated
tornado preseurization rates, but peak pressures were kept below
magnitudes which might destroy the blowers.

Figures 4, 5, and 6 are photographs showing the 61 cm (24 in.),
30.5 cm (12 in.) and
blowdown wind tunnel.

83.8 cm (33 in.) blowers connected to the
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IV. Test Apparatus and Procedures

Blowdown System

Figure 7 is a schematic diagram of the blowdown wind tunnel
used to simulate a tornado pressure pulse. Air from two large
storage tanks is supplied at pressures up to 2760 KPa (400 psig) to
12 sonically limited solenoid valves connected to a 3-05-m by 3.05-m
by 3.05m (10-ft by 10-ft by 10-ft) prefilter chamber. The valves are
opened sequentially by an electric timer in a pattern can produce a
pressure pulse equivalent to the Nuclear Regulatory Aommission (NRC)
Region I standard tornado (Figure 8). The tunnel also can be
operated in a quasi-steady mode by opening all or some of the valves
simultaneously and allowing the storage tank to empty slowly.
Various pressure drops across the dampers can be obtained by
controlling the initial pressure in the tanks and by the number of
valves opened.

The duct of the blowdown wind tunnel is 57.15 cm by 57.15 cm
(22.5 in. by 22.5 in.) in inside cross section. Transition sections
1.22 m (4 ft) long connect the various dampers and blowers to this
duct. The flow straighteners and the placement of pressure and tem-
perature probes within the duct conform to Air Movement and Control
Association (AMCA) standards »̂

Instrumentation

The locations of the primary instrumentation for the damper
tests are shown in Figure 7. Velocity pressure (Pvo) is measured by a
centerline pitot tube located 4.84 m (15.875 ft) upstream of the test
device. A T-probe (PS3) to measure static pressure and a copper-
constantant thermocouple to measure air temperature (t^?) are also at
this location (PL-3). A second T-probe was placed on Che centerline
of the duct 57.15 cm (22.5 in.) upstream of the test device to

Figure 5 30.5 cm Centrifugal Blower
in Place for an Exhaust Pulse

Figure 6 83-8 cm Axi-Vane Fan
in Place for an Exhaust Pulse
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Supply Air fron Storage Tanks

Pre-Fllcer Chamber
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.05m) /

HEPA
Filter
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Flow \ T-Prob
Stralehtener.^ (P^)

Pilot Tub:
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Figure 7 Blowdown Wind Tunnel Used to Simulate Tornado
Pressure Pulses
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Figure 8 Simulated Region I Tornado Pressure Pulse

measure the static pressure (Pso), which is equivalent to the
pressure drop across the device. The pressure sensing elements used
for all three duct pressure measurements were Validyne model DP7
differential pressure transducers with an output voltage range of 0
to 10 V; thermocouple output voltage was in the millivolt range. For
both quasi-steady and transient testing, data from these transducers
were recorded by a Digital Equipment. Corp. (DEC) PDP11/05 digital
computer. Other instrumentation included dry and wet bulb thermo-

577



18th DOE NUCLEAR AIRBORNE WASTE MANAGEMENT AND AIR CLEANING CONFERENCE

meters, a mercury barometer, a Visual Instrumentation Corp. Locam
high-speed motion picture camera, and a Himmelstein (SHC) torque
meter and rotary speed pick-up.

Procedures

Each damper or blower test began with the calibration of the
pressure transducers and by recording the ambient conditions.

Quasi-steady Tests. The quasi-steady tests were run after
first charging the storage tanks to approximately 2070 KPa (300
psig). Only the opposed-blade and parallel-blade dampers and blowers
were subjected to these tests. The inlet valves of the prefilter.
chamber were limited sonically in flow rate, and the flow rate
remained relatively constant for several seconds. Low flow rates
were obtained by opening only one or two valves. After recording the
pressure drop, static pressures, velocity pressure, and temperatures,
one or two more valves were opened to increase the flow rate. This
procedure was continued until all 12 valves were open.

Transient Tests. The sonieally limited inlet valves were
programmed to open sequentially to produce a pressure pulse across
the test device that closely approximated a tornado pressure pulse
(Figure 8). Pressure and temperature data were recorded continuously
by the digital computer and analog recorder during the test. Figure
9 is a typical analog plot of the pressure during a transient test of
the tornado damper. The timing circuit that opened the valves of the
blowdown wind tunnel also started a high-speed motion picture camera

88
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Figure 9 Typical Tornado Pulse Generated on Test Facility
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that recorded the angle of the valve plates as a function of time.
Timing marks on the film were synchronized with timing marks sent to
the digital computer and to the analog recorder.

V. RESULTS

Quasi-steady Tests of Dampers

Figures 10 through 12 show the pressure drop through the
opposed-blade dampers as a function of the flow rate of five fixed
blade angles. The opposed-blade, medium-duty damper results are
shown in Figure 10; the opposed-blade, light-duty damper results are
shown in Figure 11; and the parallel-blade, light-duty damper results
are shown in Figure 12. Each data point on these curves represents
one quasi-steady test condition.

At the wide open position (that is, a blade angle of 90°),
there is very little pressure drop through the dampers for all three
types even at high flow rates. Also, the curve of pressure drop as a
function of flow rate at 90° blade angle is virtually identical for
all three types of dampers. For the fully closed position (that is,
a blade angle of 0°), the curve of pressure drop as a function of
flow rate also is virtually identical for all three types of dampers.
In the closed position, the dampers offer maximum resistance to flow,
and pressure drop increases very rapidly with flow rate.

28

IS

e

OBMD OSS DAMPER BLADE ANGLE

• 99 DEG

* 67.S DEG

• 45 DEG

x 22.5 DE6

a 0 DEG

0 i a 15 20

FLOW RATE H»»3/SEC

Figure 10 Opposed-Blade, Medium-Duty Damper, Quasi-Steady State
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Figure 11 Opposed-Blade, Light-Duty Damper, Quasi-Steady State
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Figure 12 Parallel-Blade, Light-Duty Damper, Quasi-Steady State
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The opposed-blade, medium-duty dampers and the opposed-blade,
light-duty dampers were nearly identical in configuration except for
the guage of the metal used in their construction. However, the
light duty version offered more resistance to the flow than did the
medium-duty version at the same flow rate for blade angles of 22.5°,
45°, and 67.5°. One apparent reason for this is the tendency for the
blades of the light-duty version to twist toward closure when
subjected to high airflow rates. Hence, their effective angle of
attack was higher than the blades of the medium-duty damper for the
same indicated blade angle. Another reason may be the presence of
ribs on the blades of the light-duty damper, which apparently are
needed to gi:re the blades rigidity but add to their drag.

At all blade angles other than fully open or fully closed, the
parallel-blade, light-duty damper created less pressure drop then did
the opposed-blade dampers (medium or light duty) at the same flow
rate.

The data in Figures 10 through 12 can be presented in the
following form for ease of use in ventilation system simulation code
such as EVENT or TVENT.

Q = Pi(AP)'
5 , (1)

where P.̂  is a resistance coefficient, Q is the flow rate, and AP is
the pressure drop across the dampers. Pi , tabulated in Table 1, was
determined by a least squares fit to the data in Figures 10 through
12.

The data in Table 1 were analyzed further and incorporated into
Equation (1) to yield a relationship for P^ as a function of blade
angle, e. A least squares polynomial fit was made to these data.
The resulting equations are quartics of the following general form:

Pi = a + bo + c©
2 + dG3 + ee4 . (2)

The coefficients in Equation (2) are listed in Table 2.

Transient Tests of Dampers

Figures 13 and 14 show the flow rate and pressure drop as a
function of time for a typical transient test (BD 100) of the
backdraft damper. The solenoid valves supplying the high-pressure
air to the prefilter chamber began opening at time t = 0 s. They
opened sequentially in such a way that all 12 were open at 1.0 s and
remained open for 3.0 s thereafter. The valves began closing at time
t = 4.0 s; by time t = 6 s, all 12 were closed and the flow stopped.
Because of the compressibility of the flow and the capacitance of the
prefilter chamber, the flow rate did not begin to increase at
location PL-3 until about time t = 0.28 s, As the velocity continued
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Table 1

Resistance Coefficients for Opposed-Blade, Medium-Duty (OBMD),
Opposed-Blade, Light-Duty (OBLD) and Parallel-Blade,

Light-duty (PBLD) Dampers

Damper

OBMD

OBLD

PBLD

Blade Angle
0

22

45
67
90

0

22

45

67
90

0

22

45
67
90

.0°

.5°

.0°

.5°

.0°

.0°

.5°

.0°

.5°

.0°

.0°

.5°

.0°

.5°

.0°

0

1

2

6

17

0

0

2

5

16

0

2

4
10

16

Pi

.237

.254

.632

.739

.359

.273

.967

.267

.168

.166

.226

.074

.758

.584

.698

Damper

0BMDa

OBLDb

PBLDC

2.371 x 10

2.732 x 10'

2.237 x 10

-1

r1
-i

Table 2

Coefficients for Eqs. (2)

5.642 x 10

-2.943 x 10'

1.556 x 10'

r2
-6.941 x 10

4.622 x 10

-6.154 x 10

•-*
- 3

-3

3.460 x 10

-1.066 x 10

1.475 x 10'

-6
I

-4
2.308 x 10

8.969 x 10

-7

—7

-8.419 x 10-'

Opposed-blade, medium-duty damper

Opposed-blade, light-duty damper
cParallel-blade, light-duty damper
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BD ICe TRANSIENT DAMPER

S 6

TIME CSEC)

Figure 13 Backdraft Damper, Transient Test, Flow Hate vs. Time

BD 109 TRANSIENT DAMPER

TIME <SEC5

Figure 14 Backdraft Damper, Transient Test, AP VS. Time

to increase, the damper began to close at time, t = 0 31 s (as shown
in Table 3) and was closed completely at about time - 0.91 s, at
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which time the flow rate dropped dramatically. The pressure drop
across the damper climbed to a maximum value of 20 KPa (3 psi) at
time t = 2.2 s, where it remained essentially constant until time t =
4.0 s. The leakage flow rate for the fully closed damper sit a
pressure drop of 20 kPa (3 psi) appeared to average about 0.10 nP/s.

Table 3, which presents the blade angles as a function of time
for three bickdraft transient tests (BD 98, BD 99, and BD 100), shows
that, once this damper is set in motion, closure time ranges from 0.8
s to 1.8 s. Because this is a fairly short time, the event could be
modeled by assuming that the damper immediately closes when the local
flow rate exceeds the design flow rate at the damper by a specified
amount, such as 5. The leakage flow rate for the fully closed damper
would be assumed to be related to pressure drop according to Equation
(1). Then,

0.1 = Pi(20)-
5 ,

or

P, = 0.1/(20)*5 = 0.0224 .

Thus, for use in a ventilation system simulation code like EVENT or
TVENT, the relation between flow rate and pressure drop for a closed
backdraft damper could be assumed to be

Q = 0.0224UP)'5 . (3)

Table 3

Blade Angle as a Function of Time for
Three Backdraft Damper Tests

Blade Angle, Deg.

84

63
42

21

0 (closed)

BD 98
0.88

1.40

1.59

1,69

1.79

Time, Sees,

BD 99

0.71

0.83

0.91

0.98

BD 100
.31
.63
.71
.76

.80
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TIME CSEO

Figure 15 Tornado Damper, Transient Test, Flow Rate vs. Time
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Figure 16 Tornado Damper, Transient Test, AP vs. Time
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Figures 15 and 16 present the flow rate and the static pressure
rise through the damper as functions of time and for one test of the
tornado damper. These figures were plotted from the digital computer
data taken during a typical transient test. The valves supplying the
prefilter chamber began opening at time t= 0 s, and all 12 valves
were fully open at time t = 1 .5 s and remained so until time t =
4.5 s, when they began closing. All 12 were closed by the time t = 6
s. Because of the compressibility of the air and the capacitance of
the prefilter chamber, the flow rate does not begin to increase at
locations PL-3 until time t = 1 s. As the velocity increases, the
valve begins to close at about 1.42 s, which causes the pressure to
begin rising across the damper. Table 4 shows the blade angle as a
function of time for this test. At a time of 1.74 s, the blades were
fully closed but then began to bounce about 1° at a frequency of 100
Hz. After about three cycles, the blades bounced open to about 5° at
a time of 1.8 s. The flow rate reaches its maximum value at about
this time because all 12 supply valves are still fully open. At a
time of 1.84 s the blades again are closed and the flow rate drops
off rapidly, but the pressure drop across the valve remains constant
at about 16 KPa (2.3 psi). The leakage flow rate at full closure and
16 KPa is approximately 0.08 r/s.

Special Problems Encountered with Dampers

Two noteworthy structural problems arose during the testing of
the dampers. The first was the flexibility of the control linkage of
the opposed-blade and parallel-blade dampers, especially the light-
duty versions. Although clamped in a set position to keep the blades
at a fixed angle, the linkages would flex and cause the effective
blade angle to change. When this problem was recognized, the link-
ages were strengthened by adding more clamps. In this way, most of
the blade movement during quasi-steady testing was eliminated and

Table 4

Blade Angle as Function of Time
For Tornado Damper

Test No. 13

Time, Sec.

1.42
1.56
1.63
1.68
1.71
1.74
1.75
1.76
1.77
1.78
1.80
1.84

Valve Position, Deg

55
44
33
22
11
0
1
0
1
0
5
0
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probably was not important except for the- light-duty versions of the
dampers.

The second structural problem occurred for the backdraft
damper. The blades of the damper are made of sheet metal folded
around a shaft about which they pivot. The sheet metal is spot
welded to the shafts in about four places. Transient testing of the
backdraft damper caused these spot welds to fail randomly and allowed
the blades to twist relative to the shafts. This would occur differ-
ently for each test, causing a great variance in the test results.
The problem was solved by adding more welds to the blades. The data
obtained for transient testing of the backdraft damper after the
blade/shaft connection was strengthened proved to be repeatable and
consistent; they are the data presented in this report.

Quasi-steady Tests of 61 cm (24 Inch) Centrifugal Fan

Fan static pressure produced for both exhaust pulsing and inlet
pulsing of the 61 cm (24 inch) centrifugal blower are plotted as a
function of volumetric flow in Figures 17 and 18. Figure 17 repre-
sents the first and fourth quadrants of the fan characteristic curve

F 25
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c
-2S

P
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E
s
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U
R
E
C-7S
M
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VOLUME FLOW RRTE (HVMIN)

Figure 17 Quasi-Steady Characteristic Curve of 61 cm Centrifugal
Blower Quadrant 1 and 4
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Figure 18 Quasi-Steady Characteristic Curve for 61 cm Centrifugal
Blower - Quadrant 2

and Figure 18 the second quadrant. The curves were fit through the
experimental data points shown using a cubic spline.

Transient Tests of 61 cm (24 Inch) Centrifugal Fan

A total of 15 transient tests were run, 8 with inlet pulses,
and 7 with exhaust pulses. For the inlst pulses, three nominal
pressurization rates were used [4.14 KPa/sec (0.6 psi/sec), 8.28
KPa/sec (1.2 psi/sec), and 14.49 KPs/sec ( 2.1 psi/sec)] while peak
pressure was held constant at 3.45 KPa (0.5 psig). One replication
was made of each test. Further, at a nominal pressurization rate of
4.14 KPa/sec (0.6 psi/sec) two tests were run having a nominal peak
pressure of 6.9 KPa (1.0 psig).

Similarly, for the exhaust pulses, three nominal pressurization
rates were used [4. 4 KPa/sec (0.6 psi/sec), 8.28 KPa/sec (1.2
psi/sec), and 13.8 KPa/sec (2.0 psi/sec)] at nominal peak pressures
of 10.35 KPa (1.5 psig) and 18.63 KPa (2.7 pisg).

A typical inlet pulse and exhaust pulse are presented in this
section for discussion. Figures 19 and 20 are "movie frame"
representations of tests CBIN29 and CBEX61. That is, as the static
pressure Pso and the calculated fan static pressure change with time,
their values are presented for all times up to the test time repre-
sented in the duct static pressure (P^) figure. For the calculated

588



18th DOE NUCLEAR AIRBORNE WASTE MANAGEMENT AND AIR CLEANING CONFERENCE

C8IN24

TIME CS)

F 25

N

S
T 8
R
T
I
C

-as
p
R
E
S
S-S0
u
R
E

C - 7 S
M

zee 300 488 500 see ?BB BBB

VOLUME flOW RflTE (h

Figure 19 "Movie Frame" Sequence of Transient Test of 61 cm
Centrifugal Blower (Frame 10)

fan static pressure the quasi-steady characteristic curves are also
plotted for comparison.

Notice the "movie frame" sequence for the inlet pulse for test
CBIN29, Figure 19. As the static pressure in the duct inceases the
fan static pressure begins to decrease and the volume flow rate
increases. When the duct static pressure has reached its minimum
value of about -58.42 cm (-23) in. of water. The flow rate in the
mean time has increased from about 226.5 m3/min. (8000 CFM) to over
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679.6 m^/min. (24000 CFM). With the duct static pressure essen-
tially constant at about 676 KPa (0.98 psig) for a period of 2
seconds, the fan static pressure and the flow remain essentially
constant at -58.42 cm (-23 in.) of water and 679.6 nH/min. (24000
CFM). Then, as the duct static pressure begins to drop, the fan
static pressure begins to increase and the flow rate to decrease.
Finally, when the duct static pressure has dropped back to the steady
state operating point, the fan static pressure and the flow rate have
also returned to their steady state conditions.

Notice two important things about the transient characteristic
of the blower. First, the transient characteristic exhibits hyster-
isis, that is the curve does not follow the same path when the duct
static pressure is decreased as it did when the duct static pressure
was increased. Second, the transient characteristic curve of the fan
falls below the quasi-steady characteristic curve. Therefore, one
cannot use the quasi-steady characteristic curve to approximate the
transient operation of this centrifugal blower.

The other seven inlet pulse tests essentially duplicate the
results of test CBIN29 and lend confidence to the results.

The response of the blower to pressurization rate can be
determined for inlet pulses by examination of the results of tests
CBIN 44, CBIN 48, and CBIN 51. Maximum static duct pressure attained
was the same [3.45 KPa (.5 psig)] for all three of these tests, but
pressurization rates were 4.17 KPa/sec (0.605 psi/sec), 8=14 KPa/sec
(1.18 psi/sec), and 14.14 KPa/sec (2.05 psi/sec), respectively.
Comparison shows the transient characteristic curve to be essentially
identical for all three of these tests. The only effect that pres-
surization rate appears to have is the speed at which the character-
istic curve is traversed at the on-set of pressurization. For
example, at 2 seconds into the pulse the fan static pressures for
CBIN 44, CBIN 48, and CBIN 51 are -2.54 cm (-1 in.) of H 20, -20.32 cm
(-8 in.) of H20 and -38.1 cm (-15 in.) of H20, respectively.

Now, turn to the "movie frame" results of exhaust test CBEX 61
shown in Figure 20. As the static pressure is increased in the duct
the fan static pressure increases and the volume flow rate decreases.
At the maximum static duct pressure of 10.9 KPa (1.58 psig) the fan
static pressure is about 134.6 cm (53 in.) of water and the volume
flow rate is a negative 198.2 nH/min. (7000 CFM). As the duct
static pressure is decreased the fan static pressure also decreases
and the flow rate increases until the steady state operating point is
again reached.

Notice that once again the transient characteristic curve
exhibits hysterisis and does not follow the quasi-steadv characteris-
tic. Also notice that the fan speed is decreased substantially for
this type of test. For other tests the blower rotation was actually
reversed causing stall of air flow around the fan blades and the fan
characteristic, therefore, exhibited a very erratic behavior for the
remainder of the test.

The response of the blower to pressurization rate can be
determined for exhaust pulses by examination of the results of tests
CBEX 59, CBEX 60, and CBEX 62. Maximum static duct pressure attained
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Figure 20 "Movie Frame" Sequence of Transient Test of 61 cm
Centrifugal Blower (Frame 8)

was essentially the same for all three of these tests, but
pressurization rates were 4.07 KPa/sec. (0.59 psi/sec), 8.28 KPa/sec
(1.2 psi/sec) and 13-3 KPa/sec. (1.93 psi/sec), respectively. Com-
parison shows the transient characteristic curves to be similar, but
not identical, for these three tests. With the on-set of the
pressure transient the higher pressurization rate causes the fan
static pressure to be higher than it is for the lower pressurization
rates. However, during the drop in duct static pressure all three
transient characteristic curves are essentially the same. Further-
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more, the pressurization rate affects the speed at which the
transient characteristic curve is traversed during the on-set of the
pressurization, just as it did in the case of inlet pulsing.

Tests of 30.5 cm (12 inch) Centrifugal Fan

Quasi-steady and transient testing of the 30.5 cm (12 inch)
centrifugal blower was similar to that of the 61 cm (24 inch)
centrifugal blower. Results were also similar and the blowers appear
to scale in accordance with fan scaling laws.

Quasi-steady Tests Of 83-8 cm (33 Inch) Axi-vane Blower

Figure 21 presents the results of the quasi-steady testing of
the 83.8 cm (33 inch) axi-vane blower. Cubic splines were used to
fit the curve to the experimental data.

Transient Tests of 83.8 cm (33 Inch) Axi-vane Blower

Two transient tests were run on the axi-vane blower. AVFIN37
was an inlet pulse test with a pressurization rate of 8.16 KPa (1.83
psi/sec) and a peak duct static pressure of 1.52 KPa (0.22 psig),
while AVFEX73 was an exhaust pulse test with a pressurization rate of
9.87 KPa/sec (1.43 psi/sec) and a peak duct static pressure of 9.66
KPa (1.4 psig).
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Figure 21 Quasi-Steady Characteristic Curve for the Axi-Vane Fan
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The "movie frame" sequence for inlet pulse test AVFIN37 i3
presented in Figure 22. As the duct static pressure is increased the
fan static pressure decreases and the volume flow rate increases. At
the maximum duct static pressure of 1.52 KPa (0.22 psig) the fan
static pressure is approximately ̂ -27.9 cm (-11 in.) of water and the
volume flow rate is about 991.1 m3/min. (35,000 CFM).

As the duct static pressure decreased the fan static pressure
began to increase and the flow rate to decrease. Unfortunately, data
was not obtained for the full return of the fan operation to steady
state conditions. Notice that the transient characteristic curve of

AVFIM37

AVFIN3V

1800

VOLUME FLOW RflTE CMVMIN)

Figure 22 "Movie Frame" Sequence of Transient Test of 83.8 cm
Axi-Vane Fan (Frame 5)
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the blower fell well below the quasi-steady characteristic curve as
the duct pressure was increased and on the return toward steady state
the transient characteristic curve is not following the same path,
i.e. it exhibits hysterisis. Apparently the transient characteris-
tic curve brackets the quasi-steady characteristic curve, as can be
seen in Figure 22.

Figure 23 presents the "movie frame" sequence for the exhaust
pulse test, .AVFEX73. As the duct static pressure is increased the
fan static pressure increases and the volume flow rate decreases very
rapidly. At the maximum duct static pressure of 9.66 KPa (1.4 psig)
the fan static pressure is approximtely 86.36 cm (34 in.) of water
and the flow rate is negative 821,19 m3 (29,000 CFM). Unfortunately,
no data was obtained for the return to steady state operation.

Notice that the transient characteristic curve lies above the
quasi-steady characteristic curve (Figure 23).

V. Summary and Conclusions

Dampers

The quasi-steady testing of the opposed-blade and parallel-
blade dampers provided information about the relationship between the
pressure drop through the dampers and the flow rate for fixed blade
angles. This relationship was approximated by a formula that can be
used in a computer simulation of flow and pressure drop through a
nuclear facility ventilation system. Further, this relationship was
extended to relate the damper resistance coefficient as a function of
blade angle. If this relationship is coupled with the control system
that maintains pressure or flow control for the ventilation system,
the dynamic response of the control system can be included in the
analysis. For example, if a pressure point is controlled within the
system, the damper blade angle can be adjusted as the pressure varies
to respond to the pressure change. This would require a control
system module to be added to computer simulation codes such as TVENT.

Transient testing of a backdraft damper proved that it closed
within a range of 0.8 s to 1.8 s. The assumption that the leakage
flow rate for the fully closed backdraft damper can be related to the
pressure drop through the damper by a formula similar to that devel-
oped for the opposed-blade and parallel-blade dampers appears valid.
The backdraft damper has a serious structural problem for pressure
pulses equivalent to the NRC Region I tornado pulse. The welds that
hold the sheet metal blades to the shaft on vjhich they pivot break,
rendering the damper ineffective. When subjected to a tornado-like
pressure pulse, the tornado damper closes in about 1.84 s after
bouncing several times. Closure time for this damper could be
reduced to 1.74 s if the bounce could be eliminated.

61 cm (24 Inch) Centrifugal Blower

The transient characteristic curve of the 61 cm (24 inch)
centrifugal blower exhibits hysterisis in both the outrunning
(quadrants 1 and 4) and the backflow (quadrants 1 and 2) cases. The
transient characteristic curve did not coincide with the quasi-steady
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Figure 23 "Movie Frame" Sequence of Transient Test of 83.8 cm
Axi-Vane Fan (Frame 5)

characteristic curve .of the blower, hence the latter should not be
used to approximate transient operation of the blower.

Pressurization rate did not appear to have a significant affect
upon transient blower operation for the range of pressurization rate
4.14 KPa/sec to 13.8 KPa/see (0.6 psi/sec to 2.0 psi/sec) used in
this study for inlet pulses (quadrants 1 and 4). Larger
pressurization rates caused the fan static pressure to be larger
during the on-set of the pressure rise for an exhaust pulse.
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83.8 cm (33 Inch) Axi-Vane Blower

The transient characteristic curve of the 83.8 cm (33 inch)
axi-vane fan exhibited hysterisis in the outrunning (quadrants 1 and
4) case. The transient characteristic curve of the fan did not
coincide with the quasi-steady characteristic curve for either the
outrunning (quadrants 1 and 4) or the backflow (quadrants 1 and 2)
cases.
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DISCUSSION

SODERHOLM: Is there a potential lack of reality in this
paper and in the previous one_j especially in the blowdown system,
because you have pressure on one side, whereas in a tornado situation
you have a lack of pressure on the other side. I am thinking
specifically of a problem due to flexibility in ducting. Does this
ever occur?

SMITH, P.: You can always envision a situation when it would
be important but if the ducts are rigid enough, it is not going to
cause too much of a problem. When we first started these studies^
about 7 or 8 years ago, we investigated,on a small scale^the difference
between having a blowdown system and a vacuum system. It turns out
that the situation was the same for both types of flow, so there
didn't seem to be any difference between them.- When we went to
larger flow systems, to investigate flows through bigger components,
we went to t'ie blowdown system because it is much more convenient.
Yes, if you do have a very flexible system, you could have some
problems. So you want to make^ sure the ducting system, and so forth,
are rigid enough to take the vacuum.
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Abstract

The fire accident analysis computer code FIRAC was designed to
estimate radioactive and nonradioactive source terms and predict
fire-induced flows and thermal and material transport within the ven-
tilation systems of nuclear fuel cycle facilities. FIRAC maintains
its basic structure and features and has been expanded and modified
to include the capabilities of the zone-type compartment fire model
computer code FIRIN developed by Battelle Pacific Northwest Labor-
atory. The two codes have been coupled to provide an improved simula-
tion of a fire-induced transient within a facility. The basic mate-
rial transport capability of FIRAC has been retained and includes
estimates of entrainment, convection, deposition, and filtration of
material. The interrelated effects of filter plugging, heat trans-
fer, gas dynamics, material transport, and fire and radioactive
source terms also can be simulated. Also, a sample calculation has
been performed to illustrate some of the capabilities of the code and
how a typical facility is modeled with FIRAC.

In addition to the analytical work being performed at Los
Alamos, experiments are being conducted at the New Mexico State Uni-
versity to support the FIRAC computer code development and verifica-
tion. This paper sunmarizes two areas of the experimental work that
support the material transport capabilities of the code: the plug-
ging of high-efficiency particulats air (HEPA) filters by combustion
aerosols and the transport and deposition of smoke in ventilation
system ductwork.

I. Introduction

The development of the FIRAC computer code and the supporting
experimental work are being sponsored by the Nuclear Regulatory Com-
mission (NRC). The NRC is responsible for ensuring that nuclear fuel
cycle facilities are designed and operated in a safe manner so that
the release of radioactive material under both normal and accident
conditions will not result in unacceptable radiological effects on
the surrounding population and the environment.(1)

The NRC requested the original FIRAC computer code be modified
and expanded to include the capabilities of the zone-type compartment
fire model FIRIN, which was developed by Battelle Pacific Northwest
Laboratories (PNL). The two codes have been coupled to allow an im-
proved simulation of a fire-induced transient within a facility.
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The expanded version of FIRAC is designed to predict the radio-
active and nonradioactive source terms that lead to gas dynamics, ma-
terial transport, and heat transfer transients in a nuclear facility
when it is subjected to a fire. The code is directed toward nuclear
fuel cycle facilities and the primary release pathway—the ventila-
tion system. However, the code is applicable to other facilities
and can be used to model other airflow pathways within a structure.

The physical models used in the code may be divided into four
principal categories.

• Gas dynamics model
• Material transport models
• Heat transfer models
• FIRIN fire and radioactive source term models

A brief summary of the gas dynamics, convective material transport
capabilities, heat transfer capabilities, and FIRIN source term mod-
els is presented. Details of the gas dynamics, material transport,
and heat transfer capabilities can be found in Reference 2. More
information on the FIRIN source terms is provided in Reference 3.

In addition to the FIRIN fire compartment option, the code al-
lows the user to employ any fire compartment model provided that the
output of the compartment model is in one of two forms:

• pressure and temperature time histories or
• energy and mass time histories.

An application of the code using the FIRIN source term models to a
typical nuclear facility is presented, as is a summary of experiments
in two areas that support the development and verification of FIRAC.
The two areas of experimental support are: high-efficiency particu-
late air (HEPA) filter plugging by combustion aerosols and smoke
transport and deposition in ventilation system ductwork.

Physical Models

The lumped-parameter method is the basic formulation thet de-
scribes the airflow system. No spatial distribution of parameters
is considered in this approach, but an effect of spatial distribution
can be approximated by noding. Network theory, using the lumped-
parameter method, includes a number of system elements called
branches joined at certain points called nodes. Ventilation system
components that exhibit flow resistance and inertia (such as dampers,
ducts, valves, and filters) and that exhibit flow potential (such as
blowers) are located within the branches of the system.

Nodes are the connection points of branches for components that
have finite volumes, such as rooms, gloveboxes, and plenums, and for
boundaries where the volume is practically infinite. When the FIRIN
source-term models are selected to simulate a fire accident, internal
boundary nodes are used to represent the fire compartment within the
ventilation network. Even though they are zero-volume nodes within
the numerical scheme, the fact that they are coupled to a fire com-
partment model that accounts for mass and energy balances keeps the
computational formulation consistent.
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Material Transport Models

The object of the material transport portion of the code is to
estimate the movement of material (aerosol or gas) in an intercon-
nected network of ventilation system components representing a given
fuel cycle facility. Using this capability, the code can calculate
material concentrations and material mass flow rates at any location
in the network. Furthermore, the code will perform these transport
calculations for various gas-dynamic transients. The code solves the
entire network for transient flow and in so doing takes into account
system interactions.

A generalized treatment of material transport under fire-induced
accident conditions could become very complex. Several different
types of materials could be transported. Also, more than one phase
could be involved, including solids, liquids, and gases with phase
transitions. Chemical reactions could occur during transport, lead-
ing to the formation of new species. Further, for each type of mate-
rial there will be a size distribution that varies with time and
position depending on the relative importance of effects such as ho-
mogeneous nucleation, coagulation (material interaction), diffusion
(both by Brownian motion and by turbulence), and gravitational sedi-
mentation. We know of no codes that can handle transient flow in-
duced material transport in a network system subject to the possibil-
ity of all of these complications. The transport portion of the code
also does not include this level of generality. However, this ver-
sion of the code does provide a simple material transport capability.

The material transport components of this code consist of the
following.

1. Material characteristics
2. Transport initiation
3. Convective transport
4. Aerosol depletion
5. Filtration

Material characteristics and transport initiation are areas that must
be considered by the user as he begins to set up the code to solve a
given problem. Calculations of convective transport, aerosol deple-
tion, and filtration are performed automatically by the code. Items
2--5 are actually separate subroutines or modules within the code.
Item 3, convective transport, is a key subroutine that calls on items
2, 4, and 5 as needed during the course of the calculation. We also
will specify the required user specifications and provide appropriate
references for the theory in each case.

Duc£t_Heat_T ransfer

The purpose of the duct heat transfer model is to predict how
the combustion gas in the system heats up or cools down as it flows
throughout the ducts in the ventilating system. The model predicts
the temperature of the gas leaving any section of the duct if the
inlet temperature and gas properties are known. An ancillary result
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of the calculations yields the duct wall temperature. A duct compon-
ent is the only one for which a heat transfer calculation is perform-
ed. Furthermore, the calculation is performed in a given duct only
if that branch has been flagged in the user specifications. Experi-
ence in using the code has shown that duct heat transfer calculations
can increase the computer running time by a factor of 2. Therefore,
we advise that duct neat transfer calculations be performed only
where needed. The main region of interest and concern is generally
those ducts downstream from the fire compartment and especially be-
tween the fire compartment and any filters downstream from the fire
compartment.

The overall model is composed of five distinct sub-models of
heat transfer processes along with a numerical solution procedure to
evaluate them. The heat transfer processes modeled are the fol-
lowing .

• Forced convection heat transfer between the combustion gas
and the inside duct walls.

• Radiation heat transfer between the combustion gas and in-
side duct walls

• Heat conduction through the duct wall
• Natural convection heat transfer from the outside duct walls

to the surroundings
• Radiation heat transfer from the outside duct walls to the

atmosphere

FIRIN Fire and Radioactive Source Term Simulation

Accidental fire-generated radioactive and nonradioactive source
terms for nuclear facilities are estimated in the FIRIN module of the
FIRAC code. FIRIN uses a zone-type compartment fire model. A zone-
type fire compartment assumes that the gas in the room is divided in-
to two homogeneous regions, or layers, during a fire. One layer
(the hot layer) develops near the ceiling and contains the hot
combustion products released from the burning material. The cold
layer, which is located between the hot layer and the floor,
contains fresh air. FIRIN predicts the fire source mass loss rate,
energy generation rate, and fire room conditions (temperatures of
the two layers and room pressure) as a function of time. It also
calculates the mass generation rate and particle size distributions
for radioactive and nonradioactive particles that can become
airborne for a given fire accident scenario. The radioactive
release factors incorporated within the FIRIN module are primarily
those developed in experimental work at PNL, and the combustion pro-
duct data were developed from a literature search of combustibles that
commonly are found in nuclear facilities. More information on the
fire and radioactive source term models and FIRIN code assumptions is
available in Reference 3.
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Fire Accident Analysis Example

Description and Computer Model of the Facility. This example
calculation will illustrate how the improved fire code can be applied
to a complex facility as shown in Figure 1. This facility is repre-
sentative of most nuclear fuel cycle ventilation systems in that it
contains multiple fans, compartments, dampers, filter systems, and
parallel/series flow configurations. The facility model features 39
branches, 24 nodes [19 capacitance (room) nodes, 2 standard boundary
nodes, and 3 internal boundary nodes], 2 blowers, and 9 filters. For
this calculation, the FIRIN fire compartment model is used to char-
acterize the nonradioactive and radioactive source terms resulting
from the fire. Within the facility ventilation network, internal
boundary nodes 9, 21, and 22 represent the fire compartment. (A
closeup of the fire compartment noding is shown in Figure 2.) The
inlet and outlet branches (connections) to the fire compartment have
been positioned so that the ventilation flow direction is downward
in the room. That is, the inlet is located near the ceiling, and the
outlet is near the floor.

The fire compartment is assumed to be 39 ft (12 m) long, 39 ft
(12 m) wide, and 20 ft (6 m) high. The centerline elevatron (mea-
sured from the floor) of the two inlet vents is 18.74 ft (5.71 m),
and the elevation of the outlet vent is 3.0 ft (0.9 m). Also, the
fire compartment is assumed to have a concrete floor, ceiling, and
walls. The ceiling and floor are assumed to be 1.0 ft (0.3 m) thick;
the walls are assumed to be 0.5 ft (0.2 m) thick.

When the system is operating under steady-state conditions, the
fire compartment has a pressure of -0.30 in. w.g. (-0.76 cm w.g*) at
a temperature of 70°F (21°C). The two inlet vents (branches 16 and
17) supply 3250 ft3/min (1.534 m3/s) and 300 ft3/min (0.141 m3/s) of
air to the compartment. The outlet ventilator exhausts 3550 ft3/min
(1.675 m3/s) under steady-state conditions. The fire compartment ex-
haust filter (branch 14) is assumed to be 50% efficient and have a
plugging factor of 10.0 l/kg. A low fire compartment exhaust filter
efficiency was selected to illustrate the transport of particulate
material to the facility exhaust filter and the potential for depo-
sition of material in the two ducts (branches 38 and 39) located
downstream of the fire compartment (Figure 2).

Fire Accident Scenario

In defining an accident scenario, the combustible materials sus-
ceptible to ignition and the radioactive materials at risk must be
identified. For a compartment fire, typical combustible materials
are elastomers (neopr'ene gloves), cellulosic materials (rags, paper,
wood), flammable ana combustible liquids (solvents and hydraulic
oil), and plastic (polymethylmethacrylate and polyvinyl chloride).
The materials at risk could include contaminated noncombustible sur-
faces, contaminated combustible liquids and solids, and open con-
tainers of divided powders or liquids. After the amount and type of
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Figure 2. Closeup system schematic near the fire compartment.

combustibles and at-risk radioactive materials have been identified,
the fire growth sequence (the order in which the combustible mate-
rials are assumed to burn) can be formulated. It is recognized that
fire accidents most probably occur under abnormal operating condi-
tions (spilled combustibles or improper use of solvents) or from un-
anticipated events (failed electrical equipment or faulty processing
equipment).

For the sample calculation two combustibles are assumed to be at
risk within the fire compartment: a container of flammable solvent
(kerosene) and several pairs of rubber (polychloroprene) gloves. The
fire begins after the solvent container overturns and is accidentally
ignited. The rubber gloves are assumed to be located near the over-
turned solvent. As the solvent burns, the gloves are gradually heat-
ed and ignite as the solvent stops burning. The spilled solvent is
assumed to have an exposed surface (burn) area of 5.0 ft^ (0.5 m2)
and an initial mass of 3.0 lbm (1.4 kg). The rubber gloves are as-
sumed to have an exposed surface area of 4.0 ft2 (1.8 m2) and an
initial mass of 8.1 lbm (3.6 kg). The FIRIN sequential burning op-
tion was used to achieve the fire growth sequence described above.
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Two mechanisms for the release of radioactive material located
within the fire compartment are used in the example calculation: the
release of material associated with the heating of contaminated sur-
faces and of material associated with the burning of a contaminated
combustible solid. The fire compartment floor and walls are assumed
to be contaminated with 0.165 Ibm (0.075 kg) of mixed oxide powder.
In addition to the fixed surface contamination, the combustible poly-
chloroprene gloves are contaminated with 0.033 lbm (0.015 kg) of mix-
ed oxide powder. The radioactive particulate release rates for the
single nonradioactive (smoke generation rate) and the two radioactive
release mechanisms are calculated within the FIRIN module.

Calculative Results

The sequence of events for the example calculation is presented
in Table 1. The kerosene ignition initiates the accident sequence
2 s into the simulation. The fix'e compartment (represented by nodes
9, 21, and 22 in the system model) rapidly pressurizes from its
steady-state operating value of -0.30 in. w.g. (-0..76 cm w.g.) to
approximately 0.55 in. w.g. (1.40 cm w.g.) because of the rapid
volumetric expansion of the compartment gases caused by the fire.
Figure 3 shows the fire compartment pressure response for the entire
transient. As a result of the pressure increase in the compartment,
a reduction in flow at the intakes (branches 16 and 17) and an in-
crease in flow at the compartment exhaust (branch 14) is calculated
by FIRAC. Volumetric flow rate results for the fire compartment are
presented in Figure 4.

Between 2 s and 175 s, the hot layer gradually expands and
descends toward the outflow ventilator (Figure 5). As the outflow
ventilator begins to exhaust the hot combustion products/gases com-
posing the hot layer, the fire compartment begins to depressurize

Table 1. Transient event sequence for example calculation.

Event Time (s)

Kerosene ignites 2

Maximum system temperature ( 150°F) attained 5

Hot layer descends to centerline elevation of 15
inflow boundaries

Hot layer descends to centerline elevation of 205
outflow boundary

Contaminated polychloroprene ignites 275

Radioactive material appears in system 275

Polychloroprene stops burning 350

End of calculation 500
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Figure 3. Calculated pressure response for nodes
9, 15, 21, and 22.
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Figure 4. Calculated for compartment volumetric
flow rates (branches 14, 16, and 17).
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figure i>. Calculated hot layer height versus time.
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slightly. The volumetric and mass flows at the intakes to the com-
partment are enhanced by the depressurization. The compartment ex-
haust flow rate decreased because of the depressurization and the
presence of the hot (less dense) combustion gases at the outflow ven-
tilator. The temperature history for the fire compartment is shown
in Figure 6.

The system is perturbed ag n as the kerosene fire terminates
and the contaminated polychloroprene ignites via the sequential burn-
ing option. The ignition of the polychloroprene repressurizes the
fire compartment to -0.2 in. w..1*. (-0.5 cm w.g.) by 350 s. The
flow rates to the compartment are affected by the repressurization:
the exhaust flow (branch 14) is enhanced and flow at the intakes
(branches 16 and 17) is reduced. As the polychloroprene burns, the
compartment becomes more filled with smoke particulates because burn-
ing polystyrene releases a larger amount of smoke particulate than
does burning kerosene.

The production of smoke at a faster rate within the compartment
begins to deplete the amount of oxygen available to the fire. The
fire compartment oxygen concentration never dropped below 20% because
the polychloroprene burned for only a short time ( 90 s). By 355 s9
all the combustible materials within the compartment have been con-
sumed and the system begins to recover from the fire-induced
transient.

Even though the filter plugging option was used in the calcula-
tion, the fire compartment exhaust filter does not plug and therefore
does not influence the system response to the fire. The low fire
compartment filter efficiency (50%) prevents the filter from col-
lecting enough mass to plug. However, the low efficiency value does
allow smoke and radioactive material to be transported to the facil-
ity exhaust filter (branch 35). Figures 7 and 8 show the mass ac-
cumulations for the smoke and total radioactive particulates on the
fire compartment exhaust filter (branch 14), the two ducts located
between the compartment exhaust filter, the facility exhaust filter
(branches 38 and 39), and the facility exhaust filter (branch 35).

The primary release mechanism for radioactive material is the
burning of a contaminated combustible solid (polychloroprene). The
releases associated with the heating of a contaminated surface are
simulated in this calculation but are not evident in the mass ac-
cumulation results (Figure 8). Once the hot layer has descended to
the outflow elevation, material released as a result of the contami-
nated surface being heated is convected through the system. The re-
lease rates for the contaminated surface mechanism are several orders
of magnitude less than the release rates for the burning contaminated
combustible. Significant quantities of radioactive material are not
transported until the polychloroprene ignites at 275 s. The poly-
chloroprene is assumed to ignite after the kerosene pool fire has
ended.
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Following the termination of the fire (350 s), the smoke and
radioactive particulate flow rates begin to decrease as the particu-
late concentrations in the hot layer decrease and as the compartment
exhaust flow rate decreases. The system gradually will reestablish
the steady-state operating conditions.

An important result of any fire-induced transient is the calcu-
lated gas temperatures at various locations in the system. The tem-
perature values are useful in assessing the damage to system compon-
ents, especially HEPA filters. The temperature variation from the
fire compartment to the facility exhaust is shown in Figure 9. As
the warm gases are convected to the facility exhaust, convection and
radiation heat losses occur in the duct components (branches 38 and
39). As a result of the heat losses, a decrease in gas temperature
with increasing distance from the fire compartment is calculated.

Summary

The example calculation illustrated how the improved FIRAC code
can be used to simulate a fire within a facility. Also, implementa-
tion of the FIRIN complex sequential burning option, the release of
radioactive material by burning a contaminated combustible solid and
the heating of a contaminated surface, the transport of smoke and
radioactive particulates, and the internal boundary nodes represent-
ing the fire compartment were demonstrated. The example calculation
also indicates how complicated the interpretation of the calculated
results can become when several user options are enabled.

II. Full-scale Measurements of HEPA
Filter Plugging and Particulate Deposition

by Combustion Products

This section of the paper summarizes the results of experiments
in two areas that were conducted by Los Alamos and New Mexico State
University. The areas are (1) HEPA filter plugging by combustion

lC^) d f2) k d d i i i l
y y

aerosolsC^) and f2) smoke transport and deposition in ventilation
system ductwork.(5) in both cases, the work was part of Los
Alamos' efforts to obtain experimental data to support FIRAC computer
code development and verification.(1)>(2),(6-8) A specialized fa-
cility was constructed to supply the needed experimental data.

Test Facility and Fuels

The test facility(9,10) Was designed to supply experimental
data for 0.61- by 0.61-m HEPA filters under conditions simulating
those postulated as credible for fires in nuclear facilities. In-
dustrial fires such as these are expected to differ from other kinds
of fires in the types of materials involved and the ventilation con-
ditions (availability of oxygen). A typical fuel mixture may be com-
posed of the materials listed in Table 2.w) These materials are
likely to burn under both oxygen-rich and oxygen-starved conditions
(over- and under-ventilated conditions) to produce particulate mate-
rial, water vapor, and gaseous combustion products.
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Table 2. Typical fuel mixture composition.

Component Composition (%)

1. Polymethylmethacrylate 45
2. Cellulosic 26
3. Elastomer 18
4. Polyvinyl Chloride 8
5. Hydraulic Fluids 2
6. Polystyrene 1

Some unique capabilities were required of the test facility.
First, we needed the capability to burn fuels or mixtures of fuels
listed in Table 2. Two pure materials were selected from Table 2,
polystyrene (PS) and polymethylmethacrylate (PMMA). Although PS is
not found in large proportions in nuclear fuel cycle facilities (PMMA
is), it is the most severe smoke producer in Table 2. On the other
hand, PMMA is known to produce relatively low quantities of smoke in
comparison with the amount of mass burned. Hence, by selecting these
two fuels we attempted to bracket the extremes of smoke generation--
the mass fraction of solid or liquid fuel that converts to smoke--
expected in plants. .For liquid PS and PMMA burned at over-ventilated
conditions, Tewarson(H) experimentally measured smoke mass fractions
(Ys = ms/mb) and got 0.33 and 0.021, respectively, where both the
soot and low vapor pressure liquids are included in the aerosolized
combustion products or "smoke.1 The quantities ms and mb are mass of
smoke produced and mass of fuel burned, respectively.

To burn the fuels and control the burning efficiency, a special
combustor was designed and manufactured for use in these studies by

(12) Th b i h i d b lli y
two mass burning rates were achieved by controlling the

inlet air supply rate. Each burning rate was repeated two times.
The repetitions were used to assess the reproducibility of the test
results.

To obtain the filter plugging data»(40 we needed the capability
to determine the accumulated mass gain of a clean 14-kg HEPA filter
because of smoke and moisture clogging. Previous tests using poly-
stryrene latex spheres led us to expect plugging (arbitrarily defined
to be a 50% reduction in flow rate from the design value) to occur
from an accumulation of under 500 g of dry solid material. We de-
signed and constructed a special null-balance filter-weighing appara-'
tus to resolve 2- to 3-g smoke accumulations out of 14 kg for a clean
filter.

To obtain the deposition data,(5) the burn products had to be
introduced into as long a duct as practical to enhance deposition and
aerosol concentration changes for better resolution. We also needed
to simulate rapid diffusion (mixing) of the smoke plume to make an
upstream, centerline smoke concentration measurement. Finally, we
needed special experimental apparatus suitable for making surface
measurements of total aerosol mass deposition.
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The facility described in References 9 and 10 was modified to
facilitate the current experiments. The major modifications included

1. coupling to the combustion chamber,
2. the design and installation of a biplanar grid of round

tubes to promote turbulent mixing,
3. the construction of a metal hot duct,
4. adding extra ductwork to bring the test section length for

deposition up to about 45.6 ft (13.9 m) , and
5. installation of specially designed nuclepore filter holders

to collect deposition samples.

Instrumentation

Appropriate instrumentation was set up and calibrated to obtain
measurements of the following.(4),(5)

1. Ambient pressure and temperature
2. Average or bulk volumetric airflow rate in the duct
3. Air temperature at four locations
4 Relative humidity
5. Fuel mass burning rate
6. Filter pressure drop
7. Filter incremental weight gain
8. Smoke mass concentration using two cascade impactors at two

locations on the duct centerline [downstream of the mixing
grid and 45.6 ft (13.9 m) further downstream]

9. Smoke size distribution using the same eight-stage cascade
impactors to obtain the mass median aerodynamic diameter and
geometric standard deviation (for a log-normally distributed
aerosol)

10. Total mass deposition at one downstream location but on
three surfaces (ceiling, one side wall, and floor) at the
45.6-ft (13.9-m) downstream mass concentration measurement
location (See Item 6.)

Combustion Product Characterization

The characterization of the combustion products included only
particulate constituents.(4),(5) The particulate combustion
products were not monitored continuously, but rather intermittent
samples were taken and analyzed.

Particulate mass concentrations (milligrams per cubic meter)
were determined with Anderson Mark III stainless-steel in-stack in-
ertial impactors incorporating straight nozzles. These impactors
also measure aerodynamic particle diameter (based on unit density
spheres) through seven stages of particle collection and a back-up
filter. Pre-impactors for use in conjunction, with the impactors were
determined to be unnecessary for this application. Real-time parti-
cle sizing equipment also was used. The units used were a Royco
Model 225 optical aerosol particle counter and a Thermal Systems
Model 3030 electrical mobility analyzer. The real-time equipment
was less suitable in this experiment because the particle size
characteristics and mass concentration varied with the burn time.
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Because about 1 win to 3 min of cycling time was required by each
particle counter, respectively, the actual aerosol characteristics
could not be resolved. In contrast, the inertial impactors were op-
erated in such a manner (nozzle diameter and sampling time) to sample
over the entire fuel burn. For this reason, the impactor size data
are considered pertinent.

PS and PMMA combustion aerosol particulate size distributions
were measured using the cascade impactors. The PS data are shown in
Figure 10; this figure indicates that, for the high and low mass
burning rates, the particle size distribution is nearly the same for
particles less than 2.0ym. However, for particles greater than 2.0pm
in diameter, there is a significantly greater relative number of par-
ticles at the higher burning rate compared with the lower burning
rate. Also, the aerodynamic mean particle diameter varies from about
1.5 to 2.5 urn.

The change in particle size with transport along the 45.6-ft
(13.9-m) length can be observed in Figure 10. With the exception of
the larger (greater than 2.0pm) particles, no clear shift in size
distribution occurs. However, with these PS particles, the upstream
size distribution by aerodynamic diameter relative to the correspond-
ing downstream data of the same test suggests an average particle
size reduction of about 1 um.

The volumes of soot particles generated by the burner for the
two fuels were measured using the Royco counter. The main features
observed were large variations of soot particle output rates and var-
iations from burn to burn under the same conditions. Peak volumetric
output rates for the PS and PMMA fuels varied by more than an order
of magnitude. Similar particle size data for PMMA are presented in
Reference 5. These data show that the mass median aerodynamic diam-
eter of PMMA was significantly smaller than that of PS--about 0.7 to
1.0 pm.

HEPA Filter Plugging by Combustion Aerosols

The experimental results reported here represent a continuation
of work reported at the 17th DOE Nuclear Air Cleaning Confer-
ence. (1) 9 (°)

Exposing a HEPA filter to heat and smoke significantly alters
its operating characteristics.(2),(6),(8),(13),(14) This investiga-
tion focused on the characteristics that relate to filter plugging or
to the increase in pressure drop across a filter as a result of the
collection of particulate material on the filtration media. Such in-
formation is required to better understand how filters are plugged
with combustion-generated aerosols, and it will improve our FIRAC-
based estimates of ventilation system response to compartment fires.
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Specific questions about the problem we investigated included
the following.

1. What is the correlation between accumulated combustion par-
ticulate mass on the HEPA filter and flow resistance across
the filter?

2. What is the effect of the soot fraction (as manifested by
fuel type) on HEPA filter plugging?

3. What is the effect of fuel mass burning rate on HEPA filter
plugging?

4. What is the penetration of the aerosols within the filtra-
tion medium?

5. Does the HEPA filter upstream facaguard influence HEPA
filter plugging?

6. Does the mechanism causing plugging vary from fuel to fuel?

Table 3 summarizes conditions associated with combustion of the
filter plugging test fuels. Results for both fuels are given in
Table 4. These data are the result of burning many cups of fuel in
each case, and thus the mass burning rates are average values. The
HEPA filters tested with PS had protective metal face screens (1-cm
by 1-cm mesh size) with the except5.on of filters numbered 6 and 7.
The HEPA filters tested with PMMA all had the metal screens removed.

The details of the plugging process for each filter are shown in
Figure 11„ The actual resistance, R or W, is normalized by the ini-
tial clean filter resistance. The data shown the influence of the PS
mass burning rate on the quantity of the particulate material col-
lected that is necessary for plugging. From Figure 11, the import-
ance of the protective screen on HEPA filter plugging can be seen to
be negligible. Similar data for PMMA are presented in Reference 4.

Rather than trying to construct any realistic physical mechanism
for the cause of plugging, we propose a phenomenological approach as
follows . (2) , (4) , (6)

W = F (Mp) ,
Wo

where W = Ap/Q is the resistance coefficient. W o is the value of
W for a clean filter, Ap is pressure differential, and Q is volumet-
ric flow rate. F is a monotonically increasing functon of Mp,
which is the total raass of particulate accumulated on the filter and
is the relative resistance. To satisfy the clean filter requirement,
we must have

F (Mp = 0) = 1.
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Fuel

PS
(granular)

PNMA

C h e m i c a l
Formula

CH

CHi.600.4

Table 3. TesE

Combustion
Efficiency

0.6

0.9

fuel combustion conditions.
Stoichio-
nietric
Airflow
Rate (m3/h)

7.4

4.0

Ratio of Actual
to Stoichiometric

Airflow Rates

0.23

0.93

0.85

2.1

Comments

Low Burn Rate,
Underventilated

High Burn Rate,
Underventilated

Low Burn Rate,
Undervent Hated

High Burn Kate,
Gverventilated

Table 4. Summary of combustion products plugging of HEPA f i l t e r s .

Fuel

PS
PS
PS
PS
PS
PS
PS

PMMA
PMMA
PMMA
FMMA

Test
No.

1
2
3
4
5
6
7
8
9
10
11

Clean Static
Pressure Drop

(cm w.g.)

2 . 1
2 . 1
2 . 1
2 .0
2 . 1
2 .1
2 . 1
2.2
2.2
2.2
2.2

Apparent Mass
Burning Rate

(g/min)

19,4 (high)
21.3 (high)
15.4 (low)
21.7 (high)
17.5 (low)
22.9 (high)
21.3 (high)
11.6 (high)
12.4 (low)
15.6 (high)
13.4 (low)

Total Particulate
Mass Collected at

Plugging*
( g )

527
432

1256
405

1207
432
391
233
257
186
309

*The HEPA f i l t e r resistance rat io has a value of 12.0 for each
filter.
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Figure 11. Variation of resistance ratio with accumulated mass
for polystyrene combustion.

We believe the following expression should be adequate for all prac-
tical purposes.

F = 1 + i
where « and B are two coefficients determined by experimentation.
Their evaluation from data such as that shown in Figure 11 forms the
basis of the filter plugging test program.

Table 5 shows the values for a and fi obtained by curve-fitting
techniques for the combustion conditions tested. The resistance
ratio is observed to be a strong function of. the linear term in Mp--
the & values are relatively small. The filter plugging coefficients
given in Table 5 can be used in the input data deck of the Los Alamos
fire accident analysis computer code FIRAC. An equation for F(Mp)
in the code allows the user to simulate an infinite range of plug-
ging conditions depending on the values of a and B input.
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Table 5. Compilation of HEPA filter resistance ratio.
FUNCTION* COEFFICIENTS

Fuel Combustion Condition

PS High 02 (Underventilated)
PS Low 02 (Underventilated)
PMMA Underventilated
PMMA Overventilated

a

0.022248
0.0057105
0.0476796
0.0641064

0.64249 x 10-6
0.17108 x 10-5
-0.30826 x 10-4
-0.57276 x 10-4

*The HEPA filter resistance ratio has a value of 12.0 for each
filter.

Particle size data were used in Reference 4 to explain the var-
iation in PS combustion particulate mass necessary to plug the HEPA
filters. In Reference 4, we showed that the particles greater than
2.0 ym in diameter dominate the plugging of the filter. Particles
less than 2.0 urn apparently penetrate the filter medium and contri-
bute to the mass of collected particulate material but contribute
little to increase the static pressure drop across the filter. Re-
moval of the HEPA filters from the test apparatus supports this spec-
ulation because the upstream face had a thick "mat" of fragile
particulate material that tended to fall off the filter even when
disturbed by the most careful handling.

Tentative qualitative conclusions can be made regarding the
plugging characteristics involving particulate mass concentration and
accumulated particulate mass on the filter.

• Normalized HEPA filter flow resistance can be correlated
with the accumulated mass gain on the filter for a given
combustion aerosol (PS and PMMA). When the combustion con-
ditions change (fuel and/or oxygen availability), the HEPA
filter plugging characteristics change and are explained
with the particulate mass concentration for particles
greater than 2.0 ym.

• For these PS and PMMA tests, the lower the fuel soot frac-
tion, the smaller the accumulated mass gain on the HEPA fil-
ter required for plugging. This results from the physical
characteristics of the particulate material--mass concentra-
tion and particle size. Evidently, for PS and PK15A, a dif-
ferent physical mechanism was responsible for the plugging.

Smoke Transport and Deposition in Ventilation System Ductwork

Although intuition might suggest that aerosol losses because of
deposition are insignificant, a previous study has indicated that
such losses can be appreciable in mass percentage. Qualitative cas-
cade impactor measurements in the duct downstream of the full-sized
compartment fire test facility at Lawrence Livermore National
Laboratory (LLNL) have indicated that as much as 60% of combustion
product aerosol mass can be removed by deposition in a relatively
short (about 32-ft-long) duct.13 in case of a fire in a nuclear
facility, the presence of combustion products poses a threat to the
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HEPA filters AD, (2) , (6) , (7) , (8) , (13) , (14) A reduction in smoke
concentration because of deposition can delay filter plugging. Be-
cause deposition is size dependent,6 it also can modify the size
distribution function of the smoke challenging the filters.

Further, for fuel cycle facilities under fire accident condi-
tions, the smoke (solid and liquid aerosol) could be contaminated
with radioactive material. In this case it becomes important to know
where hazardous material is deposited within the plant ventilation
system. A reduction in airborne material concentrations will reduce
the quantity of radioactive material accumulating on the HEPA filters
and passing through them. We are particularly interestesd in the lo-
cation and concentration of radioactive material in the respirab'ie
size range, namely, about 0 to 15 pm. This time- and location-
dependent concentration will be continually changing because of de-
position and material interaction (coagulation).

For these reasons there is a need to check (under realistic con-
ditions) the accuracy of deposition equations available in the liter-
ature. Some of these idealized deposition equations currently are
being used to compute unsteady material depletion in FIRAC and other
Los Alamos accident analysis computer codes.2,6 However, at this
stage of computer code development, we have relatively little confi-
dence in the predictions of deposition losses for combustion
aerosols.

In this study we performed smoke transport and deposition tests
under realistic conditions using real combustion products (particu-
late and gaseous, including water vapor) in full-sized ducts at typi-
cal airflow rates - We are unaware of adequate data of this kind in
the available literature.5 With such depleticn/modification data
we can help answer three questions for realistic fire conditions.

1. How important is deposition; that is, how much material ac-
cumulates on the walls?

2. How much change in smoke characteristics (concentration and
size distribution) can occur over reasonable duct lengths?

3. Are our idealized equations from the literature giving us
reasonable, and preferably conservative, quantitative es-
timates of deposition?

Table 6 summarizes the numerical data obtained during the duct
wall deposition tests. In these tests, the accumulated particulate
mass on the HEPA filters and actual particulate mass deposits at the
duct wall were measured in addition to the physical characteristics
of the airborne particles as already described. The values reported
for the duct volumetric flow rate are arithmetic averages of the flow
at the initiation and conclusion of each test.

The particulate mass concentration data, in conjunction with the
mass burning rate given in Table 6, imply an important feature asso-
ciated with PS combustion. This feature is that the total particu-
late mass concentration measured near the HEPA filter is proportional
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to the mass burning rate. This is established by ratloing the aver-
age high burning rate to the average low burning rate and obtaining
the value of 2,0. Calculating the corresponding ratio for average
total particulate mass concentrations gives; 2.3. The correspondence
(deviation from mean less than 7%) implies a constant soot fraction
for underventilated conditions.

The effect: of the 45.6-ft (13.9-m) transport length on duct cen-
terline particulate mass concentration is summarized in Table 7. The

Table 6. Duct wall deposition experimental data.

Fuel
Type Burn Condition

PS 1.7 m3/hr Combustion Air
Low Burn Rate, Underventilated

PS 1.7 m3/hr Combustion Air
Low Burn Rate, Underventilated

PS 6.8 m-tyhr Combustion Air
High Burn Rate, Underventlleted

PS 6.8 m3/hr Combustion Air
High Burn Rate, Underventilated

PHHA 3.4 m3/hr Combustion Air
Low Burn Rate, Underventilated

PHMA 3.4 n3/hr Combustion Air
Low Burn Rate, Underventilated

PMMA 8.5 »3/hr Combustion Air
High Burn Rate, Overventilated

PMMA 8.5 u3/hr Combustion Air
High Burn Rate, Overventilated

Fuel Mass
Burned (R)

200.7

250.0

250.0

250.3

600.5

600.0

1000.3

1000.0

Total Time
Tims (ain)

21.9

29.7

14.35

13.60

50.1

52.4

81.9

85.6

Fuel Macs
Burn Rate,

mh iln

9.16

8.96

17.42

18.40

12.0

11.48

12.26

11.70

Volumetric Duct
Air Flow Rate,

Q(a 3/h)

1642

1470

1589

1439

1607

1448

1700

1530

Fuel Type Burn Condition

PS 1.7 m3/h Combustion Air
Lou Burn Rate, Underventilated

PS 1.7 n>3/h Combustion Air
Low Burn Rate, Underventilated

PS 6.8 m3/h Combustion Air
High Burn Rate, Underventilated

PS 6.8 m3/h Combustion Air
High Burn Rate, Underventilated

PMMA 3.4 a3/h Combustion Air
Low Burn Rate, Underventilated

PMMA 3.4 m3/h Combustion Air
Low Burn Rate, Underventilated

PMMA 8.5 m3//h Combustion Ali;
High Burn Rnte, Overventllated

PMMA 8.5 n>3/h Combustion Air
High Burn Rate, Overventilated

Table 6.

Upstream
Impactor
Cone.
(g/m3)

0.0526

0.0685

0.2027

0.1765

0.0154

0.0202

0.0045

0.0051

(Cont.)

Downsteam
Impactor
Cone.

0.0594

0.0681

0.1415

0.1566

0.0150

0.0157

0.0038

0.0048

Accumulated
HEPA Mass
Gain (R)

14.76

32.3

71.02

65.0

22.9

13.0

5.43

5.64

Wall Nuclepore
MaBs Deposit
Top. Side

0.2

0.1

0.02

0.2

0.1

0.0

0.1

0.0

0.2

0.1

0.3

0.4

0.1

0.1

0.1

0.1

Filte
(mg)

Bottom

1.1

0.8

1.5

1.4

0.4

0.4

0.4

0.3
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Table 7. Variation of particulate mass concentration by transport*.

Fuel

PS

PS

PS

PS

PMMA

PMMA

PMMA

PMMA

Combustion Condition

high

high

low

low

overventilated

overventilated

anderventilated

underventilated

0./0 0.81

0.89 0.89

1.13 0.83

0.99 0.84

0.84 0.89

0.94 0.75

0.97 0.75

0,78 0.86

* Duct length (from impactor to impactor) was 13.9 m.

last two columns give calculations of Pp/PpO> the particulate
mass concentration ratio at the two impactors, for the experiments
and the theory based only on gravitational settling. Note that the
averages of each of the four conditions are predicted by the theory
with an error of less than 10% (based on averages) with the exception
of the PS low burning rate condition where the experimental result
should be rejected.

Experimental deposition results have been compared with predic-
tions with gravitational settling theory (currently being used in
FIRAC) in Table 8. The important operational conditions are given
to identify each test. Under the columns labeled "Experimental
Data," the experimental results alone are presented where the final
result is a particulate mass ratio, md/mb. This ratio is the
mass deposited on duct walls divided by the initial mass of unburned
fuel. The mass deposited on the walls, md, is given by

where mf is the accumulated particulate mass on the HEPA filter for
the fuel burned. The ratio md/mb identifies that portion of the
fuel mass that was deposited on the walls. The ny calculations
assume a constant value for Ys (0.33 for PS and 0.021 for PMMA)
regardless of the burning condition. This mass-balance calculation
for md using data from Reference 11 for Ys did not resolve wall
mass deposition for the underventilated PMMA burn rate.
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Table 8. Experimental deposition results compared to gravitational settling theory predictions.

Fuel
Type

PS

PS

PS

PS

PMMA

PMMA

PMMA

PMMA

Fuel
Type C<

PS

PS

PS

PS

PMMA

PMMA

PMMA

PFJMA

Burn Condition

Low

Low

High

High

Low

Low

High

High

Burn
jndition "d

Low

Low

High

High

Low

Low

High

High

17

13

20

20

2

4

7

5

a

.8

.4

.4

.0

.31

.24

.76

.31

Fuel Mass
Burned, rah(g)

200.

250.

250.

250.

600.

600.

1000.

1000.

7

0

0

3

5

0

3

0

mpJp

(-f~)
2

1

5

5

0

0

0

0

.66

.43

.53

.44

.422

.808

.258

.185

Table 8.

Gravitational Settling

0.0887

0.0536

0.0816

0.0799

0.0385

0.0707

0.0776

0.00531

Total Hasi
Accounted

32

45.

91.

85.

25.

17.

13.

11.

.6

.7

.4

.0

.2

.2

2

0

s

Ups

44,

21

39

34,

28.

51.

67,

36.

(Cont).

Theory

Apparent
Soot Fraction

0

0

0

0

0

0

0

0

.16

.18

.37

.34

.042

.029

.013

.011

.8

.0

.1

.7

.1

.5

.9

.5

mb.

66

82

82

82

12

12

21

21

is

.2

.5

.5

.6

.6

.6

.0

.0

1

1

2

2

9

9

9

9

•poc

©
.10 x

.21 x

.17 x

.53 x

.42 x

.96 x

.06 x

.66 x

1G-1

10-1

io-i

10-1

10-3

10-3

10-3

10-3

Accumulated
HEPA MaM
Sain, raf(n)

14.

32.

71,

65

22,

13.

5.

5.

Experimental Data

• VaOh

51

50

11

17

-10

-0

15

15

.4

.2

.5

.6

.3

.4

.6

.4

- mf

.8

.3

.0

.0

.9

.0

.43

.66

i

0
0

0.

0.

0.

0.

0.

0.

£ _
256

201

046

070

....

....

0156

0154

Comparing the predicted and experimental PS combustion aerosol
deposition quantities in Table 7 suggests that, within a factor of 2
or 3, the values of mdg/mb agree. This level of agreement weakly
supports the gravitational settling theory. In addition, the calcu-
lated or apparent PS soot fraction, Ysa, is within 12% of the 0.33
value at the high burn rate. This confirms Ys for the PS fuel at
these conditions. For the low burn rate conditions, the Y s a values
are significantly lower than the assumed Ys value of 0.33. With
the PMMA tests, comparisons can be made only for the overventilated
con.bust.ion condition (ny is negative for the underventilated con-
dition). Again, the mass ratios and soot fractions agree to a factor
of 3 or less. However, the consistency of Y s a data suggests that
Ys is indeed different for the two conditions--by a factor of at
least 2 for these experiments.

Gravitational settling is accompanied by other deposition mech-
anisms in a horizontal duct and includes turbulent and Brownian dif-
fusion, inertial impaction, and electrostatic effects. For the hor-
izontal straight duct used in these experiments, inertial and elec-
trostatic effects were not significant. Considerations of other de-
position mechanisms, including calculations and comparisons with the
data obtained in the current study, have been made elsewhere.2,5-7
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The deposition rates predicted by theory are not fully supported
by the experimental data. Two reasons for this are the preliminary,
and thus relatively crude, nature of the particle deposition experi-
ments and the simplistic theoretical model used in FIRAC at present.
Further, because the mean particle diameters determined by the im-
pactors are much too small, the gravitational settling theory cur-
rently used by FIRAC is not conservative, but rather significantly
underpredicts the actual particulate mass deposition rates of the
combustion aerosols tested. Successful particle deposition studies
where theory and experimental results are mutually supportive will
require improved theoretical developments incorporating additional
deposition mechanisms and improved experimental techniques and pro-
cedures .

The conclusions developed from this experimental work involving
deposition of combustion products of PS and PMMA fuel are as follows.

1. Particulate mass deposition is an important feature associ-
ated with the flow of combustion products and, even for
short duct lengths (31 hydraulic diameters), may reach 25%
of the unburned fuel as with PS.

2. Physical changes associated with the transport of the par-
ticulate combustion products include a 10 to 30% reduction
in mass concentration and a small (~lnm) reduction in par-
ticle size only observable for the PS combustion particles
with an aerodynamic diameter greater than 2.0 pm.

3. Comparisons of the experimental results with the theory in-
corporating gravitational settling provide some preliminary
checks.

4. The experimental techniques used in this effort are not suf-
ficiently sensitive to verify the deposition models de-
scribed.

Because HEPA filter plugging rates and efficiencies are depen-
dent on the airborne particulate mass and size distributions arriv-
ing at the filter, deposition is an important consideration. The ex-
perimental work performed here establishes some support for the
theory developed and used by FIRAC. However, improved experiments
directed at the deposition problem alone are required to establish
the important deposition mechanisms that should be included in the
FIRAC code.
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DISCUSSION

BERGMAN: I think I have one agreement with your presentation,
where there is smoke there is fire. But I think that is about the
limit of it. I would like to point out that some of the assumptions
of the code, namely, the mass generation rates, the size distribution
of the aerosol, are critical to any prediction and this is something
that no one, either in this country or in Russia, has yei; developed
a capability to predict. This is one of the difficult scientific
technical problems. That is for a general comment. Now for a
specific comment on HEPA filter plugging, you say the larger particles.,
normalized for mass, plug at a faster rate than the smaller particles.
It is well known that it is the opposite way_j and I just want to point
out there are some discrepancies. There is a theory, that I developed
about 7 years ago, that is consistent with the other plugging rate
theories as a function of particle size. Not to bring all bad com-
ments, this problem of HEPA filter plugging with smoke aerosols is
just astonishingly difficult. I don't say it as a negative comment
on your paper, but arti-facts are extremely easy to create in fire,
especially a dense smoke aerosol fire. So I am not discounting your
measurements, but what I am saying is3you are not dealing with 2-3 ym
diameter aerosols* they are 0.1 jam. I think what you are seeing is
a highly dense aerosol, rapidly agglomeratingsunder-ventilated. You
can, for example, have a net ratio of excess oxygen, but the critical
parameters are those where the aerosol is forming^and this may be
extremely fuel rich. I am just bringing this up as a possible sug-
gestion, but I do want to express caution that in this field we are
far from being able to predict safety features in nuclear plants. I
wish it weren't so, but that's the situation.

SMITH, P.P.: One thing I would like to mention is that our com-
partment 'fire model is predicting the size distribution of both the
smoke particles and the radioactive materials. In the case of the
smoke particles.* the data are based on Factory Mutual studies. I know
that Pacific Northwest Laboratory is doing extensive studies right
now to look at burning in under-ventilated conditions. I refer you
to their data. T agree with much of what was said. I think the
data that are in the code are the best available. I am not sure that
you can find anything better in terms of the distribution of radio-
active material as a source term. Otherwise, I appreciate your
comments and the difficulty of the overall problem.
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THE MATHEMATICAL MODELLING OF FIRE IN FORCED VENTILATED ENCLOSURES

G Cox and S Kumar
Fire Research Station

Borehamwood, Hertfordshire, England

Abstract

The paper describes the application of a computer fire simulation model to the prediction of
conditions in a forced ventilated experimental fire test cell at the Lawrence Livermore National Laboratory.
Comparisons between theoretical and experimental determinations are shown to be in reasonable agree-
ment and areas requiring further research indicated.

I. Introduction

Fire and explosion pose a threat in nuclear plant because of the conflicting requirements of ven-
ting the combustion products, the accepted practice in conventional installations, and the need to contain
the hazards from ionizing radiation. There is a need to develop a predictive capacity for dealing with these
problems in both industrial and nuclear containment buildings. This is perhaps particularly necessary in the
confined ventilation systems used in nuclear plant where industrial fire protection experience is used in an
area where some of the principles may not be applicable. Such a capacity would not only allow alternative
fire protection design strategies to be examined but also may be used in the training of piant operators and
fire fighters and perhaps even eventually be used for decision making during the course of a fire.

Mathematical models of fire can be classified as either deterministic or stochastic and within the
deterministic grouping divided into two types of model known as the zone and field formulations. Zone
models rely on empiricism and experience to assemble and solve a set of equations linking readily iden-
tifiable zones of behaviour. Field models attempt to go back to first principles as much as possible and
solve the governing equations of motion describing the heat and mass transfer processes within the com-
partment. Stochastic models, in general, do not specifically address ths problem of predicting local fields of
the physical variables such as temperature, velocity, pressure etc but concentrate on the probability of oc-
currence of a particular event or series of events, such as spread of fire from one article to another.

The distinctions between these different model types have been discussed in the nuclear contain-
ment context by Cox111 and Galant(2) and in more general terms by Kumar(3). Suffice it to say here that the
so-called deterministic field models, which are firmly based in the rapidly expanding subject of computa-
tional fluid dynamics, a subject much broader than just fire dynamics, are very general in their formulation.
They can, in principle, be applied to any configuration with little extra concern as to the validity of this
transfer. However, because of the empirical nature of the deterministic zone models this generality cannot
be claimed for them.

As an illustration of the different types of enclosure currently being studied with field models, the
Fire Research Station is using them to examine fire in domestic rooms, hospital wards, road tunnels and air-
port terminal buildings, whilst other groups have applied them to fires in aircraft'41 and to the urban mass
fire problem (cities)'51.

This paper describes the application of the Fire Research Station's field model known as
JASMINE'6-7' to the experimental conditions of the forced ventilated experimental fire test cell at the
Lawrence Livermore National Laboratory (LLNL). Experiments in this thoroughly instrumented test cell have
been specifically designed to assess the capabilities of mathematical models of fire and so provide an ideal
vehicle for model validation.

© Crown Copyright
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II. Theoretical model

The physical problem concerns the movement of combustion products in three-dimensional
enclosures of arbitrary geometrical complexity. In this problem the flow is dominated by buoyancy and the
turbulence serves to promote the rate of diffusion of heat, mass and momentum. Simple combustion and
radiation models are included in the calculation procedure and non-uniform buoyancy forces are allowed to
affect both the mean flow and the fluctuating motions.

The fluid dynamics

The independent variables of the problem are the three components (x,y,z) of a Cartesian co-
ordinate system, and time (t). The main dependent variables characterising the flow are the three velocity
components (u,v,w), the pressure p, enthalpy h, the kinetic energy of turbulence k, and the energy dissipa-
tion rate e.

All these dependent variables, with the exception of pressure, appear as the subjects of differen-
tial equations of the general form

a

where <j> stands for a generic fluid property and Q, U, J^ S^ are density, velocity vector, diffusive-flux vector
and source rate per unit volume, respectively.

The diffusive-flux J^ is given by

•V = -T0grad0 (2)

where T^ denotes the effective exchange coefficient of <f> determined from the set of turbulence parameters
(k,e), which are themselves dependent variables of differential equations of the form of equation (1). The
sources and exchange coefficients for velocities and turbulence quantities have been discussed
elsewhere171 together with the effects of buoyancy161 and are not repeated here. Pressure is calculated from
the pressure correction equation18' deduced from the mass continuity equation <i>= 1.

Combustion

Fires are examples of buoyant turbulent diffusion flames with very low source momentum. The
buoyant process gives rise to a large scale irregular motion which governs the rate of mixing of fuel
volatiles and air. The rate of reaction of fuel and air is thus controlled by this relatively slow turbulent mix-
ing process and not by the fast reaction kinetics.

In JASMINE a simple one step reactive is used to describe the combustion. Unit mass of fuel
combines with the stoichiometric mass requirement, s, of air to give (I + s) mass units of product. Nitrogen
is assumed to act only as a diluent and does not take part in the reaction.

The reaction rate, Rfu, is taken to be the slowest of the turbulence dissipation rates of either fuel,
oxygen or hot product:

(3)

where mfu, mox, mpr are the local mass fractions of fuel, oxygen and product and CR and CR' are constants
given the value 4 and 2 respectively. This is Magnussen and Hjertager's19' version of Spalding's'1" eddy-
break-up model.
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Two further transport equations of the form of equation (1) are solved simultaneously with those
describing the fluid dynamics. The first is for the fuel mixture fraction, f, where

and v& = m fu-rnox/s, mox is the mass fraction of oxygen and the subscripts o, oo denote fuel and ambient
air conditions for 4>. No source term is needed in the transport equation for f since it is a conserved scalar.
The final transport equation is for the fuel mass fraction mfu where the source term is a linearised version
of Rfu<».

After solution of these equations for f and mfu, the mass fractions of oxygen, C02, H20 and un-
burnt fuel may be readily deduced throughout the compartment as a function of time. In the predictions
which follow, any oxidation of the fuel is assumed to go to completion ie no carbon monoxide appears in
the product. For the experiments considered (Section III) the fuel was isopropyl alcohol and so the reaction
assumed to be simply

2C3H7OH + 9O2 - 6CO2 + 8H20

Boundary conditions

To complete the mathematical analysis, it is necessary to provide boundary conditions. For the
LLNL test cell there are two types of boundary: solid or free. On a solid boundary the non-slip condition on
the velocity components is employed. The momentum fluxes to the walls obey the wall-function relations
of Launder and Spalding'11' and the heat fluxes to the walls are calculated from a fixed heat transfer coeffi-
cient. This latter treatment has been found to be a simple way of accounting for both convective and
radiative heat losses to boundaries. A more general treatment is cunently being developed which uses the
wall law treatment but for rough surfaces for the convective component and a radiative contribution is add-
ed from a flux model'7'. Heat losses through the compartment walls are calculated from a one dimensional
conduction equation given wall conductivity and thickness.

On the free boundary, at the compartment inlet, a fixed pressure boundary condition in imposed.
At the outlet, the forced extract duct, a fixed volume flux is prescribed.

Method of solution

The task is now to solve the nine simultaneous non-linear partial differential equations of the
form of equation (1) for the variables u, v, w, h, k, e, mfu f and p subject to the above boundary condi-
tions. Details of the formulation of the finite difference equations from equation (1) and the features of .he
numerical algorithm are given elsewhere and are not repeated here'6-8121.

III. Experiment considered

A complete description of the LLNL experimental test cell, measurement equipment and fire tests
conducted is given by Alvarez et al l t 3 ). A schematic diagram of the cell is shown in Figure 1. The compart-
ment is 4 m x 6 m in plan and 4.5 high. A rectangular duct 0.65 m square, centres 3.6 m above the floor
of the compartment provides forced ventilation by control of an axial fan. High efficiency particulate air
(HEPA) filters may be installed in the extract duct to examine clogging by soot deposition. Air inlet is at low
level through slots in a cylindrical duct close to one face of the compartment. This has been approximated
in the model by one slit 0.12 m high, 2 m long, 0.1 m above the floor.

Fires of different fuels and types have been conducted in this cell with a variety of extraction
rates. The case considered here concerns only one of these configurations designated Mod 8 by Alvarez et
al. A spray of isopropyl alcohol is formed from an opposed jet nozzel located in the centre of a steel pan of
diameter 0.91 m. The ambient fuel is quickly evaporated and burnt before it contacts the pan surface. The
resulting fire is very similar to a natural pool fire. The fuel injection rate in Mod 8 was 13.1 grams/sec ad-
justed to give a heat release rate of 400 kW, assuming efficient combustion. The ventilation extraction rate
was adjusted to 500 litres/second of air prior to ignition. The duration of the fire was around 20 minutes.
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PGURE 1
SCHEMATIC DIAGRAM OF LAvVRENCE LIVERMORE TEST CELL

The walls, floor and ceiling of the compartment consisted of 0.1 m thick AI2O3/SiO2 refractory
with estimated thermal properties, thermal conductivity, density and specific heat for the walls of 0.39
W/m°K, 1440 kg/rr3 and 1 kJ/kg°K and for the ceilings and floor 0.63. 1920 and 1 respectively. Alvarez
et al suggest a thermal wave penetration of 3 cm into the compartment boundaries during the course of
these experiments.

For simplicity the predictions have been made for the steady state and comparisons made with
experimental conditions, just before test completion (20 minutes from ignition). This saves computational
time. Transient analysis is, of course, quite possible'6'. The air extraction rate had dropped to 400 litres/se-
cond at this time and was used in the simulation to prescribe the extract boundary conditions.

IV. Results

One of the difficulties of validating this type of model is the considerable quantity of detailed in-
formation predicted and the very difficult task of obtaining enough experimental data to examine the
details. Even in such a thoroughly instrumented experimental rig as the LLNL test cell it is only possible to
compare predictions and experiments at comparitively few points.

Predictions of velocity vectors are shown on two orthoganoi planes in a perspective view of the
cell viewed from the east in Figure 2. The two planes are the horizontal, one through the air inlet slot and
the vertical one through the centre of the fire tray and extract duct (hereinafter known as the central
plane).

The processes of air entrapment into the fire, buoyant vertical acceleration of the plume, for-
mation of a ceiling jet and the establishment of recirculation in the cell are clearly evident. Examination of
vectors on vertical planes parallel to that shown here clearly demonstrate a leaning of the fire towards the
south wall. A sample streamline is illustrated in Figure 3, starting at the inlet slot and rising three times
before finally leaving at the extract duct.

The predictions of temperature, pressure and mass fractions of fuel, oxygen and product on the
vertical plane through the centre of fire tray and axit duct are shown in Figures 4 to 8. Inspection of these
shows ambient pressure to occur around 0.5 rn above the floor with oxygen mass fraction above this
height being uniform at between 10% and 11 % and product (3CO2 + 4H2O) concentration at between
16% and 17%. The unburnt fuel mass fraction is everywhere very low except at the source.
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FIGURE 2
VELOCITY VECTORS ON TWO ORTHOGANOL

PLANES VIEWED FROM THE EAST

FIGURE 3
SAMPLE STREAMLINE STARTING AT INLET

SLOT, VIEWED FROM THE EAST

Gas temperatures in the compartment show a steady increase from floor to ceiling in good
agreement with the experiment. Over and within the fire source itself temperatures decay in the expected
way but peak values are low compared with experimental determinations (around 125O°K). This results
from using a coarse grid. To obtain a more accurate representation of the source itself a much finer grid
would be necessary in that part of the calculation domain. Temperatures measured at two vertical ther-
mocouple rakes situated 1.5 m either side of the fire tray on the central plane, and each comprising 15
thermocouples are compared with predictions in Figure 9. Wall surface temperature predictions are com-
pared with measurements on the vertical centreline of the south wall and on the continuation of this line
onto the ceiling to its centre (over the fire tray) are compared in Figure 10.

Overall agreement can be seen to be reasonably good, although gas temperatures close to the
floor and ceiiing are predicted somewhat high. This is almost certainly due to the treatment of heat losses
to the boundaries assumed to be prescribed by a fixed heat transfer coefficient cf 20 W/m2oi<. The
modifications suggested in Section II should improve this aspect of the predictions.

Overall properties and some point determinations are compared in Table 1. In general agreement
is seen to be excellent. Ths difference between computed inlet and outlet mess flow rates corresponds to
the 13 grams/sec injection rate of fuel. The gas composition predictions are somewhat disappointing com-
pared with the success of the thermal predictions.

This is not surprising given the simplicity of the combustion model. It is well known that fires
exhibit strong combustion intermittency(W> and current research is directed towards more realistic modelling
of the turbulence-chemistry interactions'15'161.

The predicted pressure at the level of the extract duct differs markedly from the measurement.
The reason for this is not clear but is likely to be caused by the contribution of dynamic pressure to the
measurement.
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FIGURE 4
ABSOLUTE TEMPERATURE CONTOUR I°K)

ON CENTRAL PLANE
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FIGURE 5
PRESSURE CONTOURS (PASCALS) ON

CENTRAL PLANE
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FIGURE 6
PERCENTAGE MASS FRACTION OF FUEL

ON CENTRAL PLANE

10.2

FIGURE 7
PERCENTAGE MASS FRACTION OF OXYGEN

ON CENTRAL PLANE

16.7

FIGURE 8
PERCENTAGE MASS FRACTION OF

PRODUCT ON CENTRAL PLANE
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FIGURE 9
GAS TEMPERATURE WITH HEIGHT AT TWO THERMOCOUPLE RAKES
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FIGURE 10
SURFACE TEMPERATURE WITH HEIGHT ON SOUTH WALL AND CEILING
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Table 1. Comparison of predictions and measurements of integral properties
and some point determinations

Property

Mass inflow rate
(kg/s)

Mass outflow rate
(kg/s!

Exit gas temperature
(°C)

Exit heat flow
(kW)

Exit pressure above
ambient (Pa)

Exit O2 concenjdtio..
(%) (dried gas)

Exit CO2 concentration
(%}(dried gas)

Heat loss to
boundaries (kW)

Ceiling
Floor
North Wall
South Wall

East Wall
West Wai;

Total

Predicted

0.269

0.257

249
66

14.3

10.4

7.5

87
62
55
57

37
36

334

Measured

0.30

0.24

275
68

- 5

14

5.5

—

—
—
—

—

—

332

V. Computational details

The grid used was relatively coarse (12x14x13) and some grid refinement checks were made
to (13 x 20 x 20) to ensure insensivity of solutions to the grid. These showed insignificant changes in the
results. Execution times on the VAX11/780 amounted to around 450 mins for one thousand sweeps of
the calculation domain using the coarse grid, this being typical of the requirement for convergence for a
change in conditions from an already converged flow field. More sweeps of the domain are needed to
establish the first converged solution from an initial guess.

It should be observed here that grid refinement checks are not sufficient alone to give confidence
in the numerical technique. However, experience has shown that this along with reasonable agreement
with experimental data does give cause for optimisum. Further studies'17' of various numerical schemes are
currently under way to ciarify some of these difficulties.

VI. Conclusions

Alvarez et al requested predictions of a fire model of the time evolution of the following physical
quantities:

1. Inlet mass flow rate
2. Gas temperatures at exit duct
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3. Gas temperatures throughout the room
4. Room surface temperatures
5. Gas concentrations at exit duct
6. Gas concentrations throughout room
7. Radiative and convective heat fluxes to room surfaces
8. Room pressure
9. Mass pyrolysis rate of pool fires
10. Heat release rate of fire

The model described here has given predictions of items 1 -8 for the steady state, given the pro-
perties Q and 10 for one particular situati..i Mod 8. The agreement between predicted and measured
values give considerable cause for optimism. It is a straightforward matter to extend this prediction to the
transient conditions as has already been demonstrated for naturally ventilated enclosures 16-7).

There are problems which remain, for example, the current treatment has not specifically distin-
guished between convective and radiative heat transfer to the compartment surfaces. This is because of
difficulties in specifying convective losses to real building materials and in modelling radiation transfer. The
detailed treatment of the combustion process must be improved to include effects such as
intermittency for accurate predictions close to the fire source if, for example, fire spread from ons item to
another is to be predicted. There may, however, be many applications where this detail is not required and
some improvement in the combustion model to allow for partially oxidised products (eg CO) may be ade-
quate.

Finally the numerical techniques employed are subject to error and work is necessary to identify
the most suitable for the current purpose. All these areas of research are currently being pursued to im-
prove the capability of these general purpose computational fire dynamics models.
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CLOSING REMARKS OF SESSION CHAIRMAN SODERHOLM:

We have seen some high-technology approaches to- some complex
problems. These oroblems occur due to natural phenomena^which have
been plaguing man since the lowest technology days of crawling in
and out of cave-s, when we talk about earthquakes, tornado, and fire.
In the first presentation, we had a video tape of seismic testing
which I found quite interesting. And in the second paper we were
talking about having active components to increase the complexity and
applicability of computer codes which are being applied in the BORAC
facility to deal with some of these accident situations. Third, we
looked at some experiments with dampers and blowers in simulated
tornado experiments, an area of great interest. Then we viewed some
computer movies showing capabilities of the Pire Act Code. Now, there
are some very difficult questions in that work*and in the last paper^
as we try to get into the aerosol problem. I would certainly agree
with that, but I think these are our approaches and they'will help
us learn, if nothing else, how much we don't know. The filter
plugging results in the fourth paper certainly have high interest,
and it was very interesting in the last paper to see the first-prin-
ciples approach to the fire situation, mainly applied in the steady
state. It shows a surprising amount of promise. I didn't realize
that first principles fould still be so popular and match experimen-
tal results so well.
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OPENING REMARKS OF PANEL MODERATOR:

We have had some changes in the composition of the panel so I
am going to make brief introductions starting with Robert Bernero .who
is Director, Division of Systems Integration, U.S. Nuclear Regulatory
Commission and I wish to acknowledge his excellent key note address
on so'-ree terms. Next is Pete Littlefield from Yankee Atomic Elec-
tric Company who represents the minority, a nuclear power utility.
Next, Dr. James Gieseke fromBattellr Columbus Laboratory, who is our
expert on aerosols. And, finally, Anthony Malinauskas, Director of
NRC programs at ORNL. I have to say just one word about him, when
everyone was looking for the iodine at TMI, he was the one who said,
"Where is the beef?"

I want to make sure that none of you think that Kovach sudden-
ly became an expert on source terms. I am just a moderator here and
wish to make a little introduction that really has very little to do
with the technology of the source term. In the fall of 19^4, my home
country, Hungary, was overrun by the German armies and the Russians
were already within the borders of the country. The German nev;spaper
headlines said, the situation is bad but not hopeless. The Hungarian
newspaper stated, the situation is hopeless but not bad. ( Somewhere
between the sentiments of these two statements lies today's source
term definition.

As we started to build nuclear power plants based on the ex-
perience of our military nuclear technology, instead of building on
common sense, we generated a plethora of myths to guide us into to-
days dead end, and along the way codified our misinformation. To
impress ourselves with the seriousness of the problems we thought we
were solving, we imagined auguries to be slaughtered. But to do so
in an orderly fashion, we wrote regulatory guides for Sir Callahad's
behavior and hired hordes of QA personnel capable of breathing, but
not necessarily thinking, to audit our fears that the accident we
prevent may not be big enough. We imagined perfect, incredible acci-
dents, and we wanted to design for them and convince the general pub-
lic that we, in fact, succeeded, while we ignored the little accidents
that were likely to happen. In the process of doing so, we nearly
killed the safest means of electric power generation in the U.S. VJe
talKed of massive amounts of iodine belching into reactor containments
and, failing that containment, draining onto the countryside. At the
same time, we expressed frustration over not being able to run iodine
adsorption gas rates because the iodine plated out or reacted with
almost everything on its way to the sample disaster, without realizing
the conflict between fact and theory. It became a classic story of
the king's invisible clothes, and instead of somebody yelling that
the king is naked, we wrote standards and procedures to define the
praeise tailoring of the king, and carefully specified the yarns that
should be used. We developed and evaluated laboratory experiments
which proved only the individuality of that particular laboratory
experiment, and we ignored the studies of the consequences of acci-
dents that happened in the past. And somewhere along the way, we
passed into the dark ages with a certain semblance of heretic, burning
procedures. I stress procedures because the procedures became more
important than the fact. Even today, we are finally seriously dis-
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cussing the realities of iodine quantities and form on a far more
realistic basis than heretofore, while, on a legal licensing basis, -
we are still designing, and have been for years, after even TMI, and
after the realization of the validity of prior accident consequences,
on the basis of iodine volumes, which we know, are incorrect. Yes,
the earth is rpund. However, on the temporary worst case assumption
that it is flat, we wrote regulatory guides and standards on how to
circumnavigate it, in spite of the logical assumption that such a
process is impossible. I told you, I am not going to say anything
about technology - I leave that to the panel.

Thank you very much for your time.
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FISSION PRODUCT SOURCE TERMS AND ENGINEERED
SAFETY FEATURES*

A. P. Malinauskas
Oak Ridge National Laboratory

Oak Ridge, Tennessee

Let me begin by considering the situation just over six years ago, in
January 1978. Interest in source term research was clearly waning. The Reactor
Safety Study, WASH-1400, had been published more than two years previously, and
although some of the conclusions and the methodology had been criticized, the
areas of contention largely concerned the probabilistic approach that was
employed and thermalhydraulics features. As best I can ascertain, however, not
a single criticism was made regarding the manner in which fission product
release and transport was handled.

There was, in fact, a slight flurry of activity in the source term area
shortly after the release of WASH-1400, but this was motivated by the very large
uncertainties that were cited in the Reactor Safety Study for the fission
product release values. Curiously, the main concern was not with so-called
"risk dominant" or "degraded core" accidents; the low probabilities of
occurrence predicated for such accidents were apparently accepted by the nuclear
community as tolerable.

Instead, the main thrust of the research was directed toward a realistic
evaluation of the consequences of design basis accidents, and foremost among
these was the loss of coolant accident in which the engineered safety features
functioned as designed, the so-called "controlled loss-of-coolant accident."
From the standpoint of the safety of the general public, controlled loss-of-
coolant accidents proved to be relatively benign, regardless of the probability
of occurance or of the details of the thermalhydraulics. For example, the most
recent studies at that time indicated that only about 1% of the noble gas
inventory of the entire core, 0.03% of the cesium inventory, and 0.05% of the
iodine inventory would be released from failed fuel rods in the course of a
controlled loss-of-coolant accident in a light water reactor.(1) For
radioiodine, then, only a few thousand curies would be released from the fuel
rods, and ample opportunities existed for significant attenuation of this
release regardless of its chemical form. Moreover, the newer release values
were themselves some two orders of magnitude less than corresponding results
derived from the Reactor Safety Study.C1)

As is well recognized, the accident at Three Mile Island (TMI) in March,
1979 had a significant impact on the course of reactor safety research in
general, and of studies of fission product source terms in particular. The
accident, which could be described as an "eventually controlled" loss-of-coolant
accident, also served to turn the attention of the nuclear community away from
more probable, relatively benign, accidents in which the engineered safety
features operate as designed, and toward considerations of much less likely, but
more consequential, severe core damage accidents.

*Research sponsored by the Office of Nuclear Regulatory Research, U.S. Nuclear
Regulatory Commission under Interagency Agreement No. DOE 41-551-75 with the
U.S. Department of Energy under contract DE-AC05-840R21400 with Martin Marietta
Energy Systems, Inc.
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Early interest in fission product release and transport during the
accident at Three Mile Island did not focus on what did happen, but rather on
what did not occur. In particular in this regard, a major problem involved the
relative releases of radioiodine and the noble gases. During the accident,
about 8 million curies of Xe were released into the atmosphere, but only
about 15 curies of *I similarly escaped. In contrast, the accident at the
Windscale reactor in 1957 resulted in the release into the atmosphere of only
some 300,000 curies of Xe but about 20,000 curies of I.

The answer to the problem of almost negligible iodine release at TMI lay,
of course, in a careful consideration of the chemistry involved. Radioiodine
released from failed fuel rods was traditionally considered to be in elemental
form. As a consequence, it had been assumed that the fission product similarly
exists primarily in elemental form in the containment building, although small
fractions were additionally assumed to convert to organic iodides and to become
associated with particulates. In view of the chemically reducing conditions
which are an inherent characteristic of severe core damage accidents in light
water reactors, and the likely formation of cesium iodide within the fuel rod or
within the core region, the release and transport of fission product iodine in
elemental form is most improbable.(2) Moreover, with the exception of silver
iodide, other likely iodides involved are extremely soluble in water; this
factor can result in a significant reduction of the source terms for radioiodine
for those accidents in which the escape pathway is intercepted by water, such as
occurred at Three Mile Island. As a consequence, except for accidents involving
the introduction of aerosols in high concentration in the reactor containment
atmosphere, the dominant volatile form of radioiodine is probably organic in
nature. Moreover, this form is dominant, not because of its presence in high
concentration, but because the remaining chemical forms are nonvolatile.
(Interestingly, the precise mechanisms for the formation of organic iodides in
reactor accidents are not clearly established.)

Since the Three Mile Island Accident in March, 1979, considerable research
has been performed on severe core damage accident source terms. This research
will culminate shortly in the development of new methodologies for establishing
source terms, as embodied both in the industry Degraded Core Rulemaking (IDCOR)
Program and in the Nuclear Regulatory Commission's Severe Accident Program.
These approaches will unquestionably lead to more sophisticated and more
realistic evaluations of the consequences of severe nuclear reactor accidents.

Unfortunately, these evaluations will largely be directed only toward
giving people (mostly pro—nuclear) a warm feeling about the consequences of
highly improbable events. Thus far, however, little use has been made of the
knowledge gained of the behavior of fission products to modify and improve
existing strategies for mitigating the consequences of accidents of high or of
low probability. Nor has the adequacy of these existing strategies yet to be
re-examined in light of current research findings.

For example, caustic is added to pressurized water reactor containment
building spray systems, presumably to capture radioiodine (in the wrongly
assumed elemental form) in order to prevent its escape into the environment in
the event of an accident. Spurious trips of this spray system under normal
operating conditions of course result in the dispersal of caustic solutions into
the containment building. Subsequent cleanup can be quite expensive.
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The use of caustic sprays appears to be totally unwarranted to mitigate
the consequences of traditional design basis accidents. The reed for caustic is
likewise questionable at the other extreme as well, for in severe core damage
accidents the dominant carrier of airborne radioiodine is believed to be aerosol
particles. In addition, the containment building spray systems are normally
activated by indications of high pressure, not of high radiation level, and
these two parameters are not necessarily related. At Three Mile Island, for
example, the spray system was activated (because of a hydrogen burn) long after
fission products had been introduced into the containment building. There is
thus adequate reason to re-examine the use of caustic in such spray systems.

In a similar vein, although the situation is more complex, the strategy
for the use of standby off-gas treatment systems, as well as their design,
should be re-examined in light of current research results.

I seriously doubt whether any of the engineered safety features that are
installed in currently operating reactors would aggravate the consequences of a
serious reactor accident, but this aspect certainly merits examination.
However, there is reason to believe that some of these systems will never
perform their intended function, or that their efficacy will be severely
compromised, primarily because the assumptions underlying their design and
operation, though conservative, are wrong.

In summary, we shall have in hand shortly new, technically defensible,
methodologies to establish realistic source term values for nuclear reactor
accidents. Although these methodologies will undoubtedly find widespread use in
the development of emergency response procedures, that is, procedures to be
implemented external to the plant, such as sheltering or evacuation of the
surrounding population, it is less clear that the industry is preparing to
employ the newer results to develop a more rational approach to the
implementation of engineered safety features for the mitigation of fission
product releases in the event of a nuclear reactor accident.
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AEROSOL CHALLENGES TO AIR CLEANING SYSTEMS DURING
SEVERE ACCIDENTS IN NUCLEAR PLANTS

J. A. Gieseke
BATTELLE

Co-umbus Laboratories
Columbus, Ohio 43201

A variety of air cleaning systems may be operating in nuclear
power plants and under severe accident conditions, these systems may
be treating airborne concentrations of aerosols which are very high.
It is instructive to review predictions of airborne aerosol concentra-
tions in nuclear power plant containments under severe accident condi-
tions to provide a basis for evaluating the potential effects on the
air cleaning systems. The air cleaning systems include filters,
absorber beds, sprays, water pools, ice beds, and condensers. Not
all of these were intended to operate-- as air cleaners but will in
fact be good aerosol collectors. Knowledge of expected airborne con-
centrations will allow better evaluation of system performances.

The information presented here is obtained from work being per-
formed as part of the Nuclear Regulatory Commission's source term
reassessment efforts. Calculations of the release of radionuclides
from overheated fuel and their transport through the reactor coolant
system and containment structures were made using a series of computer
codes describing the evolution of thermal hydraulic conditions and
vapor and aerosol transport(D. Within the containment and auxiliary
(safeguards) buildings where air cleaning systems are located, the
important fission product species are expected to be aerosols formed
from Csl, CsOH, Te, and other materials (less volatile fission pro-
ducts, fuel, and structural material*: from the reactor core region) .
The airborne concentrations and aerosoZ size distributions are of
interest here.

In Figures 1 through 4 predicted aerosol concentrations are
presented as a function of time for the Surry and Peach Bottom power
plants and for several assumed accident sequences. The sequence
designations are taken from the WASH-1400 report(2). The general
shapes of the airborne concentration curves are similar showing an
early-time release of mass from the reactor coolant system followed
by a decrease in concentration as the melting core moves from the
pressure vessel to the cavity floor during which time there is no
source of aerosols to the containment. The high concentrations at
later times arise because of aerosol input from interaction between
the molten core and the concrete floor of the reactor cavity. The
mass leaked from the compartment of consideration in each figure is
also shown. The rapid increases in leaked mass, when they occur,
are the result of a failure of the compartment or building.

The important information to be derived from these figures is
the predicted high and variable levels of aerosol concentration.
Because of the predicted high mass input rates, agglomeration and
hence sedimentation is rapid. However, the airborne mass concentra-
tions appear to be excessively high to permit extended operation of
filter or adsorber systems without excessive buildup or blinding
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occurring. The predicted particle sizes as shown for one case in
Figure 5 are not out of line with effective operation of most air
cleaning systems and as collection continues, some air cleaning
systems will suffer diminished effectiveness.

Table 1 summarizes results from calculations for a number of
power plants and a number of accident sequences. The previous
observations of high mass loadings are again valid for the entire
set of sequences shown in this table. It appears that the effective
lifetime for air cleaning systems that are susceptible to becoming
overloaded with aerosol deposits may be extremely limited under severe
accident conditions.
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Figure 2 Airborne and leaked masses, Surry plant. Sequence
V (Auxiliary building volume = 4,250 m3)
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Figure 3 Airborne mass for the secondary containment as a
function of time, Peach Bottom plant, Sequence
TC-Y (Reactor building volume = 68,000 m )̂
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Figure 4 Airborne and leaked aerosol mass for the dry-
well as a function of time, Peach Bottom plant,
Sequence TOY' (Drywell volume = 4500 m3)
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TIME, MIN

Figure 5 Geometric mean particle radius in drywell,
Peach Bottom plant, Sequence TC-y'
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Table 1. Aerosols in containment during accidents.

Plant

Surry

Peach Bottom

Grand Gulf

Sequoyah

Zion

Sequence

AB-e-
~Y
** f

TMLB1-6

-c
S2D -Y

-C

V

AE -Y'
TC -y'
TW -Y

TC
TPI
TQUV
S2E

TMLB' -Y
-6

TML -Y
-6

S2HF -Y

TMLB1 -e
S2D -C

Max. Aerosol
Cone, g/m^

90.
60.
50.

9.
550.

6
0.05

40.

20.
20.
40.

0.1
0.1
0.5
0.7

0.8
60.
2.2
0.04
60.

11.
105.

Mass Median
Particle Diam. \m

2 - 1 0 (Aux Bidg)
2 - 4
1 - 3

--

—

2 - 4 (Aux Bidg)

1.5 - 2
0.15 - 0.7

0.4 - 2
2 - 4

0.4 - 2
0.4 - 5
0.5-2
0.1 - 0.2
1.5 - 10

1.5 - 4
0.2 - 0.4
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UTILITY VIEW OP THE SOURCE TERM AND

AIR CLEANING

P.S. Littlefield
Yankee Atomic Electric Company
Framingham, Massachusetts

The utility view of the source term and air cleaning is some-
thing I hai to think about a little because, while I have been
working with air cleaning systems for a number of years and with the
source term issue in the more recent past, I wasn't sure I had a
good grasp on how the two went together. The source term is made up
of: 1. noble gases, which we have all tended to ignore in the past
because we assume there was nothing we could do with them anyway, 2.
the halogens, which we have dealt with in the^e Air Cleaning Confer-
ences a great deal in the past in terms of charcoal and other systems
for removing them and, 3- the solid components of the source term
which particulate filters are designed to handle. Air cleaning
systems consist of filters, adsorbers, containment sprays, suppression
pools in boiling water reactors and ice beds in ice condenser-
equippped plants.

an engineer, I first investigated the cost of air
cleaning systems to see if it was worth the trouble. Looking at
rough costs, we see that, for a typical plant, we are looking at a
purchase cost of one million dollars for filter systems and between
two and three million dollars by the time we add overhead and
installation costs to the systems. A containment spray system is
in the order of six million dollars installed. These numbers came
from our Seabrook plant which is in construction. So the message
from this is, yes, there will be significant dollar impact for air
cleaning systems if it should be decided that backfits are necessary.

Now I would like to look at the source term in more simplistic
terms than it has been presented previously. The design basis source
term that most of our air cleaning systems have been designed to cope
with, consists of 100% of the-noble gases, 50% of the halogens, and
1% of the solids released from the fuel. Now, we are dealing with
another concept in source term, that I have labeled Calss 9 for
lack of anything better, that says, 100% of the noble gases, close
to 100% of the halogens, and somewhere between 0 and 100% of the
solids, depending on what elements we are talking about, will be
released. The biggest difference here, as far as an impact on air
cleaning systems is concerned, will be in what I call the solids
component of the source term.

The total mass in the core that is available to form aerosols
in the containment is very large, as was brought out by the previous
speakers, whereas just a few kilograms of aerosol particles will
plug-up a typical HEPA filter. There is no question that there
be adequate aerosol mass to plug up a filtration system.

655



18th DOE NUCLEAR AIRBORNE WASTE MANAGEMENT AND AIR CLEANING CONFERENCE

From the utility perspective, the source term is related to
risk assessments, so popular today for calculating offsite conse-
quences from low probability events. The relationship of the source
term to some of the other issues that we deal with is not quite so
clear, for example, the siting issue. Utilities are not yet sure what
impact a new source term is going to have on siting, but it probably
doesn't matter because, unfortunately, we are not doing very much
siting work these days. Emergency planning is an area we hope a new
source term will help by decreasing the size of the emergency zones.
The design area is going to be impacted in terms of qualification
doses to safety equipment after an accident, and in terms of designing
plant shielding for the protection of workers after an accident.

Finally, the subject of our panel discussion today is the-
source term impact on the design of air cleaning systems. Air
cleaning systems in the nuclear stations are primarily designed to do
two things, one, is to protect the control room operators from an
accident, anc the other is to protect the public. Control room
filtration systems operate in a mild environment. For most accidents,
no matter how severe the source term , it is not going to have any
great impact on control room filtration systems.

One of the systems that will work to protect the public is the
suppression pool in boiling water reactors. The suppression pool,
Figure 1, is primarily a passive device and we do not expect the
performance of the suppiession pool to be compromised by a high source
term. Another system is the standby gas treatment filter trains that
take air and gases from the reactor building, outside the primary
containment where the large mass of aerosols will be generated. For
most accident sequences, standby gas treatment filter systems will
also be operating on a relatively mild environment and their perfor-
mance will not be compromised. If- we should have a massive failure of
the primary containment "boundary, the reactor- building would also
rupture and the standby gas treatment systems would not perform a
useful function. Similar statements can be made about auxiliary
building filter systems for pressurized water reactors. For most
accident sequences, they will be operating as they were at TMI, on a
relatively mild environment in terms of high concentrations of
aerosols.

A few pressurized water reactors have recirculating air
cleaning systems inside containment, Figure 2, and, as I noted earlier,
generation of high concentrations, of aerosols could compromise the
performance of the filters. We expect that containment spray systems
would not be compromised by a high source term of aerosols or iodine
in the containment. There are some questions that have to be addressed
such as blocking of the containment sump where the containment spray
systems take their suction.

The final message that I would like to leave is that the great-
est air cleaning system that we have in these plants is the contain-
ment vessel Itself. The message that has come out of risk assessment
studies is that if we can maintain containment integrity, the natural
processes of deposition, diffusion, and plateout will remove the
source term regardless of the performance of any of the other air
cleaning systems.
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LARGE, HIGH PRESSURE CONTAINMENT

Figure 2
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SOURCE TERMS IN RELATION TO AIR CLEANING

Robert M. Bernero
Director, Division of Systems Integration

U.S. Nuclear Regulatory Commission

There are two sets of source terms for consideration in air cleaning,
those for routine releases;and those for accident releases. Now, with about
one thousand reactor years of commercial operating experienca in the U.S.
done, we have an excellent data base for routine and expected transient
releases. Specifications for air deanina can be based on this body of
experience with confidence.

Specifications for air cleaning in accident situations is another
matter. Fortunately, there is very little accident experience to work
with. We must work with models of accident behavior which are tested by
experiment in order to establish reliable estimates of accident conditions,
and thereby a basis for air cleaning requirements. For many years we have
used simple, relatively non-mechanistic models for accident behavior. As
a result we have set air cleaning requirements that are very strongly biased
toward capture of volatile radioiodine. We have required many carbon filters
and added chemical agents such as caustic and even sodium thiosulfate to
containment spray water.

Recent investigations of severe accident behavior are offering a
new basis for source terms and air cleaning specifications. Reports by
many experts in the field describe an accident environment notably different
from our previous models. It is an atmosphere heavy with aerosols, both
radioactive and inert. Temperatures are sometimes very high; radioiodine
is typically in the form of cesium iodide aerosol particles; other nuclides,
such as tellurium, are also important aerosols.

Some of our present air cleaning requirements may be very important
in light of these new accident behavior models. Others may be wasteful
or even counterproductive. We must use the new data to , eevaluate our
requirements promptly.
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One consolation of being a spokesman for the NRC is you usually
get the last word. The subject of this meeting and the comments that
have been made are all of very strong interest. I would like to say
a few things in self defense about the preceding speaker's remarks
and then make some independent statements of my own. When Dr.
Kovach spokejat the beginning of the session.about the severe conser-
vatism, or unreality, of the source term, I agreed with him. Our
regulatory characterization of source terms has been, as I said
yesterday, non-mechanistic, unrealistic, and perhaps, even counterpro-
ductive. But I would caution you that I remember with a somewhat di-
stinct degree of bitterness that, prior to the TMI accident, I had
discussions with many people about the likelihood of a severe core
damage accident because I happened to believe that WASH-1'100 was
fairly accurate in its risk assessment. At the time, many in tht
nuclear community looked upon WASH-1400 as an exaggeration of the
likelihood of such an accident. After than, in essence validating
the prediction that core damage accidents are likely, we have to be
careful of our impact on the public if we now say, "Well, they don't
hurt anybody, anyway, and nothing gets out." I think we have to give
real attention to the source term and get realistic estimates, but
be careful that we do not pooh-pooh severe accidents. If nothing
else, such an accident can bankrupt the owner of the plant. Now, I
find it interesting that Tony Malinauskas said that,at the time
WASH-1400 was published, there was relatively little controversy '
about the consequence model for the source term. And it is rather
interesting that that report, the Reactor Safety Study, even said,
right in one of the appendices, "iodine is most likely in the form
of cessium iodide, but there is not really a large enough body of
data to demonstrate that." So, the analysts said they would assume
that it is all elemental iodine, and treat it that way, and they got
into partition coefficients, vapor-liquid equilibria for elemental
iodine, which, of course, is relatively soluble in water. And I
remember that the regulators, at the time, said, "the partition co-
efficients are too optimistic and involve too much dissolution in
water." We now have an opportunity to look over-new data and do
something much more intelligent. I am pleased that Dr. Gieseke had
a chance to give you an overview of some of his results. When I
spoke yesterday, I had to speak from the perspective of the-NRC. We
sponsored this work, we believe very strongly in the quality of it,
but we have not completed our peer review, so I am not going to give
you numbers. I encourage you to get the report. Dr. Gieseke is
the principal author of the reports I referred to yesterday, and that
set of reports is called BMI 2104. If any of you want a set. write
to the Document Control Division of NRC, Washington, DC 20555. That
is all you have to do, and you are entitled to one copy.

It is interesting to look at the results Jim Gieseke and Pete
LittlefieId presented, what you might call, the Before and after
source term. What we see now, from the mechanistic analysis, is a lot
of aerosol, relatively little, if any, volatile halogens, and of course,
noble gases. In current procedures for the boiling water reactors,
at least, the operators are urged to vent the wet well of the con-
tainment. In other words, rather than let the containment reach
some bursting pressure, it is recommended that they vent the wet well
so that whatever comes out to relieve the pressure in containment
passes through the suppression pool and is scrubbed. What we are
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dealing with now in the area of air cleaning, are, noble gases,
that you can hold up a bit but are not really practical to remove,
and solids, a lot of solids. I hope you notice in Gieseke's results
the different outcomes^sequence to sequence, and plant to plant.
There is not one source term, there are many souce terms. There are
many scenarios leading to different source terms even in the same
plant. And so the message we have, and the need we have, is to look
at our design requirements and to re-evaluate them. I share the
feeling previously spoken that it is not likely that we have a counter-
productive engineered safety feature. The only one I ever worry
about is when a plant has happened to put, in a series train 5the
reactor building coolers with their fan fi l ters. If you plug the
filters you could block the coolers. But aside from that sort of
configuration, i t is pretty hard for me to see something that is
truly counterproductive, other than some of the things that we have
mentioned. Thank goodness, today, we don't have sodium thiosulfate
in the spray any more; we used to, in some of the plants. Once again,
that is a feature that is' really not a good idea^but was intended to
go after that will-of-the-wisp, volatile radioiodine. We have to
look at the air cleaning features, at all the engineered safety
features, and take a hard look at what's worth doing., what is no
longer worth doing. The costs to design and install>just shown by
Pete Littlefieldjare not tr ivial . They do not reflect the costs that
are associated with plant delay or plant shutdown. By a twist of
irony, just yesterday and today, I am involved in a case with one
plant that is suffering a very costly delay^and i t is associated with
very refined subtleties about engineered safety features. I can say
with confidence that the issue is not serious-risks versus non-serious
risks, but one of trivia.

I can corroborate something Pete Littlefield said, the most
important engineered safety feature is the containment itself. Any-
thing that enhances i ts ability to hold, even for a l i t t l e while, for
just a few hours, is the greatest single thing you can do to protect
the public health and safety. Anything that threatens containment,
directly threatens public health and safety.
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DISCUSSION

EDWARDS: My question is to Mr. Bernero. With the dis-
covery that volatile iodine is not nearly the problem that it was
conjectured to be some years ago, will the NRC be considering petitions
by utilities to reduce iodine-readiness requirements? I have in mind
a particular utility that had to re-evaluate their auxiliary building
exhaust because of the additional iodine load that was conjectured
on a 10 CPR 100 review.

BERNERO: Let me answer the question with a weasel word,
possibly. One of the knotty things that we are working on right now
is appraisal of the risk and the regulatory significance of the in-
formation. Pete Littlefield pointed out the areas of interest; siting,
emergency planning, design, and sc forth. There are many areas in
the regulatory process where the TID source term, in particular, has
crept into the fabric, and it shows up in so many ways, it is mind
boggling. We are trying to sort them out ri^ht now to identify the
ones where we clearly need to re-evaluate, or rebase^the regulations.
With respect to siting, I don't know how many of you know we had a
siting rule-making effort in progress using the old source terms.
Basically, the rule making conclusion was that the existing siting
standard, Regulatory Guide 4.7, is good enough; don't bother to change
it. Withthenew source terms, you can easily support that conclusion.
In fact, you might even entertain the idea of less restricted siting
criteria. But the tough ones, and the really costly ones, are going
to be things just like that (carbon filters, readiness of particular
plant features, satisfaction of technical specifications, containment
leakage requirements). Everything you can trace back to the TID
source term has got to be under question. Everything related to NU-
REG-0956, which I mentioned yesterday, is subject to challenge. What
we are trying to do in the first document, NUREG-0956, is to identify
for public comment those areas that are appropriate for that kind of
reconsideration.

SGALAMBRO: Mr. Bernero and Mr. Littlefield concluded their
presentation with confidence in the primary containment. Prom this
point of view, the primary containment integrity is not in doubt.
My question is, in the new study that Mr. Bernero reported there is
an accident sequence in which the containment integrity is not
available. Because we know that the standby gas treatment system is
not useful in this case, what will be the action with some kind of
containment venting? In the past, Sandia Laboratories has initiated
some sort of standard on this subject.

BERNERO: The calculations done by Dr. Gieseke and his
colleagues are calculations made under specific conditions where the
containment fails in a certain way, and their attention is on how
fission products move, given that scenario. In our evaluation, HUREG
0956 I referred to, we are drawing on other work being covered in
separate reports. It Is re-examining how containments are challenged,
that is, what we call containment loadings, pressure, temperature,
hydrogen, that sort of thing- And examining the mechanical response
of the containment, i.e., does it leak before it breaks or does it go^
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up to a burst pressure? In NUREG-0956, we are describing the risk
of the plant, taking into account whether or not the containment fails,
and how often it would fail one way or the other way. I would point
out that in U.S. reactors, we have many designs. It is clear that
some have containments that are much better than others, much less
likely to fail.

WILHELM: In calculations of the environmental burden
caused by serious accidents of the Three Mile Island type, we jee a
steep decrease in the magnitude of the assumptions made about the
environmental burden when handling a system made up of iodine, water,
steam, iodide particles, other fission products, and taking into
account three different forms of iodine: particulate iodine,
elementary iodine, and organic iodine. All the measurements are rione
with methyl iodide and give a result for organic iodine alone
We have heardjherejthe results of calculations of what will be air-
borne and what will be released. I, personally, think we may be able
to reduce the source terms, maybe by an order of magnitude, maybe
more. However, all the experiments that are done, are mostly done
in a very simplistic way. Experiments are performed with elementary
iodine and experiments are performed with methyl iodide, but when
you look at what really'happens in a reactor, when you look at the
decontamination factors you get in practice, and when you look in
the literature, you find very few figures for the decontamination
factors of reactor-borne iodine. We know there are tens of thousands
of figures for tests with clean and synthetic iodine compounds, but
are we sure that they cover the real problem? Do we know what the
compounds will be when, for example, in a severe reactor accident,
the core melts through the pressure container and reacts with the
concrete? Or when we have organics which will burn? Or when we have
high radiation levels that generate radicals that will react with
iodine? Do we really know what compounds will then be in the air?
Do we not, now, use overly simple calculations and models? Are we
really not aware of the different forms we could have? Do we know
what happens when we have a fire in a reactor and there is iodine in
the air, or when plastics burn, and things like that? I mean, aire we
really able to give an exact answer? That is only one question. The
second question is, when you have an accidentjyou can calculate the
sedimentation of particles, but what happens if you have a crack in
your containment, even a very small one? Or, if you loose all your
coolant and there is no more water to condense? That means that the
source term of the first thousand minutes or, maybe, two thousand
minutes, won't be the source term after three or five days. I am
quite sure that we are able to come up with a source term, but I
think we should do it very seriously. My question is, do we really
have the knowledge at the moment? I doubt this, especially after
the last experience we had.

KOVACH, J.L.: An accident, by definition, is an unforeseen
event. Therefore, 1 don't think we will ever known exactly how an
accident happens. If we did, we wouldn't have to experience the
accident,
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GIESEKE: For the first part of your question, we have
made aerosol calculations, but we also looked at some of the measure-
ments made at Three Mile Isalnci and the results of some experiments
done at Oak Ridge. After someone went through all the material for us,
we came to the conclusion as a sort of bottom line on reductions,
that is is likely that some volatile iodides will come into the con-
tainment in time; perhaps, out of water. We thought it likely that it
would be of the order of a 5 x 10™" fraction of the fuel inventory.
That is a little lower than some people talk about for methyl iodide.
We tried to put footnotes in all our tables where we show lower
numbers, to indicate that it does not include this material., and we give
some backup for this assumption in the text.

Ke-evolution is a question that I think is
coming to the front again. Re-evolution from decay heating in the
containment is certainly an issue for the reactor coolent system
design. I expect it will be carried over to the containment over
some period of time^and there will probably be calculations made of
that effect.

LITTLEFIELD: You mentioned the source term in the contain-
ment two to three days after the accident. From a utility's point
of view, the plant is already destroyed, and from a public safety point
of view, it ought to be possible to evacuate the sites surrounding
the plant by then. I am not quite sure why we care what the source
term will be in the containment two to three days after this kind of
event.

KOVACH, J.L.: I have one question. I recollect that
Gordano Burno was burned for saying, "the earth is round". Since then,
we know that he was really right. How many people feel the technical
arguments will be hanged, while we know that the statute will be
revoked anyway? When can we start to see more refined values for
designing the various processes that we use and the new criteria
we must satisfy? Are we talking about a year or two basis? I re-
member some very optimistic remarks shortly after Three Mile Island,
that, within a few months, we would have revised regulatory guides.
I am now asking what is a realistic date when we can expect changes.,
not only in the NUREGs but also in the regulatory guides that are
now full of the old TID numbers.

BERNERG: As I said, we expect to publish the report.,
NUREG-0956, which identifies the risks and the regulatory significance
of this new information at the beginning of next year, 1985. I hope
that we are well on our way, by then, toward taking appropriate action
on the key things; in particular, emergency prtparedness and engineered
safety featured design. I think due to the complexity of the engin-
eered safety feature requirements that it would be false to promise
complete revision in a year or so. I think it will take at least
several years to bring complete order because the source term is so
deeply threaded through all of the regulatory requirements. Let me
make one precautionary statement, I have spent a good deal of my career
in probablistic risk and analysis, and I think we can learn a great
deal from probablistic risk analysis about nuclear safety, but no one
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should be so foolish as to think that you can regulate nuclear safety
with probablistic risk analysis. If you try, you will have my arm
waver and your arm waver arguing about probablities, neither one of
you talking about safety, and neither one of you getting anything
done. I think we are going to have to live with this insight and live
with the discomfort of erroneous regulation, i.e., poorly founded
regulation, for a little while. I think it will take several years
to sort that out. In some cases, you won't have to change regulations.
The emergency planning radius is just that, 10 miles. There is
nothing wrong with planning for ten miles. It is this insane idea that
people have, that you automatically have to evacuate the ten miles.
You don't even need a new source term to know that is silly. The
real attention for public protection by evacuation, or sheltering,
or something like that, is at two miles, or one mile. There, you
don't even have to change your regulation, you have to change your
preception. We have a preception that is alive in the land today
that ten miles is not enough, that for some plants we should have a
planning radius of twenty miles, or thirty miles. And this is what
we have to change, the preception. But in the engineered safety
features,where you people have such a significant role, it just isn't
easy to all. It pervades the whole regulatory fabric and it is a
very serious problem. It will take years.

MALINAUSKAS: I would like to add a little bit to what
Bob Bernero said. A mind set is a term that has been used quite
extensively. A mind set developed on the chemistry of iodine, cor-
rectly or incorrectly, and on the source terms in general. To remove
a mind set will take a fair amount of time, it is not going to happen
overnight. We have mind sets on the other side as well, and Bob
Bernero pointed to one of those when the probability of core melt was
covered in the WASH-1400 report. People refused to believe that core
melt accidents could occur with even that very low probability. At
Three Mi:, e Island, we saw the very same kind of mind set. We knew
that between 40 and 60% of the noble gases had been released_,and that
cesium had been released, but until quick look No. 1 occurred, we were
still talking about removing Intact fuel assemblies as part of the
defueling operation. So, this whole business is going to take time.
We have to present sound technical arguments to the regulators in
order to have changes made.

KOVACH, J.L.: I want to thank all of the panel members
for their contributions. We now know what our guide lines are going
to be, what direction they are going in, and we will keep our fingers
crossed that changes will happen as soon as technically feasible.
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Session 10

RECOVERY AND RETENTION OF AIRBORNE WASTES:
PREPARATION FOR DISPOSAL

TUESDAY: August 14, 198*1
CHAIRMEN: C.B. Bastin

R. Philippone
U.S. Department of Energy

CHOICE OP MATERIALS FOR THE IMMOBILIZATION OF 85-KRYPTON IN A
METALLIC MATRIX BY COMBINED ION IMPLANTATION AND SPUTTERING
D.S. "Whitmell

OFF-GAS TREATMENT AND CHARACTERIZATION FOR A RADIOACTIVE IN SITU
VITRIFICATION TEST
K.H. Oma, C.L. Timmerinan

THE BEHAVIOUR OF RUTHENIUM, CESIUM AND ANTIMONY DURING SIMULATED HLLW
VITRIFICATION
M. Klein, C. Weyers, W.R.A. Goossens

PREDICTIONS OP LOCAL, REGIONAL AND GLOBAL RADIATION DOSES FROM
IODINE-129 FOR FOUR DIFFERENT DISPOSAL METHODS AND AN ALL-NUCLEAR
FUTURE
D.M. Wuschke, J.W. Barnard, P.A. O'Connor, J.R. Johnson

OPENING REMARKS OF SESSION CHAIRMAN BASTIN:

Our session this afternoon is on Recovery and Retention of Air-
borne Wastes: Preparation for Disposal. As in other nuclear activities,
airborne radionuclii present interesting and important challenges in
their preparation for disposal. Some of these challenges may not
have been fully considered by those planning to dispose of high level
and transuranic wastes. The work being done for preparing airborne
wastes for disposal is important. The four papers in this session
cover difference aspects of this work and I am looking forward to
hearing about them.
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CHOICE OF MATERIALS FOR THE IMMOBILIZATION OF 85-KRYPTON IN A
METALLIC MATRIX BY COMBINED ION IMPLANTATION AND SPUTTERING*

n.S. whitmell
United Kingdom Atomic Energy Authority
AERE Harwell, Didcot, Oxfordshire, U.K.

Abstract

Immobilization in a metal matrix by combined ion implantation
and sputtering promises to offer an ideal method for the containment
of krypton-83 arising from the reprocessing of nuclear fuel.

A 50 kW inactive pilot plant has been bui1t and operated to
prepare a copper deposit 22 mm thick weighing 23 kg and containing
over 300 litres of inactive gas. The gas incorporation rate exceeded
the design figure of 0.3 litres/hour and the vessel was operated at
powers up to 30 kW, which corresponds to that envisaged for the
industrial vessel. The power consumption was less than
100 kWh/litre. A full-scale vessel (1 m long, 0.26 m diameter) has
also been tested at low power.

Samples of alternative candidate materials: stainless steel,
incaloy, nickel and nickel-lanthanum have been prepared and tested.
Nickel appears to be the most promising since it incorporates gas
with an efficiency 70% greater than copper and also retains the gas
to a temperature at least 100°C higher than copper.

An extensive range of measurements has been carried out on the
gas filled matrices in order to determine the retention of the gas
and the resistance to temperature, corrosion and irradiation effects.
The release of gas from thick deposits as a function of temperature
has been measured over periods of more than 1 year and leads to a
prediction that the amount released over 100 years at a storage
temperature of 150°C would be less than 0.05% from copper and nickel.
No gas was released when the matrix was irradiated with 1 Mev beta or
by gamma irradiation to doses up to those expected during storage for
100 years. The corrosion rates in both distilled water and brine are
very low. Other properties of the matrix are also described.

Tests are being carried out with 100 Curies of radioactive
krypton in order to demonstrate that the process will operate
satisfactorily at the high internal beta irradiation levels that will
exist in an active plant and to prepare samples containing krypton-85
for long term leakage measurements and for assessment of any effects
caused by the build-up of the decay product rubidium.

Introduction

Immobilization in a metallic matrix promises to offer an ideal
method for the containment of krypton-85 arising from the
reprocessing of nuclear fuel. The principles of the process

*Work performed in the Indirect Action Research Programme on the
Management and Storage of Radioactive Waste of the European Atomic
Energy Community*
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developed at Harwell' ' ' are shown in Figure 1. A glow discharge is
generated between the cylindrical electrodes by applying a negative

Kr* INTO OUTER

Kr* SPUTTER
METAL ATOMS

DEPOSIT BUILD-UP

CAS BUBBLES
BURIED

-4KV

I IMPLANT ' E COAT

Figure 1 Principles of the process.

potential of 3-5 kV in the presence of krypton gas at a pressure of
about 10 Pa. Ions produced in the discharge bombard the negative
electrode causing both ion implantation and sputtering of the
electrode. Gas is implanted into the outer electrode when the
negative potential is applied to this electrode. The implanted gas
layer is then coated with a layer of metal sputtered from the central
electrode by switching the voltage to the central electrode. A thick
layer of matrix containing gas at a concentration of 170 l(at STP)
per litre of metal is built up by repeating the process typically a
few times per second. The process is controlled by adjusting the
voltages and the relative electrical charges used for each stage.
When used on a plant for immobilizing radioactive krypton, the
krypton will be separated from other gaseous products and the matrix
laid down in a cylindrical, water cooled containment vessel. When
the matrix has a suitable thickness, typically 20 mm, a layer
containing inactive gas will be laid down, a sealing cap welded on,
and the vessel removed without dismantling to provide a secondary
container, as shown in Figure 2.

Tests have shown that the process operates without external
pumps and that impurities in the gas are also incorporated, thus
producing no effluent* J.

The method offers an ideal form of containment, since a wide
range of metals can be used, the gas is in the form of minute gas
bubbles which are stable to high temperatures, and corrosion
resistance can be provided by choosing a metal which is resistant to
the environmental conditions. The vessel itself provides additional
protection for the required storage period of 100 years. If the
matrix were to be mechanically damaged, only an insignificant
fraction of the gas would be released.
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During operation

Water cooling
ir

During storage

Cap
welded on
for storage

Figure 2 Envisaged industrial vessel.

The size of the vessel is not critical. Initially a vessel
0.25 m diameter, 1 m long was considered. This would incorporate gas
at 11/hour with a power input of 100 kw and have a useful lifetime of
3 months and a storage capacity of 2400 litres of activity 2.4 10^
Curies. Larger vessels would provide correspondingly larger
capacities and throughput.

Pilot Plant Demonstration

The process has been demonstrated using a half-scale, 50 kw
inactive pilot plant to prepare a copper matrix 22 mm thick, weighing
23 kg and containing over 300 litres of krypton in a vessel 0.3 m
long and 0.26 m diameter(4/5). The gas incorporation rate exceeded
the design figure of 0.3 litres/hour, the vessel was operated at
powers up to 30 kW and the power consumption was less than
100 kWh/litre. The efficiency remained unchanged at full power even
when the matrix reached the maximum thickness. The process was
tested using a gas mixture containing 15% of argon and nitrogen which
were incorporated at the same rate. These measurements confirmed the
predicted behaviour of the envisaged plant design.

An automatic control system suitable for forming the basis for
the control system for an industrial plant has been developed and
proved over long periods of satisfactory operation without
supervision. The plant controller is monitored by a PDP-11 computer
which is used for data collection, analysis and for the adjustment of
running parameters to give optimum plant efficiency. The electrical
characteristics of a vessel 1 m long (shown in Figure 3) have been
measured.

669



18th DOE NUCLEAR AIRBORNE WASTE MANAGEMENT AND A;R CLEANING CONFERENCE

Selection of the Optimum Matrix Material

The choice of matrix material depends upon a combination of
environmental resistance, thermal stability, process efficiency and
other costs. Samples of copper, nickel, iron, aluminium, stainless
steel, incaloy, monel, and the glassy alloy, nickel-10% lanthanum
have been prepared and tested to determine the long term retention of
the krypton by the matrix and its leach, corrosion and temperature
resistance. Most were prepared in vessels 0.2 m long, 0.2 m diameter
(shown in Figure 3).

Figure 3 Photograph of two experimental vessels. Small
vessel for materials tests and 50 litre vessel.

The process worked well with all these metals except the glassy
alloy Ni-La, where the presence of the rare earth appeared to modify
the surface electrical characteristics severely and made the
discharge unstable. The measured gas incorporation efficiencies are
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shown in Figure 4 as a function of the gas implant voltage (and with
the cost/implant charge ratio set to give the maximum efficiency for
each metal). Nickel showed the highest efficiency (1.75 10~2

litres/kWh) which is significantly greater than that of copper. The
improvement is even more marked when a comparison is made at the
conditions to give gas concentrations of 5 atomic%, since for copper
the efficiency drops from the maximum value of 1.3 to about 1.0 10"
litre/kWh whereas the nickel remains at 1.75 10~2 litres/kWh. The
improvement in efficiency of nickel over copper represents a
significant improvement in the requirements for an industrial plant,
not only in terns of the savings in electrical consumption but also
in the number of vessels required on line. For a plant reprocessing
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Gas incorporation efficiency for various metals as a
function of voltage.
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1000 tonne/year, the use of nickel rather than copper would result in
a reduction of power consumption from 0.8 MW to 0.5 MW and the number
of 50 litre vessels from 8 to 5.

Assessment of the Matrix and its Physical Properties

An extensive range of measurements have been carried out on the
gas-filled matrices in.order to determine the retention of the gas
and the resistance to temperature, corrosion and irradiation effects.
The physical properties have also been measured since the material is
unique.

Corrosion tests were carried out on copper and nickel in water
and brine. The weight losses of the copper and nickel in distilled
water at 100°C were found to be only 0.003% and 0.03% per year
respectively. The corrosion rates in brine at 90 °C in the presence
of oxygen were 1% and 0.1% per year respectively.

The release of gas as a function of temperature has been
measured from the thick copper matrix for 1 year and the nickel
measurements are still continuing. The gas release follows a
diffusion controlled dependence after an initial incubation period,
with the total amount increasing with the square root of time
(Figure 5). Extrapolation of the results has led to a prediction
that the amount released from copper during storage for 100 years at
a temperature of 150°C would be less than 0.05%. Even at 300°C the
amount released will be less than 1%. The early results of gas
release from nickel indicate that the thermal stability will be
greater and that the equivalent temperature for a given amount of
release will be at least 100°C higher.

Metallurgical examination showed that the matrix contains a
very high density of minute bubles (1 to 2 m diameter) in grains of
typical size 0.5 urn. When the matrix is heated above 400°C the gas
bubbles in the grain boundary grow, agglomerate and form long pipes
of gas which finally intersect the surface (Figures 6 and 7). Gas
release measurements on copper over short periods (i.e. ~ 410 hours)
show that at low temperatures (less than 400°C) the amount of release
is very small and falls with time, following a 1/t dependence, which
is associated with a single jump release from surface sites. At
higher temperatures the release rate initially falls with the square
root of time with a diffusive mechanism and an activation energy of
about 2 eV. When the grain boundary bubbles interlink, the release
rate increases markedly with bursts of gas and then, as shown in
Figure 8, again start to fall. If the matrix is prepared on a hot
substrate the grain and bubble sizes are increased and the gas is not
released until the temperatures are about 100°C higher.

Figure 9 shows that the amount of gas released from the copper
matrix by gamma irradiation was negligible for doses up to 1000 Mrad.
No effects were observed when electron microscope samples were
bombarded with electrons of energy and dose comparable with the total
beta dose for 100 years containment. The matrix is therefore
resistant to the effects of radiation emitted by Kr-85.

The production of thick gas-filled sputter deposited metal has
provided a unique opportunity for those studies of the properties of
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Figure 5 Fraction of gas released from copper matrix as a
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Figure 6 Transmission electron micrographs show the annealing
behaviour of krypton bubbles in a nickel matrix.
(Annealing carried out in the microscope.)
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700(a)

Figure 7 , Scanning electron micrographs of surface of copper
matrix after annealing for 1 hour at 550°C-800°C
showing the development of pin holes and sponge-like
structures. Markers are lpm. 700(a) shows
enhanced effects at internal grain boundary.
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gas-implanted materials which require thick samples, for example,
neutron diffract5.on and positron annihilation.

1Q-3

10"3

Figure 8

K>5

The initial release of gas from copper held at
400°C, showing the incubation of interlinkage of
bubbles in the grain boundaries.

Details of the physical measurements may be found in
Refs. (5,6). The densities of gas-filled matrices are typically 95%
of tho bulk parent material. X-ray diffraction gave broadened peaks
and lattice parameters about 0.5% greater than the bulk material.
When copper was annealed above 250"C the lattice parameter began to
fall and reached the normal value at 500°C. The matrices were
initially very hard (copper 330 VHN and nickel 700 VHN') but the
hardness decreased on annealing, when gas was not implanted the
hardness of the nickel was only 140 VHN. The thermal conductivity of
the copper was about 20% of that for pure copper, and nickel about
30%, which are simileir to the thermal conductivities found in
conventional alloys. The thermal expansion coefficient was measured
as a function of annealing temperature since it is possible that
changes in bubble sis:e and internal pressure might alter the
coefficient significantly. Some variations were saen but there were
also random fluctuations in the measurements. Differential scanning
calometric measurements of the variation of specific heat with
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Figure 9 Logarithmic plot of gas released as a function of
gamma dose, showing that the amount of gas released
is negligible.
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temperature showed small exothermic energy releases at 450 K, and
620 K in copper and at 490 K, 720 K and 870 K in nickel as shown in
Figure 10. The low temperature peaks can be associated with stress
relief, and the higher temperature peaks with the initiation of gas
release. Neutron small angle scattering and positron annihilation
experiments' ' have tended to confirm the electron microscope
observations that most of the gas is distributed in the form of small
bubbles.

Tests with Active Gas

Tests are being carried out to demonstrate that the process
works equally well in the radiation levels which will develop in a
fully active plant. Calculations showed that the beta radiation
level inside the vessel rises rapidly as the krypton-85 is
incorporated in the matrix but saturates at 80,000 R/hour when the
layer is about 0.1 mm thick. The gamma dose continues to increase to
give a maximum of about 4000 R/hour internally when the matrix is
20 mm thick. The external radiation level will be about 6 R/hour at
1 metre, requiring about 150 mm of lead shielding.

Preliminary experiments with active gas have already been made
for a short period of time. Since the supply of Kr-85 is limited,
tests are being carried out with 100 curies of Kr-85 which is
sufficient to enable the internal beta levels to reach about 95% fo
the saturation level. The rig, shown in Figure 11, consists of a
small vessel, (0.2 m long, 0.2 m diameter), within a 50 mm lead
shield and mounted upon a trolley. A layer of nickel containing
inactive gas will be deposited and then the gas changed to the fully
active gas and the active layer deposited. The gas will then be
changed back to another inactive gas to form a surface closure layer.
The vessel will then be sealed, a cap placed over the insulators to
provide additional protection during transit to the store and the
vessel stored for up to 5 years at 150°C using a heater wound around
the vessel. Samples of the gas will be taken from the vessel to
provide a sensitive method of measuring gas leakage from the matrix.
Subsequently, samples of the nickel containing the active gss and its
decay product, rubidium, can be examined to determine the effects of
the irradiation and the formation of rubidium.

Tests into the effects of gamma will be carried out by placing
gamma sources around the vessel but it is not expected that the gamma
radiation will have any effect on the matrix or process.

The Design of a Full-scale Plant

Previous conceptual designs for a plant have considered process
vessels 1 m long, 0.26 m diameter with a nominal volume of 50 litres
so that comparisons can be made wth alternative storage methods. A
vessel of this size has been tested at powers up to 50 kw in order to
determine its electrical characteristics. The performance was
satisfactory ad the discharge current densities were slightly greater
than in the shorter vessel due to the longer electrical paths. The
current density follows a relationship of the form

j'/p = a + b.V.
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n • H-
t-h o
0 O 3
1 \ CD

3 0>
i-> H- tn
O 3 C

CD
3

CO CD
CD
O

COo
a o
c
3

8 oo O
O

O o
o

m
2
T)
m

a:m
>

2)

m

z

? ;

33N3U3JN03 DNINV310 UIV (INV J.N3W39VNVN 31SVM SNUOSdIV UV313HN 300 MJ8I-



18th DOE NUCLEAR AIRBORNE WASTE MANAGEMENT AND AIR CLEANING CONFERENCE

'0 ' RING SEAL

HEATING
COILS

THERMAL
INSULATION

GAS
SAMPLING

PORT

/////////J

GAS SAMPLING
VALVE

PROTECTIVE CAP
FOR TRANSPORTATION

AND STORAGE

RADIATION
SHIELDING (Pb)

GAS FILLED
DEPOSIT

INNER
ELECTRODE

Figure 11 Schematic diagram of vessel for tests with fully
active gas.
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where the square root of the current density j depends upon the
pressure p and the voltage V. The results indicate that even larger
vessels are likely to be feasible which would reduce the number of
vessels required to be on line at a large reprocessing plant. A
vessel 0.4 m diameter, 1.6 m long would have a throughput 2.5 times
larger. A 1000 tonne/year plant would need only 2-3 vessels on line,
which would be changed every 60 days. The main operating costs are
the energy costs; labour costs are low since the process can be
controlled automatically and handling requirements are minimal.

Two plant concepts are being considered. The vessels could be
operated in shielded cells and then transferred to a welding hay for
the insulator sealing caps to be fitted. Since there will be no
residual activity in the cells, the vessels could be installed
manually, but remote handling will be necessary to break the
electrical, coolant and gas connections at the end. In the second
arrangement, vessels are placed within transportable shielding
(similar to that used for the active test), with all connections
brought outside the shielding. At the end of use, the shielded
vessel is taken to the welding bay and removed from the trolley for
welding and then moved to the storage area. This concept reduces the
amount of remote handling required.

Discussion and Conclusions

The metal matrix process offers an ideal method for the
immobilization of krypton arising from the reprocessing of nuclear
fuel. Operation of the inactive pilot plant has demonstrated that
the process is suitable and that thick matrices can be prepared.
Tests indicate that vessels larger than those initially envisaged are
feasible and that they would substantially reduce plant costs. The
costs of the process, typically US $0.5/kg uranium, are small
compared with other reprocessing and waste management costs.

The process can be used with a wide range of materials, but'
nickel appears to be the best of those tested, giving a high process
efficiency and also good gas retention properties. The corrosion
rate of nickel in brine is a factor of 10 lower than that of copper.
At 90°C, the corrosion rate corresponds to a gas release rate of
0.1%/year, but it is most unlikely that this rate will be reached
since the matrix will only be exposed if the outer container, which
can be made from suitable materials, is so badly fractured or
breached by corrosion that the whole surface of the matrix is
exposed.

Nickel also offers excellent resistance to the effects of heat.
Extensive tests on copper have shown that if it is held at 150°C
throughout a storage time of 100 years, the total amount released
from the matrix would only be 0.05%. The release from nickel is
expected to be similar, since these small quantities are released
from the surface regions by a single-jump mechanism rather than by
bulk diffusion and can be suppressed by a surface sealing layer.
Since the vessel is operated and sealed at sub atmospheric pressure,
these small quantities of gas released from the matrix will be
retained within the vessel and will not even raise the internal
pressure to atmospheric. The behaviour of the gas at higher
temperatures depends upon the previous heat treatment history. The
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amount released from copper at 400'C for 380 hours, is only 2%, which
is just sufficient to raise the vessel pressure to 1 bar. The
corresponding equivalent temperature for nickel is about 500 "C.
Therefore the nickel matrix will be resistant to the effects of a
fire. The gas retention can be enhanced still further by increasing
slightly the temperature at which the matrix is formed, since the gas
bubbles are then larger and less mobile.
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OFF-GAS TREATMENT AND CHARACTERIZATION FOR A
RADIOACTIVE IN SITU VITRIFICATION TEST*

K. H. Oma and C. L. Timtnerman
Pacific Northwest Laboratory** -
Richland, Washington 99352

Abstract

Effluents released to the off gas during the in situ vitrifica-
tion (ISV) of a test site have been characterized by Pacific Northwest
Laboratory. The site consisted of a 19 L waste package of soil con-
taining 600 nCi/g transuranic and 30,000 nCi/g mixed fission products
surrounded by uncontaminated soil. Radioactive isotopes present in
the package were 2ttlAm, 238/239pUf l37 C S f 106RUf 90 S r f a n d 60 C o, T h e

ISV process melted the waste package and surrounding soil and immobi-
lized the radionuclides in place, producing a durable, 8.6 metric ton
glass and crystalline monolith. The test successfully demonstrated
that the process provides containment of radioactive material. No
release to the environment was detected during processing or cooldown.

Due to the high temperatures during processing, some gases were
released into the off-gas hood that was placed over the test site.
The hood was maintained at a slight negative pressure to contain any
volatile or entrained material during processing. Gases passed from
the hood to an off-gas treatment system where they were treated using
a venturi-ejector scrubber, a tandem nozzle gas cleaner scrubber fol-
lowed by a condenser, heater, and two stages of HEPA filters. The
off-gas treatment system is located in the semi-trailer to allow
transport of the process to other potential test sites.

Retention of all radionuclides by the vitrified zone was greater
than 99%. Soil-to-off-gas decontamination factors (DFs) for trans-
uranic elements averaged greater than 4000 and for fission products,
DFs ranged from 130 for l 3 ?Cs to 3100 for 9 0Sr.

I. Introduction

The Department of Energy has contracted Pacific Northwest Labo-
ratory (PNL) to develop the in situ vitrification (ISV) process as a
potential in-place stabilization technique for immobilizing selected
zones in radioactively contaminated soil sites. The process melts the
soil to produce a durable glass and crystalline waste form.*1"3 In
the process, an electric current is established between electrodes
inserted in the soil. A hood is placed over the vitrification zone to
contain any gas or particulates that may be released. The ISV pro-
cessing sequence is illustrated in Figure 1.

* Work supported by the U.S. Department of Energy under Contract
DE-AC06-76RLO 1830.

** Operated for the U.S. Department of Energy by Battelle Memorial
Institute.
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Figure 1. Process sequence of in situ vitrification.

A pilot-scale radioactive test was conducted in which a make-up
site containing known quantities of 21tlAm, 238/239PUf l37£Sf

 1 0 6Ru,
9 0Sr, and 60Co was successfully vitrified. The test demonstrated the
viability of ISV as a concept for immobilizing radioactively contami-
nated soil sites. An off-gas system counted in a semi-trailer was
used to treat the off gases released during the test. The off-gas
system is a second generation design, building upon experience and a
data base established during four previous pilot-scale tests^4'5' and
a series of engineering-scale tests.*6' This paper describes the
pilot-scale ISV system and presents an analysis of the off-gas char-
acterization data collected during the radioactive test.

II. Pilot-Scale ISV System Description

The pilot-scale radioactive test system, pictured in Figure 2,
consists of an off-gas containment hood over the waste site and a
process trailer. The off-gas hood, which is maintained at a slight
negative pressure, also provides support for the four electrodes. The
electrodes are inserted into the soil in a square pattern measuring
1.2 m (4 ft) on a side. The process trailer houses the off-gas treat-
ment system, a closed loop air/glycol cooling system, a 500 kw elec-
trode power supply and associated instrumentation for process monitor-
ing, control and data acquisition.

The off-gas treatment system is shown schematically in Figure 3.
The gases pass through a venturi-ejector scrubber and separator, a
Hydro-Sonic® scrubber, separator, condenser, another separator,
heater, two stages of HEPA filtration, and a blower. Liquid to the
two wet scrubbers is supplied from two independent scrub recirculation
tanks, each equipped with a pump and heat exchanger. Equipment layout
within the process trailer is illustrated in Figure 4. All off-gas
treatment components except the second stage HEPA filter and blower
are housed within a containment module pictured in Figure 5. The
module has gloved access and is maintained under a slight vacuum.

Hydro-Sonics, Dallas, Texas.
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Figure 2. Pilot-scale ISV hood and process trailer .
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Figure 3. Off-gas system schematic for the pilot-scale ISV process.
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Figure 5. Containment module for the off-gas treatment system
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The off gas from the hood enters the venturi-ejector scrubber
which serves both as a quencher and high energy scrubber for removal
of particles larger than 2 urn. The gas is then passed through a two
stage Hydro-Sonic® scrubber (tandem nozzle fan drive) as illustrated
in Figure 6. The first stage condenses vapors, removes larger par-
ticles and initiates growth of the finer particles so they can be more
easily captured in the second stage. High velocity gas exiting the
subsonic nozzle acts to atomize the water as it is sprayed from an
injection ring at the nozzle exit. This atomized water captures the
particles as the off gas and water continue down the length of the
mixing tube. The droplets containing the captured particles are then
removed by a vane separator and drained back into the scrub tank. The
unit is designed to remove 90% or more of all particles larger than
0.5 nm dia when operated at a differential pressure of 127 cm (50 in.)
water. The particle removal efficiency increases with an increase in
pressure differential.

GAS
INLET '

MAINTENANCE
DRAIN

MAINTENANCE
DRAIN

FIRST STAGE
DRAIN

Figure 6. Tandem nozzle Hydro-Sonic (Hydro-Sonics,
Dallas, Texas) scrubber.

Additional water is removed from the gas stream by a condenser
and separator. The gases are then reheated approximately 25°C in a
39 kw heater to prevent condensate carryover to the filters.

The primary stage of filtration consists of two 0.61 x 0.61 x
0.29 m (24 x 24, 11.5 in.) HEPA filters in parallel. During opera-
tion, one filter is used and the other remains as a backup in case the
active filter becomes loaded. A primary filter can be changed out
during operation without interrupting the process. The secondary HEPA
filter acts as a backup in case a primary filter fails.

Heat is removed from the off gas by a closed loop cooling sys-
tem, which consists of an air/liquid heat exchanger, a coolant storage
tank, and a pump. A 50% water/ethylene glycol mix is pumped from the
storage tank through the shell side of the condenser and the two scrub
solution heat exchangers, then through the air/liquid exchanger, where
heat is removed from the coolant.
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III. Test Description

A make-up site was selected for the radioactive test in which
known quantities of radionuclides were introduced. The radioactive
material, listed in Table 1, was placed in a 19 L (5 gal) container
and was centrally positioned within the soil zone to be vitrified
(Figure 7). One objective was to demonstrate that ISV would contain

Table 1. Waste container radionuclide inventory.

Radionuclide
2 4 1Am
239pu

238pu

13 7 C s

10 6 R u

90 S r

60Co

Total
Curies

0.0095

0.0053

0.0013

0.020

0.021

0.680

0.010

Original
Concentration

nCi/g

370

210

70

780

820

26600

390

Figure 7. Waste container placement before vitrification.
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and immobilize the radionuclides within the vitrified zone without
release to the environment. A second objective was to determine the
fractional release of radionuclidec to the off gas and to determine
the off-gas treatment system performance characteristics.

The radionuclide content chosen for the test was based on
100 times the detection limits of the radiochemical analytical equip-
ment for each radionuclide excluding 2 4 1Am. Predicted radionuclide
releases to the off-gas system and predicted distribution within the
vitrified block were used in conjunction with the hundred fold
increase over the detection limits to establish the minimum amount of
each radionuclide added. Americium-241 was present since it occurs as
a decay product of 2l+1Pu. Post test radiochemical analysis included
2 4 1 Am even though the quantity present in the test did not meet the
100-fold increase criteria to determine the minimum quantity,

IV. Off-gas Analysis

Radionuclide analysis, particle mass analysis and gas composi-
tion analysis were performed to characterize off-gas effluents from
the test. Figure 8 illustrates the off-gas system and associated sam-
pling locations for radionuclides, particulates, and gaseous constitu-
ents. Numbers 1 through 8 indicate positions of the radionuclide
samples.

STACK

PIPING

• HYDRO-SONIC
• VANE SEPARATOR
• CONDENSER
• VANE SEPARATOR

BLOCK SURFACE ( ? )

SURFACE SOIL (2)

Figure 8. Off-gas system with the associated sampling positions.
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Decontamination Factors

Soil-to-off-gas decontamination factors (BFs) were calculated
from alpha, beta, and gamma analysis of samples taken from points
shown in Figure 8. The scrub solution was sampled periodically during
the test. Samples of the block surface (smearable), surface soil,
hood, piping, and HEPA filters were taken during the post-run analysis
period. The analytical results calculated from the sampling data are
presented in Table 2.

Table 2.

Samplo Location
Original
1. Block surface
2. Surface sol 1

3. Hood

4. Piping
5. Tk 1 soln
6. Tk 2 soln

7. Primary HEPA
8. Secondary HEPA

9

2

6

1

7

5

4

Off-gas

241,
Am

.5 E-3

.6 E-8

.3 E-10

.8 E-7

.0 E-8

.2 E-7

.4 E-9

(a ;

(b)

system

tOtPu
7.

5.

4 .

7.

4 .

1 .
4 .

1 .

,1

,8

,3

1

0

4

4

5

E-3

E-10
E-10

E-8

E-8

E-6

E-8

E-8

(b)

radionuclide <

Riidlonucl Ide Activity,

2

2,

1

2,

7,

2,

1,

5.

<1.

'37Cs
.0

.5

.3

.6

.1

.7

,1

,0

,0

E-2

E-7

E-8

E-6

E-6

E-5

E-4

Er6

E-9 (a>

106DRu
2.1

9.7

5.5

3.2

4 .3

9.3

2.4

1.1

<2.2

E-2

E-8

E-9

E-6

E-7

E-6

E-5

E-6

E-8 (a>

distribution.

cs

6.

9 .

7 .

9 .

7.

1 .

9 .

2 .

9 0 S r

8

5

0

5

4

9

3

3

E-1

E-8

E-9

E-6

E-6

E-4

E-6

E-7

(b)

1

2

9

1

7

1

3

1

<3

I

.0

. 5

.1

.7

.8

.3

.0

.8

.6

50Co

E-2

E-8

E-10

E-7

E-7

E-6

E-6

E-7

E-9 C a )

(a) Not detected. Values shown are based on analytical detection limits.
;t>) Analysis of these nonvolatile species was not performed.

For each sample analyzed, the entire sample (liquid and solid
residue) was counted to determine the quantity of the gamma emitting
radionuclides-2'* * Am, 1 3 7Cs, 1 0 6Ru, and 6 0Co. Then an acid leach and
chemical separation were performed on both the liquid and solid resi-
due to extract Pu for alpha counting and 90Sr for beta counting. The
gamma scanning technique utilized an intrinsic germanium detector for
counting, while a gold surface barrier silicon detector and a propor-
tional gas flow beta counter were useid for alpha and beta counting,
respectively.

Table 3 shows the retention, percent release and soil-to-off-gas
DF for the radionuclides in the test. Retention of all radionuclides
by the vitrified zone was greater than 99%. Decontamination factors
for transuranic elements averaged greater than 4 x 103. Fission pro-
duct DFs ranged from 1.3 x 102 for the more volatile 1 3 7Cs to 3.1 x
103 for 9 0Sr.

Off-gas releases of the more volatile fission products (137Cs,
1 0 6Ru, and 50Co) are a function of gas releases as the melt passes
through the contaminated soil and of the relative volatility of each
radionuclide. Data also show that once the waste associated with
these radionuclides has been vitrified, radionuclide releases to the
off-gas system are relatively minor. The releases of 1 3 7Cs, 1 0 6Ru,

* DF = reciprocal of the fraction of material released.
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Table 3. Radionuclide retention and releases.

Retention by
Radionuclide Vitrified soil, % Off Gas, %

Retention by Release to Soil-to-Off-Gas
DF

(transuranics)
21tlAm

t o t a l Pu

(fission products)
137Cs
10 6R u

9 0 S r

60Co

99

99

99

99

99

99

.992

.978

. 2 3

. 8 2

.968

.945

0.008

0,022

0.77

0.18

0.032

0.055

1.2

4 . 5

1.3

5 . 5

3 . 1

1.8

X

X

X

X

X

X

10 3

10 2

102

10 3

103

and 60Co from the molten soil to the hood area, piping, scrubbers, and
HEPA filter are presented as a function of run time in Figure 9. Low
quantities of each radionuclide began to appear in the first scrub
samples at 2.1 hours into the run when the molten zone first contacted
the waste container. The melt zone reached the bottom of the con-
tainer at approximately nine hours into the test. Once the radionuc-
lides were incorporated into the molten soil, the element releases
began to slow down as depicted by the reduced slope of the Figure 9
curves. The curves indicate that the release rate is highest when the
waste material is being actively melted. The higher release rate to
the off gas during melting of the waste container can be attributed to

0.8 -

3 0.6

£
o
o

0.4 -

0.2 -

-

-

/

J ••

f
1

1
1

1
r

COBALT-60

• 1 . . i i
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RUTHENIUM-106

I
10 15

RUN TIME, h
20 25

Figure 9. Cesium, ruthenium and cobalt released
to the off-gas system.
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combustion of the container and the reaction of the radionuclides from
a nitrate to an oxide. It is expected that gases released during
these reactions increase entrainment of particles and create a more
direct pathway to the surface for release of the more volatile ele-
ments. This effect was seen to a greater extent during previous
pilot-scale tests with combustibles and chemical nitrates. **»> The
relative volatility of each radionuclide is also represented in Fig-
ure 9 by the range of the releases, Cs being the most volatile and Co
exhibiting the lower release potential.

Releases of off-gas particulates (r'u and
 90Sr) occur only during

the initial melt contact of the contaminated zone and the gas release
associated with vitrifying gas generating wastes such as combustibles
or nitrates, similar cumulative percent release data for 2ltlAm, total
Pu, and 9 0Sr are presented in Figure 10. Plutonium and Sr releases
both peaked 4 hours into the run and appeared to decrease to a steady
value later in the test. This apparent decrease (approximately a
factor of 2) is not real and in fact the total radionuclides collected
in the off gas system increases slightly. The decrease indicated in
Figures 10 and 11 is apparently caused by a decrease in the leaching
efficiency of the extractive chemistry technique applied to the solid
phase residue used to separate and analyze these radionuclides. A
similar leaching extraction is used for both the Pu and Sr. This
technique was not adequate to remove these elements from the solid
phase prior to t:he alpha and beta counting. When leachates from the
same samples were analyzed for gamma emitting radionuclides, a

0.04

0.03

0.02

s
0.01

STRONTIUM-90

10 15
RUN TIME, h

Figure 10. Americium, plutonium and strontium released
to the off-gas system.
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Figure 11. Relative activity in extractive leach solutions
of gamma isotopes.

similar decline in the relative activity occurred later in the test as
illustrated in Figure 11. This leachate activity decline is also due
to the decrease in ability to effectively leach the radionuclides from
the scrub solution solid phase residue. Cesium, ruthenium, and cobalt
activity decline is inconsistent with previous total sample counts of
these radionuclides shown in Figure 9, which illustrates that the
gamma emitting radionuclides were released to some constant value
later in the run. Apparently an insoluble matrix was being formed
which inhibits the leaching efficiency. The apparent decline later in
the test is only observed for isotopes in the solid phase. The liquid
phase of all the radionuclides showed a slight increase as a function
of time which is the normal pattern. An example of the solid/liquid
phase variation as a function of run time using Pu data is presented
in Figure 12. Past experience in similar test conditions'1*'6' has
indicated that off-gas particuiates, which the Pu and Sr represent,
are released during the initial melt contact with the contaminated
zone and are not measurably released later in the test. This initial
release corresponded to the gas release (lf) produced by the vitrifica-
tion zone contacting the container of radioactively contaminated soil.
Therefore, f.ie peak values for these and all radionucJ ides were used
as the total release losses to the off-gas system for this test.

Higher analytical errors were associated with 2l+1Am, a softer
gamma emitter, due to the extremely low activity relative to other
radionuclides. The errors and associated lower detectability and
higher background energy levels in the scrub solutions resulted in the
more random off-gas loss curve as seen in Figure 10. However, the
indicated detectable losses are relatively low as depicted.
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Figure 12. Plutonium distribution between solid
and liquid phase of scrubber solutionc

The relative efficiencies of each off-gas equipment component
can be determined from the distribution of the radionuclides through-
out the off-gas system. Table 4 presents this data. As seen, only a
small percentage of the elements remain on the soil and glass surface
inside the hood. The scrubbers accounted for removal of from 65 to
92% of the radionuclides released as indicated by the distribution in
scrub tanks 1 and 2. Based on the data, 97% or more of these radio-
nuclides were removed from the off-gas stream prior to HEPA filtration

Table 4. Distribution of radionuclides released from the melt zone.

Radionucilde Distribution (.% of Total Released)

Radionuclide

(transuranlc)
241.

Am

total Pu

Ground

Surface ( a )

3.3

0.06

(fission products)
1 3 7c s
I 06RU

90Sr
60Co

0.17

0,27

0.05

0.47

Hood

22

4.5

1.7

8.4

4 .4

3.1

Piping

8.7

2.5

4.7

1.1

3.4

14

Tank 1

65

89

IS

24

88

24

Tank 2

0.5

2.8

72

63

4 .3

55

Primary

HEPA

(b)

1.0

3.3

2.9

0.11

3.3

Secondary

HEPA

(c>

(c)

<0 .0007 ( b

<0.06 lb)

(c)

<0.07(b)

(a) Includes block surface and surface sol I.
(b) Not detected. Numbers shown are based on analytical detection limits.
(c) Analysis of these nonvolatlle species was not performed.
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and the balance was removed by the first stage HEPA. No gamma emit-
ting radionuclides were detected on the second stage HEPA filter or on
stack sample filters, thus demonstrating containment of radionuclides
by the off-gas system.

Entrained particulates in the off gas exiting the ISV hood were
measured during previous nonradioactive pilot-scale tests to have an
average mass-mean diameter of 0.7 jim. The scrubbing efficiency of a
venturi-ejector typically drops off for particles smaller than about
2 iim diameter. The hydro-sonic scrubber is more efficient since the
lower limit of high efficiency is typically 0.5 nm diameter. The dis-
tribution data between tanks 1 and 2 (Table 4) indicate that the more
volatile components, 1 3 7Cs and 1 0 6Ru, are being released as smaller
particles since the removal by the venturi-ejector is low. Both Cs
and Ru have been shown to vaporize from molten waste glasses.*7' The
vapors recondense as extremely fine particles. The radionuclide dis-
tribution indicates that Co is very small also; however, the reason is
not apparent from the data. Americium, Pu and Sr, on the other hand,
were collected primarily by the venturi-ejector (tank 1). This indi-
cates that the majority of these elements were released from the melt
as particles larger than 2 pm with, other nonvolatile soil species. It
also confirms Am, Pu, and Sr releases as particulates and assists in
corroborating earlier statements relating their releases with the
initial contact of the melt with the waste package.

Particle Characterization

During the radioactive test, particle mass loading and size dis-
tribution measurements were made at a point in the off-gas line
between the heater and HEPA filters. The purpose of the measurements
was to characterize the entrained solids which were not removed by the
venturi-ejector and hydro-sonic scrubbers. Data was obtained using an
Active Scattering Aerosol Spectrometer Probe mounted adjacent to the
off-gas line in the containment module (see Figure 8). A gas sample
stream was drawn isokinetically from the off-gas line, then through a
sheath airflow heater to prevent condensate from forming, and was
injected into the measuring chamber with an aerodynamically focused
jet. The particle count and size is determined by measuring the light
scattering from a He-Ne laser beam passing through the focused sample
stream. The probe counts the particles in four overlapping size
ranges and has a useful range of 0.12 ym to 7.5 vim. The smaller size
ranges have increased resolution over the larger ones, giving the
probe extremely good resolution in the submicron region. Particle
data is transferred from the probe to a computer controller for
printing.

The entrained particle mass loading down stream of the scrubbers
was extremely low during the test, averaging 0.8 mg/m3. As seen in
Figure 13, the highest loading of 2.18 mg/m3 occurred when the graph-
ite starter material was actively burning. Although the off-gas par-
ticle loading at the hood exit was not measured during the test, it
was typically greater than 1000 mg/m3 during the start-up period of
previous pilot scale tests. '**' As shown in Figure 13, the mass mean
particle diameter averaged less than 0.5 um (the approximate lower
limit of the hydro-sonic scrubber).
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Figure 13. Off-gas particle characteristics down stream
of the scrubbers.

Histograms of the particle mass distribution before the run
(control data), during startup, and later in the run are presented in
Figure 14. The mass loading was extremely low (0.01 mg/m3) prior to
the ISV test with a distribution from less than 0.12 pm to -2.0 urn.
During startup, the mass was primarily between 0.3 and 1.0 pm. The
mass distribution shifted downward later in the run but still remained
above 0.2 urn. This particle size range is well within the removal
capability of the HEPA filters.
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Figure 14. Histograms of particle mass distribution down stream
of the scrubbers.

Off-Gas Characterization

Gases were analyzed for 02, COr and CO2 at a point down stream
from the off-gas blower (see Figure 8). The 02 analysis was performed
by a coulometric process whereby the gas sample is passed through an
electrochemical cell. Both the CO and CO2 analysis was performed
using a non-dispersive infrared monitoring technique.

Figure 15 presents the CO and CO2 concentrations as a function
of run time. The CO2 level in the off-gas peaked at 2.25%, approxi-
mately 1.2 hours into the test. This corresponds to the period of
most active combustion of the graphite/frit startup path. This also
corresponds to a period of higher power input.
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Figure 15. Carbon dioxide and carbon monoxide concentrations.

The CO2 level after the initial startup period can be explained
by graphite electrode oxidation due to heating from the molten zone.
Maximum power on the 650 V tap v/as achieved at 3.1 hours and maximum
power on the 430 V tap was realized at 8.3 hours. Just prior to these
maxima, the CO2 levels begin climbing as the elecTode oxidation rate
increased. During these power maxima, the melt zone temperature
increased causing the electrode to reach higher temperatures and oxi-
dize faster. It is hypothesized that the electrode temperature at the
3.1 hour power maxima was lower than during the 8.3 hour maxima
because the thermal mass of the melt zone was much smaller early in
the test. The CO2 concentration supports this, since the level was
highest (excluding startup) at 2.15% during the second power maxima at
8.3 hours. As the melt continued to grow downward and the power
declined, the CO2 concentration in the off gas also decreased to
approximately 1% where it remained until the power was turned off.
Carbon monoxide was detected during the test, however, the concentra-
tion remained low, never exceeding 0.04% at the stack.

The 02 concentration supports this graphite oxidation mechanism
since it basically mirrors the CO2 concentration. Significant combus-
tion of the graphite only occurred early in the test, with 02 levels
approaching those of atmospheric conditions in the remainder of the
run,.
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Conclusions

The in situ vitrification pilot-scale radioactive test has taken
this technology one step further toward the feasibility of selective,
in-place stabilization of TRU contaminated soils« The test provided
the following conclusions regarding off-gas ISV characteristics and
system performance.

• The off-gas treatment system effectively contained all radio-
nuclides released during the test and during the cooldown
period.

• Greater than 99% of all radionuclides are retained within the
vitrified block.

• Radionuclide losses to the off-gas system varied from 0.02%
for Pu to 0.8% for the more volatile Cs. Corresponding DF's
varied from over 4000 to 130.

• The venturi-ejector scrubber removed the majority of the Am,
Pu, and Sr, which indicates they are associated with parti-
cles larger than 2 pm that were released during the test.

• Particles down to 0.5 pm were effectively removed by the
scrubber system. The first stage HEPA filter effectively
removed the remaining particles without showing any sign of
increased flow resistance during the test.

• The maximum particle loading exiting the scrubbers and enter-
ing the HEPA filters occurs during burnoff of the graphite
starter material before any radioactive material was con-
tacted. The mass loading reached 2.2 mg/m3 during startup
and averaged 0.8 mg/m3 for the remainder of the test.

• Both CO2 and CO appear in the stack off gas as a result of
graphite starter burnoff and graphite electrode oxidation.
The CO level remained very low and did not pose an environ-
mental problem.
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DISCUSSION

BASTIN: In the mid 50s, I participated in studies which in-
dicated radionuclides from leaking tanks would be stabilized in soil
at Hanford, and 'Would not harm the environment. Does this work sug-
gest a change in the earlier conclusions?

OMA: The Hanford Environmental Impact Statement under pre-
paration will address this question. The results will determine how
in situ vitrification will fit into the overall waste stabilization
program at Hanford. Initial application of this process would likely
be for stabilization of selected zones within liquid drain sites.
However, this is yet to be determined.
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THE BEHAVIOUR OP RUTHENIUM, CESIUM AND ANTIMONY DURING
SIMULATED HLLW VITRIFICATION

M. Klein, C. Weyers, W.R.A. Goossens
C.E.N./S.C.K., MOL, Belgium

Abstract

Work performed within a contract with DWK in Germany in the
framework of the HAW technological programme for the vitrification

of HLLW.

The behaviour of ruthenium, cesium and antimony during the
vitrification of simulated HLLW in a liquid fed melter has been
studied on a laboratory scale and on a semi-pilot scale. In the
laboratory melter of a 2.5 kg capacity, a series of tests with the
simulate traced with 1 0 3Ru, ^3i*Cs and 121>Sb, has shown that the Ru
and Cs losses to the melter effluent are generally higher than
10 # whereas the antimony losses remain lower than 0.4 %• A wet
purification system comprising in series, a dust scrubber, a con-
densor, an ejector venturi and an NOx washing column retains most
of the activity present in the off-gas so that the release frac-
tions for Ru at the absolute filter inlet ranges between 5.1O""3 to
5-1O~5 io of the Ru fed, for Cs the corresponding release fraction
ranges between 3-10~3 to lO"1* % and for Sb the release fraction
ranges between 1.7 10-1* to 1.7 10~5 %.

The same experiments have been performed at a throughput of
1 to 2 1 h"1 of simulated solution in the semi-pilot scale unit
RUFUS. The RUFUS unit comprises a glass melter with a 50 kg molten
glass capacity and the wet purification train comprises in series
a dust scrubber, a condensor, an ejector venturi and an NOx wash-
ing column. The tracer tests were restricted to 103Ru and 131*Cs
since the laboratory tests had shown that the antimony losses were
very low. The melter effluent losses occuring during LEWC feed
and during the succeeding calcinate layer digestion ranges for
ruthenium from 13 to 26 $> and for cesium, from 8 to 48 #. The mean
DF of the wet purification system amounts to 2 103 for ruthenium
whereas a mean value of 400 is obtained for the cesium. In combi-
nation with the total melter losses, that means that the ruthenium
release fraction at the HEPA filter inlet amounts to 1.3 10~2 $ of
the ruthenium fed and the corresponding cesium release amounts to
8.10~2 of the cesium fed.
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I. Introduction

High Level radioactive liquid waste (HLLW) generated from
LWR spent fuel reprocessing is considered to be treated by vitri-
fication techniques in order to incorporate the fission products
and the actinides into a glass matrix prior to disposal. In the
framework of a contract between DWK in Germany and the CEN/SCK in
Mol, a study has started in 1979 on the behaviour of so-called
semi-volatile products which could be released during the vitrifi-
cation process in the PAMELA plant.

The PAMELA plant, in construction on the Eurochemic site in
Belgium, will treat 59 m3 of lewc (Low Enriched Waste Concentrate)
solution. LEWC refers to the liquid waste solution from the first
cycle extraction of low enriched (< 5 $> U - 235) uranium fuel.
LEWC is a waste solution evaporated to a concentration of about
0.5 m3 LEWC per ton of U reprocessed.

The experiments were performed on laboratory scale and on
semi pilot scale using simulated LEWC solutions tagged with radio
isotopes of the suspected volatile fission products. The composi-
tion of the simulated LEWC solution is given in table I.

The choice of the three elements Ruthenium, Cesium and Anti-
mony is based on the assumption that those elements in a high
temperature oxydative medium can form volatile compounds. The aim
of this study is to determine on one hand the melter losses to the
off-gas (i»e. the fraction of these elements not incorporated into
the molten glass) and on the other hand the behaviour of these
elements in the off gas purification system.

Due to its strong tendency to form volatile compounds, the
behaviour of Ruthenium has first been studied. The main observa-
tions drawn from these studies are reported here after. In order
to simulate the Pamela concept, laboratory units called VITRILAB
I, II, III are then used to study the behaviour of Ru, Cs and Sb.
Finally, the Pamela concept has been tested on a semi-pilot scale
(1/10 of the real scale) in a unit called RTJFUS.

705



18th DOE NUCLEAR AIRBORNE WASTE MANAGEMENT AND AIR CLEANING CONFERENCE

Table I : Composition of the LEWC feed

Element

Na

Fe

Cr

Al

Mn

Cs

Sr

Ba

Ce

Zr

Mo

Rb

Y

l a

Ru

Element
8/1

46.5

15.7

1.7

8

4

1.5

0.5

0.1

1.8

0 . 2

1.3

0.25

0 .3

1.6

1

Nitrate salt

NaN03

Pe(NO3)3

Cr(N0 3 ) 3

Al(N0 3 ) 3

Mn(N03)2

CsNO3

Sr(W0 3 ) 2

Ba(lTO3)2

Ce(N0 3 ) 3

Zr(N03) , ,

Na2Mo04

RbN03

Y(NO3)3

La(N03)3

RuN0(N05)x

Oxide formed
g/1

Ka20

Pe203

Cr2O3

A12O3

MnO2

Cs 2 0

SrO

BaO

C e 2 ° 3

ZrO 2

Mo03

Rb2O

Y2°3

La 2 0 3

RuO2

62.7

22.5

2.5

15.0

6.3

1 .6

0 .6

0.11

2.1

0.27

1.95

0.27

0.38

0.25

1 .32

II. Behaviour of Ruthenium in high temperature processes

A detailed description of these studies is given in (1 ),
(2), (3). The main observations drawn from these studies are :

1. Gaseous Ruthenium tetraoxide

- RuO,, is a strong oxidant which can rapidly be reduced to solid
oxides of valencies 4 or 3 by reaction at room temperature with
organic compounds.

4 is unstable at temperatures higher than 100*C and decom-
poses into oxides of lower valencies. The rate of reaction is
enhanced by the presence of metallic si'..faces on which the
ruthenium oxide deposit is strongly boundeu.
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RuO4 is physically adsorbed on Silica-gel at temperatures lower
than 80"C; above this temperature the adsorption capacity is
negligible.

^ is catalytically reduced to solid oxides on Fe/Cr catalyst
operating at 300°C and the ruthenium oxide deposit enhances the
reaction rate.

2. Volatile Ruthenium nitrosyl species

- Volatile RuNO species are formed either by reactions of RuO4
with N0x, either by calcination of Ru nitrosyl nitrate solu-
tions in nitric acid.

- RuNO is more stable than RuO^, more easily adsorbable on Silica
gel (tenfold increase of the capacity) and is adsorbed at tempe-
ratures as high as 120°C.

- RuNO is also catalytically reduced on Pe/Cr catalyst at 300°C
but with a lower reaction rate and the RuO2 deposit also en-
hances the reaction rate.

- The RuNO species has a lower vapor pressure than the RuO spe-
cies; at 20°C the partial pressure of RuNO is lower than 2 10~3

atm so that almost the Ru is condensed whereas the corresponding
RuO^ partial pressure amounts to 10~2 atm.

- During calcination of Ru nitrosyl compounds dissolved in nitric
acid, a fraction of Ru is plated out on the calciner walls,
another fraction is volatile (RuNO species) and a last fraction
is present in the off gases as submicronic aerosols. The distri-
bution of Ru between these different states depends largely on
the calcination temperature. At 600°C, the Ru release is mainly
under the RuNO gaseous form (less than 0.2 $> aerosol form),
whereas at 1100°C, 8 $ of the Ru release is in aerosol form.

Experiments were performed with the aim of comparing the
volatilities of different Ru species fed simultaneously with a
simulated high level liquid waste solution on a glass pool of an
Inconel melter operated at 1100°C. The Ruthenium release in the
melter off-gas depends on the nature of the Ru species fed.

- For a solution of RuN0(N03)x (0H)3_x dissolved in the waste
simulate (LEWC), the melter losses to the off gas amounts to 7 $>
of the quantity fed. A fraction deposits on the crucible walls
but the major part is incorporated into the glass.

- For a suspension of solid RuO2 in LEWC, the melter losses
amounts to only 2.5 #•

- When gaseous RuO^ is simultaneously fed with liquid LEWC on the
glass pool, the gaseous RuO4 is partly decomposed on the hot
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walls of the crucible and only 12 to 30 % of the Ru fed is lost to
the melter off-gas; only a minor fraction is incorporated into the
molten glass.

III. Laboratory vitrilab unit

5.1. Description of the laboratory units VITRILAB I, II and III

In the three vitrilab units, the liquid fed melter concept
is used, but three sligthly different purification schemes are
tested.

The glass melter is an Incoloy 825 crucible with a 2.5 kg
capacity molten glass externally heated by a resistance furnace.
The simulated liquid waste solution (LEWC) traced with Ruthenium-
103, Cesium 134 and Antimony 124 is directly fed by a menbrane
pump on the molten glass surface. The liquid through put on the
melting surface area of 57 cm2 varied between 20 and 40 l/h m2.
The off gas purification line of the three vitrilab units is dif-
ferent (Pig. 1).

In Vitrilab I, it comprises in series a packed bed dust
scrubber, a specific Ru filter, an ejector venturi, a condensor
and finally a washing bottle and an absolute filter.

In Vitrilab II, the specific ruthenium filter is removed and
the condensor is installed between the dust scrubber and the ejec-
tor venturi.

In Vitrilab III, the specific ruthenium filter is removed
and the positions of the condensor and of the ejector venturi can
be interchanged by a by-pass valve system.

Liquid and gas samplings performed at various locations in
these units allow to follow the evolution of the melter losses to
the off-gas and to determine the efficiency of the off-gas
cleaning system.

The particle size distribution of the aerosol present in the
off-gas is determined by sampling with a cascade impactor followed
by a condensor, a wash bottle and a final filter. The distribution
between aerosol form and volatile form is determined with the same
system where the impactor is replaced by a sampling filter.

3.2. Melter releases to the off-gas

5.2.1 . Ruthenium. The melter DP for Ru lies between 3-3 and
67 with a mean value of 10.8 corresponding to a 9.3 $
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entrainment. Generally, the entrainment by the off-gas in maximum
at the start of a run and decreases as soon as a molten salt layer
covers the molten glass surface. The particle size distributions,
determined with a cascade impactor, appear all to be bimodal in
nature. The large diameter component is deposited mainly on the
first stage of the cascade impactor with a cut-off diameter of
14|im. The small diameter component is deposited on the last stages
of the cascade impactor with cut offs of 2, 1 and 0.6 p.m. The rest
is retained on the back-up absolute filter. The fraction of Ru
found after the impactor represents the gaseous ruhenium release
of the melter. The major part of this volatile component is found
in the condensate. A low melter DP is always observed when vola-
tile Ru species are formed. For two runs, with melter DF's of only
4.4 and 3-3 the volatile fraction of the ruthenium in the off-gas
reached respectively 18 and 50 $ of the total Ru loss to the off-
gas.

Ru losses during melter idling. If the melter, containing
the glass-waste oxides mixture kept at high temperatures (1OOO°C),
is sparged with air volatilization of certain glass components may
occur during that period and so lower the global melter DP. (This
situation is called 'idling melter"). For Ru, after glass refining
during some hours, air sparging leads to a loss of 5 10~3 $ to
2 10~^ $> pro hour of the Ru activity present in the molten mix-
ture. The particle size distribution of the aerosol during melter
idling is shifted towards small values; all the activity is found
on the last stage (cut-off of 0.3 nm) and on the back-up filter of
the cascade impactor.

3.2.2. Cesium. The entrainment of Cesium in the off-gas
varies widely between runs. The minimum and maximum entrainment
observed are 0.3 $> and 20 i> respectively and the mean values for
all the tests is 4 ^ corresponding to a DP of 25- The Cesium be-
haviour is quite different from the ruthenium behaviour. The frac-
tion of Cesium in the entrained dust trapped on the first stage of
the cascade impactor is also high (30 to 70 fi), but the fraction
of Cesium present on the last stage is always higher than the
ruthenium or antimony fraction. That means that the melter release
in the micron and submicron range is enriched in Cesium vs
ruthenium and antimony. The fraction of Cesium still present after
the cascade impactor is very low (from 0.1 to max 2 %) which means
that cooling down of the gases to 120°C induces nearly total con-
densation of the volatile Cesium oxides to submicronic aerosols.

The Cesium release to the off-gas by air sparging during
idling of the melter at 1000aC is one order of magnitude higher
than the ruthenium loss. Off gas entrainments of 0.1 to 0.7 ^ pro
hour of the cesium activity are measured during air sparging and
this phenomenon can significantly lower the melter DP; for example
after 15 hours of air sparging, the melter DP decreases from 24 to
9 for a mean hourly entrainment of 0.27 #•
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3.2.3« Antimony. The melter DP for antimony lies between 58
and 2300 with a mean value of 260 corresponding to a 0.4-# volati-
lity which shows that antimony releases to the melter off gas are
very low. The antimony entrainment during an "Idling test" is also
very low; values from 4 to 6 10"1* # of antimony entrainment pro
hour from the glass melt were measured during 15 hours long spar-
ging tests.

3.3. Packed bed dust scrubber

The characteristics of the dust scrubber and the values of the
DP's are given in table I. In order to avoid an increase of the
volume of the circulating solution of the dust scrubber, 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. The liquid flow is chosen to work below flooding
conditions for the highest operating temperature.

3.3.1 . Ruthenium. The Ruthenium trapped in the circulating
solution is only partially soluble in this weak acidic medium and
ruthenium dioxide deposits rapidly in the solution and also on the
Raschig rings of the packing. The mean DF of the Vitrilab III
scrubber is one order of magnitude higher than the corresponding
DF of I and II vitrilab unit. The dust scrubber III is 30 $> higher
and has a free section 18 % greater which means that the residence
time of the gas is higher, which allows to work with higher liquid
to gas ratio. When the volatile fraction at the melter outlet is
high (Low melter DP), than the dust scrubber DP is very high
(DP ~ 10 3). In these cases, the colour of the washing solution is
orange-yellow characteristic of the presence in the weak nitric
acid of several Ru nitrosyl nitrates complexes. On the contrary,
when the melter DP is high and when the volatile fraction is low
than the dust scrubber DP is lowered to values around 25. The
aerosol leaving the dust scrubber has a narrow size distribution
and volatile species are not any more present in the off gas. The
activity mass median aerodynamic diameter of the aerosol leaving
the dust scrubber lies between 0.6 and 0.9 nm and the standard
deviations varies between 1.25 and 1.4. This means, that when
volatile ruthenium is present in the melter off gases, this spe-
cies is completely washed out by the dust scrubber and the only
species still present at the scrubber outlet is a sub-micronic
aerosol.
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Table I. Packed bed dust scrubber

Diameter (cm)

Heigth (cm)

Packing

Liquid flow (l/h)

Temperature (°C)

MIN

MEAN

MAX

MIN

MEAN

MAX

MIN

MEAN

MAX

GEOMETRIC CHARACTERISTICS

VITRILAB I

5

25

VITRILAB II

5.8

25

Raschig Rings

D = H = 7 mm

d = 4 mm

VITRILAB III

6.4

35

OPERATING CHARACTERISTICS

100

90 - 95

80 - 100

90 - 95

120

90 - 95

DP FOR RUTHENIUM

10

20

50

7

22

230

24

305

2100

DP FOR CESIUM

*

*

*

1.7

2.3

3-3

4.5

19

160

DP FOR ANTIMONY

*

*

*

*

*

20

58

280

The corresponding tracer is not used.

During an idling test, the DP of the dust scrubber decreases
towards values of 3 to 5- This decrese is clearly bound to the
aerosol particle size decrease which lies in the sub-micronic
range (lower than 0.3 )
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3.3.2. Cesium. As shown in the table, the efficiency for
Cesium is lower than for Ruthenium due to the fact that the melter
release in the micron and sub-micron range are enriched in Cesium
v.s. Ruthenium and to the fact that there is no volatile Cesium
species still present in this temperature range. The dust scrubber
DF during idling test is not strongly reduced v.s. the LEWC feed
period which shows that the release mechanisms are probably not
significantly different.

3.3.3. Antimony. Due to the high value of the melter DP and
to the low concentration of Sb in the feed, the concentration of
antimony in the off gas is 1000 times lower than Cesium. Neverthe-
less, the dust scrubber DP for antimony is higher than the Cesium
DP, probably due to the fact that antimony is evenly distributed
on the aerosols leaving the melter.

3.4. Specific volatile ruthenium trapping bed

As described with more details in 3, the second barrier for Ru in
the off gas line as initially foreseen in the Pamela project, was
a Silica-gel bed operating at 120°C. Such a filter, which had
given favourable resuts when placed at the exit of a calciner
appeared useless in the Vitrilab off gas purification line after
the dust scrubber. A ferric-oxide chromium oxide catalyst opera-
ting at 300°C gave also very low DP's. This can easily be ex-
plained by the fact that these filters were developed to trap
gaseous ruthenium species whereas it has been shown that after the
packed dust scrubber the only species still present is a stable,
non reactive submicronic aerosol. Therefore, it was decided to
remove this unit from the off-gas line for the further experiments
(Vitrilab II and Vitrilab III) and also to discard it in the
design of the active Pamela plant.

3.5. Condensor

Although, the condensors in vitrilab II and III have not the
same dimensions, no significant differences are observed between
their performances. The condensors, placed after the dust scrub-
ber, have roughly the same DP of 5 for the three elements. This
suggest a similar trapping mechanism for the aerosols leaving the
dust scrubber. The still entrained solid submicronic aerosols work
as condensation nuclei and are retainable in the condensor thanks
to their size increase.

During Idling test, the condensor DP decreases to 1. This is
expectable, since there is no water condensation and moreover the
aerosol particle size is decreased to values down to 0.3 nm or
less.
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3.6. Ejector venturi

The ejector venturi operates at a nozzle pressure of 3 bars
and a liquid flow rate of 300 l/h. The circulating solution is
maintained at 30 to 48°C.

The ejector DF mean values (64 and 80) of vitrilab II and
III do not differ significantly for ruthenium. (Table II) The DP
variation is large since values ranging from 10 to 103 were
measured. Generally, the DF of the ejector increases when the DF
of the system melter-dust scrubber-condensor decreases and the DF
decreases in the opposite case. The DF for antimony is similar to
the Ru DF.

The DF's for Cesium are systematically higher than the Ru
and the Sb DF's, this is perhaps due to the fact that Cesium spe-
cies are soluble in the washing solution whereas ruthenium and
antimony species are insoluble.

Table II. Ejector Venturi

Unit

MIN

MEAN

MAX

Unit

MIN

MEAN

MAX

Unit

MIN

MEAN

MAX

Ruthenium DF

Vitrilab I

10

25

50

Vitrilab II

16

64

1000

Vitrilab III

10

80

290

Cesium DF

Vitrilab I

*

*

Vitrilab II

1670

4800

14000

Vitrilab III

80

256

5800

Antimony DF

Vitrilab I

*

*

*

Vitrilab II

*

*

*

Vitrilab III

18

60

226

* Tracer not used in this unit
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3.7. Global DF of the system

The global DP of the system is the product of the melter DF
and of the wet gas purification system DF.

The wet gas purification system is different in vitrilab I,
II and II as shown hereafter.

- Vitrilab I : Melter - dust scrubber I - ejector venturi -
consensor - washing bottle

- Vitrilab II : Melter - dust scrubber II - condensor - ejec-
tor venturi - washing bottle

- Vitrilab III : Melter - dust scrubber III - ejector venturi -
condensor - washing bottle.

The minimum, maximum and mean global DF values are given in
table III.

Table III. Global DF's for the different Vitrilab Units

MIN GLOBAL DF

VITRILAB

VITRILAB

VITRILAB

VITRILAB

VITRILAB

VITRILAB

VITBIIAB

JVITRILA2

I

II

III

I

II

III

I

II

X Li

1

3

1

3

8.

Ru

10"

.1 10*

2 10':

Ru

.2.101*

,1 105

.8 10b

Ru

6 10b

2 106

2

3

MEAN

4

1

MAX

1 .

Cs

_

.2 10b

.5 101*

GLOBAL DF

Cs

_

7.10*

7.10 b

GLOBAL DF

Gs

—

106

2 106

Sb

—

-

6.8 1Ob

Sb

_

-

2.5-106

Sb

_

-

6 106
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3.8. Conclusion of the vitrilab tests

The series of tests performed in the various Vitrilab units
has show, that the Ru and Cs losses to the raelter effluent are
generally higher than 10 $ whereas the Sb losses remain lower than
G.2 #. For the vitrilab III unit, the release fractions for Ru at
the absolute filter inlet ranges between 5 10~3 $> to 5 10~5 % of
the Ru fed, for Cs the corresponding release fraction ranges be-
tween 3 10~3 to 10~4 $> and for Sb the release fraction ranges
between 1.7 10-*+ to 1.7 10"13 <f>.

Antimony, due to its low voxatility, will not be used in the
RUPUS unit.

IV. Semi pilot scale unit RUFUS

4.1. Description of the RUFUS unit

The spatial projection of the Rufus installation (Retention
Unit for the Filtration of Unidentified Species) is given in
fig. 2.

The main characteristics of the RUFUS installation are given
hereafter.

4.1.1. Vitrification unit
The vitrification unit comprises four elements.

- Vitrification oven : The crucible in Incoloy 825 has a molten
glass capacity of 50 kg and the molten glass surface reaches
1328 cm2. The total available power delivered by external resis-
tance he&ting elements can be varied between 8 and 9.6 kw.

- Molten glass feed : The glass frit from the dosing vessel is
molten in an Incoloy crucible heated by a furnace of 2.2 kw and
flows by gravity into the vitrification oven.

- LEWC liquid feed :" The simulated LEVJC solution is directly fed
on the molten glass surface with a diaphragm dosing pump. The
throughput during the tests was varied between 0.9 and 1.9 l/h
corresponding to 6.3 to 14 l/h m2 molten surface.

- Crucible emptying ; The emptying of the crucible is performed
via a freeze valve and the receiver is installed in a heated box
to minimize the thermal stresses during glass cooling.

4.1.2. Dust Scrubber
The dust scrubber is a packed bed countercurrent dust scrubber
with a glass spiral ring packing. The column has a diameter of
100 mm and a packing height of 880 mm.
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4.1.5. Condensor
The condensor is a spiral type industrial glassware condensor with
an exchange surface of 1.5 us •

4.1.4» Ejector Venruri. The ejector Venturi is a SAPS stain-
less steel ejector operating at a nozzle pressure of 6 bars and a
liquid flow of 500 1/h.

4.1.5. NOx washing columns. The UOx washing tower is a
packed bed counter current column in industrial glassware with a
packing of ceramic Raschig rings. The column has a diameter of 100
mm and two beds of 700 mm height.

4.1.6. Air Ejector. The installation is maintained in slight
under pressure by a compressed air driven ejector placed at the
end of the off gas purification after the final absolute filter.
An under pressure of 103 to 1.5 103 Pa is maintained in the melter
phenura by a guard siphon placed on the air inlet.

Two configuration can be chosen by a system of valves and
by-pass :

- Configuration I
Dust-scrubber/Condensor/Ejector Venturi/NOx Tower

- Configuration II
Dust-scrubber/Ejector Venturi/ Condensor/NOx Tower

The dust scrubber operates always in a temperature range of
75-85°C so that the water vapour content of the off-gas remains
nearly constant. The ejector venturi in configuration I operates
always at low temperature (about 30°C) whereas in configuration II
the ejector venturi can also be operated at 75-85°C so that the
water vapour content of the off-gas remain nearly constant and so
does also the ejector liquid volume.

4.2. Melter releases to the off-gas

The release of Ru and Cesium is determined by liquid sampling of
the various scrub solutions and by gas sampling on absolute glass
fiber filter. The activities of 103Ru and 131tCs are determined
with a Ge (Li) detector

4.2.1. Description of the melter behaviour. During operation
of the melter, three succeeding steps can be distinguished namely
the LBWC feed period, the calcinate layer digestion period and the
melter idling period.
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- LEWC feed period
At the start of a run, the molten glass surface is at about
1050°C. The liquid feed on the molten glass surface induces a
drop of temperature of the glass surface and a colder cap of dry-
solids is formed on the surface. If the liauid flow is suffi-
ciently high, a liquid covered a.rea will finally appear on the
glass surface. The extend of the three zones (uncovered melt,
dry solid layer, liquid covered area) depends mainly of the
liquid flow rate, the heating power and the working time.

- Calcinate layer digestion period
When the liquid feed is stopped, after vaporization of the
remaining liquid phase, the calcinate layer is progressively
decomposed into oxides which are incorporated into the mass of
the glass to finally form an homogeneous waste oxides-glass
mixture.

- Idling period
When the calcinate layer digestion period is finished, the mol-
ten glass surface has reached again a temperature of about
1050°C and the uncovered glass mixture-waste oxides is exposed
to the sparging air.

In fig. 3, the temperature evolution of the glass surface is'
given in function of working time for two liquid flowrates.

4.2.2. Presentation of the results. The Ruthenium and Cesium
release to the off-gas are different for each period. The main
observations drawn from the 7 runs are the following :

- LEWC feed period
The Ruthenium and Cesium losses to the off-gas decrease when the
mean temperature of the calcinate layer formed during LEWC feed
decreases. This is illustrated in fig. 4 and 5, which gives the
Ru and Cs fraction volatilized in function of the mean glass
surface temperature. However, for Cesium, it seems that the
volatility depends not only of the quantity of Cesium in the
liquid feed but it depends also of the quantity of Cesium al-
ready present in the molten glass. When this fact is taken into
account, the relationship between cesium volatility and mean
surface temperature appears, indeed, more clearly.

- Calcinate layer digestion
The Ru and Cs losses to the off-gas are generally high during
the first four hours after the feed stop and level off to a very
low value whereas for Ce.jium the release tends to a roughly
constant value. This is illustrated in fig. 6 for the run 6/10.

- Melter idling
Air sparging of the melter leads to low Ru losses of about
3 10~3 #/hour of the Ru activity in the molten glass whereas for
Cesium 0.33 $/hour is released to the off-gas.
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4»2.3« Release mechanisms of Ruthenium and Cesium. The par-
ticle size distribution of the dust leaving the melter has not
been determined, because the use of a cascade impactor in a gas
with a high dust loading appeared practically not feasible. The
results obtained in the vitrilab where some impactor data were
collected had lead to the following observations.

-- The Ruthenium loss of the melter is partly under the form of a
volatile species, partly under the form of entrained dust and
the rest is a submicronic aerosol. The distribution between
these forms vary widely and mainly depends on the temperature at
the molten glass surface.

- The Cesium release is partly under the form of entrained dust
and partly under the form of submicronic condensation aerosols.
At the low outlet temperature of the melter, no volatile species
are still present. In general the aerosol size distribution is
bimodal in nature.
This suggests that the overall size distribution is composed of
two independent components, each heaving its own characteristic
size distribution. The large component is certainly associated
with a gross entrainment mechanism whereas the small diameter
component of the overall distribution is probably a volatiliza-
tion/condensation process that occurs within the melter plenum.

The different behaviour of ruthenium and Cesium during the
LEWC feed and during the idling test can be explained by differen-
ces in the probable release mechanism.

The gross entrainment mechanism result in a dust emitted
which has the same composition as the LEWC feed. For the small
diameter component, generally, the submicronic loss fraction is
enriched in Cesium vs ruthenium indicating a different mechanism.

Ruthenium loss mechanism

The formation of volatile species RuO3 and RuO4 by RuO,
oxidation is very limited below 1200°C (Equilibrium constant
K = 10~3 at 1200°C). Even formed, these volatile species are high-
ly unstable at the outlet melter temperature and are again decom-
posed into RU02. This mechanism is probably responsible for the Ru
release during idling test.

During LEWC feed, volatile RuO4 can be formed by reaction
between RuO2 and N0 2 from 900°C (K = 10-1 at 900°C). Again the
gaseous RuO4 is highly reactive and can at lower temperatures
react with NO to give Ru nitrosylcomplexes or be decomposed again
to solid RuO2.
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Another way of volatile Ru formation and the most probable
is the formation of a volatile Ru nitrosyl complexe by partial
decomposition of the nitrosyl nitrate.

Cesium loss mechanism

Solid CsoO, formed by CsNO, decomposition from 500"C on-
wards, can be transformed into volatile species in a temperature
range of 75O°C to 1200°C. Cooling of the gas induces condensation
of these gaseous species to solid submicronic aerosols.

During LEWC feed, i.e. in the presence of great amounts of
water vapour (till 50 % ) , volatile cesium hydroxides such as CsOH
and (CsOH)2 can be formed. In the absence of water vapour, i.e.
during calcinate layer digestion and idling melter, volatile spe-
cies such as CsO and CsO2 can be formed.

^.J>• Dust scrubber

4.3.1. Operation of the dust scrubber.

- The liquid flow in the dust scrubber itself is fixed at 800 l/h
corresponding to a liquid rate of 102 m3/h.m2.
The nominal gas flow amounts to 7.2 m3/h when the dust scrubber
operates at 82°C corresponding to a water vapour content of
50 $, the normalised gas rate equals to 904 m3/m2 h.

- During idling test, the gas flow amounts to 3-3 m3/h when the
dust scrubber is operating at 40°C corresponding to a water
vapour content of 5 #•

- The by-pass liquid flow is kept at 300 l/h. The function of this
flow is to clean the connecting tube between the melter and the
dust scrubber.

- In practice, the temperature of the circulating liquid is kept
between 75 and 92°C depending on the LEWC flow rate. The aim is
to maintain the volume of the circulating liquid constant. In
all the tests, the dust scrubber wa-j operating at a higher tem-
perature than the dew point of the gas so that a reduction of
the circulating liquid volume was always observed - Generally
the final volume was 70 to 80 # of the initial volume -

- In all the tests, an insoluble component appeared after some
hours of operation. This insoluble component, essentially
ruthenium dioxide, deposits in the circulating tank and on the
packing.
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4.3-2. Presentation of the results.

- Particle size distribution of the aerosol at the dust scrubber
outlet

The particle size distribution of the aerosol leaving the
dust scrubber has been determined by sampling with a low flow rate
(1 m3/h) 4 stages cascade impactor.

During LEWC feed and calcinate layer digestion, the major
part of the aerosol leaving the dust scrubber is in the 0.3 "to
0.5 nm range. When the calcinate layer is nearly completely di-
gested, the distribution is shifted towards smaller values concen-
trated of around 0.4 (-im. During idling test, the major part of the
activity is found back on the back-up filter which means that the
distribution is again shifted towards values smaller than 0.4 jim.

- Distribution between soluble and insoluble form

As shown in the table hereafter, the Cesium trapped in the
dust scrubber is nearly completely soluble whereas for Ru about
14 # of the total Ru trapped is not soluble and forms black
ruthenium dioxide which deposits in the tank, on the spiral rings
of the packing and in the pipes. It is obvious that the insoluble
fraction will increase with the Ru trapped concentration. Indeed
in the vitrilab laboratory installation, insoluble fraction of
about 50 % were found for Ru concentrations of 200 mg/l.

insoluble $>

concentration mg/l

10 3 R u

14

90

*31tCs

0.4

150

- Dust scrubber DP

During normal operation i.e. during LEWC feed and calcinate
layer incorporation, the m^an DP for Ru reaches 5-5 and is always
higher than the mean DP for Cs which only reaches 2.5» During
idling test, the DP's for Ru and Cs decrease to respectively 1.9
and 2.1.

DP

MEAN
MIN
MAX

103Ru

Normal
operation

5-5
2.8
9-5

Idling
test

1.9

i3"Cs

Normal
operation

2.5
2
4

Idling
test

2.1
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The lower efficiency of the dust scrubber observed for
Cesium is probably bound to a difference in particle size distri-
bution at the dust scrubber inlet.

Conclusion

The dust scrubber DP of the RUPUS unit is one order of mag-
nitude lower than the dust scrubber of the vitrilab unit.
Reasons for these differencies can be :

- a lower dust concentration at the melter outlet due to a higher
ratio inert air/l LEWC for the Rufus (1.8 m3 air/l LEWC for
Rufus v.s. 0.6 m3 air/l LEWC for the vitrilab unit)

- a different particle size distribution at the Rufus melter out-
let

- a higher L/G- ratio for the vitrilab (370 l/m3) than for the
Rufus (111 l/m3)

- a lower superficial gas velocity for the vitrilab (3 cm/s) than
for the Rufus (25 cm/s).

4.4. Condensor and ejector venturi

4.4.1. Operation of the condensor and the ejector venturi

- 50 1 of drinking water is used as washing solution in the ejec-
tor-venturi. The liquid flow of 0.5 m3/h obtained for a nozzle
pressure of 6 bars induces a draft of 300 Pa on the gas flow.

- If the venturi solution is not directly removed, a deposit of
ruthenium oxide can appear in the tank.

- Three different purification schemes have been tested :
I Condensor followed by ejector venturi operating at 30°C

II Ejector operating at 30°C followed by condensor
III Ejector at 70-85°C followed by condensor.

In the cases I and III, the ejector washing solution volume
remains nearly constant whereas in the case II the volume in the
ejector steadily increases because it in fact, acts as condensor.

4.4.2. Decontamination factor of the ejector venturi and the
condensor

Ejector venturi

The mean DF's obtained during the various runs are given in
table IV. The main observations drawn from these results are :

- The over-all DP is always lower than the DP obtained during the
feeding period of a run, this is probably bound to a shift of
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the particle size distribution towards the smaller values and to
a decrease of concentration in the gas effluent.

The DP for Cesium is always lower than the Ru DF when no signi-
ficant difference in the particle size distribution were obser-
ved.

In spite of the small number of experimental runs for each con-
figuration, it seems that the ejector shows the highest effi-
ciency when it is used at a low temperature and after the con-
densor.

Condensor

The values of the operating temperature and the DF's are
given in table V. The main observation drawn from these tests
are :

- the condensor DP is generally lower for Cs than for Ru;

Table IV : Ejector Venturi DP in function of the chosen
purification shemes

Mean
DP values

DS-C-V (52°C)

DS-V (32°C)-C

DS-V (75°C)-C

DP

Ru

670

99

50

during
feed

Cs

109

65

22

Ru

240

66

50

Global
DP

Cs

122

45

29

* The operating temperature is given between brackets.

Table V : Condensor Df in function of the chosen purification
scheme

A)

B)

O

MEAN GLOBAL DP

Condensor at 50°C
Followed by E.V.

Condensor
After E.V,

Condensor
After S.V.

at 50"C
at 55°C

at 50°C
at 70-85°C

1

1

4

Ru

.4

.2

.6

1

1

2

Cs

.2

.1

• 4
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- It seems that the best Df's are obtained when the condensor is
installed after the ejector operating at high temperature. The
activity ratio condensate/feed is given here after for the three
purification shemes.

activity in condensate

activity in feed

Scheme I C-V32

Scheme II V32-C

Scheme III V/b-C

Ru

3-10-5

2.1O~b

6.10"6

Cs

1.5-10-1*

8.10-5

8.10"6

This table shows that the lowest activity level in conden-
sate is found for the scheme III.

Comparison of the performance of the three purification
schemes

The three purification schemes give total DP's which are of
the same order of magnitude. Due to the small number of tests a
choice can not be made on the basis of the total Df for condensor
and Venturi-ejector together.

All the three schemes have their advantages and disadvan-
tages which are summarized here after.

I C-V30

II V30-C

III V75-C

ADVANTAGES

- Venturi operates at low
temperature

- Constant washing
solution volume

Venturi operates at low
temperature and can act
as a condensor (which
can be suppressed

Lowest activity level of
the condensate/constant
volume of the washing
solution

DISADVANTAGES

- Highest activity level
of the condensate

- water cooling of the
venturi

Increase of the washing
solution volume

Venturi works at high
temperature

The choice between the different possibilities can then be
governed by the recycling philosophy adopted in the process.

723



18th DOE NUCLEAR AIR CLEANING CONFERENCE

For the schemes I and III, the constancy of the washing
solution volume, in the ejector, allows to recycle a small frac-
tion of the solution to the melter feed without the need of an
evaporator.

For the condensate recycling, which needs always an evapora-
tor, the scheme III is the most advantageous since the activity
levels handled are one order of magnitude lower than for scheme I.

For the scheme II, a volume equivalent to the waste volume
fed must be removed and sent to an evaporator prior to go to the
melter.

4.5- NO washing tower

4.5.1. Operation of the N0 x washing tower

20 1 of drinking water solution are used as washing solution in
the N0 x tower. The liquid flow varied during the tests between
300 and 500 l/h with a corresponding pressure drop op 800 to 2000
Pa.

4.5.2. Efficiency for the removal of Cs and Ru

The main operating parameters as well as the DF's values for
Ru and Cs are given in table VI.
The DF and the gas pressure drop increase with the liquid flow
rate. A reasonable DF is obtained when the N0x scrubber operates
near the flooding point of the column (Flooding point L = 600 l/h,
G = 3 m 3/hl).

Table VI N0x washing tower

Date

02/08
10/08
11/08
27/09
29/09
06/10

Gas flow rate
at 40°C

m3/h

3.1
3.1
3.1
3.1
1.7
3.1

Liquid flow
rate

l/h

300
300
350
400
450
500

Pressure
drop

Pa

800
800
1000

1200-1500
1600-1700
1800-2000

Global

Ru

1
1.6
2
1.4
2
3

DF

Cs

1.3
1.2
1.4
1.4
1.8
3.4
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V. Comparaison with the Pamela design DF's

Table VII and table VIII give a comparaison of the results
obtained in RTJPUS with the PAMELA design values. The DP obtained
in the gas purification train RUFUS are lower than the PAMELA
design values.

For Ru,- it appears that the weak points in the purification
systems are the dust scrubber and the condensor. The venturi ejec-
tor shows a better efficiency than expected. The N0 x dust scrub-
ber has a DP which is of the same order of magnitude as the design
value.

Por Cs, it appears that the melter loss is greater than the
design value (16 to 25 # instead of the expected 4 #). The weak
points in the purification system are also the dust scrubber and
the condensor whereas the ejector and the N0 x tower satisfy the
requirements.
Several actions can be undertaken in order to improve the system
DP for Ru and for Cs.

5.1. Reduction of the melter losses

- Long duration tests with a constant covering of the molten glass
with a calcinate layer give generally lower losses for Ru and Cs
due to the lower temperature at the top level of the melt. Ru
release of 15 1> and Cs release of 10 # can be achieved for a top
level temperature of 700°C for example.

- Lower the surface temperature of the melt during idling in order
to minimize the Cesium release mainly. This can be obtained by
applying a. water feed such as is foreseen in the Pamela design.

Table VII : Mean DP's values of the purification units in
RUPUS compared to the PAMELA design values

Melter
Dust scrubber
Condensor
Venturi
N0 x

Ru

Pamela
design

6.7
10
10
20
2.5

During
LEWC feed

12.7
8.8
2
95
1.9

Global
DP

6.1
6.5
2
78
1.8

Aerosols

Pamela
design

25
10
5
20
2.5

Cs

During
LEWC feed

6
2.4
1.5
52
2.1

Global
DP

3.9
2.5
1.5

52
1.6
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Table VIII : Mean DP's values of the purification system RUFUS
compared to the VITRILAB results and to the PAMELA design values

System
DP

Ru

Cs

Mean DP of the wet purification system

Pamela
design

5 10 3

2.5 103

Vitrilab

5.5 10"

6.8 103

Rufus

2 103

400

5-2. Increase of the dust scrubber efficiency

The dust scrubber used was a low pressure drop counter-cur-
rent bed dust scrubber. Test are foreseen to design a new type of
more efficient dust scrubber. The idea is to use a co-current dust
scrubber with impingement plate followed by a counter-current
impingement plate dust scrubber. The two columns would be instal-
led on the same circulating tank.

5.3« Increase of the condensor efficiency

A classical stainless steel tube and shell condensor will be
tested in the future with the hope op a better efficiency due to
more efficient contact between the condensate flow and the gas.

VI. Conclusion

The RUPUS experiments have shown that the vitrilab laborato-
ry results could not directly be extrapolated to semi-pilot size
units. The off-gas line consisting of a dust scrubber, a conden-
sor, an ejector venturi and an N0 x tower is quite effective for
trapping of semi-volatile species of ruthenium and Cesium whereas
some improvements mainly in the dust scrubber should increase the
overall system DP. For the two isotopes tested and in the context
of the LEWC composition, Cesium, with accounts for about 73 % of
the gamma radiation appears to be the reference isotope for the
volatile elements released from the melter. Ru is not a problem on
the point of view of gas purification but can cause local radi-
ation problem due to its trend to deposit on metal and to form
insoluble components.
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PREDICTIONS OF LOCAL, REGIONAL AND GLOBAL RADIATION
DOSES FROM IODINE-129 FOR FOUR DIFFERENT

DISPOSAL METHODS AND AN ALL-NUCLEAR FUTURE

D.M. Wuscbke, J.W. Barnard, P.A. O'Connor and J.R. Johnson*

Atomic Energy of Canada Limited
Environmental and Safety Assessment Branch
Whiteshell Nuclear Research Establishment

Pinawa, Manitoba ROE 1L0 Canada

*Health Sciences Division, Chalk River Nuclear Laboratories
Chalk River, Ontario KOJ 1J0 Canada

Abstract

The radioactive isotope 1 2 9I produced by nuci^ar fission becomes
globally distributed if released to the environment In this report
the consequences of several options for management >., f I 2 9i are dis-
cussed. In the first part of the report, estimates are presented of
radiation doses from the I 2 9I produced in generating 1000 GW(e).a of
nuclear electricity, the total production expected in Canada up to
about 2040. Individual thyroid dose rates from l * 9 I , and accumulated
collective effective dose equivalents to three groups are compared for
four 1 2 9i management strategies. These groups are: local persons
living in the immediate vicinity of a discharge zone from a fuel re-
processing facility or waste disposal vault in the Canadian Shield,
regional persons living in the lower Great Lakes basin, and average
global persons. The four management strategies studied were: atmos-
pheric discharge from a reprocessing facility, ocean dumping, subsea-
bed disposal, and isolation in a deep vault in plutonic rock in the
Canadian Shield. Doses associated with each of these options are
compared with each other and with proposed Canadian regulatory limits.

In the second part of the report estimates are presented of
doses to the same groups from fission-product i z 9 I , if fission sup-
plied all future world energy needs. The two management options con-
sidered were geological disposal in vaults that would each eventually
discharge 1 2 SI at the rate estimated for a disposal vault In the
Canadian Shield, and ocean dumping. Again, doses arising from these
options are compared with each other and with proposed regulatory
limits. The second comparison allows estimates to be made of the time
at which such intensive use of fission could produce unacceptable
levels of l 2 9i in the environment.

I. Introduction

The radioactive isotope 1 2 9I is produced by fission in nuclear
reactors. It has a high fission yield (about 0.0083 Mg 1 2 9I per Mg
material fissioned), and, because of its long half-life (16 million
years) and high mobility in the environment, it becomes globally dis-
tributed if released to the environment.

Three general strategies are potentially available for manage-
ment of fission product 1 2 S I : direct discharge to the environment in

732



18th DOE NUCLEAR AIRBORNE WASTE MANAGEMENT AND AIR CLEANING CONFERENCE

liquid or gaseous effluents from a nuclear fuel reprocessing plant;
geologic disposal in a solid waste form; or elimination from earth by
transmutation or space disposal. In this report the consequences of
several management options in the first two categories are discussed.

In the first part of the report estimates are presented of
radiation doses from the 1 2 9I produced in generating 1000 GW(e).a of
nuclear electricity, the total production expected in Canada up to
about 2040. Individual thyroid dose rates from 1 2 9 I , and accumulated
collective effective dose equivalents to three groups are compared cor
several l 2 3i management strategies. These groups are: local persons
living in the immediate vicinity of a discharge zone from a reprocess-
ing facility or waste disposal vault in the Canadian Shield, regiona,!
persons living in the lower Great Lakes basin, and average global
persons. The four management strategies studied were: atmospheric
discharge from a reprocessing facility, ocean dumping, subseabed dis-
posal, and isolation in a deep vault in plutonic rock in the Canadian
Shield. Doses arising from each of these options are compared with
each other and with proposed Canadian regulatory limits for nuclear
facilities.

In the second part of the report estimates are presented of
doses to the same groups from fission-product l 2 9 I , if fission sup-
plied all future world energy needs. The two management options con-
sidered were geological disposal in vaults that would each eventually
discharge 1 2 9i at the rate estimated for a disposal vault in the Cana-
dian Shield, and ocean dumping. Again, doses arising from these op-
tions are compared with each other and with proposed -egulatory
limits. The second comparison allows estimates to be made of the time
at which such intensive use of fission-based energy could produce
unacceptable levels of l 2 5I in the environment.

Background

Several studies have been made to assess doses to regional and
global populations that might result from direct,releases,of 1 2 9i to
the environment as a gaseous or liquid effluent '^ ^ '* . In ad-
dition, l2*l has been identified as a major contributor to dose to man
in studies to assess potential longrterm-effacts of geological.dis-
posal of high-level nuclear waste1 K M M ' . One of these^ ; was a
study of the Canadian concept of nuclear waste-disposal in a deep
vault in plutonic rock in the Canadian Shield .

Several m o d e l s ( 2 ) < 1 0 ) ( 1 1 ) ( 1 2 ) ( 1 3 ) have been developed to des-
cribe the global transport-of iodine. One of these is a compartment
model developed by Kocher^ '. Keener estimated the amounts of stable
1 2 9 I in nine environmental compartments comprising the global atmo-
sphere, hydrosphere, lithosphere and terrestrial biosphere. Global
transport of I 2 9I was described by time-invariant transfer rates be-
tween compartments.

.Kocher's global model was reviewed and revised by Smith ~nd
White^ '. Both Kocher, and Smith and White noted that the spt '.fie
activities of 1 2 Si in the region cf a discharge might take thou; ..nds
of years to decline to global average values, and that a more derailed
mi 4el of iodine transport on local and regional scales was needed if
estimates were required of maximum individual dose rates, or of col-
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lectlve dose commitments to sub-populations that receive doses above
the global average.

Johnson et al.(14) extended Kocher's revised model(13) to in-
elude fourteen compartments describing local and regional iodine
transport (Figure 1). Since this model was intended primarily for
assessment of the Canadian concept of disposal in a deep vault in
plutonic rock in the Canadian Shield, they used,transport and inven-
tory data for the Canadian Shield/Great Lakes

White and Smith^ ' interfaced several initial dispersion models
with Kocher's revised model for global circulation, and used these
models to estimate local, regional and global doses for several
management modes for I 2 9 I .

Johnson's modelv J is capable of accepting time-varying dis-
charges of 1 2 9I into any of its local, regional or global compart-
ments. In the current study we exploit this capability to study and
compare several management modes for l 2 9 I .

II. Description of Model

Introduction

The model used for this analysis., is the compartment model deve-
loped and described by Johnson et al. ' (Figure 1), except for some
minor revisions in the assumed sources and amounts of stable iodine in
the diet.

LOCAL DISTRIBUTION ' REGIONAL DISTRIBUTION

I
REVISED GLOBAL MODEL OF

FIGURE 1
THE COMPARTMENT MODEL USED TO DESCRIBE 12*I TRANSPORT

IN THE ENVIRONMENT
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The Local System

A conceptual drawing of the local system appears in Figure 2.
The critical group in the local system, that is those persons who
would receive the highest dose because of their proximity to the dis-
charge, were considered to be residents of a 1000-ha farm adjacent to
a disposal or reprocessing facility. These people would eat food
grown on the farm and drink water from a well drilled into the local
saturated soil zone. However, they would supplement their local diet
with freshwater fish from regional surface water, and with ocean fish.

If the facility is a disposal vault in plutonic rock, as depic-
ted in Figure 2, vault discharge could enter the saturated zone soil
water, the unsaturated zone soil water or surface water. It is
assumed that iodine discharged to surface water would flow directly to
the upper Great Lakes without entering the local biosphere. Iodine
entering the soil compartments would be exchanged between these com-
partments as a result of percolation, capillary action and seasonal
changes in the water table. Transfer to local biota would be via soil
water in the unsaturated soil zone. The model takes into account
transfer of iodine from biota to the atmosphere via decay of organic
material and forest fires. This vapourized iodine is assumed to be
transported directly to upper Great Lakes water, since the airborne
transport and precipitation are so rapid that the iodine is returned
to the upper Lakes watershed before it can contribute significantly to
iodine concentrations in the local environment. Reversible sedimenta-
tiou in the upper Lakes has been included.

Unsaturated zone soil

Local surface water

V O O VAULT

Saturated zone soil

NOT TO SCALE

FIGURE 2
SCHEMATIC OF ENVIRONMENT OF LOCAL REFERENCE INDIVIDUAL

The Regional System

The regional system is the lower Great Lakes basin, downstream
of the local system and encompassing the major commercial and indus-
trial centres of southwestern Ontario and portions of upstate New York
and Ohio. It was assumed that residents oi the region would eat main-
ly food gathered from this region, but would supplement their diet
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with ocean fish. Drinking water would be supplied from the lower
Great Lakes.

The compartments in the regional model are similar to those in
the local model. However, a regional air compartment that exchanges
iodine with the lower Lakes, unsaturated zone soil water, biota and
ocean air has been added.

The Global System

The compartment network used for modelling global iodine trans-
port is-essentially Kocher's scheme , as modified by Smith and
White -. The only change has been the explicit addition of a sur-
face water compartment .

Fractional Transfer Rate Constants

The model assumes that the efflux from each compartment is
proportional to its inventory, and that influxes are proportional to
inventories in neighbouring donor compartments. This results in a set
of linear first-order differential equations relating inventories to
their time rate of change^ • Any program for solving systems of
linear differential equations may be uaed to solve for compartment
inventories as a function of time. We have used the AECL program

The fractional transfer coefficients for the local and regional
systems are given in Tables 1 and 2, respectively, and are based on
data.for ecosystems of the upper Great Lakes and Hudson's Bay water-
shedC ;.

TABLE 1. FRACTIONAL TRANSFER COEFFICIENTS (a"1) FOR TRANSFER

OF IODINE FROM THE COMPARTMENTS DESCRIBING THE LOCAL SYSTEM

Pathway Value

Sediments to Upper Lake 6.8(-6)

Upper Lake to Sediments 7.3(-5)
Atmosphere to Unsaturated Zone 0.0
Biota to Atmosphere l.O(-l)
Surface Water to Upper Lake 3.7(2)
Upper Lake to Regional 5.5(-3)
Unsaturated Zone to Biota 2.5(1)
Soil Solids to Unsaturated Zone 1.0(-3)
Unsaturated Zone to Soil Solids 3.0(1)
Biota to Soil Solids 9,2(-l)
Saturated Zone to Surface Water 1.2(-1)
Saturated Zone to Unsaturated Zone 3.1(-2)
Unsaturated Zone to Saturated Zone 5.5(-l)
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TABLE 2.
IODINE

FRACTIONAL TRANSFER
FROM THE COMPARTMENTS

Pathway

COEFFICIENTS
DESCRIBING

(a
THE

) FOR TRANSFER
REGIONAL SYSTEM

Value

OF

Regional Air to Global Air 1-2(2)
Atmosphere to Unsaturated Zone 1.5(1)
Biota to Atmosphere l.O(-l)
Surface Water to Atmosphere 2.0(-3)
Atmosphere to Surface Water 2.1(1)
Surface Water to Mixed Ocean 8.1(-2)
Surface Water to Unsaturated Zone 3.5(-3)
Unsaturated Zone to Biota 8.2(0)
Soil Solids to Unsaturated Zone 1.0(-3)
Unsaturated Zone to Soil Solids 1.0(1)
Biota to Soil Solids 9.2(-l)
Saturated Zone to Surface Water 2.0(0)
Saturated Zone to Unsaturated Zone 2.5(-l)
Unsaturated Zone to Saturated Zone 4.0(1)
Sediments to Surface Water 2.5(-5)
Surface Water to Sediments 2.7(-4)

TABLE 3. FRACTIONAL TRANSFER COEFFICIENTS (a"1) FOR TRANSFER
OF IODINE FROM THE COMPARTMENTS DESCRIBING TEE GLOBAL SYSTEM

Pathway Value

Land Air to Ocean Air 3.5(0)
Land Air to Soil Water 1.8(1)
Biota to Land Air 5.2(-3)
Surface Water to Mixed Ocean 1.0(5)
Soil Water to Surface Water 2.1(0)
Soil Water to Biota 1.4(-1)
Soil Solids to Soil Water 1.0(-3)
Soil Water to Soil Solids 1.6(1)
Biota to Soil Solids 4.7(-2)
Ocean Sediments to Ocean Rock 2.0(-8)
Ocean Air to Land Air 1.4(0)
Ocean Air to Mixed Ocean 2.3(1)
Mixed Ocean to Ocean Air 1.5(-3)
Shallow Aquifer to Mixed Ocean 1.0(-3)
Deep Aquifer to Mixed Ocean 7.0(-5)
Mixed Ocean to Deep Ocean 5.3(-2)
Deep Ocean to Mixed Ocean 8.9(-4)
Ocean Sediments to Deep Ocean 2.0(-6)
Deep Ocean to Ocean Sediments 2.2(-5)
Soil Water to Shallow Aquifer 4.2(-l)
Soil Water to Deep Aquifer 8.2(-3)
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The values for the transfer coefficients for the global system
are given in Table 3. Except for the following minor adjustments the
values have been taken from Smith and White's modified model
Since the surface water compartment flushes soil-water iodine rapidly
to the mixed ocean this transfer coefficient was given a relatively
high value of 10 a . Also, the transfer rate to ocean rock was re-
calculated using the ocean surface area rather than the land area to
estimate ocean rock inventories.

Dose Calculation

In order to calculate dose with this model, intake rates of ..\
stable iodine were estimated for components of man's diet..-Kocher^
estimated intake rates based on the diet of reference man and
globally,averaged stable iodine concentrations. Rowsell and
McKee's data on concentrations of stable iodine in the Canadian
Shield were used to estimate iodine intake rates for man in the local
and regional systems. The intake and sources of dietary iodine are
listed in Table 4.

TABLE SOURCES AND INTAKE RATES OF DIETARY IODINE FOR REFERENCE
MAN1 AND THEIR RELATIONSHIP TO THE COMPARTMENTS OF THE MODEL

Dietary Source Annual Intake
(g) Local

Compartment
Regional Global

Inhalation and 8.0 x 10
Foliar Deposition

Freshwater Fish 9.2 x 10

-4

*0cean Fish

-4

6.1 x 10-3

Vegetables, Cow's 4.3 x 10
Milk and Beef

Fluid, except milk 5.6 x 10

-2

-4

Global Air

Lower
Lakes

Ocean
Layer

Lo c a 1

Great

Mixed

Biota

Local Satu-
rated Zone
Soil Water

Regional
Air

Lower Great
Lakes

Ocean Mixed
Layer

Regional
Biota

Regional
Surface
Water

Global
Air

Global
Surface
Water

Ocean
Mixed
Layer

Global
Biota

Global
Surface
Water

Calculated ffQiP data supplied by Rowsell and McKee , except for
*, from Kocher1 '.

To estimate dose to the thyroid the average specific activity of
the intake was calculated. It was assumed that the specific activity
of 1 2 9i in the thyroid would be the same as the average specific
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activity of ingested l 2 9 I . The thyroid dose would then be propor-
tional to the specific activity of dietary iodine. The proportiona-
lity constant is given by :

Dose rate (Sv.a"1) = 2.1 x 102 SA>

where S. is the average specific activity of 1 2 9I in the diet in GBq
per gram of total iodine.

Q

Thyroid dose as a function of time was calculated to 10 a- To
assess total radiological detriment to global and regional popula-
tions, r.he effective dose equivalent was calculated by multiplying the
thyroid dose by the weighting factor 0.03^ '. This was multiplied by
the population and integrated over time to obtain the accumulated
collective effective doses to the global and regional populations.

III. Comparison of Doses from l2iI for
Four Management Options

Introduction

Analyses were carried out to estimate individual thyroid dose
rates from 1 2 9 I , and accumulated collective effective dose equivalents
for each of four management strategies for l 2 9 I : atmospheric dis-
charge from a reprocessing facility, ocean dumping, subseabed dispo-
sal, and isolation in a deep vault in plutonic rock in the Canadian
Shield. Only the last of these management options is baing considered
by Canada.

, For each option, the analysis was based on 7.81 Mg (5.04 x
10 GBq) of 1 2 9 I , corresponding approximately to the production of 1000
GW(e).a of nuclear electricity. This is about 150 times the amount of
nuclear electricity produced in Canada in 1983. It was assumed that
this amount of 1 2 9i would be either released as an effluent at a con-
stant rate over 20 years (i.e. 0.39 Mg. a l 2 9 I ) , or emplaced all at
once in a single disposal facility in subseabed sediments or in pluto-
nic rock in the Canadian Shield.

Rates of Discharge of I 2 9i to the Environment

For the first option, atmospheric discharge from a reprocessing
facility, a constant release into the local.atmosphere from a 100-m
stack was assumed. A Gaussian plume model and data from a site in
the Canadian Shield were used to estimate local doses at the boundary
of a 1-km exclusion zone during this releasej since the compartment
model is not sufficiently detailed for this calculation. The compart-
ment model was used to estimate local doses after the release was
over, and regional and global doses.

For ocean dumping, discharge of 1 2 9I at a constant rate over 20
years into the mixed ocean compartment was assumed.

For the two geological disposal options,' subseabed disposal and
isolation in a vault in plutonic rock, releases.to the environment
wera calculated by the computer code SYVAC^ ' ̂ , developed to assess
the Canadian concept of nuclear waste disposal. The release function
for subseabed disposal is for separated l*9l immobilized in a waste
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form with release characteristics similar to borosilicate glass, and
buried 30 m deep in subseabed sediments. It was assumed that the mean
time for container failure would be 500 years, and that the waste form
would dissolve over 1000 years, releasing its 1 2 9 I , which would be
transported through the sediments to the deep ocean compartment. The
release rate to the deep ocean calculated by SYVAC is shown in Figure
3.
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Release of ' J 9I from a deep disposal vault in plutonic rock
would result from the action of groundwater which would corrode the
containers of used fuel, leach the waste and transport it to the sur-
face, where it could be released to surface water, or to saturated or
unsaturated zone soil. The highest doses are predicted if release is
to the unsaturated zone soil water compartment , and release to
this compartment was assumed for this analysis. The rate of discharge
to this compartment was calculated by SYVAC for used CANDU* fuel
buried lOOO'm deep in plutonic rock in the Canadian Shield. It was
assumed that the mean time for container failure would be 2.0x10
years, and that only 1 2 9I that migrated to the fuel-sheath gaps while
the fuel was in the reactor (about 1% of the total vault inventory)

* Canada's natural-uranium-fuelled, heavy-water-moderated and cooled
reactor. (CANada Jteuterium IJranium)
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would be released immediately following container failure. The re-
mainder of the »*»I is assumed to be released by congruent dissolution
of the uranium dioxide fuel matrix- This release rate is predicted to
be extremely slow, about 10
cay before release.

so that most of this would de-

Consequently, for used fuel in plutonic rock only about i% of
the total I 2 S I inventory, the fraction initially in the fuel-sheath
gaps, would discharge to man's environment whereas, for subseabed dis-
posal of » 2 9 I in an immobilized waste form, the entire inventory would
discharge to the deep ocean. The predicted discharge rates to the
local biosphere are shown in Figure 3.

Results

Calculated individual dose rates to the adult human thyroid for
each of these options are compared in Figure 4. For the two land-
based options, atmospheric discharge from a reprocessing facility, and
disposal in plutonic rock in the Canadian Shield, "local" doses would
be much higher than "regional" or "global" doses during the discharge,
but, later, when most of the I 2 9 I would have entered global circula-
tion, these doses would become similar. For the ocean dumping and
subseabed disposal options, members of local and regional groups
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living in the Canadian Shield would receive doses only from 12»I in
global circulation. Hence, doses to members of these groups would be
the same as those to average "global" persons, and the "global" doses
illustrated for these options in Figure 4 apply also to members of the
local and regional groups in the Canadian Shield.

In Figure 4, a line at 0.5 mSv represents 1% of the proposed
Canadian regulatory limit for thyroid dose rates to members of the
public from present-day nuclear facilities. This limit is based on
recommendations of the International Commission on Radiological
Protection • The only dose predicted to exceed 1% of this limit is
the local dose due to atmospheric discharge from a reprocessing faci-
lity. This dose is three orders of magnitude higher than the esti-
mated "local" dose from discharge from a disposal vault in plutonic
rock, and many orders of magnitude higher than estimated doses from
either ocean dumping or disposal in subseabed sediments.
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Calculated accumulated collective effective doses to an assumed
constant global population of ten billion are illustrated in Figure 5
for each of the four options. For atmospheric discharge from a re-
processing facility and disposal in plutonic rock in the Canadian
Shield, collective doses are also shown for the regional population,
assumed to be constant at ten million. Until about 5 000 and 38 000
years, for atmospheric discharge and disposal in plutonic rock, res-
pectively, most of the collective dose would be to the regional popu-
lation.

Calculated accumulated collective doses to the global population
from atmospheric discharge and ocean dumping are almost identical at
all times. For subseabed disposal the accumulated collective effec-
tive dose would be zero for about 4 000 years, until release of 1 2 9i
from the ocean sediments begins, but would then approach the values
for the other two options. The collective dose for disposal in plu-
tonic rock would be zero until about 20 000 years, when its discharge
begins. Since, for this option, it is estimated that nearly 99% of
the 1 2 9i would decay before reaching man's environment, the accumu-
lated collective effective dose at 10 years is about two orders of
magnitude lower than for the other options.

The accumulated collective effective dose from natural back-
ground to a constant population of ten billion is also illustrated in
Figure,5, assuming a constant average individual dose rate of 2
mSv.a . For all management options, the accumulated collective dose
equivalent from l 2 9i is at least six orders of magnitude lower.

Discussion

There are many uncertainties in this analysis. The validity of
all the calculations depends on how well the mathematical models re-
present the real system. Also ther^ is wide variability in the values
of system parameters for both the natural environment and engineered
systems, and the results of the analysis are highly dependent on the
values selected for some of those parameters. In interpreting or
applying these results, both the applicability of the mathematical
models and the parameter values used should be reviewed, and their
suitability assessed. Some factors that could have a major influence
on the results are discussed in the following paragraphs.

Doses from atmospheric discharge of 1 2 9I from a reprocessing
facility depend on the annual throughput of the facility; local
weather, topology and agricultural practices; and the stack height and
site of the exclusion zone of the facility. They also depend on the
degree of control of plant effluents; for this analysis it was assumed
that there was no control of effluents.

Doses from ocean dumping and subseabed disposal depend on the
diet of the individuals receiving the dose, and on the degree of dis-
persion of the 1 2 9i before incorporation in man's food chains. For
these analyses it was assumed that the 1 2 9i would be globally dis-
persed throughout the mixed ocean or deep ocean compartments, for
dumping and subseabed disposal, respectively, before entering man's
food chains. These may not be valid assumptions, especially for ocean
dumping.
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For subseabed disposal, an additional uncertainty is in the rate
of release of X 2 9I from the sediments into the deep ocean. This de-
pends on many factors, including depth of burial, container failure
rate, leach rate of the waste, and properties of the sediments. How-
ever, provided all the 1 2 9i is released from the sedimenis to the deep
ocean compartment before significant irreversible removal of 1 2 9i by
radioactive decay or incorporation in ocean rock, the shape of the re-
lease function has little influence on tiie magnitude of the maximum
dose, although it does affect the time at. which this dose would be
received.

For a disposal vault in plutonic ro:k, there is even more un-
certainty in the release rate of 1 2 9 I . Furthermore, for this option,
the predicted dose is highly dependent on the shape of the release
function; maximum dose depends on the maximum value or the release
function, as well as the total amount of 1 2 9I released from the vault
before decaying. Because the assumed waste form is intact, used CANDU
fuel, it is predicted that only about 1% of its 1 2 9i inventory would
be released before decaying, but that this fraction would all be re-
leased immediately upon container failure. Doses could be about 100
times higher if the entire inventory of '*'I were released over a
short time; they could be many orders of magnitude lower if the 1 2 9I
inventory were incorporated in a waste form from which release of 1 2 9i
was entirely by very slow congruent dissolution.

Conclusions

In spite of the uncertainties discussed in the preceding
section, the following conclusions are drawn:

1. Uncontrolled atmospheric discharge of 1 2 9I from a reprocessing
facility with the throughput assumed in this analysis is unlikely
to be acceptable. However, a considerable reduction from the in-
dividual dose levels estimated here could be achieved by facility
design and careful site selection.

2. Doses resulting from ocean dumping of l 2 9l would be low if global
dispersion throughout the mixed ocean before incorporation in man's
food chains could be assured. I.owever, it is unlikely that such
assurance would be established; furthermore, the London and Barce-
lona conventions presently prohibit dumping of nuclear fuel waste
in the oceans. Therefore, this might not be an allowed option.

3. Subseabed disposal is likely to produce the lowest individual doses
of any of the management options studied. However the technical
and engineering feasibility of this option have not yet been demon-
strated. Until an international regulatory mechanism is in effect,
the subseabed disposal option will likely b<2 unacceptable.

4. In spite of large differences in maximum individual doses for the
above three options, accumulated collective effective dose equiva-
lents to the world population are likely to be similar.

5. Disposal in a deep underground vault in plutonic rock will probably
reduce individual doses from l 2 Si to acceptable levels, and may
also provide a substantially lower accumulated collective dose than
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the other options. This option is considered technically feasible,
and is not prohibited by Canadian legislation or international
agreement. This is the option being studied by Canada, as well as
by several other countries, for disposal of nuclear fuel waste.
This ongoing research should substantially reduce the uncertainties
presently associated with the dose calculations for this option.

IV. Potential Dose from 1 2 9I if Fission Supplied
All Futuie Energy Heeds

Introduction

Further calculations were carried out to estimate potential
doses to members of local, regional and global groups (as defined in
Section I) from 1 2 9I produced by nuclear fission, if fission supplied
all future world energy needs.

Rate of Production of " 8 I

In order to estimate the maximum rate at which 1 2 9I might be
produced, and the resulting maximum dose rates to'future populations,
the following assumptions were made:

(1) Predicted future energy needs will be met entirely by fission, in
Canada and globally. Currently, the world uses about 0.2 Q of
energy per year (Q=1.06 x 10 kJ), and it has been estimated that
world energy production must rise to between 3 and 10 Q per year
to provide a North American standard of^living for a predicted
stable world population of ten billion^

The maximum predicted rate of 10 Q per year for global energy use
wasassumed for this analysis, with one-twentieth of this (0.5
Q.a ) assumed to be used in Canada. It has been estimated that
there is enough uranium andgthoriura.in the earth's crust to sus-
tain this rate for about 10 years' . These energy consumption
rates correspond to annual global and Canadian productions of
about 830 and 42 Mg 1 2 9 I , respectively. Note that the production
rate of l 2 9i is essentially independent of nuclear fuel cycles,
since fission^Yields for 1 2 9I from all -important fissile nuclides
are similar^ . The production rate of l 2 9l therefore depends
only on the rate of energy use.

(2) Radioactive decay will be the only process removing l 2 9I from
planet; there will be no removal by other processes such as trans
mutation or space disposal.

Rate of Entry of »J9I into Local, Regional and Global Environments

To predict the rate of entry of l 2 9I produced by fission into
the local, regional and global environments defined in Section II, it
was assumed that disposal of 1 2 9I will be carried out at a rate cor-
responding to its rate of production.

Two disposal options were considered: geological disposal and
ocean dumping of high-level waste. For geological disposal, the form
of the waste was assumed to be either intact used fuel bundles or a
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waste form resulting from reprocessing, with release characteristics
similar to that for CANDU fuel bundles of current design.

For geological disposal, it., was assumed that one-half of the
1 * 81 produced in Canada, 21 Mg.a" X 2 ' l , would be isolated in vaults
in the Canadian Shield, and that each of these vaults would eventually
discharge 1 2 9i to the local biosphere at the rate shown in Figure 3,
curve (c), but delayed by a time corresponding to the tiike of produc-
tion and disposal of the waste. Discharges from these vaults would
enter the Great Lakes Basin via a local discharge zone in the Canadian
Shield, and would be carried to global oceans and the atmosphere. It
was assumed that the remaining one-half of the 1 2 9i produced in
Canada, and all that produced in the rest of the world would enter the
global environment at the same rate as the portion discharged from the
vaults in the Canadian Shield, but without passing through the
Canadian Shield or Great Lakes Basin.

It was assumed that only one vault, containing 7.8 Mg of l 2 9 I ,
equivalent to about 0.09 Q of energy production, would contribute
directly to "local" doses, and that only vaults in the Canadian Shield
would contribute directly to "regional" doses. However, all the 1 2 9I
released globally would eventually enter global circulation, and con-
tribute to both local and regional doses.

For the ocean dumping option, it was assumed that all »23I pro-
duced globally (830 Mg.a l 2 9I) would be dumped into the mixed ocean

dumping option,
Mg.a l 2 9I) wo;

compartment, in a soluble form, as soon as it was produced.

Results

Calculated individual dose rates to the human thyroid vs. time
are illustrated in Figure 6 for the scenarios described above. Curve
(a) shows individual thyroid dose rates from ocean dumping of all the
l 2 9I produced globally. As discussed in Section III, calculated
"local", "regional" and "global" doses from this option would be iden-
tical.

Curves (b), (c) and (d) show "local", "regional" and "global"
dose rates for geological disposal in plutonic rock. The local dose
transient illustrated in curve (b) applies to the first vault dis-
charging in the Canadian Shield; local doses from other disposal
vaults would be similar, but delayed. For this disposal scenario, the
"local" dose rate would initially be identical to that shown in Figure
4, curve (f), since it is based on the same amount of 1 2 S I , and the
only contributor to dose at first would be a single "local" vault.
However, discharges of 1 Z 9I from other regional and global vaults
would produce steadily increasing amounts of l 2 9i in global circula-
tion, and after about 10 years, this globally circulating »*9I would
be the major contributor to local dose. Similarly, "global" *2»l
would eventually become the major contributor to regional dose.
Local, regional and global doses would then approach the same value.

After about 10 years the rate of increase of all doses begins
to fall off, due to removal to ocean sediments and irreversible in-
corporation in ocean rock. And after 10 years, the total »29I in-
ventory will have been reduced significantly by radioactive decay.
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Nevertheless, at 10 years the amount of »2»I in global circulation,
and the resulting doses, would still be increasing. As discussed in
Section III, only about 1% of the initial inventory of l2'l would be
released before decaying, so doses from this option remain about two
orders of magnitude lower than for ocean dumping.

In Figure 6, a line at 0.5 mSv represents 1% of the proposed
Canadian regulatory limit for thyroid dose from existing nuclear
facilities- In spite of the tremendous rate of production of fission
energy assumed, and the correspondingly high rate of production of
1 2 9 I , the predicted local, regional and globalgdoses from disposal in
plutonic rock are still below this level at 10 years, and doses from
ocean dumping of 1 2 9I do not exceed it until 10 years.
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Figure 7 shows calculated accumulated collective effective doses
that would result from ocean dumping or disposal in plutonic rock of
i 2 SI equivalent to energy production of 10 Q.a . Stable future popu-
lations are assumed, comprising ten billion and ten million, respec-
tively, for global and regional populations. As for individual dose
rates, and for the same reason, the collective dose commitment from
disposal in plutonic rock is about two orders of magnitude lower than
that from ocean dumping.

The accumulated collective effective dose from natural back-
ground is also illustrated in Figure 7. This was calculated assuming
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that the present average individual background dose rate of 2 mSv.a
is maintained. The global collective dose remains below this level
for 10 years for disposal in plutonic rock, and does not exceed it
until about three million years for ocean dumping.
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Discussion

The uncertainties discussed in Section III also apply to this
analysis, and there is the additional uncertainty of predicting future
production of energy from fission. The assumption made that all
future energy will be supplied by fission is obviously completely un-
realistic, but should represent an upper limit for future production
of l i s I .

Conclusions

In spite of the uncertainties in this analysis, the following
conclusions are drawn:
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1. E"jen with global use of 10 Q of fission energy annually, the
highest dose rates would likely be to local individuals in the
vicinity of a discharge from either a reprocessing facility or
disposal vault. Adequate control of these local doses should
ensure that regional and global doses would also be acceptably
low.

2. If fission were the only source of future energy and, if disposal
were by ocean dumping or in vaults in plutonic rock, world energy
requirements could be met for hundreds of thousands of years be-
fore thyroid doses from 12'l would exceed 1% of current Canadian
regulatory limits for nuclear facilities. The performance of
other geologic disposal options is likely to be similar.
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CLOSING REMARKS OP SESSION CHAIRMAN PHILIPPONE:

I guess it is i.y job to summarize Session 10. The first paper
given was 'Immobilization of °5Krypton in a Metallic Matrix by Combined
Ion Implantation and Sputtering". In this paper we heard some of the
very good work that is being carried out in the United Kingdom on
this particular technique. Actually.* they have conducted a very
thorough program of comprehensively testing this particular method of
capturing, retaining and storing krypton. This includes running cor-
rosion as well as radiation tests on this particular material.

The second paper was on 'Off-Gas Treatment and Characterization
for a Radioactive in situ Vitrification Test". This was describing
some of the work that was being done at the Pacific Northwest Labor-
atory concerning the In situ treatment of some of the soils there.
The method may be of use in the Richland Washington Area to take care
of some of the liquid drain sites in that particular location. The
method would be one of the methods considered in the Environmental
Impact Statements presently being written.

A paper entitled "The Behavior of Ruthenium, Cesium and Antimony
During Simulated HLLW Vitrification" described the work done at Mol,
Belgium. This particular paper talks about some of the work in trying
to recover cesium, antimony and ruthenium. This particular paper
brought out the fact that the process did not scale up well. The
results were much closer on the laboratory scale than they were in a
pilot scale demonstration. It was a very frank paper describing the
actual work that was carried out at Mol.

The last paper "Predicitions of Local, Regional, and Global
Radiation Doses from Iodine-129 for Pour Different Disposal Methods and
and All-Nuclear Future" looked at this from what would happen locally,
as well as regionally and globally. The conclusion was that even if we
went to an all nuclear future we were well protected and, actually,
that old statement that we should only fear fear itself was really
reflected in this paper because there was nothing presented which stated
that there was a problem as far as iodine-129 retention was concerned.
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OPENING REMARKS OP PANEL MODERATOR:

Allen Croff, Oak Ridge National Laboratory, Chairman, replacing
Robert Jubin. This panel session is entitled "Best Available and Most
Readily Available Technology for Off-Gas Treatment and Gaseous Waste
Retention".

The panel members are: Mr. Groenier from Oak Ridge National
Laboratory, Mr. Naruki from the Tokai Works in Japan, Mr. Hebel from
the Commission of European Communities, and Mr. Henrich from Karls-
ruhe. The purpose of this panel is to discuss two things. First,
the available technology for offgas treatment in its most general
sense, that is, what processes are available for the retention and
recovery of radionuclides. and their relative merits and demerits.
Second, how the individual processes may be put together to consti-
tute a complete offgas treatment system for a reprocessing plant.
The approach we will follow is for each panel member to give a brief
presentation of his views and then to open the session for general
discussion.
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Consolidated Fuel Reprocessing Program

SUMMARY OF UNITED STATES ACTIVITIES IN
COMMERCIAL NUCLEAR AIRBORNE WASTE MANAGEMENT*

W. S. Groenier, Fuel Recycle Division i [ )cAl
Oak Ridge National Laboratory , ̂  1
Oak Ridge, Tennessee 37831

ABSTRACT

Most of the U.S. nuclear air cleaning technology development, in
recent years has addressed advanced retention concepts in response to
environmental concerns. In particular, efforts have centered in the
fuel reprocessing portion of the nuclear fuel cycle. Although
generally well developed on a cold engineering scale, the individual
retention steps for hydrogen-3 (3H), carbon-14 (I4C), krypton-85
(85Kr), and iodine-129 (129I) must yet be demonstrated in an active
integrated facility. Fixation and disposal technologies for retained
airborne constituents are generally less well developed.

I. Basis for United States (U.S.) Activities Conducted
in the Past Five to Ten Years

New technology development has proceeded in response to
environmental concerns which have (1) led to new or revised
governmental policies and regulations for certain gaseous releases
from commercial nuclear facilities, or (2) brought about increased
pressures to attain "as low as reasonably achievable" releases. TUe
principal airborne wastes of concern are tritium, lkC, 85Kr, 1 2 9 I ,
radon-222 (222Rn), and radioactive particulates. Recovery of 85Kr,
1 2 9I, and particulates, as well as nitrogen oxides, is mandated by
current regulations.

Recognizing that licensed facilities exist for airborne waste
retention in the front end of the nuclear fuel cycle, recent efforts
have addressed retention for fuel reprocessing plants, although much
of the technology can also be applied to other portions of the fuel
cycle where future regulatory changes may dictate increased retention.

New retention technology development has been directed toward
meeting both existing and anticipated regulations, but deployment is
necessarily dependent upon the needs of the fuel cycle and cost
effectiveness.

^Research sponsored by the Office of Spent Fuel Management and
Reprocessing Systems, U.S. Department of Energy, under Contract No.
DE-AC05-84OR21400 with Martin Marietta Energy Systems, Inc.
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Fixation and disposal of retained airborne radionuclides are
necessary waste management steps and new technology development has
also occurred in these areas, but to a lesser extent, since general
agreement on disposal concepts and criteria is presently lacking.

II. General Status of Technology

First-generation retention steps are generally well developed
since processes for the retention of iodine and particulates have been
used for decades in the Department of Energy nuclear materials
production plants. Advanced retention steps for iodine, noble gases,
tritium, and llfC have been extensively developed separately through
the cold pilot-plant stage. The design and demonstration of a hot
integrated flowsheet that treats typical airborne waste streams to the
extent necessary to meet applicable retention regulations remains to
be done.

Fixation processes for retained airborne species are generally
less well developed, but concepts exist for most cases that have been
verified by limited cold laboratory-scale operations.

Interim storage and transportation of solidified airborne wastes
will probably not require new development since these wastes would be
similar to low-level wastes currently produced at reactors; however,
safety and accident analyses would be required for new waste forms.

Waste disposal concepts are the least well developed aspect of
airborne waste management technology. The lack of repository criteria
and of agreement as to which wastes will require a geologic repository
and which can be emplaced in shallow-land burial grounds can have
serious repercussions on future retention and fixation process
deployment.

III. Justification for Centering Airborne Waste Retention
Efforts in the Fuel Reprocessing Portion

of the Nuclear Fuel Cycle

Tritium

It is estimated that 94% of the tritium release from a
commercial nuclear fuel cycle would originate from fuel reprocessing
plants [for light water reactors (LWRs)]. Releases by this pathwajr
from breeder fuel reprocessing plants would be somewhat less, though
still significant.

Carbon-14

In the LWR fuel cycle, although 33% of lkC releases would occur
at the reactors, a 90% control of 1^C at the reprocessing plants would
provide ^60% control for the total fuel cycle.
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Krypton-85

Fully 99.9% of krypton releases would occur from reprocessing
plants in the LWR fuel cycle and this figure would not change
appreciably for the breeder fuel cycle.

Iodine-129

Virtually all of the iodine release would occur from
reprocessing plants for either LWR or breeder fuel cycles.

For high temperature gas-cooled reactors (HTGRs), the
reprocessing portion of the fuel cycle is also the major source of
radioactive gaseous releases in the absence of control systems.
In addition, radon control is of greater importance for this case,
which involves the thorium fuel cycle.

IV. Status and Availability of Newly Developed Technology

Tritium

The voloxidation process has been developed through the cold
engineering scale for application to metal oxide breeder fuels. It
recovers tritium as HTO vapor from a rotary kiln oxidative heat
treatment that converts UO2 to U3O8. The off-gas is dried on
molecular sieves which are regenerated to yield tritiated water.
Fixation as cement is the preferred concept. In the case of
sodium-cooled, stainless-steel-clad (breeder) fuels, only ^10% of
the tritium would be present at the time of reprocessing, the rest
having diffused through the cladding within the reactor. For
Zircaloy-clad (LWR) fuels, much of the tritium may be chemically
bound to the cladding. Voloxidation is believed to be effective only
for tritium within the fuel matrix. No further development of the
process is planned at this time.

In conventional aqueous processing of spent fuels, ^93% of the
tritium goes into the liquid dissolver product stream and reports to
the high-level liquid waste from the first cycle of solvent
extraction. One concept for recovery is to couple an isotopic
enrichment process to this liquid waste stream. Other than
preliminary feasibility studies, no effort has been expended to
develop this concept.

Carbon-14

Caustic scrubbing has been proposed for recovery of 1kC as
sodium carbonate as this is a common industrial process. Fixation
would entail reaction with calcium hydroxide to form the insoluble
calcium carbonate for incorporation in cement. No nuclear
applications have been demonstrated and no efforts are currently
active.

Molecular sieve adsorption of CO2 from an off-gas stream, from
which NO and water vapor have been removed, has been proposed as a
means for concentrating 14C prior to treatment in a caustic scrubber
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(as described above). This extra step has the advantage of allowing
smaller scrubber units to be used, although the volumes of solidified
waste are unchanged. No efforts are currently active.

Fluorocarbon absorption (described below) will quantitatively
remove CO2 along with the noble gases. The process has been
demonstrated on a cold engineering scale. Recovery of C0z on
molecular sieves (as indicated above) has been proposed followed by
caustic scrubbing or direct solid-gas reaction with barium hydroxide
octahydrate (as described below). The fixation steps have not been
demonstrated in conjunction with fluorocarbon absorption, and no
current efforts exist.

Direct recovery and immobilization of CO2 on barium hydroxide
octahydrate has been demonstrated in cold engineering-scale equipment.
The process has the advantages of directly providing a solid waste
form that is thermally and chemically stable and of eliminating any
liquid-solid separation steps. It must yet be demonstrated with a
typical dissolver off-gas composition.

Krypton-85

Cryogenic distillation in liquid nitrogen or oxygen has been
used commercially for many years to recover rare gases and has been
also used in nuclear facilities to a limited extent. Cold
engineering-scale operations have been studied in most nuclear-active
free world countries, and a small active system has operated for
several years at the Idaho Chemical Processing Plant. Pretreatment of
a dissolver off-gas is necessary to remove water vapor, NO , and C02.
More importantly, the removal of oxygen is apparently necessary (when
using liquid nitrogen) to prevent the formation of ozone by
radiolysis. Catalytic reaction with hydrogen has been proposed. When
using liquid oxygen, other steps must be taken to minimize the
accumulation of ozone. Other impurities in the feed gas can be
concentrated to an undesirable extent; for example, methane has been
noted to accumulate to levels which could lead to safety problems.
Operational problems also exist. Systems operated to maximize krypton
retention have been sometimes plagued with xenon freezeout problems.
These have been solved with a variety of methods including temperature
cycling, operation at a higher pressure, altering the feed point
location, and removal of xenon in advance on silica gel. In spite
of the various concerns with regard to operability and safety, the
technology exists to design full-scale facilities. Hot operation
at a significant scale remains to be demonstrated. Separation of
xenon and krypton in the product stream and fixation of krypton are
addressed below. These steps have not been demonstrated to date on a
significant scale.

The fluorocarbon absorption process has been developed through
the cold engineering scale using the solvent CC12F2 to selectively
absorb the noble gases and CO2 which are recovered by stripping. The
process will also remove traces of I2, CH3I, NO , and water, although
these are not stripped from the solvent but must be removed by
distillation or with solid sorbents. The product is a concentrated
stream containing the noble gases, C02, and CCI2F2 which is further
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processed using molecular sieves for CCI2F2 and CO2 removal, and a
selective desublimation step for xenon-krypton separation. The
krypton can be stored in pressurized cylinders or fixed as a solid
using ion implantation or zeolite encapsulation techniques. These
fixation steps have not yet been demonstrated at full scale.
Development of the ion implantation technique has continued at the
Battelle-Pacific Northwest Laboratory.

Iodine-129

The mercurex process uses a mixture of Hg(NO3)2 and HNO3 in
aqueous solution to scrub iodine species from the off-gas and convert
them to iodates and mercury complexes. Development has been completed
through the cold engineering scale and units were designed and tested
for the Barnwell Nuclear Fuel Processing Plant. A mercurex system is
also installed at Dounreay. Suitable methods for removing the iodate
as a solid and recycling the mercury remain to be developed. An
appropriate form for disposal has not been identified, but conversion
to barium iodate appears feasible.

The Iodox process uses hyperazeotropic nitric acid to scrub
iodine species from the off-gas and form iodates. A separate source
of hyperazeotropic acid is recommended as in-plant systems for
production from dilute acid [via an extractive distillation process
using Mg(NC>3)2] are complicated by operational and maintenance
problems owing to high corrosion rates and MgO plugging. The Iodox
process itself must use tantalum or titanium equipment because of the
corrosive nature of the iodine-containing hyperazeotropic nitric acid.
The process has been developed through the engineering scale including
experience with an actual dissolver off-gas at Oak Ridge, but full-
scale demonstration is required. Decontamination factors are higher
than those realized in the mercurex process, particularly for organic
iodides. Conversion to barium iodate has been proposed for disposal,
but this step has not been demonstrated.

Silver reactors, in which unglazed Berl saddles are impregnated
with silver nitrate, have been used for iodine absorption in Hanford
and. Savannah River production facilities. Reported decontamination
factors vary widely, and methods for regeneration or disposal are not
well developed. There is some evidence that iodine may be displaced
in time by other halogen off-gas impurities such as chlorine. The
degree of silver utilization (bed capacity) is not well characterized.

Silver-loaded adsorbents, such as silver-exchanged or silver-
impregnated zeolites, silica, and alumina substrates, have been
extensively tested in cold and hot facilities and have been installed
in many nuclear facilities. Generally, these are used downstream of a
scrubber for final removal of trace quantities of iodine, but can be
used as a primary filter. Recent U.S. development has completed
extensive testing of silver mordenite with an emphasis on increasing
silver utilization. Techniques for regenerating the beds have
generally proved unsuccessful. The German adsorbent AC-6120 has been
the subject of much testing, including prototype-scale operations.
This technology is well-developed for iodine retention but subsequent
treatment or packaging for final fixation remains undemonstrated.
Concepts include incorporation of the adsorbent in cement.
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HTGR-Specific Off-Gas Treatment Technology

For i4C and krypton, the KALC process was developed through cold
engineering scale for treatment of the CO2-rich exhaust gases from
fuel block burning. In this process, liquid CO2 is used to scrub the
burner off-gas and concentrate krypton for storage or as feed for
final fixation steps.

For the thorium HTGR fuel cycle, solid sorbent beds have been
tested in small scale for radon holdup that is sufficient for
extensive isotopic decay.

Engineering-scale units have been tested for the catalytic
oxidation of CO and HT in HTGR burner off-gas.

Solid sorbents have been evaluated for SO2 removal from HTGR
burner off-gases.

V. Primary Development Requirements

Integrated operation of the various treatment and fixation steps
for nuclear plant off-gases in prototypic equipment and with realistic
feed streams is the greatest need yet remaining. The development of
any single step cannot be considered as complete until its operation
within an integrated facility is proven. Currently, efforts are under
way at GA Technologies, Inc., to operate an integrated test system for
off-gas treatment in the HTGR fuel cycle. This work has already
provided valuable insight into the difficulties that can be
encountered when operating tandem treatment units, problems that were
not evident in single-unit tests.

Suitable conversion steps that lead to final waste forms for the
various off-gas constituents need to be developed in many cases. The
final waste forms must be defined.

Differences between U.S. and foreign off-gas treatment programs
must be identified and understood.
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RESEARCH AND DEVELOPMENT ON AIR CLEANING
SYSTEM OF REPROCESSING PLANT IN JAPAN

K. Naruki
Tokai Reprocessing Plant

Tokai Works
Power Reactor and Nuclear Fuel Development Corporation

Tokai-mura, Ibaraki-ken, Japan

Abstract

Present status in Japan of R & D on air cleaning system, espe-
cially of the fuel reprocessing plant is summarized. Description is
centered on the R & D and experience of Tokai-reprocessing plant,
which cover the plant air cleaning system, effort carried out for
decreasing 12 effluence in the actual vented off-gas, and R & D for
recovery of Kr and 3H. And some experimental results for the evalua-
tion of HEPA filter are also described.

I. Introduction

Reduction of radio-activity of the airborne radionuclides from
fuel reprocessing plant is one of major concern in Japan, since the
construction of a commercial reprocessing plant for LWR fuel is
planned and also designing work for pilot plant of PBR fuel reproces-
sing is being done. ALAP is a fundamental philosophy in conducting
R & D for reducing the airborne radionuclides. This report presents
the summary of R & D effort being done for that purpose especially in
Tokai reprocessing plant.

II. Off-gas Treatment System of Tokai Reprocessing Plant (TRP)

Off-ges treatment system flowsheet of TRP is shown in Fig. 1.
The gaseous radioactive wastes are composed of exhaust from the
shearing machine, the dissolvers and other vessels. These exhausts
are treated by the radioactive gaseous treatment process, and after
these exhausts flow through iodine filter and HEPA filter, they are
discharged into the atmosphere from main stack.

(a) Shearing off-gas (SOG)

The off-gas of the fuel shearing machine, initially flows into
the dissolver and sintered-filter installed at the dissolver loading
cell. After running into HEPA filter at maintenance cell and scrubber
and HEPA filter at vessel ventilation system,- it is sent to cell
ventilation. It is possible to send the off-gas after cleaning at
vessle ventilation to the Kr recovery pilot plant.

(b) Dissolver off-gas (DOG)

The off-gas of the dissolvers, which contains a major portion of
gaseous wastes, flows into HEPA filter at vessel ventilation system
after treatment at the acid absorber and the alkaline scrubber. It is
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possible to send the off-gas ati.ar cleaning into Kr recovery pilot
plant.

(c) Other vessel off-gas (VOG)

Other vessel off-gas consists of the off-gas of Pu storage, puri-
fication and concentration process, HLLW concentration process and
storage, etc. These off-gas systems have the scrubber or the acid
absorber.

III. R/D of Gaseous Waste Treatment

III.l Kr Recovery

For the recovery of radioactive krypton in the off-gas from fuel
reprocessing plant, several processes have been investigated in many
institutions. They are cryogenic distillation process, solvent
absorption process, charcoal adsorption process, and membrane separa-
tion process. PNC initiated the study on the Kr recovery in 1966 and
surveyed these process conducting basic experiments for comparison.
In 1973, cryogenic distillation process was selected as the most
practical method being based on both the results of the experiments
and the information of development status on other countries. There-
for a cryogenic distillation system for the recovery of Kr-85 has
been installed in Tokai reprocessing plant and will become active in
1986. The system, illustrated by a simplified flow sheet in Fig 2,
is designed as an experimental hot-pilot plant. The system capacity
is rated at 110 Nm3/h and 8000 Ci/d of Kr-85. The combined SOG and
COG is pretreated to remove 1-129 by caustic scrubbing and by AgX
adsorbent. O2, NOx and hydrocarbon are removed by a hydrogen recom-
biner, and H20 and CO2 are removed by adsorbent beds. The Xe is
adsorbed on silica-gel at -160eC and 3 x 105 Pa to avoid possible
problems due to Xe crystallization in the cryogenic distillation
column. Not shown in Fig 2 are duplicate parallel adsorbent beds
for H2O, CO2 and Xe; one as adsorbent bed is in the regeneration mode
while the other is removing a contaminant gas. The H2O collected is
sent to LLLW treatment process, the CO;, is vented to the stack, and
the Xe stored in high pressure cylinder storage. After pretreatment,
the gas stream containing N2 and Kr is passed through liquid N2 in
the Kr distillation column to absorb Kr; the liquid N2 enriched in
Kr is transferred to a second column where Kr is separated by frac-
tional distillation to produce a product containing more than 90% Kr.
The Xe desorbed from the adsorbent bed (heated to 180°C) is passed
through a third distillation column which produces high purity Xe
{more than 95%) . Although recovered Kr is stored in pressurized
cylinder, other methods are being studied. These are encapsulation
in zeolite and ion-implantation in metal.

III.2 IODINE-129

III«2.1 Development of iodine removal in PNC

(1) Experience of iodine removal in TRP

In Tokai plant there was no effective equipment except for
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alkaline scrubbers when the plant construction was completed. In a
short time after hot operation began, it became very important
problem how to reduce gaseous iodine discharge to the atmosphere.

At first, to solve this problem, we tried to keep iodine absorbed
in liquid waste from releasing again to the off-gas. Therefore, a
vessel was prepared for liquid waste of the off-gas treatment system.
Recovered acid from the DOG, which contains more than 50% of iodine
inventory, was transferred to the tank. Caustic soda and hydrazine
were added in it for neutralization and stabilization. Liquid waste
of the SOG, VOG and HLLW VOG treatment could be also transferred to
the vessel. This method was relatively effective but not applied in
Tokai plant since it proved that the liquid waste from that vessel
contained too much amount of salt to treat in the waste disposal
facility.

To establish efficient airborne iodine removal system, we
researched the characteristic of several solid iodine adsorbents.
Our demands for the adsorbent are as follows.

-High decontamination factor (in order to reduce the iodine
discharge to the environment)

-High adsorption capacity (in order to reduce the maintenance
work)

-Resistance to NOx and/or humidity, etc....

At first, charcoal adsorbent was tested, and then silver-
exchanged adsorbents test was carried out.

Activated charcoal impregnated with Snl2 was tested with vessel
off-gas of the waste disposal facility. The charcoal adsorbent
filter was filled up with 2 filter units (Dimension: 610mmx610mmx290
mm, for an unit) with a bed depth of 25 mm. The face velocity was
3.6 cm/sec, so that total residence time was 1.4 sec. The test was
carried out at the room temperature. Also measurement of 1-129
concentration at the upstream and downstream was carried out by means
of charcoal adsorbent.

In Fig. 3 it is shown that breakthrough occurred after 1000 hr.
loading with vessel off-gas of waste disposal facility. Because of
this characteristic of charcoal adsorbent, we concluded that charcoal
adsorbent didn't meet our demand.

To find out another suitable solid adsorbent for our plant,
several tests were performed with Ag-X, Ag-13X, Ag-A£2C>3. The gas
condition was almost same as in the charcoal test case except
adsorbent bed dimension. Bed depth was 20 mm or 40 mm.

Relative humidity, NO and NO2 concentration were also measured
as well as iodine concentration. They were in the range of 84 to 9 3%,
and 2 to 5 ppm, respectively, at room temperature. Two kinds of
tests were performed. One test was made at room temperature and the
other was at 50°C heating the test bed electrically. The residence
time was 0.5 or 0.2 sec. Fig 4 shows the decontamination factor
as a function of loading time at room temperature. The initial
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decontamination factor was about 200 and that was saturated rapidly
in first 200 hr loading. When the test bed was heated up at 50°C,
there was remarkable improvement in the adsorption characteristic of
Ag-X and Ag-13X i.e. (See Fig. 5). The decontamination factor was
elevated and initial DP value was held by loading time 1000 hr. On
the other hand, the DF of Ag-AJ&203 was not improved. As a result of
these tests we chose the Ag-X as iodine removal adsorbent in our
off-gas system instead of charcoal.

According to this conclusion we installed Ag-X filters at the
vessel ventilation duct in the main plant where SOG, DOG, HLLW VOG
and other VOG flow together and at the VOG ducts of the waste dis-
posal facility. Also, according to further investigation, we added
another Ag-X filter for the off-gas from cells which contain open
tanks in the waste disposal facility. (See Fig. 6)

Iodine removal system in Tokai plant is composed of a heater,
Ag-X filters and glass fiber filters. Ag-X bed depth is 50 mm and
face velocity varies from 5 to 20 cm/sec. Iodine concentration is
ranging in 10~10 to 10~8)jCi/cm3 . NOx concentration is about 5000 ppm
in the main plant and about 10 ppm in the waste disposal facility
when the plant is running. (See Table 1.) Total DF of the plant is
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approximately 5 times as high as before installation of Ag-X filters.
But the DFs of those Ag-X filters are not so high as we expected.
So, we are going to execute further iodine removal for the VOG of the
mainplant which has the largest contribution of the iodine discharge
to tne environment, by adding another iodine removal system for the
VOG. In this system, the Ag-X filter will be 1.5 times as thick as
the present on©*; and face velocity is 20 cm/sec. According to the
fact"that high NOx concentration causes the low decontamination
factor, in this new equipment the VOG will be heated up at higher
temperature in order to reduce the NOx influence. We hope that
iodine discharge to the atmosphere will be less than half by means
of the new system.

(2) Evaluation of IODOX process

In the irradiated FBR fuel reprocessing, there are many problems
peculiar to FBR fuel to be solved and the iodine removal in the
off-gas is very important among them.

The quantity of radioactive iodine in the irradiated FBR fuel
is estimated to be 120 Ci per metric ton of heavy metal which
correspond to 800 gram of iodine element, on the conditions of 120
days cooling and burn-up of 95,000 MWD/T. This value is several
times as much as for LWR irradiated fuel.

As one of the iodine removal methods without distributing it
into the process in the plant, we examined the IODOX process to
evaluate the possibility to applying for the FBR fuel reprocessing
plant. IODOX process utilizes the highly concentrated nitric acid
to convert iodine to non-volatile chemical forms and is superior in
removing the organic iodine which cannot be removed by the activated
charcoal and, consequently, the nitric solution of high iodine
content can be obtained.

Table 1. Operation conditions of AgX filters

Main
plant

Waste
disposal
facility

!~l2q cone,
(uCi/cm3)

max., 4 x IO"8

av. 5 x I0"9

max. 3 x!0~8

av. 4 x !0'9

max. 4'x 10"?

av. 7 x |0"'°
max. 5 x I0"9

av. 2 x I0"9

Temp
CO

45

35

4 0

40

Humidity
{•/.)

2 0

6 0

4 0

5 0

NOx cone
(ppm)

5000

10

10

10

Face
velocity

(cm/sec)

2 0

5

5

17

DF

10

- 2 0

7 0

10

—30
30'
~60
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The IODOX process consists of (1) oxidation and absorption,
(2) iodine concentration and nitric acid recovery and (3) iodine
product storage.

Aiming at the evaluation of IODOX process, we construct a
packed column made of Pyrex glass (29 mm dia. and 200 mm high) and
examined the oxidation and the absorption process of iodine by the
concentrated nitric acid.

A fundamental experiment of oxidation and absorption was carried
out to determine the DF of a methyliodide in the off-gas.

As a result, under the condition of sufficient nitric acid flow
rate, the most sensitive parameter for DF was nitric acid concentra-
tion and a high DF was attained at the concentration more than 19N,
while logarithm of DF is inverse proportion to feed gas flow rate
and the effect of methyliodide concentration is small.

And then, we examined the effect of NO2 on oxidation and absorp-
tion. As shown in Fig. 7, nitric acid with NO2 removed gives higher
DF. And DF is reduced exponentially with NO2 concentration in the
gas' phase as shown in Fig. 8.

Based on the results of these fundamental experiments, an engi-
neering scale packed column was designed and manufactured. This
apparatus was designed with the specification of 4 m3/hr. as the
maximum gas flow rate and 10 &/hr. as the maximum HNO3 flow rate.
The inside diameter and packed height are 76 mm and 2500 mm,
respectively.
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DFs are approximately constant under the various flow rate of
18.5 N nitric acid, while logarithm of DF is inversely proportional
to feed gas flow rate. These facts are in agreement with the result
of the fundamental experiments.

Through the fundamental and engineering studies, it was con-
firmed that IODOX process is useful for removing iodine in dissolver
off-gas.

However in order to apply this process to the actual reprocessing
plant, there are still problems to be solved such as the corrosion of
material due to the high concentration of nitric acid and the conver-
sion of removed iodine into a suitable form for storage and future
disposal.

(3) R/D program in TRP

As mentioned before, the development to remove the radioactive
iodine in both the dissolver and the vessel off gas have been pro-
ceeded since 1978. Through these activities, we have investigated
the iodine pathway in TRP, and developed the adsorbent to remove the
radioactive iodine in the off gas.

However, since these development had to be performed only using
the active ventilation circuit, they were not necessarily carried on
systematically.

Based on these experiences, we are planning a long range R & D
program to develop the effective iodine removal system for the
reprocessing plant.

This program consists of an engineering demonstration experiment
of iodine removal at the technical scale test facility (EDF), an
adsorbing test of various adsorbents using the actual ventilation
circuit, and the investigation on method to stabilize or solidify the
used adsorbents. The study in EDF will cover the remote handling for
each equipments, an adsorbing test using inactive iodine, a develop-
ment of method to remove water vapor and NOx in the off-gaH and an
investigation of poisoning effects by humidity and NOx.

III.2.2 Other R/D in Japan

Other R/D about the removal of radioactive iodine in Japan are
as mentioned below, which have been done at other institutions than
TRP.

(1) Comparative study of adsorbents

The effects of relative humidity, NO2, SO2, pore size, etc. on
the removal efficiency and the change of the adsorption ability after
regeneration are reported about some adsorbents such as AgX, AgA,
AgS, and so on.(2)

The research for the possibility of using only zeolite for the
removal of radioactive iodine is also reported.(3)

771



18th DOE NUCLEAR AIRBORNE WASTE MANAGEMENT AND AIR CLEANING CONFERENCE

(2) Adsorption characteristic under various condition^

The effect of contaminant gases are dominant especially of
relative humidity and NOx concentration. Kanazawa et al. reported
the reactions of the water vapor and NO2 on the surface of adsorbents
and their influence on the adsorption ability=(4)

Shimoi et al. evaluated quantitatively the removal efficiency
of an AgX filter and an activated charcoal filter related to various
conditions such as relative humidity, temperature, face velocity,
etc.(5)

(3) Chemical reaction kinetics study between gas and liquid phases

This is the theoretical and experimental investigation about
the absorption of radioactive iodine into a dilute alkaline solution
and its partition coefficient between the two phases. (6)

(4) Others

Kobayashi et al. calculated the iodine distribution in an
activated charcoal filter and its breakthrough curve and found an
agreement of tendency with experimental results. (7) Matsuoka et al.
reported that there were three kinds of iodine adsorption types on
an AgX adsorbent.»"'

III.3 Tritium

III.3.1 Behavior of tritium at reprocessing plant(9)

The tritium is generated in LWR by the ternary fission, of which
more than 99% is bound in the fuel matrix and the zircaloy cladding,
and the very minor amount in the gas plenum of the fuel rods.

According to the experience of Tokai reprocessing plant, during
dissolution, about 18% of tritium generated in the fuel which is
estimated by ORIGEN-79 was released into the off gas stream and about
70% of it was found in the fuel solution.

However, most of tritium contained in the off gas is scrubbed
into the solution of the acid recovery column, and consequently less
than 1% of tritium is released into the atmosphere through the main
stack.

On the other hand, the tritium in the fuel solution is appeared
in the first cycle aqueous waste and then is carried into the HLLW
concentration process.

The tritium in the off gas scrubbing solution and the condensate
of HLLW evaporator is transferred into the low active liquid waste
treatment process after the acid recovery. And then it is discharged
into the sea after the monitoring.

This amount corresponds to 30^ 60% of tritium contained in the
LWR fuel estimated by ORIGEN-79. Through the active operation with
irradiated PWR fuels, about 30% of tritium estimated by ORIGEN-79
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could not be found. It is supposed that this difference between the
detected amount and the estimation of the ORIGEN code is due to the
tritium in the zircaloy cladding whose amount is to be correlated
with the linear power rating in the LWRs.(10)

III.3.2 R/D of tritium recovery process

As the tritium removal techniques, there are several methods
such as water-distillation, electrolysis, water-hydrogen exchange
and laser method, which have been investigated in Japan.

On this paper, we present the status of R & D of the Water-
Hydrogen Exchange process which is the technique to remove a tritium
by the water-hydrogen exchange catalyst.

A development program was started in 19 81. At first we carried
out the study to develop the catalyzer and then investigated the
problems applying this technique to the large reprocessing plant,
which were the influence of impurities on catalysis, the method
to remove impurities, the evaluation of the internal structure for
the gas-liquid contactor, and the estimation of efficiency of the
catalytic reaction,.

As a result of the experiment, it became clear that iodine and
nitric acid lowered the activity of the exchange catalyzer and TBP
and n-dodecane slightly deactivated the catalyzer at the high concen-
tration respectively. Therefore, it is necessary to remove these
impulities when this technique is applied to the plant. But the
problem of iodine 5.nd nitric acid can be solved by the alkaline
distillation and the TBP can be removed by the activated charcoal
column which have been already demonstrated at TRP.

As the internal structure of the gas-liquid contactor, two kinds
of sieve trays (hole/pitch: 1/2.5, 1.2/4.8) and packings such as
Sulzer BX and Sulzer Kerapak showed a good result.

On the basis of the result of this experiment, the dimension
of the column for the actual plant was estimated as 0.56 m in diameter
and 22 m in height under the conditions described below.

Catalystic reaction efficiency 0*9
Gas-liquid contactor efficiency 0.8

Capacity 5 m3/day
Initial concentration of tritium 103 Ci/m3

Tritium concentration in waste water 10 Ci/m3

Tritium concentration in waste recovered water 105 Ci/m3

This column dimension are smaller than the water distillation
column.

It was confirmed, through the engineering experiment, that this
process will be useful for removing a tritium at a reprocessing plant.

In order to study the effect of impurities and radiations for
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the catalyzer, the next program of experiment using the actual
solution will be started in this autumn at TRP.

IV. Conclusion

Through the operation of Tokai reprocessing plant, the practical
approach has been applied to the reduction of airborne radionuclides
especially radioactive iodine, installation of Aq-X filter was very
effective for it. Iodox process is being studied for the application
to FBR fuel reprocessing.

Regarding Kr recovery, a pilot plant by cryogenic distillation
has been constructed and will become active in 1986.

Behavior of tritium in the Tokai-reprocessing plant has been
grasped, and water-hydrogen exchange method is being studied, as a
promising one for the recovery of tritium.
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STATUS OF R&D IN THE FIELD OF NUCLEAR AIRBORNE WASTE

SPONSORED BY THE EUROPEAN COMMUNITY
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Commission of the European Communities

Brussels, Belgium

Abstract

An overall review is given on the research activities that have been
supported by the European Community for the last 8 years in the field of manage-
ment of radioactive gaseous waste. The major subjects of concern are management
possibilities for Krypton-85, Iodine-129, Carbon-14 and tritium. After a short
introduction to the kind and contents of this specific research activity, summary
statements are given successively for each of the four radionuclides concerning
the state of development now achieved within the scope of the joint programme.

Introduction

The management of airborne wastes from the reprocessing of nuclear fuel is
part of the European Community's research programme on radioactive waste manage-
ment and storage. Since its first multi-annual R&D programme in that field on
terms of shared cost, started in 1975, numerous research works were and are being
supported by the Commission through contracts concluded with various organiza-
tions and companies in the Member States. The actual 2nd R&D programme, 1980-
1984, runs out at the end of this year.

The share of financing supported by the Community usually amounts to 40% of
the total expenses incurred by the contractors. During the last 8 years, about
11 million ECU (i.e., about 9 million US dollars) were spent in total for air-
borne waste research. Almost half of it was spent on Krypton-85, followed by
tritium (27%), aerosols (11%) and the characterization of fuel dissolution
off-gases (10%). About 6% of the Community expenses were determined to review
studies on Iodine-129 and Carbon-14.

As to Krypton-85, the methods studied concern trapping by cryogenic distil-
lation (cf. paper 14-1 of this conference), incorporation into metal matrices by
ion-sputtering (cf. paper 10-1), enclosure into zeolites and filling into pres-
sure bottles. For the latter, temporary storage in engineered structures on land
and sea disposal have been evaluated, along with liquid metal embrittlement of
structural and container materials that may be caused by rubidium, the decay
product of krypton. A review study on the methods of Krypton-85 management was
made available in 1982. (1)

Concerning tritium, the fixation to calcium phosphates and metal hydrides
has been studied as well as its removal from aqueous effluents by electrolysis
combined with catalytic exchange.

For Iodine-129, a comprehensive study has been drawn up in 1980 and 1982,
respectively, giving a status of the relevant management technologies and of the
radiological astpects (2) (3).

Finally, regarding Carbon-14, a similar assessment study has recently been
completed (4).
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The major issues of these ac t iv i t ies may be summarized as follows.

Krypton-85

Most of the Community sponsored work concerns the immobilization techniques
for krypton by developing the methods mentioned above. A specific report on the
ion sputtering technique, developed at Harwell (U.K.) is presented at this
conference and supplementary information can be found elsewhere (5). However, as
to the situation of krypton management on the whole, reference can be made here
to a specialists' meeting organized by the Commission of the European Communities
in 1982 (1). The material presented at this meeting was reviewed by a following
panel discussion and some of its major conclusions might be useful to recall here
for discussion :

1. The existing international recommendations and national regulations with
regard to possible release of radio krypton into the atmosphere, are not
fully consistent and may be subject to change.
As to those applicable in the Federal Republic of Germany and in the U.S.A.,
any large scale industrial reprocessing of nuclear fuel will require most of
the emerging krypton to be retained.

2. Similarly, the existing recommendations or regulations on public transporta-
tion of radioactive materials would not allow the shipment of radio-krypton
in gaseous form by industrial quantities under high pressure.

3. Mainly two techniques of trapping Krypton-85 from the fuel dissolution
off-gas are being developed : the cryogenic rectification process and the
fluorocarbon absorption process. The former has reached the stage of inac-
tive pilot plant testing in several countries (e.g., U.S.A., Japan, Germany,
Belgium, France).
Apart from an older plant at the Idaho National Laboratory (U.S.A.), opera-
tion under radioactive or industrial conditions has not been performed and
needs testing and demonstration.
Problems of operational safety remain to be solved for the cryogenic rectifi-
cation process. They are due mainly to the specific composition and the
relatively high air flow-rate of the dissolver off-gas (e.g., treatment of
oxygen and NOx gases, radiation induced formation of ozone).
The fluorocarbon absorption process, being considered as an alternate or
back-up technique, has been developed to the inactive pilot plant scale in
the U.S.A. but is less advanced towards industrial application.

4. Techniques for the immobilization of trapped krypton are being developed.
They concern the confinement in pressure bottles, the incorporation in metal
matrices and the enclosure into the porous structure of zeolites.
The embedment of krypton in a metallic matrix by ion sputtering is a prefer-
red process which has reached the state of half scale technical testing under
non-radioactive conditions. Hot demonstration with representative quantities
of radio-krypton would need to be done.

Iodine-129

A specialists' meeting similar to the one for krypton, was likewise orga-
nized by the Commission on Iodine-129 management, a year earlier, 1981 (2). Also
here final conclusions could be formulated after panel discussion of the review
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papers presented at the meeting. Some highlights of these conclusions may again
be cited hereafter and put forward for consideration :

1. Iodin.e-129 should be trapped, to a high extent, from gaseous effluents of a
reprocessing plant in order to prevent its release into the local environment.
Methods and techniques are presently available for trapping more than 99% of
the Iodine-129 from the dissolver off-gas which usually contains by far the
most of this radionuclide. If considered necessary, the cleaning cf the
vessel off-gas would need more development work.
By cleaning the dissolver off-gas alone, a plant decontamination factor of
about 100 can be achieved.

2. Concerning the immobilization of the retained radio-iodine, no industrial
experience is available at present. Further research is needed on this
sub j ect.

3. The possible disposal options, radiologically assessed on a generic basis,
concern the disposal on the deep ocean bed, and into certain geological
formations as well as the discharge to coastal waters.
No single strategy, of those discussed has been identified as an optimum and
general solution for iodine management.

4. An important objective of future investigations should be the formulation of
accepted criteria for possible Iodine-129 release into the biosphere. These
guidelines need to be carefully evaluated and they seem to be a function of
the chosen disposal strategy.
In the meantime, it seems indicated to solidify and immobilize trapped
Iodine-.129 to an acceptable standard for safe interim storage and transport,
until a disposal method has been identified.

In a follow-up study (3) conducted under contract by the National Radiolo-
gical Protection Board (U.K.) in 1982-1983, the radiological assessment of
Iodine-129 management modes has further been refined and was complemented by the
addition of a cost benefit analysis. The earlier findings as summariezed above,
were confirmed in general and the latter analysis showed that the costs of
abatement of atmospheric discharges of Iodine-129 would be outweighed by the
radiological benefits.

Carbon-14

The situation with regard to the waste management of Carbon-14 was reviewed,
in 1982, by a contractual study conducted jointly by UKAEA and NRPB (4) at
Harwell (U.K.). The following findings may be briefly noted.

A reliable picture of the production and release of carbon-14 from various
reactor systems has been built up for the purpose of this study. It is based on
a critical analysis of reported calculations and measurements and some new
calculations in the case of AGRs and Magnox reactors. Generally, a good agree-
ment exists between various sources of data.

The key problem in carbon-14 management is its retention in off-gas streams,
particularly in the dissolver off-gas stream at reprocessing plants. In this
stream, the nuclide is present as carbon dioxide, and is extensively isotopically
diluted by the carbon dioxide content of the air. The size of plant required for
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retention, and the quantities of solid waste produced, are therefore determined
by the air flow-rate through the dissolver.

Three alternative trapping processes that convert carbon dioxide into
insoluble carbonates have been suggested. Any of them could be used as a preli-
minary to krypton removal, or as part of the product purification system of a
fluorocarbon separation process for krytpon, or to treat gas regenerated from a
molecular sieve bed or cold trap. They are :

* The double alkali process. Carbon dioxide is absorbed by sodium hydroxide
solution. The resulting liquor is treated with calcium hydroxide to form
calcium carbonate and to regenerate sodium hydroxide for re-cycle.

* The direct process. Carbon dioxide reacts with an aqueous slurry of calcium
hydroxide to give calcium carbonate directly.

* The barium hydroxide octahydrate process. Carbon dioxide reacts with a fixed
bed of solid barium hydroxide octahydrate to give barium carbonate.

Any of these processes is capable of giving a high decontamination factor
for carbon-14.

It is probable that calcium or barium carbonates, produced in the above
processes, could be incorporated into cement or bitumen matrices to provide
satisfactory immobilized waste forms. However, the stability of such waste forms
to prolonged irradiation and to leaching needs to be investigated.

A number of disposal options for solid carbon-14 wastes have been identi-
fied. The acceptability of the various options will be determined by the ALARA
principle, i.e., that all exposures should be as low as reasonably achievable,
economic and social factors being taken into account.

The maximum individual doses arising from the atmospheric discharge of
Carbon-14 from a reference PWR reprocessing plant (1200 t/a spent uranium) are
estimated at around 0,5 mrem/a.

Conversion to a solid waste followed by disposal to a geologic repository
could, in some circumstances, substantially reduce the collective dose commitment,
relative to that arising from discharge.

Tritium

Unlike the foregoing subjects, the management of tritium containing wastes
has not been assessed by a recent study in the scope of the Community programme.

For several years, however, the development of a process is being supported
which aims at the removal of tritium from the aqueous effluents of a reprocessing
plant (6). The work is conducted at the nuclear research centre in Mol (Bel-
gium) . It concerns a process (called ELEX) which uses water electrolysis com-
bined with catalytic exchange between gas and liquid phase, in order to concen-
trate the tritium in a small liquid volume while the bulk of the aqueous effluent
may be released with a strongly reduced tritium content. The effect of both
volume concentration and tritium decontamination is estimated at a factor of
about 100. After having tested the process on a laboratory scale, a technical
pilot plant is presently being assembled for demonstration purposes.
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DEVELOPMENT OF TECHNOLOGIES FOR THE WASTE MANAGEMENT OF
1-129, K r - 8 5 , C-14 AND TRITIUM IN THE FED. REP. OF GERMANY

E. H e n r i c h , K. Eber t

Kernforschungszentrum Karlsruhe, Institut flir Heisse Chemie
Fed. Rep. of Germany

ABSTRACT

The main source of 1-129, Kr-85, C-14 and tritium in germany will be a
10-15 GWe LWR fuel reprocessing plant (FRP), expected to be in operation in the mid
nineties. The recommendations of the Reaktorsicherheits- und Strahlenschutz-
komission RSK, SSK (German "Reactor Safety and Radiation Protection Commissions")
are the guidelines for release regulations and development efforts. It has been
recommended to limit the annual 1-129 release to less than 0.2 curies. The un-
controlled release of Kr-85, C-14 or tritium via the stack resulting from the
15 GWe power will not exceed the limits derived from the German "radiation pro-
tection ordinary",, The development and hot demonstration of a Kr-85 control
technology is recommended in view of the anticipated increasing use of nuclear
power in the future. Commercial use of Xe and Kr may also contribute to the
incentive for recovery. It would be simple to recover 14-C02 once separated in the
course of the 1-129 or Kr-85 removal operations. Tritiated waste water once it has
been separated in the course of processing, should not be deliberately released.
Therefore tritium control technology is being developed.

General concepts and the present status of reference and back-up technologies
as well as additional research in view of advanced processes are summarized
briefly. The following steps will be covered:

(1) Consequences of headend operations on subsequent steps:
Suitable processing especially in the plant headend is an important first step
of waste management and may have consequences for all the subsequent steps.
The aim of desirable process modifications is (a) confinement of the volatile
nuclides to a small volume to prevent dispersion throughout the plant and (b)
routing the nuclides to a small, single waste scream to avoid secondary waste
streams.

(2) Removal of 1-129, Kr-85 and C-14 from the dissolver off-gas and of tritiated
waste water from the highly active raffinate (HAW) stream.

(3) Treatment and conditioning options for the recovered radionuclides to produce
suitable waste packages for storage or disposal.

(4) Initial storage on site or at a central facility and final disposal options;
sea dumping generally is not approved by the federal government. In a close
cooperation with the nuclear industry the Physikalisch-Technische
Bundesanstalt, PTB ("Federal Institute of Physics and Technology") has the
responsibility for construction and operation of appropriate final disposal
facilities and is developing criteria for the disposal of waste packages.

International agreements for the control of airborne radionuclides are desirable in
the future.
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1. INTRODUCTION

Iodine-129, krypton-85, carbon-14 and tritium are produced by fission and
neutron activation reactions in the fuel and various core zone components of
nuclear power plants. The decay characteristics and amounts of these nuclides
generated in LWRs per GWe«year are shown in table 1. Contributions to the air-borne
waste in a fuel reprocessing plant (FRP) originate only from the radionuclide
fraction which is produced in the oxide fuel matrix and does not escape from the
hot fuel pellets and the gas plenum during irradiation. The amount, activity and
isotopic dilution of volatile radionuclides liberated into the gaseous, liquid or
solid FRP waste streams are shown in table 2. About half the tritium and C-14 are
discharged as solid waste together with the leached zircaloy hulls.

Gaseous waste management at nuclear power plants concerns especially the
short-lived isotopes of iodine and the rare gases and is not addressed in this
paper. A release of 1-129 or Kr-85 from the LWR is negligeable compared to the FRP.
The release of tritium is less than 10% and of C-14 less than 50% of the amount
produced in the LWR.

The major source of the long-lived airborne radionuclides in the Fed. Rep.
Germany will be an about 12 GWe LWR-FRP, expected to be in operation in the mid
nineties. Experience and research and development efforts in airborne waste
management for a FRP in Germany are briefly summarized.

2. RECOMMENDATIONS FOR CONTROL OF AIRBORNE RADIONUCLIDES

A German state government will be the licensing authority for a FRP. Licensing
conditions are especially based on the recommendations of experts in the
"Reaktorsicherheitskommission" (RSK: "reactor safety commission") and the
"Strahlenschutzkommission" (SSK: "radiation protection commission"). The SSK-
recommendations /I/ and the RSK-comments /2/ are in accordance with the
"Strahlenschutzverordnung" (StrlSchV: "radiation protection ordinary") and pay
attention to specific aspects of an inland LWR-FRP in a densely populated region.
They are the guidelines for future release regulations and present R + D efforts
and are briefly summarized in table 3.

(a) Iodine-129: The annual release of 1-129 with the gaseous FRP waTste streams
should be less than 0.2 Ci. An uncontrolled iodine release exceeds the dose limit
for a hypothetical maximum exposed individual, according to § 45 StrSchV.

An uncontrolled release of Kr-85, C-14 and H-3 via the stack does not exceed
the release limits, even for a 30 GWe LWR-FRP according to § 45 StrlSchV. The
following recommendations have been made in view of the "ALARA" principle in § 28
StrlSchV.

(b) Krypton-85: The development and hot demonstration of a Kr-85 control
technology is to be recommended, on account of the probable future increase of the
nuclear power economy. An additional incentive for recovery might be a commercial
use of Kr-85 and Xe. Xe is a valuable material, the most abundant fission product
and inactive after 1 y cooling time.

(c) Carbon-14: Control technology development for C-14 has a low priority. On
the other hand, it would be simple to recover 14-C02 once separated in the course
of 1-129 or Kr-85 removal operations.
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g

radionuciide iodine-129 krypton-85 carbon-14 tr i t ium fjj

D E C A Y C H A R A C T E R I S T I C S g

half l i f e 1.6-107y 10.8 y 5.7-103 y 12.3 y >

decay mode p" 100% (150) B'99.6% (687) P~100% (155) P" 100% (19) 5

(energies in keV) -y 100% (40) -y 0.4% (514) no y no Y §

specif ic ac t i v i t y 1.8-10"4 Ci/g 3.9-102 Ci/g 4.5 Ci/g 9.7-103 Ci/g ^

PRODUCTION PER GWe-YEAR in LWRs g

reactions f iss ion fission n-activation ternary fission 2

5

y
in oxide _ N14 (n.p); 017(n,^) Li6 j n ^ k Li7 (n,n,-t)
fuel • activity 1.2 Ci 3.2-10b CS £20 Ci 2C-3J-104Ci >
matrix • volume 129-I2 0.58m3(STP) Kr-85 0.22m3(STP) 14-C02 ^8 .3 1 (STP) HTO 15 C"23]l (STP) m

• weight 6.7 kg 0.8 kg C ^4.4 g T 2 [-3] g fjj

neutron activation - - n-activation reactions in core materials g
in core materials N14 (n,p), 017 (n,^) BIO (n,2^,) etc. >
(cladding, structure do not contribute to FRP airborne waste 55
control rods o
moderator, coolant m
etc.) . |

o
o

production of non-radioactive airborne fission products, LWR spent fuel > 1 y cooling time: O

Br2: O . M 2 volume Xe: 10-Kr volume ~ ~ JB

I
- — - m
Table 1: DECAY CHARACTERISTICS AND PRODUCTION OF AIRBORNE NUCLIDES IN THE LWR (lGWe-year corresponds to 30 MTHM

at 34 GWd/MTHM burn-up)
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o

CO
GO

radionuclide

FRP airborne waste
percent escaped from LWR
spent fuel and plenum

isotopic dilution factor
major diluant in FRP

airborne - activity
waste - volume
in FRP - weight
waste stream in FRP

short - lived nuclides
produced by
spontaneous fission
of Cm-244, 242

iodine 129

negiigeable

-1.2
inactive FP 1-127

1.2 Ci
I? 0.7 m3 (STP}

8 kg
DOG

8 d-I-131
21 h-I-133
7 h-I-135

krypton-85

negligeable

- 15
inactive FP Kr

3.2-105 Ci
Kr 3.2 m3 (STP)

12 kg
DOG

2.8 h-Kr-88
5.3 d-Xe-133
9.2 h-Xe-135

carbon-14

negligeable

- 1 0 3 (1)
C-impurities in fuel
C0 2 in DOG air

^ 2 0 Ci
C0o~8 m3 (STP)
C - 4 kg
DOG

tritium

about 50%
(remainder in Zry
cladding)

~ 1 0 7 (2)
water input to
FRP headend

'-lO4 Ci
water~*120 m3

V.2O ^120 MT
HAW

Abreviations: DOG dissolver off-gas. HAW Purex 1. extraction cycle raffinate, Zry zircaloy

Remarks: (1) 500 m3 (STP) DOG assumed per MTHM
(2) no water recycle from HAW assumed

Table 2: AIRBORNE RADIONUCLIDES PER GWe-year IN THE LWR FUEL REPROCESSING PLANT
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(d) Tritium: Tritiated waste water, oncu it has been separated in the plant,,
should not be deliberately released as water vapour via the stack. More rigorous
release restrictions are applied to the aqueous effluents from an inland FRP at a
dry site. Therefore, a control technology for tritium is being developed.

IODINE-129 : ANNUAL RELEASE LIMIT FOR EFFLUENTS <0.2 Ci

UNCONTROLLED RELEASE OF KRYPTON-85.CARBON-14 AND TRITIUM
VIA THE STACK DOES NOT EXCEED RELEASE LIMITS

RECOMMENDATIONS REFER TO THE "ALARA" PRINCIPLE

KRYPTQN-85: TECHNOLOGY DEVELOPMENT AND HOT DEMONSTRATION
PRECAUTIONS FOR THE FUTURE

CARBQN-14 : TECHNOLOGY DEVELOPMENT HAS A LOW PRIORITY
TRITIUM :»TR1TIATED WASTE WATER ONCE SEPARATED IN THE

COURSE OF PROCESSING.SHOULD NOT BE DELIBERATELY
RELEASED AS WATER VAPOUR VIA THE STACK.

• IN AN INLAND PLANT MORE RIGOROUS RELEASE
RESTRICTIONS ARE APPLIEO TO AQUEOUS DISCHARGES

TABLE 3 : U V 5 U I M IHCH

RECOMMENDATIONS FOR CONTROL OIF AIRBORNE NUCLIDES IN A LWR
FUEL REPROCESSING PLANT

3. SUCCESSIVE AIRBORNE WASTE MANAGEMENT STEPS

Airborne waste management is a complex set of interdependent operations,
integrated into a complex processing system. The successive waste management steps
have been divided into four successive sub-groups shown in table 4.

(a) Processing concepts: A suitable processing concept in the FRP is the first
and essential step of waste management and precondition for a simple, safe and
economic control.

- The airborne radionuclides should be confined to a small plant volume in the
headend. This prevents a dispersion throughout the plant and obviates additional
and expensive control measures in large plant volumes.

- The airborne radionuclides should be routed into a single, small waste stream.
This avoids secondary waste streams and simplifies recovery and waste treatment.

Exactly the same processing philosophy is observed for the non-volatile waste
nuclides: They are confined to the aqueous headend streams and routed to the highly
aetive raffinate HAW to more than 99%. Iodine and tritium confinement and
concentration in a single waste stream requires minor process modifications in the
FRP headend.

784



13th DOE NUCLEAR AIRBORNE WASTE MANAGEMENT AND AIR CLEANING CONFERENCE

1 PROCESSING CONCEPTS IN THE FRP HEADEND
PRECONDITION FOR A SIMPLE SAFE AND ECONOMIC CONTROL
ARE MINOR PROCESS MODIFICATIONS IN THE HEADEND

• CONFINEMENT TO A SMALL PLANT VOLUME
• ROUTING INTO A SINGLE AND SMALL WASTE STREAM

2. RECOVERY STEPS FROM WASTE STREAMS
• l-12?,Kr-8S AND C - H FROM THE DISSOLVER OFF-GAS
• TRITIUM FROM THE HIGHLY ACTIVE RAFFINATE

3 TREATMENT AND CONDITIONING OF RECOVERED PRODUCTS
• WASTE PACKAGES COMPATIBLE WITH STORAGE OR DISPOSAL OPTfONS

4 TRANSPORT.STORAGE OR DISPOSAL
• UNDERGROUND OISPOSAL OF GASEOUS WASTE FORMS OR SEA DUMPING

ARE NOT APPROVED

. nrfhw
TABLE U : ~W(|t*S IHCH

SUCCESSIVE AIRBORNE WASTE MANAGEMENT STEPS

(b) Recovery steps; Recovery is simple, if iodine, rare gases and C-14 as CO?
are routed exclusively into the dissolver off-gas (DOG) stream. The DOG stream is
relatively small and contributes only few percent to the total process off-gas
flow. Removal from a small gas volume improves the efficiency and cost-
effectiveness of the recovery steps.

Tritiated waste water can be routed to the HAW stream and is removed and
purified from nonvolatile radionuclides by distillation from the acid recovery
system.

(c) Treatment and conditioning: Treatment and conditioning procedures for the
recovered products must be compatible with the individual recovery steps and vice
versa. On the other hand, the waste form and the waste packages must be compatible
with the subsequent transport, storage or disposal requirements.

(d) Transport, storage and disposal; Storage and decay over about a century in
an on-site storage building is one of several options for the relatively short-
lived lly-Kr-85 and 12y-tritium. Disposal in deep geological formations is suited
to the very long-lived 5730 y C-14 and 1.6«107y 1-129. Sea dumping is not approved
by the federal government fsf, if a safe on-land disposal option is available.

4. PROCESSING CONCEPT FOR 1-129, KR-85 AND C-14

The confinement volume for 1-129, Kr-85 and C-14 is the FRP headend equipment
vented to the DOG purification system. Individual pieces of the equipment are the
shears, dissolvers and some surrounding vessels. It is desirable to route essen-
tially all the volatile radionuclides to the DOG. Special care has to be paid to
the iodine, due to the higher confinement factor required.
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(a) Rare gases: Rare gases contained in the gas plenum of spent fuel pins are
liberated during chopping. The liberated fraction amounts to less than 1056 for LWR
and up to 90% for FBR spent fuel. The fraction contained within the spent fuel
pellets is liberated in the course of dissolution. In a chop and leach headend, the
off-gas from the shear (SOG) is routed to the dissolvers and is the major DOG
diluent. Thus, a complete liberation of the rare gases Kr and Xe into the 00G is
straightforward.

(b) Carbon-14; The bulk of about 10-100 ppm carbon impurities in the fuel
matrix and the C-14 originating from the activation of N-impurities is oxidized to
volatile CO2 during fuel dissolution; 1-2% forms CO /4/. The probability for the
formation of organic materials in the hot nitric acid dissolver solution is low.

(c) Iodine-129

1. Iodine confinement:

In a conventional FRP the iodine contaminates a large number of aqueous,
organic and gaseous streams. A reliable retention necessitates a complex variety of
expensive removal steps and control measures at very low iodine concentrations in
the presence of difficult-to-remove organic iodine. Iodine confinement to the
headend equipment is not straightforward, but requires some minor process
modifications. An efficient iodine removal from the dissolver solution into the DOG
is the most important step to prevent an iodine dispersion throughout the plant.
This can be achieved by fractional distillation, or more conveniently by boiling
under reflux. The removal process can be improved by additional chemical treatment,
e.g. addition of carrier iodate and N0x sparging. Transformation and stabilization
of iodine^especially at lower concentrations,in the volatile elementary form is
precondition for an effective and clear performance of most operations. A
convenient reagent for this purpose is the nitrous acid HNO^, normally present in
most aqueous phases.

2. Consequences of organic impurities:

Provided that the confinement volume is not contaminated with organic
impurities, the behaviour of inorganic iodine is clear and sufficiently well
defined. A formation of non-volatile organic iodine may retain some iodine in the
dissolver solution. Formation of volatile organic iodine may complicate the iodine
recovery from the off-gas. Routine iodine removal from the large vessel off-gas
volumes has to deal with this inconvenient situation and should be avoided. A
possible source of organic impurities is the nitric acid recycled from the highly
active recovery system into the dissolvers and DOG scrubbers. Acceptable
concentration levels for the various organic species, which are compatible with a
reliable iodine treatment, are not well specified. Production of a sufficiently
pure acid should be possible, especially, if attention is paid to the details of
the acid recovery operations from the HAW.

3. Spontaneous fission produces short-!ivsd iodine isotopes:

Large storage tanks for the highly active waste contain some Cm. The 0.4 y-Cm-
242 and the 18y-Cm-244 have a spontaneous fission half life of about 107y and
generate continuously small amounts of 8d-I-131, 21h-I-133 7h-I-135 and additional
short lived isotopes e.g. of rare gases. The operating mode of the tank may allow
sufficient time for decay in solution, Another option for the highly active waste
tank ventilation and the vitrification off-gas, is the delay of release in an off-
gas purification system, if iodine retention should be required. Cm-244 production
increases considerably with the fuel burn-up /5/. The Cm amounts produced in LWR
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fuel are shown in F i g . l ; they are about one order of magnitude higher fo r Pu
recycle fuel in thermal reactors and about one order of magnitude lower for fast
reactor f u e l . Compared to the Cm, the spontaneous f iss ion of even Pu-isotopes is
much lower.

4. Release from the confinement volume:
An accidental release of 1-129 from the confinement area must be prevented by
re l iab le processing and should be a rare event. Such an event w i l l be less serious
i f the iodine process inventory is low. The fol lowing procedure has been proposed
to be prepared for emergencies: The acid in the vessel off-gas scrubbers can be
replaced by a 'mercurex' solution (about 10 M HNO3 plus 0.2 M Hgz+) from a standby-
tank for some days or weeks / 6 / un t i l the iodine is su f f i c i en t l y flushed out.

A br ie f summary of the processing concepts is given in table 5.

• l-129,Kr-85 AND C - H ARE ROUTED INTO THE OISSOLVER OFF-GAS

• THE CONFINEMENT VOLUME IS THE HEADEND EQUIPMENT
VENTED TO THE DOG PURIFICATION SYSTEM

Kr-85 COMPLETE LIBERATION INTO THE DOG IS STRAIGHTFORWARD

C - 1 4 BULK OF C FORMS VOLATILE CO2 DURING DISSOLUTION

1-129 REQUIRES SLIGHT PROCESSING MODIFICATIONS IN THE HEADEND:
— EFFICIENT IODINE REMOVAL FROM THE OISSOLVER SOLUTION BY

BOILING UNDER REFLUX, IMPROVED BY ADDITIONAL
CHEMICAL TREATMENT : E.G. CARRIER IODATE PLUS NO, - SPARGING

— NITROUS ACID AND A LOW ORGANICS CONTAMINATION AID TQ
MAINTAIN THE IOOINE IN THE VOLATILE ELEMENTARY FORK

— SPENT SCRUB ACIOS FROM THE DOG SYSTEM HAY CONTAIN SOME IODINE AND
ARE RECYCLEO TO THE OISSOLVERS

1-131 ANO OTHER SHORT-LIVED ISOTOPES ARE PRODUCED BY
1-133 SPONTANEOUS FISSION OF Cm - 2 « AND Cm- 2 «
1-135 CONTROL BY DELAY DF RELEASE IS AN OPERATIONAL PROBLEM

" ^TABLE 5 : " ^ HfCM

PROCESSING CONCEPT FOR 1-129, Kr-85 AND C-K
5. PROCESSING CONCEPT FOR TRITIUM

(a) Voloxidation: A small confinement volume in ths FRP and an extremely small
volume of tritiated waste water can be achieved by voloxidation of chopped fuel
prior to aqueous processing //'/. The additional high temperature step is complex
and expensive and is not approved as a desirable processing concept. Moreover, most
of the tritium has escaped from FBR spent fuel pins, only few percent are still
contained.

(b) Tritium behaviour in the LWR and FBR FRP_^ Tritium contained in the fuel
matrix forms HTO and less than 1% HT during dissolution. In a LWR-FRP about half of
the tritium is discharged as solid waste together with the leached zircaloy hulls;
the remainder accompanies the aqueous phases as water. Less than 10£ of the tritium
will arrive in a FBR-FRP, since most of it has escaped from the hot fuel during
irradiation through the stainless steel cladding into the reactor sodium coolant.
In the FBR fuel cycle the problems of tritium confinement and control are shifted
to the reactor site.
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(c) Confinement and recycle of tritium in the FRP: The simplified flowsheet in
fig.2 shows the processing concept, which is preferred for tritium control /8/. The
standard flowsheet is slightly modified, to confine the tritium to the aqueous
headend streams and to route it to the highly active raffinate HAW. The processing
concept for the non-volatile fission products (FP) is similar and the tritium
accompanies the FPs into the HAW., A non-tritiated scrub acid is used in the final
scrub extractor HS2 prior to reextraction, to replace the dissolved and entrained
aqueous phase in the organic solvent. This prevents the carry-over of tritium to
the subsequent extraction cycles. Radiolytic tritiation of the organic solvent in
the highly active extractor HA was found to be negligeable. The aqueous phases
recovered from the HAW stream are recycled exclusively to the tritiated aqueous
headend streams. The disadvantage of this concept is an increased tritium concen-
tration level.

A small fraction of tritiated waste water is removed and discharged from the
acid recovery system. As a consequence, the input of non-tritiated aqueous phase to
the confinement volume is limited to a correspondingly low value. The disadvantage
is a decreased process flexibility, e.g. the recycle of non-tritiated concentrates
from the subsequent extraction cycles is limited.

(d) Practicability of the processing concept: Individual process steps e.g.
scrubbing the tritiated aqueous phase from the loaded solvent have been
investigated, but the practical limits of this concept are not known. Existing FR?s
are not'well suited for a reliable demonstration of the flexibility or availability
limits of the over-all concejit. Experience can be accumulated in suitably designed
and operated future plants. A moderate tritium confinement factor and a moderate
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nonvolatile FPwaste .
tritiated waste water * 2

low volume of i
non-tritiated
recycle streams^'
or freshwater

LWR spent I
fuel pins

leached
claddinq

LWR-507.T
(negligeable
forFBR)

a
scrub acij

HAX-12

9solvent
wash

negligeable

U~1Z' - j - ~ -Lnegligea
tritiation

1
HA extractor

FIRST
EXTRACTION
CYCLE

HS1 extractor
-FP scrub

HS2 extractor
-Zrscrub
-T replacement i

tritium free solvent)
radijlytic tritiation

1C extractor

non-tritiated
aqueous phase
to additional
extraction
cycles

CONFINEMENT VOLUME FORTRITIUM AND -radijlytic tritiation
THE BULK OF NON-VOLATILE FPs is negligeable

Fig.2 CONFINEMENT OF TRITIUM IN A PUREX FRP HEADEND'
aqueous organic waste streams x volume flow rate x m3 per MTHM

reduction of the tritiated waste water volume is expected to be a reasonably cost-
effective and practicable compromise. Discharge of some tritiated waste water with
the off-gas via the stack and a moderate recycle factor for the aqueous headend
streams of about 3, will result in about 2 m3 tritiated waste water per MTHM
containing about 400 Ci tritium (PWR fuel).

(e) Consequences of waste treatment options: If the relatively cheap on-site
injection of large volumes of tritiated waste water is a licensable disposal
option, an extreme tritium concentration by recycling of aqueous phases within the
FRP headend does not make very much sense. Additionally, higher confinement factors
can be obtained without too much effort at the expense of larger tritiated waste
wate • volumes. On the contrary, if extremely expensive conditioning and storage or
disposal procedures are required, concentration by water recycling within the plant
and even additional tritium enrichment processes to reduce the tritiated waste
water volumes must be taken into account.

(f) HT-dilution option in the atmosphere: In view of the high global inventory
of tritium, which has been produced and dispersed in thermonuclear weapons tests,
the tritium concentration in the biosphere will decrease for many decades in spite
of an additional tritium release from the nuclear fuel cycle. Dilution and
dispersion of HT via the stack generated from the HTO at the FRP, does not meet the
approval of experts /9/.

The processing concept for tritium is summarized in table 6«
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MINOR MODIFICATIONS OF THE PUREX FLOWSHEET ARE REQUIRED
FOR CONFINEMENT AND HTO VOLUME REDUCTION

• CONFINEMENT TO THE AQUEOUS HEADEND STREAMS
-"Tritium scrub" of the loaded solvent prior to reextraction
- Separate acid recovery system within the confinement volume

• REDUCTION OF THE TRITiATED WASTE WATER VOLUME
- Reduced input of non-tritiated aqueous phases
- Recycle of recovered aqueous phases

• MODERATE CONFINEMENT AND HTO WASTE VOLUME REDUCTION
IS A PRACTICABLE COMPROMISE AND MAINTAINS
PROCESS FLEXIBILITY

VOLOXIDATION PRIOR TO AQUEOUS PROCESSING IS NOT APPROVEO

TABLE 6 :

PROCESSING CONCEPT FOR TRITIUM IN THE FRP

6. INDIVIDUAL RECOVERY STEPS FOR IODINE, RARE GASES AND 14-CO?

From the various alternative recovery processes for volatile radionuclides
from the DOG, only a few are listed in table 7: (1) present reference processes,
(2) processes developed to the engineering or pilot plant scale and (3) additional
R+D expected to be of interest for improved or advanced processes in the future.

(a) Iodine recovery
Iodine filters: A reliable iodine recovery from the DOG has been demonstrated

in the Karlsruhe reprocessing plant since 1976. The iodine filters contain the
commercially available AC 6120 material (silicagel impregnated with AgN03, price
about 250 DM per kg,~12% Ag). At an operating temperature of about 150° C,an
iodine decontamination factor of 10^ and a high loading have been obtained. Further
improvements, including the remote replacement of spent filters, detailed component
design and operating conditions for the planned FRP, are tested in a cold prototype
facility /10/.

Caustic scrubbers: A caustic scrub is a well-known, simple, cheap and con-
venient process and removes the bulk of inorganic iodine plus 14-C02 simultane-
ously; organic iodine is badly removed. Plant experience is scarcely reported in
the open literature. Improved efficiency and renewed attractivity is expected for
the large FRP's in the future and the required preconditions are as follows:

- An improved upstream N0x removal and a reasonably low DOG flow prevents an
excessive formation of nitrate, nitrite and carbonate salt waste and results in a
reasonably small volume of spent scrub solution per MTHM.

- The organic contamination level in the aqueous headend streams must be low in
order to obtain an efficient iodine removal from the dissolver solution. This
improves also the iodine removal efficiency of a caustic scrub,
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- Iodine removal from the DOG to the extreme trace level occurs automatically in
the course.of.downstream rare gas recovery steps. Upstream recycle of.tije.
recovered iodine traces avoids, a secondary iodine waste stream. The additional
in-line iodine recovery step improves the safety in case of upstream upsets.

Nitric acid scrubbers: In an integrated DOG purification system, the iodine
behaviour in the nitric acid scrubbers is of interest and has been investigated
under different modes of operation /24/. Simultaneous and efficient absorption of
nitrous gases N0x plus iodine is possible from a concentrated DOG; such conditions
correspond to a processing mode usually termed as "fumeless dissolution". Absorbed
iodine must be desorbed from the spent scrub acid prior to dissolver recycling, to
prevent an iodine accumulation in the DOG-system.

Residual N0x plus iodine can be removed to the trace level in a low tempera-
ture scrubber with 9O5!> weight nitric acid. Low temperatures in general are ex-
tremely effective for off-gas purification and are found automaticly in the course
of the rare gas recovery steps /13/.

(b) Recovery of rare gases:
Two alternative rare gas recovery processes are being developed in the FRG /ll/:

A cryogenic distillation process without oxygen has been investigated in the
50 m3 (STP)/h cold engineering scale "KRETA" facility since 1976. In the first
distillation column the N? is separated from the FP rare gases at 5 bar pressure;
the second column separates the Xe from the Kr at about 3 bar. Prepurification
steps required prior to cryodistillation are also investigated on the 50 m3 (STP)/h
cold engineering scale. In the "REDUCTION" facility oxygen and residual N0x in the
DOG are burned with hydrogen at about 500°C on a Ru-catalyst. Further purification
is accomplished by adsorption on silicagel and molecular sieves in the "ADAMO"
facility.

A selective absorption process using freon-12 solvent at low temperatures and
atmospheric pressure is being investigated in an 25 m3 (STP)/h cold engineering
scale test column ("TED"-facility) since the end of 1983 /12/. Xe and Kr are sepa-
rated from each other in two absorption columns. The first column recovers the Xe
plus 14-C02, N2O and traces of Rn from the DOG; the second column recovers the Kr.
Prepurification steps required prior to selective absorption have been investigated
on the 25 m3 (STP)/h cold engineering scale /13/. The freezing DOG impurities can
be removed for recycle in a low temperature nitric acid scrubber and a defrostable
feed gas cooler.

Technical as well as safety advantages are expected for the selective absorp-
tion process. A comparison of both alternatives will be made, if the state of
development is considered to be comparable.

Recovery of rare gases by adsorption on molecular sieves is being investigated
at the laboratory scale /14/.

(c) Recovery of 14-COp: COp absorption in caustic scrubbers or adsorption on
molecular sieves are well-1mown processes and are described in many textbooks.
Caustic scrubbing regains attractivity in the case of a simultaneous removal of
bulk iodine plus 14-C02 from the main DOG flow. It is almost impossible to avoid
the removal of CO2 in the course of any rare gas recovery steps either by adsorp-
tion on molecular sieves or by absorption in a solvent. For these processes,
caustic scrubbing is also well suited to recover CO2 from the product or desorption
gas streams.
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status
• IODINE FILTERS {AgNO3-siUcagel) demonstration at WAK

commercially available AC 6120 material lOOmVh since 1976

• IMPROVED CAUSTIC SCRUBBING laboratory scale

1-129 © absorption and/or oxidation engineering scale
in nitric acid scrubbers 25mVh since 1979

° low temperature absorption in R12 preliminary investigations
and/or cold traps (see Kr)

O CRYOGENIC DISTILLATION WITHOUT 02 engineering scale
plus prepurificalion steps 50mJ/h since 1976

K r - 8 5 @ SELECTIVE ABSORPTION IN R12 engineering scale
plus prepurification steps 25mVh since 1?8<»

» ADSORPTION AT MOLECULAR SIEVES laboratory scale

C-14 ® CAUSTIC SCRUBBING (see 1-129) available technology
as O ADSORPTION AT MOLECULAR SIEVES i

CO2 O ABSORPTION IN R12 / s e e K r r e c o v e r y

IVmV! , . —
WPS RIOTTABLE 7 : " ^ ^ ""W

INDIVIDUAL RECOVERY STEPS FROM THE DISSOLVER OFF-GAS
(cold or Iracered engineering O 0|" laboratory o scale, • h o t plant conditions)

7. INTEGRATED DOG PURIFICATION SYSTEMS

A reliable evaluation of individual recovery steps can be made only as a part
of an integrated DOG purification system. Many different tasks must be performed in
an integrated DOG system: FP iodine and bromine, rare gases Xe and Kr and 14-C02
are recovered for conditioning and storage or disposal on the one hand. On the
other hand, radioactive particulates, large volumes of N0 x, water and nitric acid
vapours and traces of RUO4 must be removed for recycle into the process. The
treatment of so many different component? creates a comparatively complex total
purification train. A reliable operation of the complex total system is essential,
since the large gaseous waste volumes cannot be stored in case of malfunctions.

A single version of a DOG purification system is not suited to deal with
different demands in different FRPs /15/. Important aspects for system design are:
release regulations, processing modes in the plant headend, compatibility with
subsequent waste treatment steps etc. An example of such differences is the DOG
dilution range from about 102-104 m3 (STP) per MTHM found in existing plants.

Two examples of DOG-systems under investigation at Karlsruhe on the cold
engineering scale are shown in the simplified flowsheets of fig.3 and fig.4. The
names of the individual experimental facilities are indicated below /ll/.

The first part of the flowsheet in fig.3 comprises a nitric acid scrubber plus
aerosol and iodine filters and corresponds in principle to the DOG-system demon-
strated in the Karlsruhe FRP (WAK) at a throughput of about 100 m3 (STP)/h. The
following part shows the cryogenic reference process and the required precleaning
steps. Integrated operation of these facilities is not planned.
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The first part of the simplified flowsheet in fig.4 shows a conventional DOG
system comprising a nitric acid scrubber and a caustic scrubber plus aerosol
filters /16/. The second part is located in a cold box and contains a low tempera-
ture nitric acid scrubber and the absorption columns for rare gas recovery. The
total system is a conventional sequence of scrubbers and filters, operating at
atmospheric pressure and stepwise temperature decrease. Integrated operation is
scheduled for 1985.

8. CONDITIONING OF RECOVERED MATERIALS, STORAGE OR DISPOSAL OPTIONS

Treatment and conditioning steps are the link between recovery and storage or
disposal steps. A suitable choice of processes should provide for simplicity and
compatibility of the successive operations. Suitable waste forms and waste packages
depend on the selected storage, transport or disposal processes.

According to a German Law (§23 "Atomgesetz") the "Physikalisch-Technische
Bundesanstalt", Braunschweig (PTB: "federal institute of physics and technology")
is responsible for the construction and operation of federal repositories. The PTB
is the applicant for repositories in a licencing procedure and has to demonstrate
the safety of the disposal mine. Acceptable specifications for waste forms and
packages will be established in an iterative process between the nuclear industry
and the PTB /17,18/. There are limitations in view of a release of volatile
radionuclides in those mines, which are accessible during disposal operations. A
release of volatile radionuclides from waste packages in a disposal mine may
contaminate the weathering and contribute to the dose rate of the operating
personnel. Preliminary upper release rate limits for waste packages have been
proposed.

Some more important treatment, conditioning and storage or disposal options
are briefly summarized in table 8:

Iodine-129 and carbon-14: The design capacity for the iodine filters is about
1.5 GWe-year. Spent units are not regenerated but replaced remotely and transferred
into 400 1 drums. Incorporation of the filter material into a cement matrix
improves the leach resistance.

Simultaneous precipitation of barium iodate and carbonate has been proposed
for spent caustic scrub solutions, preceded by oxidation and addition of a barium
hydroxide slurry /15/. The precipitates may be incorporated into a cement matrix
plus additives, to produce a suitable waste form.

Kr.ypton-85: Separation of Xe and Kr from each other is desirable for two
reasons: (1) to recover the inactive Xe for commercial use and (2) to reduce the Kr
storage volume. The thermal decay power of FP krypton cooled for 1 year is about
lkW per 7 m3 (STP) and the concentrated waste forms produce heat and require
cooling during storage.

Gas storage in cylindrical pressure vessels is a familiar technology. Rb
induced corrosion has been investigated and resistant construction materials have
been specified. Heat removal by natural air convection is sufficient and concepts
for storage in an engineered building have been developed. The building may also
serve as a second containment barrier.

Solid storage forms can be produced by continuous fixation in a metal matrix
using ion sputter pumps or, alternatively, by encapsulation into zeolite 5A. In
this situation the first containment is the stable solid waste form and the second
containment is the sputter pump cylinder or the vessel containing the zeolite. The
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iodine containing H Q
off-gas from additional n
dissolvers and vessels

i
shear
off gas

RE CIRCULATION- COMPRESSOR
BLOWER f ibar

to stack
o Kr

DISSOLVER AND H 0 x - AEROSOL AND COMBUSTION
REFLUX CONDENSOR SCRUBBER IODINE FILTER OF 02AN0 N0 x ADSORBER CRYOCOLUMNS

3bar

NAME OF FACILITY:"WASCHE" " P A S S A T " "REDUCTION" " A D A M O " " K R E T A "
integrated operation integrated0operation

Fig.3 SIMPLIFIED FLOWSHEET OF A DOG PURIFICATION SYSTEI
WITH RARE GAS RECOVERY BY THE CRYOGENIC REFERENCE PROCESS

I H C H

iodine containing
off-gas from additional f]
dissolves and vessels

shear
off-gas

DISSOLVER AND NOx-SCRUBBER AEROSOL FILTER COLDSCRUBBER RARE GAS'SCRUBBERS
REFLUX CONDENSER CAUSTIC SCRUBBER XE-SCRUBBER KR-3CRUBBER
| c o m p o n e n t s of " H E T - f a c i l i t i e s . 11 TE

Fig.4 SIMPLIFIED FLOWSHEET OF A DOG PURIFICATION SYSTEM
WITH RARE GAS RECOVERY BY SELECTIVE ABSORPTION
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improved waste form is expected to reduce the cost for storage or disposal. Both
alternatives are being investigated /19.20/.

Tri t ium; The reference process for the elimination of t r i t i a t e d waste water is
an inject ion deep underground,into isolated porous geological formations. On-site
injection is preferable and avoids additional costs connected with transport. The
back-up process is HTO f ixat ion in a cement matrix, packed into t ight 400 1 drums
and storage in an on-site f a c i l i t y . Trit ium enrichment by catalyt ic H2O/H2 exchange
/ 2 1 / and f ixat ion of the t r i t i a t e d concentrates in a zeolite matrix or as Zr-
hydn'de is an additional area of research 719,22/.

A general disposal option for low and medium active waste which is expected to
reduce the dose rate to the plant personnel is the ' i n - s i t u ' process /23 / . Cold
tests are made at the "ASSE" salt mine. LAW and MAW fixed in aged cement granules
is mixed with about the same volume of fresh cement and pumped into a large
engineered on-site underground cavern._Admixijic)_of--tritiatedI waste water, iodine
f i l t e r material or Kr, encapsulated into zeol i te , has been proposed. The " in . -s i tu "
process or HTO injection are attract ive in case of colocation of reprocessing and
disposal f a c i l i t i e s .

16.0Q0,000y © SPENT IODINE FILTERS
1-129 —remote replacement without regeneration

—incorporation in cement matrix in COO I drums
plus o SPENT CAUSTIC SCRUB SOLUTION

5730y -pretreatment and precipitation of Ba!IO3)2 and BaCO3

C-14 —precipitate incorporation in inorganic matrix

DISPOSAL of long-l ived nuclides in solid form in geological formations

10.8y
Kr-8S

ON-SITE
STORAGE

0 PRESSURE VESSELS
-batchwise cryopumping in cylindrical pressure vessels

• ION SPUTTER PUMPS "̂
-continuous fixation in a metal matrix I storage of

• ZEOLITE ENCAPSULATION f s o l l d f o r m s .IS

-batchwise encapsulation into zeolite 5A J l e s s e xPe n s 'V ! ;

in engineered building, air cooling by natural convection

12.3y
H-3

® HTO INJECTION into deep geological formations
o HTO FIXATION IN CEMENT in fight 4001 drums
• HTO IN FRESH CEMENT injection into engineered underground cavern

ON-SITE
STORAGE OR OISPOSAL Transport o f f - s i te is more expensive

• TRITIUM ENRICHMENT, waste form Zr-hydride etc.
nfftw-

TABLE 6 : iNmua IHCH

TREATMENT.CONDITIONING AND STORAGE OR OISPOSAL OPTIONS
0 present reference process O back-up • R»0 o proposal For future R*O
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9. SUMMARY AND CONCLUSIONS

- The airborne waste management steps are part of a complex integrated system. The
total interacting system must be optimized, not only the individual steps.

- The important first step of waste treatment is a suitable processing mode in the
FRP headend. The general strategy is to confine the volatile nuclides to a small
plant volume and to route them completely into a single, small waste stream. This
is straightforward for the rare gases and 14-C02- Confinement of iodine and
tritium requires minor process modifications.

- Tritium is concentrated by recycling the aqueous phases in the FRP headend.
Tritiated waste water is removed f»-om the highly active acid recovery system.

- Iodine, rare gases and 14-C02 are recovered from the DOG stream. Few recovery
processes are demonstrated, many recovery alternatives are being developed using
advanced technologies to improve safety, reliability and economy of the entire
DOG purification system. An additional incentive for the recovery of rare gases
could be a commercial use; this should not be neglected in a cost-benefit
analysis.

- A pointless dilution of the DOG does not contribute to safety and cost- x
effectiveness. The recovery processes will be more simple, safe and economic, if
the DOG flow is reduced to a reasonably low value. This is valid for all off-gas
treatment.

- Conditioning, storage and disposal procedures are the least well developed steps
and various alternatives are being investigated.

- Recovery and concentration of the airborne radionuclides in the course of the
treatment steps may create an additional hazard for the operating personnel. An
evaluation of alternatives should pay special attention to this safety aspect.

- International agreements for release limits would be desirable. In view of the
large inventories of iodine, hydrogen and CO2 in the sea water, sea dumping or ,
sea disposal might be a suitable choice. The 'London Convention1 governing sea
disposal, should be reviewed on an international basis.
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DISCUSSION

CROFF: Thank you for the excellent papers. From the
descriptions of the activities of the various countries and organiza-
tions, we have gotten a good overview of the various retention and
recovery technologies that exist and some of the approaches being
used to put them together.

BELLAMY: I would like to address my question to each
panel member, but I think I am addressing it prircipally to the last
speaker. I getjas a common thread, a sense of pessimism that an
actual fuel reprocessing plant with an acceptable offgas treatment
system may ever really be achieved. Am I misinterpreting your com-
ments? Do you have optimism, or pessimism, that we will ever see an
operating fuel reprocessing plant with a. very efficient offgas
treatment system?

HENRICH: I am very optimistic because I think ef-
ficiency, safety, and cost effectiveness do not necessarily exclude
each other. I am not pessimistic, by any means.

BELLAMY: I am curious whether other panel members
agree or disagree.

G^RpENTER: I think if you detected pessimism in my pre-
sentation, it was not whether or not we could achieve adequate offgas
retention in a reprocessing system, it was .lust whether we will ever
have a reprocessing system,

THOMAS, R.T.: My first question, is to Mr. Henrich regarding
the proposed 350 ton per year fuel reprocessing plant. I followed
the activities in West Germany for a number of years. Orginally,
a 1400 ton per year plant with krypton recovery was proposed and now I
realize a 350 ton per year plant, without krypton recovery, is being
proposed. I am also aware of the recent ruling by the Radiation
Protection Board that the dose impact does not justify krypton re-
covery. Nevertheless, it occurs to me that it would be an excellent
opportunity to demonstrate krypton recovery,, as the Japanese are trying
to do. I wonder why West Germany is not taking the opportunity, also,
to demonstrate at least a partial recovery since you have a fairly
small hot pilot plant. Would you know the reasoning behind it?

HENRICH: The licensing authorities for a reprocessing
plant in Germany will be the state governments. On one side.* is Lower
Saxony, on the other^is Bavaria. Therefore, there could be different
decisions. Statements by the Reactor Safety and Radiation Protection
Commissions are only recommendations. Regulations are made by the
governments. Although what really will happen has not yet been decided;
a demonstration of krypton removal technology has been recommended.
However, a "hot" demonstration of krypton recovery will wait for a
future reprocessing plant.

THOMAS, R.T.: So the possibility exists that you might
still demonstrate krypton recovery on a small scale?
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HENRICH: Yes, of course.

THOMAS, R.T.: I have a second question for Mr. Henrich.
I am aware that you have been developing cryogenic distillation
since 1976 and that now you are working on carbon adsorption and
recovery. Is the purpose for investigating both technologies to decide
in the near future which is better? I think you are in a unique
position to do this, inasmuch as both technologies are being looked
at in the same laboratory. This is not the situation in the U.S.
I am wondering by what method, or by whom in your company* the decision
will be made. If you were to go to a "hot" demonstration, would the
decision be made at your company level, or would it be made by your
Government, or by a private industry?

HENRICH: When the development of both alternatives
is at a comparably level, a comparison will be made. Not by K-of-K
people but by others. It is not desirable that we do this. It will
happen in a year or two.

THOMAS, R.T.: Will it be done by private industry, by an
expert group, by a panel, or by some other mechanism?

HENRICH: By an expert group, not by K-of-K members.

THOMAS, R.T.: This is addressed to Mr. Groenier. It is
academic, but suppose we had_to make the same decision in the U.S.
Do you have any idea what process we would use? I certainly don't.
If we had to decide on a technology for krypton recovery, say for 1990,
what kind of a procedure do you suppose we would use? Would we have
hearings, perform some more environmental impact studies, make cost
effectiveness analyses, or what? What do you think would happen?

GROENIER: It is very difficult to answer because of
the large number of sources from which we recpive directions. I can
only answer from my own viewpoint, which also reflects the viewpoint
within the program that I belong to at Oak Ridge. We would select
the Preon selective absorption process. Primarily, because we
bypass the ongoing safety concerns =>bout the cryogenic process. We
also recognize that the pretreatment steps required for cryogenic
distillation make it a complicated process in comparison with the
Preon process.

THOMAS, R.T. : Having thought about it for a number of years,
I am wondering if it would be a good idea to combine the two techno-
logies. I understand that fluorocarbon is a very robust technique,
insensitive to contaminents, whereas cryogenic distillation requires
very precise control of temperature, pressure, and reduction of
contaminents to trace levels. I have always seen that to be a problem.
The fluorocarbon process reduces the effluent flow by a factor of
1,000, roughlyJ that is, you take in a very large flow and then the
-product stream will be l/1000th the input stream. Wouldn't it be a
good idea, perhaps, to put the cryogenic technology on the tailend of
the Freon process?
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GROENIER: That is quite true. In a sense, we
already do it because our overall flow sheet takes the product stream
from the selective absorption process, which is picked off in the
single column concept at the concentration peak for both xenon and
krypton, and then they are further separated by what we call a
selective desublimation technique. It is cold trapping, a cryogenic
cold trapping, if you will. So, in a sense, we do what you suggest
in a way, although it is not done in the conventional cryogenic
distillation sense. It could be, and it probably is^worth considering.

THOMAS, R.T.: I would think from the standpoint of
temperature control and mass transfer it would be easier than sub-
limation and cold trapping. I would think the liquid phase trapping
would be a little easier to control. It seems to me, a marriage of
those two processes might give us the best technology of all.

HENRICH: I would like to add something. Our
selective absorption process is a little bit different from the U.S.
process. The experience we have up to now with our test column is
that we are separating xenon and krypton with two columns. The
purity of the krypton product will be 99% or more, and the same will
be true for xenon products. I do not see what an additional
cryogenic process would do. We use very much lower temperatures and
you can say that this is a cryogenic absorption process. With lower
temperature, the separation selectivity and efficiency increases. You
can say this is a combination of both, that it is erogenic absorption
that we are doing with our process. We have very low temperatures:
in the first absorber we have -120 C and we have tested the second,
with ~l40 , and we intend to go to -150 C. So you can see, it is a
combination of both. We get about the same product purity as with
the cryogenic process.

von AMMON: I think the discussion about the best
process of Kr retention is academic as long as there is no chance of
a hot demonstration. There is no such chance in the near future in
this country (U.S.) or in Germany, where Kr retention won't go into
operation before the mid-nineties, and this only if regulatory author-
ities will demand it for the planned 350 t/a plant. I see only one
place in the world where it will be possible soon, in Tokai Works.
I heard, however, that the Japanese hesitate to put their cryogenic
Kr system into hot operation because they are afraid of handling the
hot Kr cylinders. Could Mr. Naruki comment on this?

NARUKI: Thank you for your encouragement. We are
hesitant to go into, active operation. Demonstration is all right., but
we have a great need for shielded storage for the recovered krypton.
When we once store the recovered kryptonjwe must keep it many long
years, but we have not yet made any decisions what to do about storage
of the recovered krypton. Maybe a small storage facility will be
accepted, but to plan a large storage facility will require a big
decision. Maybe we will go to hot operations in the near future.

HENRICH: I have a comment regarding an active
demonstration of a krypton recovery process. Active means that
radiokrypton is in the process. Looking at the krypton inventories
of a cryogenic process arid of a selective absorption process, there
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could be a. large difference, about a factor of 100. It would be very-
simple to have a hot demonstration with the selective absorption
process on an engineering scale, but with the cryogenic process, where
you have about 100,000 curies, this would be difficult. Though a hot
demonstration of an individual process can be done, you need no plans
for this if the inventory is sufficiently low. You do not neec. a
plan for a hot demonstration for a proce with a low inventory.
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