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FOREWORD

Nuclear fusion could become a viable energy source. Work
in plasma physics and fusion research is progressing
rapidly in various Member States and international
collaboration continues on work aimed at the demonstration
of fusion power generation. Environmental protection and
safe%y programmes need to keep pace with the present
technological developments of fusion research. In order to
provide a forum for discussing safety questions, including
environmental safety aspects, related to fusion power
development, the IAEA had organized a Technical Committee
entitled "Workshop con PFusion Safety". It convened during the
period 23-27 March 1981 at the Agency's Headquarters in
Viemna. This volume contains the proceedings of this
workshop. It is hoped that the information provided will
contribute to 2 better understanding of the existing

international data base in the field of fusion safety.
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1. INTRODUCTION

l.1l Rackzrround, ob-ectives and scoce.

In Yovember 1979 an IAFA Consultants! Meeting was held to consider
environmental and safety aspecis of fusion. The main recommendation
of the consultants was shat an IAFA workshop on fusion safety should
ve held during the year 1981. The International Mision Research
Council (IFRC) endorsed this recommendation and agreed to the
proposed terms of reference for the workshop. The workshop should
achieves

i) an improved international understanding of fusion reactor
safety,

ii)  better understanding of the international data base available
%0 address fusion safety,

iii) co-ordination of current, similar on-going safety relatad
programnes,

iv) consensus on the key areas where additional research or
analysis is needed and the relative priorities of the various
tasks,

v) opromotion of conduct of fusion safety research on a broader
intarnational front.

Topics suggested for the workshop were:

i) tritium handling and safety
ii) activation product generation and release
iii) lithium safety
iv) superconducting magnet safety
v) potential fusion reactor accidents
vi) safety znalysis techniques
vii) operational safety
viii) shielding considerations
ix) environmental impacts
x) waste management considerations and techniques; decommissioning
xi) vioclogical effects of magnet fields

1.2 Crzanization and Participation

Th~ workshop was held during the period 23-27 March 1981 a2t the igency’s
Headquarters in Vienna, Austria. It was attended by 20 experts from

7 Member States and two internmational organizations, the CEC and the
TAFA. A list with the names of the experts and ‘their affiliation is
included in these proceedings.

1.3 Horkshop Activities

Experts from the USA, the UK and France presented overview statements

of fusion safety activities in progress in their respective countries.
Summaries of these statements are included in these proceedings. The
Scientific Secretary of the workshop summarized the history of the

[AEA's involvement in fusion safety. 7 papers were presented. The full
text of these papers together with the questions and answers to the papers
is included in these proceedings.

The workshop participants discussed fusion safety research and
development requirements in the suggested topic areas with the
intention of identifying outstanding probvlems that should receive
highest priority of attention within the near future. The list of
high priority fusion safety research and development needs that
resulted from this discussion is also included in these proceedings.

The workshov participants agreed on recommendations to the IAFA on
procedures to further opromote, co=ordinate and publicize future
fusion gafety work on an international basis.



Cne session of she worxshop was devoted to a discussion of current
saf2ty issues of INTOR. 4s the safety work specifically done Zor
INTOR will ve raflected in the IAYA's puolications of the INTOR
workshop, vthe oresentations of the INTOR reiated safety studies
were not incorporated in the oroceedings of =his workshop.

l.4 deneral Conclusion

There 1s a growing Lnvolvement in fusion safety or safety related
orogrammes 1n fember States of the IAEA, mostly related to the
present and next zeneration of fusion experiments but also arising
from the range of conceptual fusion reactor designs. Dedicated

R % D programmes on safety toovics, e.g. iritium handling, lithium
fires and magnet safety, are being supported, particularly in the
UeScds which has a comprehensive centrally co~ordinated safety
Drogramme.

Tirther programme sxpansion 1s required on both short and long term
tasis. There is an urgent need to up=date existing reviews on fusion
safety and to establish procedures for close international collaboration
and co=ordination in this subject area. In particular, 1t 1s desirzble
%0 establish a reliable data background as a vase for an environmental
impact statement of fusion.

The Workshoo included delegates, specialists in some of the safety
topic areas, as well as others with wider general involvement. It was
considered realistic to provide a consensus view on problems and
vriorities on many safety ftopics but additional information and
analysis was needed from other specialist individuals and groups.



STATEMENTS ON NATIONAL FUSION SAFETY PROGRAMMES
SUMMARIES

FRANCE
JeLe Rouyer

Several teams of the French "Commissariat % l'EZnergie Atomique” (C.E.A.)
are involved in fusion studies. It is only recently that the "Institut

de Protection et Sureté Nucléaire" (I.P.S.N¥.) has been involved in fusion
safety and protection activities. This contribution is essential in the
actual technological phase of fusion development. That is why I.P.S.N. is
participating in a Group of Experts to study fusion issues with physicists,
metallurgists, chemists. It is hoped that a safety research programme
specific to fusion be developed.

Work is also going on in co—operation with the Chemistry Division of CEA
for the specification of the JET tritium plant, including clean-up,
ventilation and monitoring systems.

UNITED XINGDOM
T.K. Allen

The United Kingdom involvement in fusion safety has developed in parallel

with the fusion research programme, initially through conventional safety and
reliability requirements of magnetic containment experiments and later,

1967 = 75, extending to the envirommental aspects of fusion reactors as an
integral feature of conceptual reactor design studies. On-going consideration
of reactor design give high priority fo safety aspects and relevant expertise
from the UK mnclear programme has been mobilised in the assessment of radiation,
shielding, activation, remote maintenance and waste management areas. As yet
there has been no large scale R&D programme specific to fusiorn safety.

The JET project, sited at Culham, has more recently focussed attention on

the radiation and envirommental aspects of the present gemeration of large
tokamak experimental programmes. JET, the UKAEA and other European organisations
have combined to provide information on the neutron flux during D-T operation
and on the required shielding and operational procedures. Studies on tritium
handling and radiological protection are well advanced. Preliminary studies

of waste management, de-commissioning and disposal are under way.

UNITED STATES OF AMERICA

GeR. Nardella

The United States Fusion Safety Programme has been designed to maintain

pace with overall magnetic fusion development programme and with construction
and operation of the Musion Engineering Device (™M), Tz order to help meet
*hig objective DOW had desigmnated Idaho National ZEngineering Laboratory

(IMEL) as lead laboratory in Fusion Safety Research and in accordance with
implementing its role as lead laboratory, INEL develoved a fasion Safety
Research Programme Plan which will guide the safety work over the next several
years. Generally the safaty programme supports work in three areas and thev
are



identif
%

cation and control of the radiocactive inventories in fusion
facilitie

ies.

The programmes in this area include construction znd operation in 1982

of the Tritium Systems Test Assembly (TSTA) at LANL which will develoo
and demonstrate the operation of a vrototypic fusion reactor fuel cyrle
system and control and containment 2f reactor relevant mantities of
fritium. This facility will also conduct iritium research in several
areas including adsorption and desorpiion mechanisms, permeation and
develooment of affective cleamup and decontamiration technisues. Besides
the work at TSTA there is also additional tritium research being conducted
in the area of bvarrier develooment, probabilistic risk and modeling
assessment and a determination of the biological effects of ftritium.
Analytical +tools are also being develoved to determine the consequences
of releases of activated oroducts including identification and assessment
of potential disruptive energy sources and the transport and deposition
of products within fusion reactor coolant system. iAlso a determination

of the feasibility of using low activeted material to imorove maintenance
and waste management aspects of a fusion reactor is ueing done.

identification and mitigation of the energy sources votsentially available
t0 release a portion of these inventories.

The programmes in this area focus on examining the safety concern and
developing analytical tools and control methods to mitigate the three
votential enerszy sources which can initiate accidents within a fusion
reactor system: lithium, superconducting magnets and olasma disturbance.

development of analysis and design techniques to assess and ensure that
safety risks associated with operation of magnetic fusion facilities are
acceptably low.

The programmes in this area include development of codes which analyze
the fusion reactor response to an accident initiating event, establishment
of a unified risk assessment methodology for use as a design tool and as
a gsafety analysis technique and establishment of a central computerized
fusion safety data base in order to have this information made ecasily
available and accessible to designers.

10



PAST IAEA ACTIVITIES IN THE AREA OF FUSION SAFETY

A brief overview

F.N. FLAKUS

Radiological Safety Section,

Division of Nuclear Safety,
International Atomic Energy Agency,
Vienna

Particular interest in the subject of fusion safety was first shown
by the Agency some 10 years ago, at which time the organization estavlished
the International Fusion Research Council (IFRC). At its first meeting
ir June 1971 IFRC recommended, inter alia, that the Agency should co-
ordinate information relevant to whe development of fusion power,
including such topics as fusion reactor hazards. As a follow-up to this
recommendation, a Consultants! Meeting on Fusion Power and the Inviron-
ment was convened in December 1971. While the consultants agreed that
the assessment of possible environmental 2ffects of fusion power
reactors was a very important task, they stated that sstimates on
tritium ralease from fusion reactors indicated that requirements of
the International Commission on Radiological Protectien (ICRP) would
be satisfied. It was also conciuded, however, that it was not possible
at that time to proceed with further svaluation of any hazards associated
with fusion reactors. The consultants recommended that further sngineering
studies of fusion reactors should be undertaken nricr ta any detailed
consideration of the snvironmmental =ffects of fusion power. To encourage
and accelerate such studies it was proposed that a working group of
experts who had made significant contributions to fusion reactor desiszn
should meet. As a result, the Agency organized the Workshop on Fusion
Reactor Design Problems at Culham, United Kingdom, early in 1974,
which was attended by 50 participants. Several discussion groups were
set up at this workshop, among them one on "Fusion and the Environment'.

A summary of the discussions of this group was compiled by J.T.D. Mitchell
and published in the proceedings of that workshop [1].

In the meantime, the subject of fusion power and the environment was

again discussed at the second and third meetings of IFRC, in 1972 and

1973 respectively, and a request was made to the Agency by IFRC for

the preparation of a detailed rsviaw on the subject. This review was
published in September 1975 [2].

The subject of fusion power and the environment continued to
appear as an item on the agenda of all subsequent IFRC meetings.
Although it was believed by IFRC members that an early revision of
the 1975 report [2] should not be undertaken, IFRC recommended that
a consultants' meeting should be convened with the aim of identifying
areas where further study and research work on radiological safety
and environmental impact aspects of fusion were needed. This
consultants! meeting was held in November 1979. The consultants
prepared a report [3] and made a number of recommendations, giving
the highest priority to the holding of a workshop on fusion safety
in 1981. IFRC endorsed this recommendation and expressed the degire
to co=ordinate this work with the work of the International TOKAMAK
Reactor (INTOR) Workshov. The present workshop is the first major
Agency meeting organized specifically to address the issue of fusion
safety. As the last day of this fusion safety workshop is devoted
to INTCR safety considerations, the INTOR Workshoo will start the
following week (from 30 March to 10 April 1981) and some experts will
participate in both workshops, the desired degree of co-ordination
will be achieved.

A few words should be said about INOTR: Work on INTOR commenced
in early 1979. INTOR's Zero Phase discussions were completed about
one year ago, and the Zero Fhase report has been published. Currently
INTOR is in the middle of Phase One. One chapter of INTOR's Zero

11



Phase Report 1s devoted to safety and environment _d], and this
suosect 1s also receiving continuiny attention in the discussions
of INTOR Phase One _3]. one important aspect in this regard i1s %hat,
the LITCR facility should ve designed such that 1t can Ye sited 1n

any of the Agency's Yember States.

The activities aescribed above refer to the Agency!s specific
work in the area of fusion safety. In addition, there have been and
are a numper of Agency activities in the rad:iological safety and
environmental proteciion areas that are not aimed specificzlly at
Zusion safety, but which are certainly relevant o fusion safety.
while 1t would bte inapvropriate in the present context to list
2ll these activities, attention must be drawm to a few important
documents that have been issued. In 1978, the Ag=ncy published a
report entitled 'Principles for Establishing Limits for the Release
of Hadioactive Yateriral into the ETavironment’ L6]. This report
presents basic concepts and principles relevant to the establishment
of limits for planned releases of radicactive material from miclear
facilities and 1s intended for use vy national authorities. The
nrevaration of complementary documentation on fthe application of these
orinciples in various nractical siftuations is forsseen. In 1972, zhe
Agency vublished the proceedings of a symposium on *he "Behaviour of
Tritiam 1n she Ew::.ronment"!_?]. The nroceedings also_contain fwo papers
that specifically address the subject of fusron [3,9]. Further papers
dealing with tritium hazards are found 1in proceedings of other Agency
neetings Elo,ll]. Also of interest 1s a recent Agency technmical
report on "Tritium in Some Tyvical Tcosystems! LlZ]n Thas publication
presents data obtained in an Agency co-ordinated research programme
on the senvironmental behaviour of trifium, which involved eleven
laporatories over a period of five years. It i1s thought that <he
report will assist in predicting the dbehaviour of iritium in the major
terrestrial ecosystems of the world. Whereas the emphasis in the revort
1s on tritiated water, the need for further tritium research 1s mentioned.
A comprehensive bibliography s also grven. Finally, 1t should be
noted that the Agency's Basic Safety Standards for Radiation Protection
were recently revised ':13]. This revision takes full account of
ICRP recommendations made 1n 1977.

In all the activities described herein the objective 1s to
ensure that nuclear operations are carried out safely. The
workshop on fusion safety can also contribute significantly to
this ende
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IAEA-TC-408/1

TRITIUM HANDLING REQUIREMENTS AND DEVELOPMENT
FOR FUSION

J.L. ANDERSON

Los Alamos National Laboratory,
Los Alamos,

United States of America

Abstract

Tritium technology development for the Department of Energy
fusion program is taking place principally at three laboratories;
Mound Facility, Argonne National Laboratory, and Los Alamos National
Laboratory. This paper reviews major aspects of these three programs
and discusses aspects of the tritium technology development at other
laboratories in the U. S. Facilities and experiments discussed
include the Tritium Effluent Control Laboratory and the Tritium
Storage and Delivery System for the Tokamak Fusion Test Reactor at
Mound Facility, the Lithium Processing Test Loop and the solid breeder
blanket studies at Argonne, and the Tritium Systeﬁs Test Assembly at
Los Alamos. Work at the Lawrence Livermore National Laboratory and

the Oak Ridge National will also be discussed.

I. INTRODUCTION

Three areas of fusion technology deal with tritium handling and
containment. These are the main fuel cycles including reprocessing of

the reactor exhaust gas, tritium breeding and extraction from blanket
systems, and tritium safety. Each area is being investigatad under
the sponsorship of the Office of Fusion Eunergy. We anticipate that
early-generation fusion reactors will use the deuterium~tritium fuel
cycle. The tritium fuel component is a hydrogen isotope of mass
three. This material is radioactive, decaying by emission of a beta
particle of 5.6-keV average energy and a half-life of 12.3 years.
Tritium chemically behaves like ordinary hydrogen; reacts with oxygen
to form water, with nitrogen to form ammonia and it will exchange with

the hydrogen in hydrocarbons to form tritiated hydrocarbons. Because
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of its relatively short half-life, tritium is not an abundant
isotope. Tritium is produced in nature by cosmic-ray bombardment of
the earth's upper atmosphere. Neutroms, protons, and deuterons cause
tritium producing reactions such as

Q + 14N - T4 12c

H + laN *> T + fragments

D+D * T+ H

Tritiated water is formed in the atmosphere by tritium oxidation
or tritium exchange with hydrogen in water through a variety of
complex reactions that can be summarized as

S
TZ + 1/2 02 TZO
and
- +
TZ * HZO HTO HT

Tritium normally is produced in auclear reactors by the thermal

neutron irradiation of 6Li, where the following reaction occcurs,
6 4

Li + Ty ™ He + T.

Tritium also is produced by the fast neutron

7Li +a > 4He, + T +nqn'

These reactions will be used to breed tritium in a fusion reactor
blanket. This blanket might be a liquid lithium-metal blanket with an
adjusted 6Li:7Li ratio, or it might be a solid lithium material
such as lithium oxide, or a lithium=lead or a lithium=~aluminum alley
where the thermonuclear neutrons would be eaptured by the lithium,
thus bresding tricium.

The primary fusion reaction in a D-T plasma is the T(D,n)éﬁe
reaction with an energy release of approximately 17.5 MeV, 4 neutron
kinecic energy of 14 MeV, and a 4He energy of 3.5 MeV. To obtain
useful power from the energetic neutron, the reactor designers must
provide a surrounding blanket in which the neutron energy is moderated

by multiple collisions with the blanket materials and eventually is
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captured by one of the blanket or shielding components. In additionm,
new tritium fuel must be produced by a auclear reaction to supply fuel
to the plasma. Both objectives are accomplished by the use of lithium
in the blanket. .Because natural lithium is composed of two isotopes
(7.427% 6Li and 92.587% 7Li), two nuclear reactions occur. At

thermal neutron energiass, the reaction 6Li(n,q, )JH predominates

with an exothermic energy release of 4.79 MeV. At higher neutron
energies, the reaction 7Li(n, n'a ) BH increases in importance but

has an endothermic Q-value of =2.47 MeV. The thermal energy from the

nuclear reactions in the blanket and from the alpha particle heating
of the plasma eventually will be converted to electrical power with an
efficiency of ~30Z; therefore, large quantities ( ~1 kg/day) must be
supplied to the reactor. The quantity of fuel that must be supplied
to the glasma is much larger than the amount consumed by nuclear
fusion, because onl& a fraction of the fuel reacts during its
residence time in the plasma. Based on present forecasts of particle
confinement time, design studies on magnetically confined reactors
project from <1Z to l0Z "burn-fraction” for the fuel. Therafore, it
is necessary to providerrapid fuel reprocessing and recirculation of
the unburned fusl for reinjection into the plasma.

Fuel recirculation requires a series of chemical and physical
processing steps including evacuation of the plasma chamber, removal
of impurities, adjustment of the deuterium=tritium ratio, removal of
protium (}H) by a hydrogen isotope separation technique, and storage
of the separated fuel components before reinjection of the fuel to the
plasma.

All fusion reactor designs propose the generation of new tritium
fuel by the nuclear reaction of the neutroms originating in the plasma
with the lithium-bearing materials in the blanket. Suggested
lithium~bearing materials are liquid metal, metal alloys, fused salts,
and ceramic compounds. Each material retains some equilibrium tritium
level, below which tritium cannot be extracted. This equilibrium
blanket level contributes significantly to the total tritium inventory

in a fusiom plant.
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Liquid lithium has been proposed as both the breeder material and
the heat transfer fluid; however, it does have a high affinity for
tricium, It also poses several safety problems because of the highly
reactive chemical nature of lithium. Lithium ceramic compounds have
been proposed as breeder materials; here the tritium solubility in the
breeder material is fairly low at the high operating temperatures of
the blanket. It is proposed that this tritium would continuously
diffuse from the ceramic and be removed in the stream of an inert
gas. Tritium diffusion, either as the chemical species T, or as
TZO, through the ceramic is relatively slow; consequently, the
particle size mist be kept small to prevent excessive tritium
"hold=up."

A D-T burning fusion machine will require large tritium
inventories. The Tokamak Fusion Test Reactor (TFTR) at the Princetom
Plasma Physics Laboratory will have a tritium iaventory of 5 g or
less, and there will be no on~site fuel reprocessing. However, the
tritium inventory at a next generation machine (perhaps the Fusion
Engineering Device, the International Tokamak Reactor, or the
Engineering Test Facility) will require a few kilograms. This
inventory, in itself, will be a large source of radiocactivity
(1 g tritcium = 10% Ci) at a fusion site. Adequate personnel and
environmental protection and safety systems must be integral parts of
the tritium facility at such a fusion machine. The development and
evaluation of these safety systems must be accamﬁiished in a timely
manner so that these issues do not pose a threat to public acceptance
of fusion as an energy source.

Other special problems introduced by tritium are related to
radiation damage and chemical compatibility of materials used in
tritiuvm facilities. The tritium itself is a radiation source,
although the tritium beta~-particle is a low energy source. This
beta=-particle can cause radiation degradation in some materials,
notably in the hydrocarbons, including elastomers that might be used

for gaskets, valve seats, etc. A special problem exists with the use
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of perfluorohydrocarbons, such as Teflon and viton, because the
tritium undergoes exchange reactions with the fluorine:

T, + (=CF,~CF,~) & TF + (=CTF-CF_)n
2 n 2

272

This reaction leaves an internal radiation source as a component of
the elastomer; however, a more serious problem is generation of the
extremely corrosive and radiocactive tritium fluoride, (TF). For this
reason, the use of fluorinatad hydrocarbons must de avoided in the
design of tritium systems. Also, because tritium will cause hydrogen
embritt lement, as do ordinary hydrogen and deuterium, materials used

in a tritium facility must always be based on the use of materials

which are known to be resistant to hydrogen smbrittlement.

» IT. CURRENT ACTIVITIES IN TRITIUM TECHNOLOGY

A. Los Alamos Wational Laboratory

In 1977 the Office of Fusion Energy, US Department of Energy,
funded the Los Alamos Natiomal Laboratory to design, construct, and
operate-the Tritium Systems Test Assembly (TSTA){l]. The principal
objectives of the TSTA Project are to: (1) demonstrate the fuel cycle
for fusion power systems; (2) develop, test, and qualify equipment for
tritium service in the fusion program; (3) develop and evaluate
persounel and environmental protection systems; (4) provide'a facility
that will yield a reliable data base for tritium handling systems for
future fusion facilities; (5) demonstrate long-term safe handling of
tritium with no major releases or incidents; (6) investiga:e and
evaluata the response of the fuel cycle and environmental packages to
normal, off-normal, and emergency situations; and (7) develop tritium-
compatible components with long-term reiiabilicy.

The TSTA schedule calls for the facility to be operational by the
end of 1981. Modificatioms to an ;xisting building at Los Alamos have
been completed (Fig. 1), and installation of equipment for specific

subsystems now is under way. The project is more than halfway through
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the design-construction phase and currently is on schedule for the
1981 operational milestone. The goal of the TSTA project is to

provide an extensive data base for the desigmers of the first

large-scale, D-T burning fusion machine, probably the Fusion
Engineering Device (FED) or the International Tokamak Reactor

(INTOR). The FED concept is being developed through the Engineering
Test Facility Design Center at Oak Ridge National Laboratory.
Optimistic estimates indicate that a FED could be operational during
1991-1992 but would require a detailed design phase during 1983-1987.
To make a significant contribution to the FED data base, TSTA must
become operational by early 1982. The INTOR project is a joint
international effort involving the United States, Japan, the USSR, and
the European Community, and its goals and objectives are quite similar
to those of FED. At this time, the four INTOR participants are
engaged in workshop and conceptual design meetings. Realistically, we
cannot predict that INTOR can be built any faster than FED can.
Therefore, the current TSTA schedule will also provide the necessary
data base for INTOR.

The TSTA will consist of a large interactive gas loop (};'ig. 2)
that simslates the propo;ed'fuel cycle for a fusion facility. The
reactor torus will be simulated by a vacuum vessel into which gas
mixtures are introduced at the compositions and pressures predicted
for an actual reactor torus at the end of a burn cycle. This gas
mixture, primarily (D,T)2 containing a variety of impurities, must
be evacuated through a prototypical vacuum system; impurifies must be
removed from the (D,T)z; and isotopic separation must be performed
to produce D,, T, and DT. The resulting gases then will become
the fuel compomnents that are inmjected into the reactor (vacu;m vessel)
for the next burn cycle. The gas loop is designed to handle up to
360 g-mol/day (1800 g) of D=T. This flow will provide cycle-operating
experience on a scale similar to that being considered for FED and
INTOR. In addition to the gas loop, all safety and experimental
systems associated with such an extensive tritium facility are under

consideration. To accomplish the program goals, an on=site tritium
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inventory of approximately 150 g is required. This report discusses
the current status and design of each major TSTA subsystem.

1. Vacuum Facility (VAC). This systam consists of a large vacuum

vessel with associated duct that leads to the vacuum pumps being
evaluated for use in the fusion program. Three cryo-based vacuum
pumps, candidates for the primary vacuum pumps on a fusion reactor,
are being evaluated at TSTA. These are "compound" pumps because they
are two stage. The first stage is cryocondensation of hydrogen on a
metal surface cooled to or near liquid helium temperatures. This
stage will pump all the hydrogen isotopes, but not the helium
isotopes. In the first pump (Fig. 3) built by Los Alamos Natiomal
Laboratory {2] , the helium is pumped by cryosorption on a molecular
sieve surface cooled to liquid helium temperatures. The second pump,
developed at Brookhaven National Laboratory [3] , will pump helium by
eryosorption on a charcoal surface cooled to liquid helium -
temperatures. The third pump, built by the Lawrence Livermore
National Laboratory (LINL), will pump helium by argon cryotrapping. A
pump very similar to that being built for TSTA by LLNL has been
described by Batzer et al. [4]. In this pump a fine spray of argon
gas will be injected into the pumping area and will condense as a
solid on a helium cooled metal surface. The helium gas will be
trapped and thus pumped by the argon ice formed on the cold surface.
All three pumps have been built and are undergoing performance
testing. The Los Alamos builr pump has demonstrated that a compound
pump can simultaneously pump helium and hydrogen isotopes. The
separation of hydrogen, on the condensation panel from helium on the
cryosorption panel, which is extremely sharp, can be maintained by
careful temperature and pressure control during regeneration. The
helium panel first is regenerated, then the cryocondensation panel can
be warmed to remove hydrogen from the pump. Complete evaluation of
all three pumps will continue.

The TSTA vacuum facility also will include a complete regeneratiom
system to be used during regeneration of the cryopump. The

regeneration system has been described by Coffin and Walthers [2]. .
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2. Fuel Cleanup (FCU). The primary function of the FCU is to

separate all of the other atoms present from the hydrogen isotopes in
the gas stream from the VAC facility. This step is essential. If
other molecular species, such as tritiated water, methane or ;mmonia,
and argon, were present in the hydrogen isotope stream, they would
freeze and plug the low temperature distillation columns of the
Isotope Separation System. The FCU not only must separate (D,'l‘)z

and (4,D,T) from the reactor of offgas contaminants, it also must
racover as (H,D,T)Z all hydrogen isotopes that are chemically
combined with other atoms in the reactor offgas, i.e., C(H,D,T)A,
N(H,D,T)3 and (H,D,T)ZO. Table I shows the predicted feed stream
flows to the FCU. The hydrogen molecules can be separated from the
other molecular species by adsorbing the impuricies at 75 K om a S=A
molecular sieve. (The tritiated ammonia and water are removed from
the offgas before it enters the molecular sieve.) Regenerating the
molecular sieve requires gddi:ionzl processing. These considerations
have led to two proposed processing schemes (Fig. 4). In one system,
a front-end, hot-metal-bed (uranium at 1170 K) removes carbon,
aitrogen, and oxygen from the feed stream by converting‘chem to
uranium carbides, nitrides, and oxides and releasing the associated
hydrogen isotopes as gas. Peri;dically, the uranium will become
saturated with impurities and must be replaced. The second front-end
system has a catalytic reactor to convert any free oxygen in the feed
stream to (D,T)ZO, which is then removed, along with the ammonias

and carbon dioxide by freezing, These two front-end packages would be
operated altsrnately. Each front-end system is backed by a cryogenic
package where argon and any other trace impurities are removad by
adsorption on molecular sieve, thus producing a pure stream of
hydrogen isotopes to feed the isotope separation system. The FCU has

been described in detail in a previous paper [5],
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Table 1
Impurity Gas Load for TSTA
(based on 360 g moles/day DT flow)

Element Mo L7 Species Grams/day
He 2-20 He 29-29%0
i 1 HD, HT, H, 7
c 0.02-0.01 C(D,T)4, C2(D,T)7 COy 1.7-9
N 0.01 N(D,T)3, Ny, CN, NOy 10
0 0.5 (D,T)20, COp, 02 57
Ar 0.00006~0.05 Ar 0.17-14

3. Isotope Separation System (ISS). At TSTA, cryogenic fractional

distillation [6,7] is being used for hydrogen isotope separation. A
system that uses four interlinked columms, with chemical equilibrators
located between columms 1 and 2 and between columms 2 and 4 (Fig. 5) has
been designed. The system is sized to handle the full flow appropriate
to ETF or INTOR, i.e., 360 mol DT/day. It also will handle the simulated
flow from the neutral beam channel vacuum pumps (~275 mol DZ/day).
Figure 5 shows the flow paths and purities of the major components in
each of the four output streams. Refrigeration will be supplied by a
central cryogenic refrigerator that provides helium gas at 20 K. In case
of refrigeration loss, the ISS contains two systems for storing gas
evolved from vaporization of the hydrogen liquids.

First, a large surge tank allows the total contents of the ISS to be
stored, as a gas, at a pressure <100 psi. Second, each column has access

to a vessel filled with uranium powder that can hydride the gaseous

hydrogen isotopes and thus store them as solids. The concents of each
column can be stored individually during periods of planned shutdowm.

The ISS is totally under double containment. The distillation system now
is installed at TSTA. Performance tests by the manufacturers before
shipment of the columns to the Laboratory demonstrated an excellent
separation of H,, HD, and D, in the colummns. Tests with tritium will
not, of course, be performed until tritium operation of TSTA occurs.

4. Transfer Pumps (TPVU). The transfer pumps at TSTA will provide

circulation and transport for mixtures of hydrogen and helium isotopes

from one portion of the flow loop to another. An early decision was that



all process—wettad components of transfer pumps would be of metal or
inert carbon construction. Mechanical motion of internal parts is
transmitted by flexible metal membranes (diaphragm or bellows), by
magnetic transmission (canned motors), or by magnetically comfined
sealants (Ferrofluids). Most TSTA gas transfer requirements are met by a
metal-bellows pump (Model MB-60l, manufactured by Metal Bellows Corp.,
Sharon, Massachusetts) that incorporates a replaceable, all-metal, check
valve assembly designed and tested at Los Alamos. The basic pump has two
heads, which can be plumbed to operate in series, im parallel, or
independently. Figure 6 shows our concept of the TSTA metal-bellows
transfer pump housed in the secondary containment glove box. Other pumps
being considered include an all-metal, bellows-sealed, stainless steel
scroll pump and a canned-motor, Ferrofluid-sealed Roots blower. These

pumps are being tested and installed at TSTA.

5. Emergency Tritium Cleanup (ETC). This system will process all of

the air in TSTA if a gaseous tritium release to the facility occurs [ 8].
It will recover most of the released tritium, thus reduciang losses and
environmental impact. The TSTA cell contains 3000 m3 of building
atmosphere that would become contaminated with tritium if an accident
caused the primary and secondary containments to be breached. The flow
rate through the ETC is 0.65 ma/s. The ETC will be an automatically
actuated, room—air detritiation system based on a precious metal
catalytic recombiner where hydrogen isotopes are oxidized to water. The
water is collected, partly as liquid water and by adsorption on molecular
sieve beds. The flow path for gas through the ETC is showm in Fig. 7.

A 100-g TZ spill ineke the facility would give an initial concentration
of ~355 Ci/tn3 in the cell, and the ETC would reduce the room level to

40 = 1072

Ci/m3 within 24 h. The ETC at TSTA was designed with
individually purchased components, and the assembly and installation of
these components, including instrumentatiom, is being done by Los

Alamos. The ETC equipment has been bought, aand the installation of this

system is nearing completiom.
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6. Tritium Waste Treatment (TWT). This system provides routine

processing of all gaseous effluents generated at TSTA to remove tritium
from these effluents before they are released to the environment. It is
based on the design of a similar system that has been operating for 5 yr
{ 9]and that has been discussed recently by Nasise [10] . The TWT is
designed to operate at a Elow rate of 15 or 60 scim, depending on the gas

load at the TWT inlet.

The TIWT is a computer=-actuated and -controlled tritium removal system
that operates by the catalytic conversion of all hydrogen isotopes in the
input stream to water and organic materials oxidized to water and carbon
dioxide. The oxygen level will automatically be maintained in the system
at levels sufficient to ensure catalytic coanversion of all hydrogen
isotopes to water. The water generated by these processes will be
adsorbed on a molecular sieve. Then, the remaining gaseous effluent will
be discharged to the atmosphere through the building ventilation system
after the tritium has been removed to an as-low—as-practicable level.
Figure 8 is a flow chart of the TWT. As with the ETC, the TSTA staff
designed the TWT and purchased individual components for assembly in the
final system, rather than buying a preassembled TWT package from a
single supplier. All components for the TWT are now installed at TSTA.
After final piping and electrical connections are completed, the system
will be ready for testing.

7. Tritium Monitoring (TM). Tritium monitoring instrumentation will

perform several key functions, including quantitative determination of
stack releases, assurance of personnel safety, initiation of cleanup of
experimental rooms and secondary comtainment volumes following tritium
releases, monitoring and controlling the operation of the main process
loop and the cleanup systems, and monitoring the performance and results
of the experimental contamination studies program. For the most part,
monitors will be flow-through ionization chambers with redundancy
provided for critical situations. The monitors will, for the most part,

be similar to currently available standard tritium instrumentation.

25



Major differences may include special sensors (e.g., plastic
scintillators) required for line monitors and alpha-rejection circuitry
to increase sensitivity and selectivity. All of the monitoring equipment
for TSTA has now been defined [11] and is being procured and installed at
this time.

8. Secondary Containment (SEC). The philosophy at TSTA is to doubly

contain all components of the primary fuel process loop wherever tritium
conceivably could be released in multicurie quantities, posing
significant hazards to workers and the eauvironment. Secondary
containment concepts being applied tc TSTA include double-wall piping and
components, gloveboxes or other large volumes housing tritium-wetted
components, and integral vacuum jackets around cryogenic components.
Vacuum jackets help provide thermal isolatiom as well as secondary
containment. Initial plans did not call for secondary containmment of the
VAC facility because we felt that the primary containers (vacuum tank and
cryogenic pumps) could be designed with a safety faector that would
virtually eliminacte the risk of a release. This decision was raversed
and secondary containment of VAC will be provided. 1In all other
subsystems of the main fuel process loop, the secondary comtainment is
being designed and installed with the subsystem.

9. Experimental Contamination Studies (XCS). A small laboratory at

TSTA will be dedicated to the study of several aspects of tritium
contamination/decontamination. We included plans to study the

per formance and efficiency of a smsll tritium—-cleanup, gas=—

detritiation system; surface contamination, outgassing, and permeation
properties of construction materials (wood, concrete, steel, etc.) and
surface coatings (epoxy paint, latex paine, ete.); contamination and
outgassing properties of metals, glasses, and plastics used in tritium-
containment systems; the relationship between total tritium in a material
and the amount measured by surface-survey probe and by wiping removable
tritium; methods of decontamination; and gas conversion rates of Tz and

D=T to the oxide forms during realistic release situations. The XCS will

be housed at TSTA in a separate laboratory room that can be completely
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sealed off from the rest of the facility. Then, evaluation of the EIC
can be made by releasing tritium into the sealed room. Under these
conditions, the ETC, operating at 25% of normal speed, will be used to
detritiate the XCS room. When the XCS experiments have generated
sufficient data on surface coatings for tritium facilities, the XCS room
will be refinished to provide the best surface coatings for walls,
ceilings, and floors. The tritium release/cleanup experiments will be
repeated., These experiments will be very valuable in choosing
construction materials, surface coatings, etc., for future fusion
systems. The equipment for this laboratory is being designed and
obtained; it will be installed and evaluated in 1981.

10. Master Data Acquisition and Control (MDAC). The TSTA is

designed to be a computer controlled system and will not operate fully
unless MDAC is operational. Each subsystem will be able to be tested
without MDAC if necessary; however, at the preseant time, it is
anticipated that the process loop of TSTA will not operate without MDAC
control. The MDAC will incorporate features to minimize potential
hazards to operationmal personnel, the general public, and equipmenz. All
identified hazards will be monitored and controlled by hard-wired
interlocks and backed up by the monitoring of MDAC. The MDAC will
monitor all radiation detectors and take appropriate action (give alarms,
advise of building evacuation,) if unsafe conditions are detected. The
TSTA subsystems will be self-protecting to insure against computer error
resulting in a hazardous operating mode. Some equipment that may lead to
hazardous situations during malfunction will have built-in,
absolute~limit protection fo ensure against both local-manual and
remota~computer errors. Checks of equipment performance will be done in
software. The MDAC also will monitor input commands from critical
locations to ensure that neither operations by unauthorized personnel nor
errors by authorized operators will cause hazard;us situations.
Validation checks on computer commands will be performed in software.

The computer, a Data General Eclipse, has been purchased and is installed

and operating at TSTA; control software is being developed. The MDAC
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will use a CAMAC interface system. The computer system is operated by an
Uninterruptable Power Supply, but an Emergency Generator Set will be
available to operate the MDAC and critical components of the major

subsystems if a commercial power loss should occur.

B. Argonne National Laboratory (ANL)

The fusion reactor research program at Argonne National Laberatory
includes several applied research topics covering a variety of
interrelated areas of fusion tritium technology. This work focuses
principally on studies of fuel handling, breeder blanket processing, and
tritium containment. These studies are both experimental and analytical
in character and, in recent years, have spearheaded technological
advances many important fusion-specific areas which are described below.

Modest advances have been made in recent years in the study of liquid
lithium processing. A 200-liter—capacity system, the Lithium Processing
Test Loop (LPTL) [12] has been operating for over 9500 h. (Fig. 9) Cold
trapping, reactive-metal getter trapping, and a method based on molten
salt extraction as a technique for removing trace. impurities from liquid -
lithium have been tested [12] usiag the LPTL and related facilities. The
ranges. of the projected lower-limit impurity control levels for the
elements H(D,T), 0, N, and C, based on tﬁese tests, are shown in
Fig. 10. Molten salt extraction offers the b;st method for developing a
regené;able process to recover tritium (from D-T reactor blankets) and to
control impurities at the <10 appm level. The salt extraction method
also seems applicable to the processing of liquid lithium=lead alloys.

In the area of instrumentation and hardware for liquid lithium
systems, permeation- and resistivity-type meters have been developed that
can be used effectively for monitoring hydrogen [13] and hydrogen plus
nitrogen [13 ] . The principal difficulties in operating present
stainless steel lithium systems have resulted from (1) cracking of
special components containing cold-worked material with high residual

stress (EM-pump channels and valve bellows)[12] and (2) mass transfer
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buildup (12,14 ] involving iron, chromium, and nickel. A method developed
by DeVan et al.[14], wherein aluminum is added to lithium to react with
and stabilize the surfaces of stainless steel components, has shown
promise as a means of retarding mass transfer and intergranular
penetration in stainless stesel systems.

The use of solid lithium compounds as the breeding material for D-T
fusion reactors has been studied increasingly in the USA in recent years
(15]. Three different approaches for tritium extraction have
been suggested: (1) in situ tritium recovery, (2) removal and extermal
processing of fuel-pin breeder assemblies on a periodic basis (every 6 to
12 months), and (3) continuous circulation of solid material into and out
of the reactor with tritium processing done externally. Evidence
suggests that the in situ recovery of tritium is feasible, but a
carefully controlled breeder material temperature distribution is
required [15 ] so that tritium does not build up to excessive levels in
low~-temperature regions and sintering does not occur in high-temperature
regions.

The fuel-pin approach to tritium breeding has the problem of large
in-blgnket tritium inventories (~50 kg/fusion GW for annual pin removal),
whereas the circﬁlating—solid approach presents formidable engineering
complexities. However, if the in situ method of handling solid breeder
blankets becomes intractible and if liquid metals are eliminated from
consideration because of engineering or safety considerations, the
fuel=-pin and circulating-solid approaches may prove to be the omly
recourses for self-sustaining D-T fusiou_reac:ars.

In work related to the STARFIRE Commercial Fusion Reactor Study

(16 ], at Argonne, a top-down selectivity analysis has been made [ 17] to
identify the most tractible breeder/coolant/structure (B/C/S)
combinations for D=T fusion reactors. Imn a typical analysis, a breeder
material (liquid lithium, liquid lead-iithium alloy, solid Li7Pb2,

Lizo, or another lithium~containing ceramic) is matched with various
coolants (water, helium, liquid metals, molten salts), and compatibility

assessments are performed. The criteria for these assessments are
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breeding capability, exothermicity of breeder/coolant interactionm,
operating temperature requirements, and thermodynamic efficiency of the
associated power cycle. Breeder/coolant combinations that survive the
serutiny of this first assessment are matched with likely classes of
structural materials (austenitic~, nickel~, ferritic-, and
refractory-base alloys) and a second assessment 1is made. For the second
assessment, criteria are based mainly om structural material
compatibility (with breeder and coolant) and temperature constraints. In
summary, no B/C/S combination from the choices listed above has been
developed to the point where we can confidently predict that satisfactory
performance in the fusion environment can be achieved. Liquid lithium/ .
refractory metal (Nb- or V-base alloys) ceramic breeder/water
(pressurized or boiling)/ austenitic or /ferritic combinations appear to
be among the least objectionable choices from an engineering and

compatibility point of view.

€. Mound Facility (MF)

The Mound Facility has been actively involved in tritium technology
for over 20 years. Recently, Mound has focused most of its tricium
.tachnology development on tritium containment and environmental control.
The two components of Mound’s tritium technology development currently
most active and most relevant to fusion needs are the T;itium Effluent
Control Laboratory (TECL) and the Tritium Storage and Delivery System
(TSDS) project for the Tokomak Fusion Test Reactor (TFTR) at Princeton.
The TECL was initiated in 1971 for development and demonstratiom of
tritium containment. The goal of TECL is to prevent any tritium release
to the envirconment and to zecover for reuse all tritium released within
the laboratory. The TECL consists of an integrated set of containment
systems and detritiation experiments. Tritium containment is provided by
gloveboxes, a glovebox atmosphere detritiation system (GADS), a
laboratory that can be isolated from the remainder of the building, and
an emergency containment system (ECS). The GADS is a 0.05 m3/s helium
purifier that continuously cleans the glovebox atmosphere. The ECS is a

3 . . . .
0.5 m"/s catalytic oxidation, water-vapor-adsorption system for room
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air detritiation. In addition, a 7.5 x 10.3 m3/s utility air
detritiation system of the oxidation-absorption type is available for
cleaning passbox atmospheres and for nonstandard applications [18] .

Four tests have measured the efficiency of the GADS and ECS in
cleaning up after a tritium release in a glovebox or a room. Glovebox
cleanup was as predicted; however, ECS room tests showed substantial
tritium loss through imperfect exhaust duct seals. More tests are
planned to study surface absorption and conversion to HTO. This was the
first test of such a large ECS system in the U. S.

Tritiated water vapor collected by the ECS or by similar systems can
be detritiated by the combined electrolysis catalytic exchange (CECE)
pilotscale unit that is part of TECL. The CECE incorporates a
countercurrent flow of water and hydrogen gas in two 2.5-cm diam,
7.5-m~long columns packed with a hydrophobic, precious metal catalyst
developed by Atomic Energy of Canada, Limited [19]. Bottom reflux is
provided by a solid polymer electrolysis unit, whereas top reflux is
provided by a catalytic recombiner. Tritiated water containing
300 Ci/liter has been stripped to 10-3 Ci/liter in the CECE at feed
rates of approximately 4 ml/min of water. Although CECE has not been
tested long enough to accumulate an equilibrium concentration, values in
the range of 1-10 mCi/liter are expected (20]. The goal of the CECE work
is to develop a full scale detritiation plant suitable for processing
tritiated acqueous waste from fusion or fission reactors and from fuel
reprocessing plants.

Part of the hydrogen generated in the electrolysis unit can be with-
drawn to use as feed for the remaining TECL component, a cryogenic distil-
lation system. This system includes a single 0.6-cm;diam x 50-cm~long
packed column, operating at approximately 25 K. Bottom and top

3 Ci/ms, respectively, were

concentrations of 2500 Ci/m3 and 10~
measured during one run with this column, for an enrichment factor of
2.5 x 106. Feed rates of 100 std cmsfmin are possible at this

envichment factor. This work is supported by computer simulation studies

of the distillation process. In addition, an experimental study of the
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hydrogen isotope equilibratiom rate, (2DT I TZ + DZ) at cryogenic
temperatures is being performed. This study is of interest both in
cryogenic distillation and in cryogenic fuel-pellet production.

The Tritium Storage and Delivery System (TSDS) has been designed and
constructed for use in the Tokamak Fusion Test Reactor (IFTR) at the
Princeton Plasma Physics Laboratory. The TSDS will receive, assay,
store, and deliver measured quantities of high-purity tritium to fuel the
TFTR. The TSDS consists of a receiving manifold, uranium tritide storage
beds, transfer pumps, and metering volumes, all contained in two
stainless steel gloveboxes. In addition, a quadrupole mass analyzer and
pressure=volume-temperature measuring equipment permit assay of the
tritium as received, as well as confirmation that the tritium delivered
to the reactor has the requi.red purity. Extensive development was done
with the mass analyzer to permit analysis of the required sensitivity and
accuracy [ 21] .

In operation, tritium received at TFTR is introduced to the TSDS
through the receiving manifold; after being assayed, it is pumped onto a
uranium bed where it is stored as uranium tritide for future use. During
D~T operation of TFTR, an appropriate tritium storage bed is heated to
raise the intermal tritium pressure to about 1/2-l atm. Each time the
reactor is to be fueled (as often as every 5 min), the required amount of
tritium i$ pumped intc a metering volume. The gas then passes through a
delivery manifold to three calibrated injection volumes near the torus.
Finally, injection to the torus is controlled b§ a specially designed
piezo-electric valve at each injecrion volume. After a burm, the fuel is
not recycled but is recovered by the TFIR vacuum system and stored for
later reclamacion.

The TSDS is designed ts achieve the highest possible levels of
reliability, safety, and tritium containment. The two transfer pumps are
interchangeable, two-stage, doubly contained, metal-bellows pumps, one of
which is a spare. The three interchangeable storage beds are each doubly
contained in stainless steel, with a provision for purging the secondary

volume of tritium that permeates from the primary container. Each bed
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has a rupture-disc-sealed conmnection to an evacuated "dump" tank. At any
given time, one storage bed is active, ome is available for cleaning
operations, and one is a spare.

Complete instrumentation is provided for TSDS to permit accurate
control and to promote safety. The tritium generators are provided with
pressure sensors, redundant thermal control, and over-temperature
protection.

Normal operations of the TSDS are performed remotely through computer
control of pneumatically operated valves. All process valves are bellows
sealed with polyimide instead of metal. These valves have bean rema-
chined individually to ensure reliable leak-free operation.

The TSDS will be tasted with a load of 104 Ci of tritium to ensure
reliable operation of the entire system before delivery to the Princeton
Plasma Physics Laboratory. A dummy manifold and injection chamber will

simulate the manifold and torus at Princeton.

D. Lawrence Livermore National Laboratory (LLNL)

Several areas of tritium technology of interest to the fusion energy
community are being pursued at the Lawrence Livermore National
Laboratory. One area of concern is the tritium recovery following an
environmental or, atmospheric release of tritium. In current designs of
systems for recovery of such released tritium, the method of recovery is
catalytic oxidation with atmospheric oxygen forming tritiated water,
which then is collectad. Shexwood {[22] has measured room temperature
kinetic datz on tritium/air oxidation with three common
catalyst/substrate formulations. Thesa three formulations were
platinum/alumina, palladium/kaolin, and palladium/zeolite. Compared to
self-catalyzed atmospheric conversion, each of the dispersed-metal
catalysts is extremely effective in promoting tritium oxidation;
equivalent first-order rate constants are higher by roughly nine orders
of magnitude. Electron-microprobe scans reveal that the dispersed metal

is deposited near the outer surface of the catalyst, with metal
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concentration decreasing exponentially from the pellet surface. The
platinum~based catalyst is more effective than the palladium catalyst on

a surface=-area basis by about a factor of three.

Miller et al. [231], at LLNL, are working on the development of an
organic getter which will operate in the presence of air and will
minimize the formation of the more hazardous tritiated water. The
compound of interest, l,4=diphenylbutadiyne, is a hydrocarbon,
CqHg~C3C-CEC-C H,. The T, adds to the acetylene (triple) bond
of the getter in the presence of a metal catalyst. However, the
necessary catalyst will stimuslate the TZ + O2 resaction, sSo some
tritiated water will be formed. Early results indicate that these
getters will indeed vemove tritium from air, although with the formation
of some water. The organic triple bDond appears to be a very good
candidate for this type getter. Miller states that the best solution
would be to combine the metallic catalyst and the triple bond in a single
fairly simple molecule, for instance (PhCECPh)zft, where Ph is a phenyl
group. To date, very littla work ha§ been done on methods of disposing
of or storing these tritiated organic getters. This work will be done
when an optimum getter material is chosen, and the gettering process is
thoroughly understood.

The Rotating Target Neutronm Source (RINS~II) at LLNL [24] is an
accelerator-based neutron source for studying radiation damage to
materials. Energetic deuterons bombard a solid metal tritide target,

producing fusion neutroms (over 1013

l4=MeV neutrous/sec). Deuterium
continually displaces tritium from the target at rates as high as

7 Ci/h. The anticipated addition of a second accelerator and increased

neutron yield of the present accelerator could increase tritium output to
20-30 Ci/h. This tritium is released into the accelerator vacuum

system. Because it i3 not acceptable to release this tritium to the
environment, a tritium—serubbing system was devised [ 25] to clean the
vacuum system exhaust before venting it to the atmosphers. This system
consists of a catalytic recombiner, where tritiated water is formed, and
molecular sieve drying towers for collecting the water. When these

molecular sieve driers become saturated, they are replaced and the
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saturated beds are buried. The driers contain approximately 7 pounds of
molecular sieve loaded to 14-15% of the dry weight. At current operating
levels, water loads of ~0.25 1lb/wk are collected. Most of this is D,0,
with only ~1% being tritium. Schumacher reports a 105~106 tritium
concentration reduction factor through the scrubber system, with most of
the escaping tritium in the gaseous form. Small scrubber systems, such
as the one at RINS~II, may find extensive use in the fusion program.
Souers [ 26 ], at LLNL, is measuring and correlating cryogenic data
on DZ’ TZ and mixtures of these components. Because solid D-T may be
a future fusion fuel, the measurement of physical and chemical properties
of cryogenic D=T in the solid, liquid, and gas phases will aid the design
engineer and the plasma physicist considering the use of cryogenic D-T.
Some of the properties being measured }nclude the D-T reaction rate,
that is, the rate at which D, + T, react to form the three-component

2 2

mixture DZ—DT—TZ. At room temperature, this reaction takes place
with an exponential l/e—time on the order of tens of minutas. At 20 X,

the l/e-times are on the orders of tens of hours. Other properties being

measured by Souers include thermal conductivity of the solid mixtures and
electrical conductivity of both liquid and gaseous species in the 20-26 K
range. Souers has compiled a ver& important reéort [27] in which he
correlated the measured physical and chemical properties of the hydrogens
<30 X. This compilation will benefit fusion engineers who do not have a
strong background in cryogenic materials, as well as those specialists

who will be concerned with details of the low temperature D-T mixtures.

E. Qak Ridge Natiomal Laboratory

Bell et al. [ 28] have measured the tritium permeability of structural
materials and surface effects on permeation rates. Tritium management in
any system always should include containment so that tritium release
rates will be less than established limits and established limits will be
as low as practicable. The ability of hydrogen isotopes to permeate most
materials makes complete tritium containment an extremely diffieult

task. However, tritium release rates from a given system can be
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minimized by two primary efforts. First, the selection of a compatible
containment material which, frequently, also will be the structural
material. This effort would include finding £ilms and Darriers
compatible with the structural material. Second, and sometimes more
important, the material should have surface chemistry that continuously
impedes tritium permeation. Bell has shown that Dy exposing the
austenitic Incoloy 800 and the ferritic SS 406 to steam oxidation at
0.94 atm and 930 X, the permeabilities of these materials can be reduced
by several orders of magnitude over the permeability of the clean metal
(Fig. 11). These studies demonstrate that in situ surface oxidation of
construction alloys can produce oxide barriers that reduce tritium
permeation by significant factors. However, these results have
limitations, when applied by extrapolation, to operating systems with
high temperatures and corrosive conditions. Therefore, Bell emphasizes
{ 28] that current conclusions of permeation barrier effects must be
considered only as indications of effects under actual operating
conditions. This type of experiment needs to be repeated on a larger
scale where conditions more nearly match reactor type conditions. The
demonstration that, indeed, these permeation barriers can be formed in
sity, under reactor conditions, would be a very important development for

the fusion energy program.

III. CONCLUSIONS

Although this discussion shows the breadth of tritium technology
development in the U. S., it cannot begin to cover all the many research
and development programs in the field. We hope to show that there is a
large, serious effort underway to develop this technology in a timely
manner. In the current programs, tritium technology should not be an
obstacle to the design and construction of the Fusion Engineering Device
(FED). These continuing programs will develop the data base and
experience necessary to proceed from conceptual design to engineering

design and construction of the FED.
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DISCUSSION

J.Ge. CROCKER: 1t might be interesting tc you to know that the
TFTR people do have three persons at she Mound Laboratory being
rained on the tritium equipmenis being buili there to make sure
that thome who have not really had a lot of experience 1n tritium
handling vefore know what to do when the 4ritium will be used.

J.GRUBER: what T/H ratios will be considered as waste ?

J.L. ANDERSON: We anticipate shat in the exhaust zas from a
reactor there may be as much as 1% hydrogen impurity, protium in
the deuterium and tritium. That 1% is not a significant fractien
but 1% 18 a fraction that has to be removed. We feel that i1n our
isotopes separation system we can remove that 1% hydrogen as a
waste product containing no more than 0,74 TBg (20 Ci) per year of
tritium which would be released with the hydrogen waste product.

I have not discussed the tritium breeding blanket. Mr.Muhlestein
1n his paper (IAEA~TC-408/2)discussed work on litlaium and lithinum
oxide and other materials that are being considered for the blanket.
I would emphasize that the ftritium that 1s bred in a blanket will
contain a very large quantity of hydrogen impurity. There will be
a lot of hydrogen ored in the blanket as well as itritium. The
tritium that 1s extracted from the blanket system may contain as
mich as 50 or 60% protium. This will have to be separated from
the tritium before ftritium 1s placed into the fuel cycle. That
can very simply be done i1n a destillation column system similar
to what we are currently using for the i1sotope separation.

J.GRUBER: Di1d I understand 1t right that you will have
atmospheric releases of 7.4 TBq (200 Ci) and a through-put of about
one kz?



J+LeANDERSCN: In the TSTA Fuel Cycle we will recirculate this
tritium at the rate of one kg per day. To do that, we will have
a tritium inventory of approximately 200 g and our design objective
is to release to the environment not more than 7,4 TBq (200 Ci) per year.

J+CRUBER: 4nd what is the waste siream not released to the air
but contained in oils etec.?

J.L. ANDERSON: We anticipate that solid waste that will de
generated could contain several 37 TBg (thousand Ci) per year. But this
is an estimate. In a few years we will have a2 better number on that.
Certainly we would anticipate several 37 TBq (thousand Ci) per year of
tritium contaminated solid wastes from the effluent processing
streams and from our maintenance operations.

JJGRUBER: And no liquid waste?

J+LoANDERSON: No liquid waste as such. Any liquid that would
be generated would be collected on molecular sieve or other
absorbents so that liquid waste disposal will not be considered.
Liquid wastes will be further treated to solidify them or
decompose them and recover the ftritium.

L.D.MUELESTEIN: You mentioned double wall piping and covper
was the inner material. What is the outer piping material?

JeLe ANDERSON: We are using a variety of materials as the
outer piping. In some cases it is copper, in some cases it is
stainless steel and in some cases it is aluminium. We are trying
a variety of materials to develop that system which would lend
itself most readily to maintenance yet provide adequate containment.
We are evaluating a number of materials for this. Our primary
materials in the system are covver and stainless steel as the first
containment. Any place that we operate a.topressure below 2
atmospheres and at temperatures below 200 C we certainly prefer
copper because one gets a lower amount of ftritium permeation
through the copper. When we have to deal with higher pressures
and higher temperatures them our primary containment material is
stainless steel.

LD MJHLESTEIN: The deuterium which is recycled goes to
the injectors?

JeLe ANDERSCN: Yes.

L.D:MUHLESTEIN: In a Tokamak a substantial amount of fueling
comes from the injectors itself. So the gas that is injected inte
the Tokamak probably has to have a mach higher triftium content
than 50% I% might even be as much as 100% Do you have any
capability of separating the DT that comes off? -

J+Le ANDERSON: In the isotope separation system with 4 columms
we produce 4 hydrogern streams: the hydrogen waste, pure deuterium
which can feed the system, a DI mixture and pure tritium. We can,
therefore, provide deuterium for the injectors, we can provide a
pure tritium stream and a one to one mixed DT. The denterium—
tritium containing hydrogen actually is the input from the
vacuum system. The deuterium from the muclear beam contains really
very little tritium. We can inject it in the gas stream at the
top of column 1, go right to the column where we separate H and
run it to a stream to provide pure deuterium (see Figure A ).

Le D MUHLESTEIN: No. The Do goes back to the injectors and
the T2 goes to the Tokamak. What happens to the DT? How are you
going to use it?
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J«L.ANDFRSON: All of this goes to a storage area. And then
it can be split - some to the injectors and "some to +the machine.
Now this can also be recycled to the fromt end and we can
continmiously perform additional separation on this. This can
always be recycled the way the system is planned, so that this
component can indeed be permanently decomposed and end-up in
these two streams.

LoD.MJHLESTEIN: That was my question. You got that built—in
to recycle thise.

JeL. ANDERSON: You have that capability so that you can,
depending upon your input and your desired out-put, vary these
streams by internal recycling, -

J+GeCROCKER: You can also send that stream directly to
your pellet fabrication and use it as DT pellets if Jyou want.

T.XK.ALLEN: The hydrogen isotopes in the exhaust system from
& reactor are likely in atomic forme We are dealing here mostly
with isotope on molecular form. I think adsorption and chemistry
can be significantly different. If I remember the history of
gaseous electrical discharges in the atomic form one certainly
gets gzas clean-up.Do you have any plans to ionize the gas or
dissociate it in your solubilization chamber?

JoLe ANDERSON: We will investigate this experimentally later
on. We looked at the amount of vacuum duct and the path that that
zas will have to take from the reaction chamber to the vacuum
vump. Indeed the gas is going to be pretty much in a molecular
form and at ambient ftemperature.

T X.ALLEN: I am trying to agree with that. My worry is the
tritiation of the materials near or towards the chamber, the
absorption of the material on the walls itself.
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J.Le ANDERSCN: This may be an area that is going fo reauire
considerably more effort after we zet this primary process in
hande This is a point that we have considered and I guess we
do 0t really know how serious that point is. I am noi even sure
that we know how to check it out and determine the extent of
that problem. May be the answer will be found ocut from INTOR,
FED, JET or TFTR.

J«LeRCUYER: ‘Much of the work that you performed is similar
to what is done in Valduc, France. I appreciate that you mentioned
the geitters that were explained at the San Diego Conference
by experts from the Lawrence Livermore Laboratory. It is very
important to try to trap tritium as tritium gas.

JeLe ANDERSCN: I must emphasize that I do not feel very confident
whether those gefters will ever work. Livermore is still investigating
these getters but they do not look very promising o me.

JeLeRCUYER: Concerning the general ventilation system: I
appreciate the principles of dynamic confinement and the axternal
zone having little higher than atmospheric pressure. If there
would be a contamination of ftritium between the second confinement
and the tertiary confinement and the ventilation stopped, what
would happen to the hirarchy of pressures?

J.L ANDERSCN: When the ventilation system is isolated and the
operation of the detritiation system initated the air is processed
to remove tritium: A vortion of this air will be recycled to the room and a
portion will be released to the enviroument. Only enough air will
e released through the tuilding stack to maintain the correct
oressure balance.

JeLeROUYER: I think that the principles are good but I would
aprreciate a discussion about the function of the detritiation
system for the ventilation of the air of a room. It is rather
expensive and we have to keep in mind future amounts of gas to be
treated. In case of contamination would {ritium fix to the walls.
May be this reflects on concepts that minimize the amount of gas
to be ftreated in such casese.

JeL. ANDERSCN: Ve emphasize that in facilities we should go
to compartmentalizations so that such a release 'would be into
a smaller room instead of a large room as we had at TSTA. There
have been many designs of fusion facilities, conceptual designs,
that have included these room detritiation systems. However,
nobody has built one and tested it. Within the military programmes
in Burope and in the USA there has never been such a room
detriation system built. This will be the first one that has been
built and tested. Small sczle experiments indicate that in order
to minimize or reach acceptable levels of contamination on the
wall one would need to process the air in a room at the rate of
about 1% per mimute to recover tritium before significant problems
with residual contamination arise. Qur system is designed to
process the air at that rate of 1% per minute, but that is based
on some small scale experiments. We will test our facility by
releasing deuterium into the facility, spiked with a small amount
of tritium, so that we can follow the clean-up using radiocounting
techniques and we will see what the residual contamination problem
will bes

J«LsROUYER: Can your molecular sieves be regenerated?

J+L.ANDERSON: Yes, they are designed so that they can be
regenerated and they can also be loaded out for disposal. We have
both options.
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WeDENNER: %hen you speak about injecting your hydrogen into
the vacuum vessel, you do not think of pellet injection?

JeLe ANDERSCN: OQur responsibility at TSTA is to develop the
tritium technology. We understand that indeed pellet injection
is a means that is chosen for fuelling a reactor, that that pellet
injection system must be qualified for use with tritium. In +that
case we would anticipate bringing a pellet injection system to
Los Alamos and enclose it in a fuel cycle. We could then make
pellets which we could inject then into the vacuum chamber. We
would have to do that with any pellet injection machine to
qualify it for use with tritium. But until such injection system
is chosen we are not anticipating what it might look like and we
are not btuilding any machine until the physicists and the reactor
designers chose an injection system. But once that is chosen we
would include it in ocur loop at TSTA.

W. DENNER: You mentioned that the total inventory of 4ritium
in TSTA is zbout 250 g and 10C g are located in the isotope
separation parte. You also mentioned that this component has a
relatively hizh potential for release.

JeLe. ANDERSON: Yes, this is all located in a relatively small
volume.

WDENNER: Did you also quantify fthe inventories in the other
components and qualify the risk potential of these components?

JeLe ANDERSON: Yes, we looked at that. The fizure showed
a tritium inventory of 25C g. That inventory is now between
150 and 200 g. The inventory of TSTA is now less. Where will
the inventory be: There will be between 1C0C and 115 g in the
destillation column. There can be as much as 6 g in the vacuum
system, because the vacuum pumps we are developing are cryogenic
oumps and they will contain an inventory. We could have an
inventory of 15 = 20 g in the fuel clean=up system where we
remove impurities. These are the three areas where we would
have significant inventoriese. The rest of the inventory will be
in storage for the most pazrte.
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ABSTRACT

The HEDL Fusion Reactor Safety Support studies are focused on character-
izing blanket-coolant-material reactions for deuterium-tritium fusion reactor
designs. The objective is to determine and examine potential safety and
environmental issues associatad with proposad blanket/coolant combinations
under postulated accident conditions. The first studies considered liquid
1ithium as both blanket and coolant, and examined 1iquid lithium-material
reactions. Liquid lithium reactions with oxygen, nitrogen, and various con-
cretes have been characterized. Evaluations of lithium reaction extinguish-
ment methods, 1ithium aerosol generation and collection, and the volatilization
and transport of radioactive materials in connection with lithium-air reactions
have been completed. Lithium compound blanket material reactions with water,

a prime coolant candidate, have been characterized in terms of energy and gas
release rates. Blanket materials considered were 1ithium aluminate, lithium
oxide, lithium zirconate, 1ithium silicata, and 1ithium lead alloys (Li;Pb,
and L117Pb53).

SUMMARY AND CONCLUSTIONS

The conceptual designs of recently proposed U. S. deuterium-tritijum fusion
reactors have been strongly influenced by the desire to minimize safety and
environmental issues. Major attention has- been focusad on minimizing the poten-
tial of releasing any radicactivity to the public and minimizing safaty concerns
for operating personnel. In this regard attention has been focused on identifying
possibie energy releasing chemical reactions with proposed blanket and coolant
materials which may result following hypothetical accident sequences. Consider-
ation has been given to coolant-blanket reactions, coolant-matarial reactions,
blanket-material reactions, and coolant-cpolant interactions. The HEDL Fusion
Reactor Safety Support Studies have focused attention on lithium~material reac-
tions, and lithium compound-coolant reactions. The lithium compounds being
tested are lithium oxide, Li,Pb,, Li;sPbg3, 1ithium aluminate, lithium zirconate,
and 1ithium silicate with water as a coolant.

The 1ithium-matarial reaction tests provided containment atmosphere temper-
ature and pressure responses resulting from a lithium pool or spray reaction in
air and nitrogen atmospheres. Lithium concrete reactions ware charactarized.
Volatilization and transport of radicactive metals during a 1ithium air reaction
were identified. Successful 1ithium reaction extinguishment and 1ithium
reaction aerosol control methods were demonstrated.

The T1ithium compound-coolant reactions are scoping in nature and to date
have been limited to high temperature blanket materials added to water and
water added to high temperature blanket materials.

The major conclusions from the program are:

* Liquid 1ithium can be safely handled under postulated accident.
conditions but special handling practices need to be considered.
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¢ Lithium does react with both air and nitrogen to produce high
flame and pool temperatures in air, and moderate pool temper-
atures in nitrogen. However, surrounding vessel temperatures
are not extreme and the pressure is considerably less than
some theoretical studies have predicted. For air atmospheres
in a large cell, the pressure is dominated more by the gas
consumption than the temperature increase.

* Lithium-concrete reactions are potentiaily more savere than
similar sodium-concreta reactions and tast results indicata
it would be prudent to avoid lithium concrete contact.

® Major radioactive species such as cobalt, iron and manganese
will be volatilized in a 1ithium-air reaction in contact with
neutron activated stainless steel, and transported with lithium
aerosols.

* Both large and small quantity lithium reactions can be extinguished.
Powder applications are effective for small, shallow lithium pools,
while space isglation and inert gas flooding using catch pans and/or
c2ll liners are very effective for controlling large lithium spills.

® Large mass loading of lithium aerosols can be collected with con-
ventional air cleaning systems with collection efficiencies larger
than 99%.

¢ Lithium aluminate, 1ithium zirconate, and 1ithium silicate (at 600°C)
do not appear to react with water. Li,Pb,, 1ithium oxide and
Tithium metal (at 600°C) react vigorously with water. Li,;Pbgs
at 600°C reacts mildly with water.

INTRODUCTION

Appropriate standards for developing commercially viable fusion reactors
as an effective energy source are aconomics on one hand and safety and environ-
mental acceptability on the other. Meeting the objective of developing an
afficient, low cost energy source with socially acceptable safety and environ-
mental impact usually involves trade-offs in terms of benefits derived versus
acceptable risks. The conceptual designs of recently proposed U.S. deuterium-

tritium fusion_reactors(]) have been strongly influenced by the desire to minimize
safety and environmental issues associated with operating reactors. Major atten-
tion has therefore focused on minimizing the potential of raleasing any radioactivity
to the public and minimizing safety concerns to operating personnel. Since many
identifiable safety issues are closely coupled with the choice of coolant and )
blanket materials, considerable emphasis has been directed toward identifying cooi-
ant and blanket matarials which provide acceptable risks.

A deuterium-tritium fusion reactor can be schematically visualized in simplified
form as jllustrated in Figure 1 where major elements such as the blanket material,
primary coolant, heat exchanger, and secondary coolant are identified. In this
schematic diagram one can identify areas where safety issues might be considered
in terms of analyzing the results of hypothetical accidents beyond the design basis.
In this context, general cancerns would be in regard to coolant-blanket reactions,
coolant-material reactions, blanket-material reactions, and coclant-coclant inter-
actions which may result following some initiating accident sequence. The major
concerns in analyzing these reactions are first, the energy and gas generation
as they relate to the pressure which may be produced and which then may lead to
violation of some containment boundary; and, second, the temperature produced from
the reactions which may Tead to volatilization of any radicactive isctopes con-
tained in the materials. Figure 2 is a matrix which Tists the leading coolant
and blanket materials. From this matrix one can jdentify areas where data may be
required to assist in safety analyses.

Liguid 1ithium is a candidate for both blanket material and coolant because
of its physical properties and neutron absorption/tritium generation characteris-
ties. For liquid 1ithium the areas of concarn are coolant-construction material
reactions and cogiant-coolant interactions depending on the choice of the secon-
dary coolant. For the 1ithium compound blanket materials listed in the matrix,
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with water as a coolant, the major area of concern is the blanket materjal-coolant
reactions. Other coolants listed in this matrix are not included in this presen-
tation because they are less important in the U.S. Fusion Program.

The objective of the HEDL Fusion Reactor Safety Support Studies is to
orovide information and data regarding liquid lithium reactions and 1ithium
compound blanket material reactions which will be used as a basis for safety
analysis in fusion reactors and support facilities. This program has two
major tasks which are considered. First is the lithium spill studies, and
second is the 1ithium compound-coolant material compatibilities studies.

LITHIUM SPILL STUDY RESULTS

The 1ithium spill studies were initiated late in 1977 with the objective
of first completing a series of scoping studies to provide data regarding the
properties of liquid 1ithium. These initial scoping studies have now been
completed. The highlights will be presented in this paper and include the
temperature and pressure from lithium pool and spray reactions in air and nitro-
gen atmospheres, a lithium concrete reaction sequence, volatilization and trans-
port of radioactive metal isotopes associated with lithium-reactions, tithium
reaction extinguishment, and lithium aerosol control.

FUSION PLANT SCHEMATIC

CONTAINMENT BOUNDARY
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Figure 1. Simplified Schematic of Deuterium-Tritium Fusion Reactor.

Lithium Pool Reactions in Air/Nitrogen

The lithium pool reaction tests were performed in a 14 cubic meter
vessel with test atmospheres of air or nitrogen. Ten kilograms of lithium
at 30, 510, and 540°C was dumped into a 0.2 square meter pan and allowed
to react. The tast arrangements for the lithium pool reaction tests are
shown in Figure 3.

The basic results of the 1ithium pool reactions in air are illustratad
in Figure 4, where the lithium pool temperatures as a function of time are
given for four test conditions. First is a normal air atmosphere with an
initial 1ithium temperature of 230°C, the second is a normal air atmosphere
with an initial lithium temperature of 510°C, and the third and fourth are
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Figure 3. Lithium Pool-Atmosphere Reaction Test Conditions and Equipment Schematic.



a moist air atmosphere with an initial lithium temperature of 230 and 540°C,
respectively. The maximum pool temperatures were approximately 1100°C, and
were independent of either initial spill temperature or atmospheric condi-
tions. Also illustrated in Figure 4, are the pressure and gas consumption
which were measured for the normal humidity air test with the initial
1ithium pool temperature at 510°C. As lithium reacts with the air atmos-
phere, oxygen and nitrogen are consumed and heat is released. If one con-
siders the pressure which would result due to the atmosphere temperature
increase measurad in the reaction chamber, one would see a pressure increase
as illustrated in Figure 4. The calculated pressure change due 0 gas con-
sumption is also illustrated in Figure 4. As can be seen, the actual

pressure which was observed in the test chamber was dominated by the con-
sumption of oxygen and nitrogen gas in the test cell.

Similar results for a lithium pool reaction in a nitrogen atmosphere

are illustrated in Figure 5.
measured was strongly dependent upon the lithium spill temperature.

Here the maximum 1ithium pool temperature
Also

shown in Figure 5 are the pressure and gas consumption for the test with
an initial }ithium temperature at 840°C.

sumed.

test cell to avoid a large negative pressure.

It is notad that the prassure
decreased in direct proportion to the amount of nitrogen gas which was con-

Mote the increase in gas consumption at a delayed time is caused
by increased pressure due to the introduction of more nitrogen into the

LITHIUM POOL REACTION IN AIR

CONDITIONS: 10 kg LITHIUM AT 230, 510, AND 540°C; 0.2 m? POOL IN 14 m? VESSEL
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Figure 4. Lithium Pool Reactions in Air
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LITHIUM POOL REACTION IN NITROGEN

CONDITIONS: 10 kg LITHIUM AT 220, 530, 840°C; 0.2 m? POOL IN 14‘m“ VESSEL

LITHIUM POOL TEMPERATURES
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Lithium Spray Reactions in Air and Nitrogen Atmospheres

Four Tithium spray tests were performed in a 14 m

3

3¢ 100 120 140 150 180
TIME, MINUTES

Lithium Pool Reactions in Nitrogen

vessel where 1.5

to 2.4 kg of lithium was sprayed into the vessel at 1.4 to 4.9 grams per

second at 1ithium spray temperaturss between 425 and 650°C.
The test results for the

tast conditions are illustrated in Table I.
1ithium spray reactions in air and nitrogen are shown in Figures 6 and 7
respectively, where atmosphere temperature, praessure and gas consumption

are shown as functions of time.

The basic

For the low lithium temperature spray

tasts, LSA-1 and LSN-1, the major reaction was a pool fire at the conclu-
sion of the spray whnich is indicated by the increased gas coasumption at
For the high 1ithium temperature spray tests, LSA-2 and

these times.

LSN-2, the spray reacted continuously as indicated by the gas consumption

throughout the spray period. These tests indicate that the critical temp-

erature at which a lithium spray in air and nitrogen atmospherss (under the
specific test conditions) reacts to completion is between 425 and 650°C.
The peak pressures produced for the high temperature Tithium spray test
in air and nitrogen occurred toward the end of their spray periods and
amounted to a 31 percent increase for the spray in air and a 13 percent
increase for the spray in nitrogen.
and pressure increases generated for the spray in air are greater than
for the spray in nitrogen because in air some of the 1ithium reacts with
oxygen to release 285 Kcal per mole of 0, consumed, while that which
reacts with nitrogen releases only 95 Kcal per mole of N, consumed.

The vessel atmosphere temperature
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TABLE [
Lithium Spray Test Conditions

Volume Initial Atm Lithium Spray
Test Atmosphere m3 Temp®C Pres KPa Rate g/sec Temp®C Height m Direction Duration Sec
LSA-1 Air 141 25 110 1.59 425 3.4 down 600
LSA-2 Air 14.1 38 102 1.64 650 3.4 down 615
LSN-1 Nitrogen  14.1 18 108 1.36 427 1.5 up 1560
LSN«2 Nitrogen 14.1 36 109 4.9 649 3.4 down 307

ATMOSPHERE PRESSURE,
TEMPERATURE AND GAS CONSUMPTION
FOR LITHIUM SPRAYS IN AIR

= LSA-1 SPRAY PERIOD 1.53 g/sac {0.95kg}l @~ 426°C

£ LSA-2 SPRAY PERIOD 1.64 g/sec (1.01kg} @~ 680°C
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Figure 6. Atmosphere Prassure. Temperature. and Gas Consumption for Lithium Soravs in Air.
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ATMOSPHERE PRESSURE,
TEMPERATURE AND GAS CONSUMPTION
FOR LITHIUM SPRAYS IN NITROGEN
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Figure 7. Atmosphere Pressure, Temperature, and Gas Consumption for Lithium Sprays in Nitrogen.

Lithium Concrete Reactions

The basic test arrangements for the lithium concrete reaction experi-
ments are illustrated in Figure 8. Tests with basalt, magnetite and lime-
stone aggregate concrete were performed. Cnly major conclusions from
these tests will be reported here. The bhasic reaction sequencs c¢an be
illustrated in Figure 9. As the hot lithium is dumped onto the ambient
temperature concrete there is an initial thermal shock to the concrete.

A surface reaction occurs between the lithium and surface water of .the
concrete and aggregate. The chemical heat of reaction and hot 1ithium
then heat the concrete driving water as steam to the hot Tithium-concrete
interface. The released water reacts with lithium to produce hydrogen
and generate heat. For initial lithium temperatures greater than 260°C,
heat from the lithium-watar reaction is sufficient to increase the temp-
erature of the materials such that lithium will then react with the basic
constituents (such as Si0, in basalt concrete, and Fe;0, in magnetite
concrete) to generate more heat and reduce the metal ions to elemental
form. In this regard then 1ithium {s more reactive with concrete than
sodium. In the limestone concrete the predominant reactions are with
water and C0O,.

Hydrogen is produced from the 1ithium-water reaction and it reacts
to form lithium hydride which is collected in the lithium paol until
gither the pool is saturatad or the 1ithium hydride decomposition temp-
erature is reached. Hydrogen is released instantanegusly as the lithium
pool is heated to the LiH decomposition temperature. [f the atmosphere
abave the lithium pool should be air then the hydrogen would be ignited
by the lithium-air reaction and would burn.

From the tests perfaormed it is concluded that in fusion facilities
which use liquid lithium it would be prudent to avoid lithium-concrate
contact such that these energy producing 1ithium-concrete reactions can
be prevented.
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LITHIUM-CONCRETE REACTION TESTS

TEST CONDITIONS

CONCRETE TYPES
MAGNETITE
BASALT
LIMESTONE

EXPOSED SURFACE AREA
0.094 m2
0.23 m3

LITHIUM MASS 6.4 TO 15.9 kg
INITIAL TEMPERATURE 260°C TO §70°C
ATMOSPHERE

ARGON
AlR

TOTAL TESTS COMPLETED 8

Figure 8. Lithium-Concrete Reaction

UTHIUM-CONCRETE REACTION TEST
ARTICLE

Test Conditions and Schematic.

LITHIUM-CONCRETE REACTION SEQUENCE

1. SURFACE REACTION-LITHIUM WITH
WATER AND AGGREGATE.

2. HEAT OF REACTION AND HOT LITHIUM
HEATS CONCRETE DRIVING WATER TO
HEATED SURFACE.

3. RELEASED WATER REACTS WITH LITHIUM
LIBERATING HYDROGEN AND ENERGY.

4, LITHIUM-WATER REACTION SUFFICIENT
TO PRODUCE ENERGETIC REACTIONS

Sio, t - BASALT CONCRETE

HTHIUM * | £0,0, | - MAGNETITE CONCRETE

FOR LIMESTONE CONCRETE PREDOMINANT
REACTIONS ARE WITH WATER/CO,

6. LIOH DOES NOT FORM:; H; RELEASED
FORMS LiH, UNTIL POOL SATURATED OR
DECOMPOSITION TEMPERATURE REACHED

8. IN AIR ATMOSPHERE RELEASED HYDROGEN
BURNS BECAUSE OF LITHIUM IGNITION SOURCE.

PRUDENT TO AVOID LITHIUM-CONCRETE CONTACT

Figure 9.
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Volatilization and Transport of Radicactive Materials

One source of radioactive materials contained in a fusion plant would
be the activation products created by the high neutron flux.

vation products could be found in the coolant material.

These acti-
Thus under a

postulated accident condition, whare the coolant boundary may have been
violated, the radicactive materials may then be volatilized and trans-

ported with 1ithium aerosols which are generated by lithium-air reactions.

A scoping test was completed to determine the amount of radioactive

metal volatilized and transported with 1ithium aerosols.

Radioactive

species which would be associated with first wall materials of 316
stainiess steel, vanadium, and a titianium-zirconium-molybdenum alloy

were tested.
pool with an exposed surface area of 0.55 square meter.

volume was 335 cubic meters.

In this test 45 kilograms of Tithium was reacted as a

The test cell

Elemental cobalit, iron, nickel, chromium,

manganese, vanadium, lead, molybdenum, and zirconium were added to the

Tithium.
from the reaction pan by the reacting lithium.

Constituents from the 316 stainless steel were also corroded
The plate-out and settiing

of the 1ithium aerosol was observed and the residue was examined by neu-
tron activation analysis to determine the presence and quantities of the

test metals.
were volatilized and transported with the aerosols.

The test results indicate that cobalt, iron, and manganese
We therefore, con-

clude tnat if these materials were present in the coolant and the coolant

boundary was breached, then they would.be volatilized by a lithium-air

reaction and transported with the resubting Tithium aerosois.

test results are illustrated in Figure 10.

VOLATILIZATION AND TRANSPORT
OF RADIOACTIVE MATERIALS

® TEST CONDITIONS:
© 48 kg LITHIUM: 0.58 m?2 POOL IN 238 m3 CELL

The major

® TEST METALS ADDED:; Ca, Fe, Ni, Cr, Mn, V, P, Mo, AND 2Zr

& TEST RESULTS
¢ COBALT,IRON AND MANGANESE ARE THE MAJOR METAL SPECIES
OF CONCERN RELEASED FROM LITHIUM POOL FIRES

Figure 10.

Volatilization and Transport of Radiocactive Metals.
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Lithium Reaction Extinguishment

Another series of tests were completed to demonstrate effective
techniques in extinguishing 1ithium reactions should they occur. There
are several powders which axist for extinguishing lithium reactions.
The test results demonstrated that carbon microspheres were more effec-
tive, but required 3.7 kg of carbon microspheres per kg of liquid
1ithium. The carbon microspheres were effective in extinguishing small
or shallow pool reactions but were not effective for large or deep
Tithium pool reactions.

8y far the most effective method for controlling 1ithium reactions
is space isolation of the affected area followed by an inert gas purge.
The basic results of lithium reaction extinguishment by space isolation
and inert gas flooding can be seen from Figure 11 where the lithium pool

temperatures are shown as functions of time. The first test was a lithium

pool reaction in an air atmosphere where no attempt was made to extinguish
the reactijon. Nota that pool temperatures above 1000°C were observed.

Second, are the results where lithium was dumped into a catch pan which
had a perforatad cover. The maximum lithium pool temperature was reduced
to 700°C. Third, are the results when the catch pan below the perforated
cover was inerted with an argon atmosphere 15 minutes after the 1ithium

spill, tha maximum 1ithium pool temperature was further reduced to about
600°C. Nots that the cooldown time of the 1ithium pool is also improved.

LITHIUM REACTION EXTINGUISHMENT

POWDER APPLICATIONS

o EFFECTIVE IN EXTINGUISHING SMALL, SHALLOW POOL REACTIONS
AND NOT EFFECTIVE FOR LARGE OR DEEP UTHIUM POOL REACTIONS

SPACE ISOLATION/INERT GAS FLOODING

® CATCH PANS AND/OR CELL LINERS PROVIDE MOST EFFEé'ﬂVE
METHOD TO CONTAIN LITHIUM SPILLS AND EXTINGUISH REACTIONS

LITHIUM POOL TEMPERATURES OF REACTION SUPPRESSION SUMPS
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Figure 11. Lithium Reaction Extinguishment Test Results.
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In a fourth test 1ithium was added to an inerted sump with a lead
plate cover. The lithium melted the lead plate at point of contact and
then flowed into the sump below. Fifteen minutes after the spill, the
space in the catch pan was purged with argon. [n this case, the lithium
pool temperatures decreased from the initial spill-temperature.

From these experiments one can conclude that large quantities of
1ithium can be adequately controlled under accident conditions by iso-
lating the spill area and inerting with argon gas.

Lithium Reaction Effiuent Control

It has been demonstrated that radioactive materials will be volatilized
because of high 1ithium reaction temperatures and then transported with
Tithium aerosols. Also 1ithium aerosols are quite toxic. For these reasons
it may be necessary to control the release of aerosols resulting from a
Tithium spill. Several tests were performed using air cleaning devices
such as sand and gravel bed filters, high efficiency particulate air filters
(HEPA), and aqueous scrubber systems. These test demonstrated that large
mass loadings of lithium aerosols can be collected with efficiencies larger
than 99%.. For an aqueous scrubber system the amount of aerosol collectad is
dependent upon the quantity of water available and the solubility of lithium
aerosol in water. It is concluded that for both practical applications and
emergency situations lithium aerosols can be colliected and controlled.

LITHIUM COMPOUND-COOLANT MATERIAL COMPATIBILITY STUDIES

As will be recalled from Figure 2, the main emphasis of this phase of the

program was to examine blanket material-watar reactions for the 1ithium compounds
Tithium oxide, LisPby, Li;,Pbgy, titihum aluminate, Tithium zirconate, and
1ithium silicate. The results to be presentad are initial scoping results.

Preliminary Information Base

The objectives of this phase of the program are to assemble available
information concerning fusion reactor blanket-coolant-materials compatibility,
and potentijal safety and environmental issues related to use of proposed
1ithium compounds as blankets. The initial focus is on completing a liter-
ature survey in relation to the reaction properties of lithium aluminate,
1ithium lead alloys, 1ithium oxide, and lithium zirconate. Also, design
concepts. possible accident scenarios, and major postulated safety and
environmental issues are beaing reviewed for promising fusion reactor designs.

Material Compatibility Scoping Studies

The objectives of this phase of the program are to provide material
compatibility data for proposed lithium compound blanket materdials and
coolants which will be required to support material selection and safety
studies. A series of scoping studies have been initiated to determine
the reactions of 1ithium aluminate, 1ithium lead alloys, lithium zircon=-
ate, and lithium silicate with water. Twe basic configurations were tested
in an inert atmosphere. First, is the configuration where the blanket
material at 600°C was added to water at 98°C. Second, is the situation
where water at 98°C was added to the blanket material at 600°C. The basic
test resuits for the hot blanket materials added to water under an open
argon atmosphere are {llustrated in Table II. The amount of blanket
mataerial was nominally 5 grams with 300 mililiters of water. The
reactions of 1ithium metal added to water were aiso abserved for com-
parison purposes. Lithium aluminate, 1ithium zirconate, and lithium
silicate did not react exothermically with water. The major reaction
observed for these compounds was heating and vaporization of water to
produce steam. Lithium oxide produced a moderate exothermic reaction
with the production of white aerosol. Li;,Pbgs also produced a mild
reaction but released some black aerssol; while Li,Pb, produced a very
exothermic reaction with a very dense black aerosol. The Li;Pb, exo-
thermic reaction was comparable to the lithium-water reaction.
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TABLE I

BLANKET MATERIAL (600°C) ADDED TO
WATER (98°C)

QUANTITY
MATERIAL BLANKET/WATER BEHAVIOR
LiAIOg § g/300 mi NO REACTION
LioZrO3 59/300 mi NO REACTION
LipSi0g 5 g/300 mi NO REACTION
Lio0 4.5 g/300 mi MODERATE REACTION
LizPba 2g9/300 mi EXOTHERMIC
REACTION
LizPbg 5 g/300 mi EXOTHERMIC
REACTION
Li METAL 0.15 g/300 mi EXOTHERMIC
REACTION
Li METAL 0.5 g/300mi EXOTHERMIC
REACTION
TABLE [I1

TEST RESULTS - WATER AT 98°C ADDED TO BLANKET MATERIAL AT 600°C

QUANTITY
MATERIAL BLANKET/WATER BEHAVIOR
LiAIO2 25¢cc/1g NO REACTION
LinZrO3 25¢ce/1g NO REACTION —
LioSiO3 25¢cc/1g NO REACTION
Lip0 25¢cc/1g RAPID EXOTHERMIC REACTION
LizPbp 25¢c/1g EXOTHERMIC REACTION
Li METAL 25cc/1g EXOTHERMIC REACTION

TABLE 1V

SCOPING COMPATIBILITY TEST RESULTS
FOR ENCLOSED SYSTEM

TIME TO REACH
GAS RELEASED HYDROGEN RELEASED PEAK TEMPERATURE
BLANKET MATERIAL PEAK TEMP. (°C}{MOLE/MOLE WATER) (MOLE/MOLE WATER} {sec)

1.0 9
1.0 9
1.0 9

LITHIUM ALUMINATE
UTHIUM ZIRCONATE
LITHIUM SILICATE

BE3BESE
agyy

Li7Pbey 0.8 0.13
Lig7Pbgs 0.8 0.09
LTHIUM 0.37 0.16

-
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1.

The basic test results for water added to hot blanket material
are illustrated in Table [II. Nominally one gram of water was added
to 25 grams of blankat material. Lithium aluminate, lithium zirconate,
and lithium silicate again did not react. Lithium oxide, Li,Pb,, and
1ithium metal each demonstrated exothermic reactions. The qualitative
scoping studies are now being repeated to obtain more quantitative infor-
mation in terms of reaction energies and rates defined by temperatures
and prassures which are obsarved. A series of these scoping tests have
been completed by adding approximately 3 grams of water at 98°C to excess
blanket materials at 600°C in an enclosed atmosphere. The reaction temp-
eratures and quantities of released gas weres measured. The blanket
materials tested and test results are listed in Table IV.
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DISCUSSION

JeCoCHICKEN: The extinction powders that you mentioned are
conventional fire fighting powders - nothing special?

Lo De MUHLESTEIN: Yes, that is right. One important item is
that NaX should not be used on lithium reactions. Naf is
tasically sodium carbonate, and you end-up with a sodium fire.
METAL=X really does mot work well. Our recommendation is carbon micro-
spheres are vy far the most effective. In an unintentional spill
at HEDL we used LITH-X. LITH=X becomes airborne and creates a
worse provlem than the lithium aerosols do. Cur conclusion is %o
use carbon micropheres for small fires. I must emphasize that if
some lithium is spread out on the floor over a large surface
area you could put carbon microsbheres on it and they would tend
%o exbtinguish the reaction. But if the lithium pool has any depth
at all, the material will eventually sink to the bottom and the
lithium contimues to react. At some of the lithium systems at
HEDL we have the capability for all cells to be isolated and
inerted with argon. We think that is the best way. I know it is
more expensive in a fusion facility, out this is the best way to
handle a lithium reaction.

J+GeCROCKER: We did have some experience at Argonme where
we had a small lithium handling loop and where a failure occured
in one of the systems. The lithium spilled out and they used
LITH=-X. Typically it takes about 5 kg of LITH=X for every 1l kg
of lithium that is spilled. For very large spills one does not
bave that amount of dry powder arcund to fight it.

LoD MUHLESTEIN: In the HEDL incident the fire fighters
obtained all the LITH-X we had, and then they obtained all the
carbon microspheres. This was a deep poel in a tank contimually
being heated by the reaction. Again, the “est way is to inert
{the reaction area with argon.

J+GeCROCKER: One needs to figure where the likely places for
spills are and have routing of those spill areas to a sump. One
needs o have the capability for inerting the atmosphere in that
particular sump and then on top of that one should probably have
some carbon microspheres around, in case one gets a spill where
one does not necessarily want it.
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LeDo MJHLESTEIN: I mignt point out that we nave another large
test coming-up, probably in a month, where we have a variety of
sump arrangements. shat we are trying to do there i1s look at
designs that one might use for remotely exiracting the reaction
oroducts, considering that they might be radiocactive, put in
another sump arrangement, and take your plant back to operation,
or drain the lithium 1nto a sump arrangement/atch pan that coula
oe remotely removed. We think 1t wall be very effective to inert
the sump with argon atmosphere. The point is that one can really
lower the reaction temperatures by inerting with argon. The
high temperature leads o volatilization of raaicactive products
that may be containea in the coolant. If one can lower these
reaction temperatures, and keep the material from reaciing, one
should not get volatilization proaucts. Hence the radiocactive
transport should be greatly reduced.

J«GeCROCKER: The other factor that appears to be self=-
mrtrgating 1s that one will not generate the pressure within
the containment to drive a leakage through the containment ouilding.
That 1s the problem with a fission reactor, where 1f one gets a
pipe break, one gets the very high pressures teing btuilt-up 1in
the containment. But here a lithium fire actually has a slight
decrease 1n pressure. We have an analytical programme that goes
along with this. We have a code development effort that 1s co-—
ordinated with the lithium spill work and we are calculating
some results there. Most of the spill tests that we have oeen
doing to-date have been with 10 kg of material. Later on in the
year we are going to do a larger spill test with 100 kgz. We are
going to increase the quantity of material that we are spilling
by an order of magnitude. One does not want to spend all the
time working with 10 kg of material when one finds out that one
gets a completely different answer 1f one 1s working with 100 kg
of material. Reactors are not going to have only 10 kg. If the
results of the 100 kg spi1ll test are similar fto the 10 «g tests
then 1t 13 not necessary for us to go to larger spills. On the
other hand 1f we get a significant change in result then we may
have to factor in even larger spills later in the programme.

LeDe MUHLESTEIN: I should point out that the larger spills of
100 kg will be 1n a large test cell, with a large containment
volume (aboyt 8m i1n diameter by 20m high). The volume 1s
about 900 m~. The sp1ll will be over a much larger surfacs
area. With 100 kg we will be looking at pressures and temperatures
generated by the reaction and compare them with the LITFIRE
code predictions. We hope that this then will be a validation test
for the LITFIRE computer code.

FoNFLAKJS: Di1d you make studies where you added test metals
such as cobalt or iron to the concrete?

LeDe MUHLESTEIN: No, we have not completed tests where these
materials were added to the concrete. But I should point out,
that at least for 316 SS, the majority of the volatile materials
in our test results came from the reaction of the lithium with
the stainless steel. Lithium actually corrodes stainless steel.
We did not however add materials to concrete.

J.L.ROUYER: You tested volatilization of cobalt etc. Do you
have a basis of comparison for sodium fires?

LeD. MUHLESTEIN: WNot a quantitative comparison, but a quali-
tative one. It 1s a basic assumption in fission safety analysis
that radiocactive materials will coagglomerate with sodium aerosols
and be transported with the sodium aerosols. That basic assumption
1s being tested in the USA programme basically at Oak Ridge. Some
large scale aerosol behaviour tests have been completed 11 our
facility.
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JeLeRCUYER: 3But there is no indication that for sodium there
is a preferential volatilization of cobalt?

LoD MJHLESTEIN: Not a preferential volatilizatiorn if I
understood rou correctly. With these particular jests with lithium
we were very much concerned with those species that had the highest
3HP. That was iron, cobalt, manganese; and they were iransported
oy the lithium aerosol. That was the issue we were considering.

JeLeRQUYER: Are there the same phenomena for lithium fire and
sodium fire?

L. D« MUHLESTEIN: That will be correct.

JeL.RCUYER: Did you test for prefiltration in your filtration
devices? Did you test acoustic agglomeration?

LeDe :UHLESTEIN: No, we did not with lithium. The reason is that
prefilters are second order devices in liquid metal systems. There
is some information that indicates that turbulent agglomeration
may be effective for a cell when it would be desirable to have
material quickly plated out on the surface vefore it starts to leak
out. There are some data from the Havard Air Cleaning Laboratory
on very small scale tests which indicate that turbulent agglomeration
micht be effective. We intend to look at turbulent agglomeration
for the breeder programme because there it may be effective. For
fusion facilities we do not think that other devices are necessary
because standard systems, like an aqueous scrubber system, are very
efffective and will contain very large mass loadings of aerosols.

I need %o point out that the amount of material which can be
collected, is only dependant upon the solubility. In the case of
lithium, the solubility of lithium aerosols in water is smaller
in comparison with sodium. So in a comparable situation one could
collect more sodium aerosols than lithium aercsol because of the
difference in the solubilitiese.

JeLo.RCUYER: In this case you need more liquid.
LoD MUHLESTEIN: That is correct.
JaLeRCUYER: 1Is!nt it a2 large system?

Le D MIJHLESTEIN: Noo If you consider the quantities of material
that may ve available in a fusion facility, for example, you
would be talking about perhaps two liquid ftanks with each about
6 meter in diameter. You are not talking about big systems like
you would for the comparable sand and gravel bed filter. For
example when you use a HEPA filter you need many banks. But the
aqueous filters are rather small. In fact at JEDL we have developed
and proof=tested a contimuous agueous cleaning sand and gravel
bed which is very effective; very small, and which handles large
quantitiese.

JoG-CROCXER: There was somebody at ISPRA who was interested in
doing some liquid metal safety work with lithium there. He had not
started any such work but it was in the programme. Does anybody
know what the status of that is?

JSCENEIDERR: Yes, Mr.Heinz Kottowski. He has been involved
in sodium work for fission reactors. He has available at ISPRA
100 kz of lithiume. There is a plan of work but this work has not
been started yeto
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Abstract

In assessing the potential safety concerns of fusion, the experience
from other energy sources lead to a variety of safety assessment approaches.
The available approaches are:

(1) The maximum possible accident approach

(2) The maximum credible accident approach

(3) The probabilistic total risk assessment

In the first approach, the mechanistic development of the events
leading to the safety concern is ignored. Instead, the total radioactivity
of the plant is assumed accessible to the public. Such an approach is
obviously conservative and unrealistic. In the second approach a selection
is made among the most severe of the possible accidents, and the progression
of the accident is modeled as mechanistically as possible. In this case,
the passive and active accident mitigation capabilities of the plant are
taken into consideration. The result is expected to be that none or
only a fraction of the total radiocactivity can be released to the public.
The adverse effect of this approach is to concentrate attention on a
particular accident class, and perhaps not allow fbr other classes, a
judgement that may later become undesirable.

The probabilistic risk assessment requires the safety analysts to
consider all classes of accidents and estimate both the probabilities
of their occurrences and their consequences. Thus, the plant design in
fact is subjected to a thorough investigation and the impact of alterations
in design can be reflected in the total risk estimate. The disadvantage of
this approach lies in the absence of well defined acceptable risk criteria
as well as the large effect of public perception factors on the accepted
risk.

This paper will review the impact of application of these approaches
in determination of the level of protection needed against activation
product release to the atmosphere.
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Safety Methodology and Risk Targets

A1l forms of energy production are associated with some cost to
society in the form of the potential for adverse health effects to the
public as well as the workers involved in every stage of the power
plant construction and operation. A proper design goal of any power
plant is to minimize the environmental penalty and to insure that
it lies within the boundaries of societal acceptance.

One of the main concerns of fusion power development is the
potential radiological hazard. The radioactivity in a typical fusion
plant will lie in four basic forms:

1) Tritium in both active and passive parts of the fuel systems.

2) The induced radioactivity in structural materials including
first wall, bianket, shield, etc.

3) Coolant activation products and structural corrosion products

circulating with the coolant, liquid breeder, or helium purge
stream

.

4) Gaseous activation products, mostly resulting from activation
in the gases in the plant building atmosphere.

In assessing the potential safety concerns due to releases of
radiocactivity from a fusion plant, the experience from other energy sources
leads to a variety of approaches. Thase are: '

1) The maximum possible accident approach

2) The maximum credible accident approach

3) The probabilistic total risk assessment approach.

In this paper, a brief review of the premise and shortcomings of each
approach is presented, as well as the impact of appiication of these

approaches in determination of the level of protection needed against

radiological releases to the atmosphere. In actuality, the approaches
sometimes overlap and the field of fusion safety can be seen as evolving

from the first towards the third.
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The Maximum Possible Accident

In the first approach, it is assumed that the total radiocactivity of
a plant is accessible to the public due to unspecified circumstances.

This maximum possible accident is not analyzed mechanistically, so that
the chain of events that may produce total accessibility is ignored.

There are some attractive features to this approach. It is simple to
consider and hence can be applied in the absence of concrete plant designs.
Also, it forces the plant designer to consider protection systems against
the most conservative estimates of accidental radioactivity releases.
Hence, the safety measures that will be implemented wiil not be "over-
burdoned" by less severe accidents.

However,{the total radioactivity in a plant will almost certainly
not be released to the atmosphere as a result of a realistic accident.
Hence, this approach does not provide the designer with the means to
tailor the protection systems against the more probable releases.
Furthermore, it could lead to erroneous decisions about the potential
hazards of designs that may involve somewhat higher amount of radiocactivity
but with lower probabilities for suffering failure during unexpected
events {accidents). Finally, the approach does not consider, and faijis
',t° guide, the actual design of reactor systems.

Because of the simplicity and limited need for data, this approach has
been often'applied to fusion plants. In most cases, the activity { in
curies) and/or the biological hazard potential (BHP, measured in units
inversely proportional to the MPC, the maximum pe;missib1e concentration
for each isotope in air or water) is calculated for different structural
materials and tritium breeders. A most recent example of the maximum
possible accident approach is that of Holdren [1] where a thermodynamic
treatment calculation of adiabatic flame temperature in a lithium fire
(~2100 °C) leads to the assumption of nearly total release of structural

activity.
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The Maximum Credible Accident Approach

In the second approach, a selection is made among the most severe of
the possible accidents, and a progression of the accident is modeled as
mechanistically as possible. In this case, the passive and active accideﬁt
mitigation capabilities of the plant are taken into consideration. Thus
thermodynamics is combined with heat transfer mass flow, and chemical
reaction kinetics to conservatively model the accident.

The approach has several advantages. A more complete picture of the
history of and accident and its potential consequences are obtained. As
such, unrealistic, over-conservative prediction of consequences is avoided.
The impact of design choices on accident consequences can be examined.
Finally, the modeling and {dentification of critical parameters helps
determine future safety research needs

The approach has drawbacks. By nature it is more complex than the
first approach and requires more information about the plant, making it more
difficult to implement. The sophistication and accuracy of the modeling
is often limited by the available experimental data. Since actual risk
to the public is given by the consequence times the frequency of
occurrence, and this approach neglects probabilities, an incomplete
picture of the total risk is obtained. Also, the approach may concentrate
attention on a particular accident class, and perhaps not allow for other
classes, a judgement that may later become undesirable;

Several examples of the maximum credible accident approach exist.

For instance, & continuing effort is underway at MIT to model the impact
of the reactions concerning 1ithium compounds [2,3]. The LITFIRE

(modeling lithium-air reactions) code basic model is shown in Fig. 1.

A spill of 1ithium from one loop of UWMAK-III in the air filled containment
is predicted to result in the time-temperature history shown in Fig. 2

{2]. As data and modeling have improved, the severity of the predictions
is seen to have been reduced. Thus a detailed treatment of the 1ithium
fire problem indicates that maximum temperatures are far below the

simple adiabatic case. Figure 3 shows the model for an option allowing

Tithium compound-water reactions inside the blanket. Figure 4 and 5
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[3] show the time-temperature histories for a sample case for the
reaction zone and first breeder element response. Such mechanistic tools

are also vital for the total risk assessment approach.

The Probabilistic Total Risk Assessment Approach

The third approach requires the safety analysts to consider all
classes of accidents and estimate both the probabilities of their
occurrence and their consequences. Thus, the plant design is subjected
to a thorough investigation and the impact of alterations in design can
be reflected in the total risk estimate. The total risk is the summation

over all accidents of their probability times consequence.

The advantage of this approach is that the plant design is well

digested from the safety point of view. The event and fault trees are the
major tools of this analysis. The actual contribution of various accident
sequences to the total risk is known so that a designer can concentrate

on minimizing the overall risk by lowering either the event frequency or
the potential consequences.

The approach has the drawback of high compliexity and necessary data
needs (e.g., specific detailed plant design). Furthermore, there is the
absence of well-defined acceptable risk criteria by the public, mainly
due to the large effect of pub]ié perception factors on the accepted risk.

The total risk approach has found some current application in the
U.S. safety program by addressing the TSTA design [4], and deriving
tolerable limits of structural radioactivity releases. Working backwards
from a criterion that fusion risk should not exceed the WASH-1400 curve
for fission and incorporating models for structural volatization and
Tithium fires, a target for maximum accidental release probability has
been established and is shown in Figures 6 and 7. The fraction of the
first wall that would be mobilized under realistic lithium fire conditions
was found small compared to the tolerable limits {5].

Recently, an assessment was made of the risk to human health implied
in the utilization of fusion reactors as a source of electricity [6].

This risk was compared to that of conventional and unconventional alternative

energy sources.
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While several approaches to such an assessment appear possible, the
one chosen here is the summation of the totai effects of all activities
involved in the power cycle. In this method the risk is measured in terms
of injuries, diseases and deaths of workers and the general public

resulting from the following components of the fuel cycle:

1. Fuel raw material acquisition and processing

2. Fuel material transportation

3. Plant component fabrication, including emission

4. Plant construction

5. Plant operation and maintenance occupational effects

6. Plant operation public effects

Two reference designs, UWMAK-II and NUWMAK were used in the risk
assessment. Both are conceptual designs for TOKAMAK fusion reactors, which
is currently the leading type in reactor development. Table 1 contains
the results of the assessment. Comparison of the two sets of figures
indicates that the total man-days Tost per megawatt electric produced
by the plant per year (MDL/MWyr) are expected to be somewhat higher for
UWMAK-II than NUWMAK. This is primarily due to the larger volume of the
plant associated with UWMAK-II, which gets ref1eqted in a higher risk in
the categories of material acquisition, transportation and component
fabrication.

It is assumed in this analysis that these plants will release 10
Ci/day to the atmosphere. The consequences of this release are the major
source of the public health effect shown on Table 1 and is based on
earlier studies [7]. Accidental atmospheric releases of radiocactivity
are assumed to be of a low probability due to both inherent and design
factors.

Comparison to risk from coal, LWR, solar thermal and solar-photovoltaic
plants has been undertaken. Three major sources of data on risk were used:
the revised Inhaber study [8], Holdren et al. [9] and IAEA/IASA study
{(10]. The results are shown in Figure 8. It is seen that, compared
to other fuel cycles, fusion is in a favorable position with respect to

risk. The material requirements of the fusion plant are roughly comparable
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to the coal and LWR plants, but substantially below those of the

renewable resources. Coal also has a higher risk component in fuel

acquisition and transportation. On the other hand, provided that the

assumptions of the present study are correct, the operational releases

of a fusion plant are associated with smaller risk to the public than

coal or LWRs. Hence, it is concluded that if fusion reactors can be

developed in a manner that eliminates any significant risk contributions

from accidents and waste management, the total heaith impact on society

may be less than that associated with other fuel cycles.

Summar

Three approaches to safety assessments of fusion facilities have been

discussed, including the advantages and disadvantages of each. Of

particular note is the usefulness of the maximum credible accident approach

and the total risk approach to the development and design processes.

—
.
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Table 1
Risk Components for UWMAK-II and NUWMAK (Ref, 6)

(Man-Day lost/MWe-yr)

NUWMAK UWMAK-11
Material acquisition 0.0897 0.3145
Component fabrication 0.254 0.402
Plant construction 0.94 0.977
Operation and Maintenance .38 - .41 .38- .47
Emissions .0254 - . 763 .028 - .8442
Transportation .182 -.572 .399 -1.256
Public health risk .0113 - .610 .0113-.510
1.89 - 2.64 2.512-4.82
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DISCUSSION

J.GRUBER: le see that there is no linear relationship between
the number of fatalities and the percentage of volatilization of
the first wall. Is it easy to explain why this comes out of the
model?

MeSKAZTHMI: Yese. If one locks at the dose=response curve there
is a certain probability for fatalities associated with a certain
dose level, e.g. a dose of 5 Sv (500 rem) is associated with 50%
provability of fatality and hence the scale is not linear as +to
the response in terms of fatalities to the dose level itseif.If
one is adding just the dose level in rems it would be linear but -
the illnessesand fatalities are not linearly related to total
manrems. This is based on the reactor safety study WASH=1400.

J«CeCHICKEN: The disadvantage of this lies in the absence of
well defined acceptable risk criteria as well the large effect
of public acceptance factors on the accepted risk. I thought perhaps
there was a measure of agreement about what is, in quaniified terms,
the acceptable level of risk. Most safety people would say that a
risk of one in a million was an acceptable risk and on this scale,
when you get down to one in a thousand, that risk would be unacceptable.

M.S.XAZIMI: I do not know what the situation is in the UX;, I am
afraid, but in the USA the studies hawve shown that acceptability
is dependent upon several factors: e.g. an immediate result, say
a fatality, would have a different acceptable probability than a
latent one; e.g. the acceptability of a new source of risk. A risk
that has not been experienced for tens of years seems to be sub-
stantially lower than the acceptability of a source of risk that
peogl,e have become used to. And therefore;, when one defines the
100 as an acceptable level of risk, I think that this is a proposed
acceptable level. There may ve other factors that have to be tzken
into consideration as well. There does not seem to be, from studies
I have seen, a simple criterion independemt on other factors I have
ziven you examples of.

J.CeCHICKRN: To some extent yes, I agree with you. Although
the designer really has to have some target to aim at and for
reactors, CEGB has given their designers firm criferia. Such criteria
give the inspectorate a base to quantify the riske. Surely we need
some kind of target for fusion reactors. That is really what you
were saying. It must be defined by the licensing authority so that
the designers know; in advance, what they are aiming at. Without
such criteria one can waste a lot of time.

M-S . KAZIMI: Yes. I am not proposing any particular target
tut I am suggesting that we should try o look into these risk
factors and develop a criterion by the time we will need one for
an experimental power plant. And the USA Fusion Safety Programme
Plan includes safety of design. But this work is still developing
and progressing slowly in this direction.

J.SCHNEIDER: I have a cuestion regarding the methodology of
the mechanistical approach you were talking about. What is the
relation of this mechanistical approach to full probabilistic
risk analysis and how far can it be used for the establishment
of event trees in probabilistic risk analysis? How sophisticated
is your mechanistical approach at the moment? Did you discuss
this with designers or even operators of facilities?
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M.S.KAZIMI: As regards the first part of your question, cbviously
one needs to go through a deterministic analysis to be able to
anticipate events that would then fall on the fault tree, i.c. a
probabilistic risk assessment has to involve a certain degree of
deterministic consequence evaluation and cne cannot do the probabilistic
one without the deterministic one. On the other hand one could do the
deterministic analysis without necessarily combining them in a probabilistic
fashion as in the earlier days of fission reactors.

¥With respect to the second part of your question we are very
tight in with the designers of various reactors. There are
actually two designers that I should talk about. Those that are
involved in conceptual designs. The recent design of Argonne,

the start for our design is one example. We have been quite close
to the developments there and those that are actually designing
reactor facilities, e.g. the TFTR. We have been talking to the
TFTR peovle in terms of exchange of information but we have not
apolied any of our models to a particular facility yet.

J«SCHNEIDER: I think that the development of {the accident
sequences is a crucial point in the safety analysis.

HeS.XAZIMI: 1In the cther parts of the programme there are
specific targets which will address that e.g. in the TSTA facility
there is a very specific task that is asscciated with the development
of fault trees to be able to estimate risk and the probability of
the various consequences.

J.L.ROUYER:; Concerning volatilization of the first wall: You
made a maximum accident calculation, which is probably not realistic,
and you made a more credible deterministic aporoach in calculating
that the heat is shared by all components. The figure you obtain
is probably also not realistic. The sequence of the accident is
not very well understood. One can make such type of analysis,
probabilistic or maximum credible accident, when one knows much
more about the design. But to compare design concepts between
plant, I think one needs something quantified (as possible) but
it cannot be a detailed orobabilistic analysis.

MeS.KAZIMI: You have a valid point there. I have tried, at the
very beginning, to cauntion you that we are dealing with paper
designs and therefore the methodology is not meant to produce
hard mumbers for risk but rather guide-lines for comparison among
various designs and various conditions. Really the objective of
the study so far is more in terms of producing design guidelines
than assessment of hazardness.
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Abstract

For a blanket using stagnant lithium as the breeder, helium as the coolant and a stainless
steel first wall, transient temperature and thermal stress analyses have been performed to

study the potential safety problem of such blanket modules.

1. INTRODUCTION

In the frame work of a safety study for a fusion power demonstration reactor, FINTOR~D [II,

transient analyses for several types of blanket power accidents have been performed. For the

blanket modules, with stagnant lithium as the breeder, helium as the coolant, and a stainless

steel first wall and structual material, the following heat removal distrbances have beep studied:

- helium depregsurization due to a break of the outlet tube or the outlet plenum (= loss of
coolant accident = LOCA);

- complete loss of helium coolant flow due to a sudden blockage of the inlet or outlet tube
(= loss of flow accident = LOFA);

~ power overshoot due to a temperature or density increase in the plasma at nominal coolant
£low;

-~ plasma disruption omro the first wall,

Although the latter event is commonly nrot considered an accident, the responmse of the first

wall to such a rapid process must be determined. )

Transient non=-linear hear-transfer calculations have been carried out, and the resulting tem=-

perature and thermal stress reponsesﬂbf the first wall during the different events will be

discussed in this paper. Both a blanket module without and with 2 radiation panel in fromt of

the module has been examined. A radiation panel of welded stainless steel tubes, cooled by

helium is considered.

2. THE REFERENCE BLANKET MODULE

The present safety analysis was a contribution to the conceptual design of the fusion power

demonstration reactor FINTOR-D [1]. The blanket modules im that design are thin walled cylin-
drical vessels containing nearly stagnant liquid lithium as the breeder. The modules are arran-
ged in rows around the plasma. The diameter of the modules is 52 cm and the length ~ 2m. The
thickness of the stainless steel vessel wall is 5 mm. High pressure (50 bar) helium gas flowing
through cooling tubes was chosen as the primary coolant for the modules. The coolant tubes have
the shape of spirals and are arranged on parallel planes perpendicular to the axis of the cy-
lindrical vessel, as illustrated in fig. !. Each spiral-shaped tube is connected to an inlet~
and an outlet manifold which are also situared within the modules. The length of each tube is

5 m and the inner- and outer diameters are 12 mm and 14 mm respectively. The distance between
the coolant tubes (the pitch) is 22.7 mm. The helium gas, entering the module with a temperature
of 150°C first passes closely the thermally high-loaded first wall and them it is heated up mo-
ving radially inward through the module to leave the module with an outlet temperature of 350°C.
For the reference average neurron wall loading of 1.34 MW/m?, the power production within that
part of the first wall facing the plasma was calculated to be 15 w/cm3. It was assumed to de=~
crease to 3 W/cm3 at the rear side of the module.

The surface radiation heating on the first wall was calculated to have a maximum value of

40 W/cm? at the front side of the modules. It was assumed to decrease to zero at both mid
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sides of the modules. Per unit length of module a total heat of 0.70 MW has to be removed by
the helium gas flow. This requires a helium gas flow velocity of 30 a/s through the tubes, with

a resulting steady state heat transfer coefficienc of 2340 W/m2 °C.

3, THE NUMERICAL MODEL FCR THE CALCULATIONS

The finite-element code MARC [2] has been used to find the initial sceady stace temperature

distribution and the thermodymamic response of the blanket module to coolant flow disturbances
or power load variations. The complicated geometry of the modules necessitated certain simpli-
fications in the numerical model to avoid too excessive computing time for the transient ana-
lysis. Consider the r-z plane through the axis of the cylindrical module. This plane is per=-
pendicular to the first wall and to the planes of the spirally shaped coolant tubes. To simpli-
fy the real situation to a representative 2-dimensional substitute, only a strip in the r-z
plane between the front side of the first wall and the outlet tube is considered, and straight
coolant tubes perpendicular to the r-z plane are assumed. The layout of this region is given in
fig. 2 and consists of 24 two~dimensional 8-node elements and 123 nodal points in total. The
first wall is represented by element l. The other elements represent the liquid lithium.

The lower and upper boundaries of this regiom are two symmetry planes, one through the axis of
the helium tubes of one spiral, the other just between two adjacent spirals. Therefore, the
thickness of the strip as shown is [1.35mm and is equal to half the pitch between the spiral tubes.
The steady state temperature of the helium in the successive tube passages was calculated by
hand, taking into account the volumetric power demsity in the lithium when the helium is heated
up gradually in the spiral from its inlet to its outlet temperature.

In the calculations the surface heat fluxes, the power densities, and the heat transfer coef-
ficiemts at the boundaries are time dependent input parameters. The temperature dependent mater-
ial properties of stainless steel and liquid lithium are taken into account. The liguid lithium
is assumed to be stagnant, so convective heat in the lithium is not considered. The assumed
power density in cthe lithium and the calculated steady state temperature profile are also given

in fig. 2.

4. HELIUM DEPRESSURIZATION DUE TO A PIPE BREAK

In case of 2 pipe break in the helium system the blow—-down and depressurization of the helium

gas can be evaluated [3_] Assuming isothermal depressurization the depressurization of the

helium is given by

4
p(t) = py exp( ?;)~ n
In this simple expressiom the depressurization time comstant " is given by
[t
x Yo ‘- 2 k=i
Tt -RTK &7 , ()

where Vg = helium gas volume, Ag = break area, and <= cp/cvg

For helium, the time constant will be approximately:

- o
t = 0.0304 AT (3)
where r. is expressed in 3, V4 in m3, Ay in mz, and T in °K.

Assuming adiabatic depressurization the pressure is given by

2
p(x) = "°[" - & f;] <t 4)

and for helium p(t} = pyo(l + 3%)‘50 For t<5t" adiabatic depressurizacion will be faster than
T

isothermal depressurizatioun, see fig. 3.

The heat transfer coefficiant of the helium gas flow decreases during the depressurization ac-

cording to the Dittus-Boelter equaciom h -~ (pv)o's.

For the isothermal depressurization this results im h(t) = h_ exp(-0.8t/t*), and for adiabatic

o
depressurization h(t) ’hoLl+c/3f’1"2°"’. From f£ig. 3 it is seen that the heat transfer coef-
ficient decreases much faster for the isothermal approximation and the lacter is chosen in sub-

sequert calculations.
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For a pipe break inside the inmer vacuum containment (- 5000 m3) the helium blow-down causes a
pressure build-up in the plasma vessel up to about 2 bar assuming that the escaped hot helium
is subsequently cooled down to room temperature. Helium with an initial pressure of 50 bar will
reach this equilibrium situation in about 41", The resulting plasma contamination will stop and
shut down the fusion power production automatically much earlier. A pipe break in the secon-
dary contaimment (~ 150.000 ) gives a residual pressure << | bar and the blow-down period
will extend over more tham 5t . A detection system then must be provided for safe shutdown of
the fusion process. The transient analysis therefore has to extend over a period greater than
ST!- A pipe break in the outlet tube outside one blanket module, will be taken as a represen—~
tative loss of coolant accident (LOCA). Such a break will have an area of about 0.0l mZ.

For a helium volume of 400 m3 the corresponding depressurization time constant then will be
¥ =50 s. Compared to the total circulating mass flow with a circulation period in the pri-
mary coolant loop of about 2 s, this referemce LOCA is a relatively slow proceeding event.

A pipe break in ome of the main helium feeding or collecting headers outside the reactor (with
diameters of the order of ! m) causes rapid depressurization with a time constant of P s.
Such an event can be supposed as being as severe as the worst loss of flow accident (LOFA),
wvhere the helium flow through a blanket module is suddenly stopped by a coolant tube blockage

(for the calculations this is equivalent with = 0).

5, RESULTS OF TRANSIENT CALCULATIONS FOR THE BLANKET MODULES WITHOUT RADIATION PANEL

For the initial steady state condition (see fig. 2) the maximum temperature in the first wall

is 5709C and the temperature drop over the first wall, ATy, is 107°C. The time in a start-up

sequence to reach this steady state temperature profile is calculated to be about 30 s.

5.1. Helium coolant disturbances (LOCA and LOFA)
The transient behaviour of the first wall and the lithium in a LOCA with a small depressuriza=-

tion rate (t®=50 s) and with.a larger depressurization rate (T’= 25 s), both with continuing
power production, is shown in fig. 4. The temperature of the front side and the rear side of
the first wall, as well as the minimum lithium temperature are given. For the two LOCA trans-
ients a maximum first-wall temperature of 900°C will be reached withinm 160 s and 110 s, res~
pectively. The temperature drop ATy over the first wall decreases during the transient from
1079C to about 80°C for both cases. Direct or even delayed action of the safety system, ini-
tiating a rapid shutdown of the power production, results in a safe course of the depressuri-
zation event, as illustrated also in fig. 4. The temperature transient for the LOFA, i.e.
complete helium flow blockage, is given in fig. 5. With continuing full power production the
front side of the first wall will reach a temperature of 900°C within 50 s and will melt after
about 150 s. Shutdown of the power production process within 50 s results in a safe decrease
of the wall temperature until there is a slightly increasing temperature effect with a rate of
2 0.19C/s due to the afterheat production. The temperature drop over the first wall in the LOFA
will also decrease to 80°C at the time where the 900°C limit is reached.

The thermal stress at the surface of the first wall is given-by
aE
Oth = % o=y ATys (5)
where E = Young modulus, v = Poisson ration, and o= linear expansion coefficient.
The thermal stress relacive to the elastic yield strength oy can be given by

oth 39

— 3 e, d q' ', (6)
pos W
cy 2(1 v)Acy

L
where q''=heat load on the first wall of thickness d, (with ATy, = S.ﬂfhl.
A
The material properties oy and the ultimate tensile strength o, are strongly dependent on

temperature as are shown in fig. 6 for unirradiated 316 SS.

The thermal stress parameters 2(?§v) and 2(}—t§Ac vary only slightly in the temperature range
Y
of 200-900°C, as is shown in the figure. For a temperature drop of 80 - 100°C and for a wall

temperature above 600°C, the first wall will be in the plastic deformation domain.
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This means that for a proper analysis of wall behaviour a more complicated elastic-plastic-
strain calculation has to be performed. Assuming that no plastic deformation of the wall
occurs during the LOCA and LOFA events, the thermal stress exceeds the oy limit above 900°C,
Therefore, it is plausible to take this temperature of 900°C as a possible upper limit, below

which proper shutdown might avoid wall failure.

5.2. Over—-power transient

Due to plasma instabilities, disturbances in fuel supply, or to temperature control, the
power production in the plasma might fluctuate. The traasient behaviour of the blanket modulé
with nominal helium cooling to a sudden over—power production is given in fig. 7. An over-
nower of 1257 results in a maximum wall temperature of 650°C and a temperature drop over the

first wall of 128°C. The resulting thermal stress will be below 1.5 « 150% over-power leads

v
to a maximum temperature of about 900°C within 60 s. A temperature drop over the first wall
of 180°C will already be reached within 10 s, causing very excessive thermal stresses > 9y

with a wall cemperature still below 7009C (see fig. 6).

5.3. Plasma disruptions

A plasma thermal energy of 400 MJ and a magnetic energy in the plasma of also 400 MJ are as-
sumed in the calculations. Recent calculations [4,5] show that plasma disruption times of
about 25 ms may be eﬁpected, which are longer than earlier estimates of about ! ms. A uniform
plasma disruption in 25 ms onto a total first wall surface of ~ 1000 m? results in an average
surface heat flux of 16 MW/m?. By lack of sufficient knowledge of the disruption process; a
constant heat flux on the first wall during the disruption time is compared with a time=
varying heat flux according to the plasma expansion model of ORNL [4}. The resulting temper—
ature response of the first wall is given in fig., 8. In ref. [4] it is expected that about
30% of the magnetic energy will be dissipated as Joule heating in the first wall during the
disruption, the rest of the magnetic energy will be dissipated in other structures.

A uniform and constant dump‘of this fraction of the magnetic energy in the first wall results
in a volumetric heat productiom of 1200 MW/m3 (1.2 ¥W/emd) during the disruption.

For the case of comstant heat flux, a uniform dump of the plasma energy together with 30Z of
the magnetic energy on all modules is compared with a uniform dump of only the plasma energy
on all the wodules. The results of these caleculations are also given in fig. 8. The maximum-
temperature rise of the front side of the first wall will be 285, 291 and 310°9C for the 3
different cases !, 2 and 3, respectively, as depicted in fig. 8. fhe effect of the volumetric
Joule heating is negligible compared to that of the surface heat flux.

A uniform plasma disruption on all modules causes a rapid temperature increase of the fromt
side of the wall to about 860°C. The rear side of the wall remains at a nearly constant value
in accordance with the long thermal diffusion time constant for the stainless steel wall of
Tdiff =-=-Z-=‘ 5 s (dy=wall thickness; a af‘;a thermal diffusivity).

For the rapid plasma disruptions separate MARC-calculations for the first wall only, with fine
mesh distances, have been carried out to obtain proper numerical rzesults. The temperature de-
pendent material properties are taken into account. If temperature independent material pro-
perties are assumed then the temperature respomse of the first wall to a sudden heat flux q'’
may alse be approximated analytically [6], For plasma disruption times short compared to the

thermal diffusion time of the wall the temperature of the front side of the wall then increases

with 11
RICEE L FAX S m

For the plasma disruption as comsidered this will be 290°C at the end of the disruptionm.

This is slightly higher than found numerically in the case of temperature dependent material
properties. Therefore, expression (7) can be used to find the thermal response for varying
wall loads or varying disruption times. Melting of the surface of the wall then may be ex~
pected for heat fluxes > 50 M/m?,

The peak thermal stress inm the heated wall surface due to the sudden increase aTPulse of phe

surface temperature, is agglse = (:fi) aTPulSe ang i3 twice as high as the thermal stress due
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to a slow-varying or steady temperature drop of the same magnitude. Therefore, even the uni-

form plasma disruption will cause thermal stresses which may exceed the tensile strength limit
with consequentially a high probability of gross wall failure. Equation (7) shows that only

very long disruption times apparently may 'reduce the failure probability.

6. THE BLANKET MODULE WITH RADIATION PANEL

The main argument for the incorporation of a radiation panel in front of the first wall is to

mitigate the thermal stress in the first wall which is dominated by the surface heat load.

The radiation panel is cooled to remove the radiation heat flux caught by the radiation panel.
The remaining part of the blanket module now removes less heat.

The steady state temperature profile and the transient behaviour for such a blanket module
design shows that this design is very attractive. During a LOFA, see fig, 9, the temperature
of the wall of the module now increases from a steady state temperature of 280°C to 900°C
within 250 s. The temperature drop over the first wall (in steady state ATy« 109C) will de-
crease to about 2°C. Below the melting point (reached after about 400 s) no failure of the
blanket module is expected. Therefore, the safety analysis now has to be focussed on the
transient behaviour of the radiation panel.

A radiation panel of a closed layer of welded helium-cooled circular tubes of stainless steel
is considered. The inner and outer diameter of the tubes are 10 and 12 mm, respectively.
Helium with the same conditions as in the case of the reference blanket module (p = 50 bar,
inlet temperature 150°C, outlet temperature 350°C), and with a coolant flow velocity of 50 m/s
through the tubes, removes the radiation heat flux.

Only the side of the tube facing the plasma, is subjected to a heat flux. The rear side of the
tube facing the blanket module, is free from a heat influx. This asymmetric heat flux results
in a non-uniform circumferential wall temperature, see fig. 10.

A heat flux perpendicular to the surface of the tubes, decreasing according to q''= q;' cosé
from a maximum of 0.40 MW/m2 at the mid front side to zero at both flanks of the tubes, where
the tubes touch each other, is assumed. The maximum surface temperature will be 374°C and the
maximum temperature drop over tube 'wall (having a thickness of | mm) is 22°C. In the case of

a uniform heat flux the values will be 390°C anmd 24°C, respectively.

In a start=up sequence this steady state temperature profile will be reacned within 6 s.

In case of a helium flow blockage with continuing fusion power production the temperature of
the tube increases rapidly, as is shown in fig. !1. Within 10 s the front side of the tube
will reach the earlier chosen 900°C limit and melting occurs within 30 s. This is a much
faster transient than the transient in the unprotected blanket module for the comparable flow
blockage. The temperature drop over the wall thickness, however, reamins small (AT = 8°¢ at
900°C), so the thermal stress in the tube related to this temperature drop will be far below
the yield strength (see fig. 6).

A more serious thermal stress problem is presented by the non—uniform circular distributicm of
the heat flux. 9 s after the start of the LOFA the temperature of the outer surface of the
tube varies from 900°C at the front side to 350°C at the rear side, as is also illustrated

in £ig. 10.

The thermal response of the tube to a uniform plasma disruption in 25 ms is given in fig. 12.
The front side of the tube wall will rise with 315°C. The inmer surface of the tube wall re-
mains nearly constant, partly due to the forced comvective c¢ooling (the thermal diffusion time
constant of this wall with a thickness of 1 mm is 0.24 s).

A total temperature drop over the wall thickness of 325°C is expected at the end of the plasma
disruption. A temperature gradient of the same magnitude is found in circumfereniial direction
in a small region at the flanks where the tubes touch each other. This is illustrated in fig.
10. These radial and circumferential temperature drops lead to high thermal stresses which may
exceed the tensile strength limit. Recently [5], a local deposition of the main part of the
plasma energy on a smaller part of the first wall area was quantified in some extent. Local
heat fluxes up to 5 to 10 times the uniform average heat flux may be expected, resulting in

partial melting of the first wall surface. For the radiation panel as considered, a localized
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plasma disruption with 5x 16 Mi/me and 10x 16 /m2 respectively is apalysed. The temperaczure
responses are also given in fig. 12. Local melting to a depth of 0.04 mm and 0.3 mm, res—

pectively, will occur.

7. CONCLUSION

With a radiation panel in front of the blanket modules the safety of the blanket modules is
becter guaranteed. The failure probability of (single tubes of) the radiacion panel, might be
higher than those of the blanket module without radiation pamel. However, the comsequences of
such a failure are probably less severe. A failure of the wall of the blanket module leads to
an expulsion of liquid lithium in the plasma chamber and this will certainly stop the plasma
reaction, but may possibly also contaminate other systems such as the vacuum pumps, and pro-
pagate other accidents such as a lichium fire. Failure of tubes of the radiation panel resuits
in a helium expulsion, which increases the helium inventory of the plasma and stops the pro=
cess. A hazardous consequence is the build=up of the pressure which the vacuum vessel has to
withseand.

The calculations show that coolant flow disturbances result in temperatures and thermal
stresses in the first walls, which are comparable to or even lower than those resulting from
plasma disruptions. Only very long disruption times or the application of first wall coatings

may probably reduce the failure probability.
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