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FOREWORD

Uraniumhexafluoride (UFG) is the process material used in UF6
manufacturing and conversion plants, diffusion and centrifuge plants
for uranium enrichment and fuel element fabrication plants.
A specialists' meeting on the safety problems associated with the
handl ing and storage of UF6 promoted by the Committee on the Safety
of Nuclear Installations of the OECD Nuclear Energy Agency, was held
in Boekelo, The Netherlands, June 27 - 29, 1978.
The primary objective of the meeting was to exchange the exoerience
gained ov~r many years in those countries dealing with this process
material in the field of design, construction and operation of UF6
facilities, including transport and storage.
The papers in this report have been reproduced directly from the
contributions of the authors.
For each session, the Session Chai rmen drafted summaries, based on
the papers and the discussions; these summaries are taken up at the
end of the papers of each session. Also the panel discussion is sum-
marized in this way.
Many thanks are due to al I participants, to the Session Chairmen and to
the members of the Program Group for their contribution to the scientific
value of the meeting, to Urenco Netherlands Operations B.V. for all
the practical arrangements and to the Ministry of Social Affairs of
The Netherlands for the timely publication of the Proceedings of the
Heeting.

C.J. van Daatselaar
Chai rman of the Meeting

ig
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The Organisation for Economic Co-operation and Development (DECO) was
set up under a Convention signed in Paris on 14th December, 1960,
which provides that the GECD shal I promote policies designed:

to achieve the highest sustainable economic growth and employment
and a rising standard of living in Member countries, whi le
maintaining financial stability, and thus to contribute to the
development of the world economy;

to contribute to sound economic expansion in Member as well as
non-member countries in the process of economic development;

to contribute to the expansion of world trade on a multilateral,
non-discriminatory basis in accordance with international obI igations.

The Hembers of GECD are Australia, Austria, Belgium, Canada, Denmark,
Finland, France, the Federal Republic of Germany, Greece, Iceland,
Ireland, Italy, Japan, Luxembourg, the Netherlands, New Zealand,
Norway, Portugal, Spain, Sweden, Switzerland, Turkey, the United
Kingdom and the United States.

The GECD Nuclear Energy Agency (NEA) was established on 20th Apri I
1972, replacing OECD!s European Nuclear Energy Agency (ENEA) on the
adhesion of Japan as a full Member. NEA now groups eighteen European
Member countries of GECD and Australia, Canada and Japan, with the
United States as an Associated country. The Commission of the European
Communities - takes part in the work of the Agency.

The objectives of NEA remain substantially those of ENEA, namely the
orderly development of the uses of nuclear energy for peaceful purposes.
This is achieved by

- assessing the future role of nuclear energy as a contributor to
economic progress, and encouraging co-operation between governments
towards its optimum development;

- encouraging -
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- encouraging harmonisation of governments' regulatory pol icies and
practices in the nuclear field, with particular reference to health
and safety, radioactive waste management and nuclear third party
liability and insurance;

- forecasts of uranium resources, production and demand;

- operation of common services and encouragement of co-operation in the
field of nuclear energy information;

- sponsorship of research and development undertakings jointly organised
and operated by OECD countries.

In these tasks NEA works in close collaboration with the International
Atomic Energy Agency, with which it has concluded a Co-operation
Agreement, as well as with other international organisations in the
n uc Iear fie Id.

OECD, 1976.
Queries concerning permissions or translation rights should be addressed
to :

Director of Information OECD
2, rue Andre-Pascal, 75775 PARIS CEDEX 16, France.

ig
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The NEA Committee on the Safety of Nuclear Installations (CSNI) is an
international committee made up of scientists and engineers who have
responsabilities for nuclear safety research and nuclear licensing.
The Committee was set up in 1973 to develop and co-ordinate the Nuclear
Energy Agency's work in nuclear safety matters, replacing the former
Committee on Reactor Safety Technology (CREST) with its more limited
scope.

The Committee's purpose is to foster international co-operation in
nuclear safety amongst the GECD member countries. This is done essentially
by :

(i) exchanging information about progress in safety research and
regulatory matters in the different countries, and maintaining
banks of specific data; these arrangements are of immediate
benefit to the countries concerned;

(ii) setting up working groups or task forces and arrangin9 special ist
meetings, in order to implement co-operation on specific subjects,
and establishing international projects; the output of the study
groups and meetings goes to enrich the data base avai lable to
national regulatory authorities and to the scientific community
at large. If it reveals substantial gaps in knowledge or differences
between national practices, the Committee may recommend that
unified approach be adopted to the problems involved. The aim here
is to minimise differences and to achieve an international consen-
sus wherever possible.

The technical areas at present covered by these activities are as
fo] lows: particular aspects of safety research relative to water
reactors, fast reactors and high-temperature gas-cooled reactors;
probabi listie assessment and reliabil ity analysis, especially with
regard to rare events; siting research as concerns protection against
external impacts; fuel cycle safety research; the safety of nuclear
ships; various safety aspects of steel components in nuclear instal lations;
licensing of nuclear instal lations and a number of specific exchanges
of information ..
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The Committee has set up a sub-Committee o~ Licensing which examines a
variety of nuclear regulatory problems, provides a forum for the free
discussion of licensing questions and reviews the regulatory impact of
the conclusions reached by CSNI.

ig
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In publications, reference to the proceedings of this Meeting should
be made as follows:

CSNI Report No 33, Proc. OECD (NEA) CSNI Spec. Meet. on the
Safety Problems associated with the handling and storage of UF 6;

Boekelo, June 1978.

LEGAL NOTICE

The Organisation for Economic Co-operation and Development
- assumes no liability concerning information published in this book.
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Opening remarks by Mr. O. Ilary at the CSNISpecialist Meeting on the
Safety Problems associated with the handling and storage of UF6.

Mr. Stockschlaeder, Mr. Van Daatselaar, Ladies and Gentlemen,

I am pleased to welcome you on behalf of the Director General of the
DECO Nuclear Energy Agency to this CSNI Specialist Meeting on the
safety problems associated with the handling and storage of UF6. It
also gives me pleasure to transmit to you best wishes from the Chairman
of the Committee on the Safety of Nuclear Installations (CSNI) for a
successful meeting.

Over the past four years this Committee of NEA has sponsored some 20
Specialist Meetings and various other co-operative activities in the
field of nuclear safety research and regulatory matters.

Because not all of you may be fami liar with CSNI activities, I think
it would be perhaps appropriate to speak a few words about CSNI and
its role in international co-operation.

The merits of the international co-operation in nuclear safety and
regulatory matters are today, I believe, undisputed. Let me just
recall briefly the three fundamental reasons for this:

1. There is a clear need for the different countries to compare
experience and share the effort involved in reducing the risks
associated with nuclear power and in maintaining its excellent
safety record.

2. Safety and regulatory questions are especially wel I suited for
intergovernmental co-operation - such as is carried out in the
framework of NEA - as these questions are the primary res-
ponsibi lity of publ ic bodies in our Member countries.

3. Visible and vigorous international co-operation in nuclear safety
leading to a consensus on important safety questions is likely to

- ease -
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ease public acceptance of nuclear power.

In the light of these basic incentives for international co-operation,
the first concerted effort by the NEA in the field of nuclear safety
deve loped wi th in the then CREST, or Comrnittee for Reactor Safety
Technology, as from 1965.
As it was appropriate at that time, this Committee was concerned with
those basic aspects of nuclear technology affecting reactor safety.
In 1973 the present Committee on the Safety of Nuclear Installations
(CSNI) was set up, in order to expand the co-operation between Member
countries in nuclear safety research and also to provide a forum for
a free exchange of information and views between national regulatory
and licensing authorities.

CSNI brings together the most influential voices in nuclear safety
research and licensing in the OECD area, and its working objectives
are essentially two:

- to enrich and broaden, by means of technical exchanges, the fund of
data available to designers and to regulatory authorities for taking
thei r decisions in the matter of safety;

- to achieve consensus of experts and responsible people on key safety
iss ues.

With these aims in mind, a flexible working arrangement has been
adopted as fol lows
- CSNI meets in plenary session, usually once a year, primari ly for

setting up direct co-operative ventures in safety research, and to
co-ordinate relevant national work;

- under CSNI di rection, special studies are carried out by a number of
groups of experts, working groups and task forces, or through
specialist meetings;

- results and conclusions are subsequently reported to and evaluated
by CSNI and, through its national delegates, they are diffused to
national safety authorities.

- It ..
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It is probably appropriate to recall and point out that this effort
to CSNI, by its very nature and its objectives, is focussed on the
sol lution of selected advanced problems and in no way can it be con-
founded with the development of safety codes or guides, which is a
specific responsibility of the IAEA. We can even say that, contributing
to the broadening of the safety data base, the CSNI programme is
complementary with that of IAEA and in fact, we strongly support the
IAEA activities in this field.

I need not remind you of the spectacular expansion of nuclear safety
activities in the OECD area in recent years. This development has been
accompanied by an even stronger increase in international contacts and
collaboration.

Let me just give you a few figures to illustrate the importance of
nuclear safety in terms of money in the OECD area. Our Member countries
spent last year some 15-20 bil lion dollars to construct and operate
nuclear power plants and the associated fuel cycle facilities. At the
same time expenditure of OECD governments on safety research amounted
to about 800 mi 1lion dollars a year, and this sum is divided among
some 1100 different research projects; these projects are listed and
described in the CSNI Nuclear Safety Research Index, which is pub1 ished
annually.

Obviously, CSNI.s contribution to such a complex programme is
necessari 1y restricted to those questions judged most important and
urgent by a sufficient number of Member countries. While it is important
to be as comprehensive as possible in the area of general information
exchange - such as the Nuclear Safety Research Index - the limitation
of resources, both nationally and internationally, dictates that
operational co-operation on specific topics such as pursued by CSNI
anci 11ary bodies (working groups, task forces, etc.) must be limited
to those which have been accorded highest priority. In this respect
CSNI produced in 1976 a list of priority topics on which to base its
futur programme. This list includes some 70 speci fic questions grouped
in a few broad areas covering safety research and regulatory and
licensing matters. The areas concerning safety research were, until

- recent ly -
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recently, the following:
- Thermal reactor safety research, including such topics as emergency

core cooling problems, international comparisons of computer codes
for the analysis of loss of coolant accidents, fuel behaviour in
accident conditions, etc.

- Fast reactor safety, covering subjects such as sodium/fuel inter-
actions, aerosol behaviour in accident conditions, etc.

- General safety, including the safety of nuclear ships, the definition
and treatment of rare events in the probabi 1istic safety assessments,
the mechanical and material problems of steel components of power
reactors, etc.

CSNI, as I said, has for several years been traditionally active in the
field of reactor safety, but, considering widespread interest in fuel
cycle studies and growing publ ic and governments reluctance to accept
nuclear power without a clear demonstration of the feasibi lity and
safety of the enti re fuel cycle - particularly of spent fuel storage
and reprocessing, and radioactive wast management - it decided in 1976
to initiate joint international activities in this field. Another
major consideration justifying this decision was the need for assuring
that a coh~rent safety approach woudl be applied to all types of
nuclear instal lations, throughout the entire fuel cycle.

For this purpose a Working Group was set up in 1977, under the
Chai rmanship of Mr. Jouannaud, who is here with us and wil I chair one
of the sessions of this meeting. The task of the group was to review
the safety status of the fuel cycle and to assess for each stage the
potential risks and safety problems involved and the prevention systems
adapted, identifying critical safety issues and problem areas where
further research or analysis was needed.

The Working Group so far reviewed these problems, reaching a consensus
on a number of key safety issues, and a preliminary status report on
the safety of the fuel cycle has been prepared.
This report briefly discusses the potential risks and safety problems
presented by each stage of the fuel cycle excluding nuclear reactors,

- as -
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as well as the present state of knowledge and research in this field.
This first report is not intended to address such a complex matter
in a deep and exhaustive manner, but rather to be an overview containing
concise expert statements on the various problems involved. However, it
already includes a list of the most critical safety issues identified
by the Working Group and the problem areas requiring further research
or analysis, and is concluded by a series of proposals and recommendations
to CSNI for future work.

One of these areas identified by the group is represented by the safety
problems of handling, storage and transport of UF6. The group had, in
fact, recognised that the risk of accidental release of UF6, although
not significantly high, was not sufficiently known and studied and re-
qui red a deeper insight. In fact, a large release of UF6 into the
atmosphere can OCcur due to errors of operation in UF6 handling and
storage operations or following a sudden loss of confinement barriers
due to external impacts, such as earthquakes, ai rcraft crashes,
explosions, fire, etc .. It was, in particular, recognised that little
was known about the behaviour of large masses of liquid UF6 when released
into the atmosphere and that more information was needed on the reaction
mechanisms of UF6 with air moisture, its evaporation rate, the
atmospheric dispersion and ground deposition processes of the solid and
vapour components, its reactions with hydrocarbons in case of an airplane
crash, etc ..
On the basis of these indications of the Working Group, CSNI deemed it
appropriate to stimulate an exchange of information in this field
through the organisation of this specialist meeting.

Al low me to remind you that CSNI expects that your conclusions from
this meeting wi 11 state the present situation of knowledge and experience
in the field of UF6 safety, and wi 11 point out what further practical
action of international co-operation in this field you recommend for
implementation by CSNI and NEA.

Before making room for the experts, I should 1ike to thank the URENCO
Company and the Ministry of Social Affai rs of The Netherlands for having
so kindly offered to host this meeting. Particular thanks are also due

- to -
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to Mr. Kell of Urenco and his collaborators who have worked so hard to
lay the necessary foundation for a successful meeting.
I wish you success in your deliberations.

-0-0-0-0-0-0-0-0-0-

i9
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Opening remarks by the meeting-chairman t1r. C.J. van Daatselaar

Ladies and Gentlemen,

First of all it is a pleasure for me to welcome you and I hope you
wi 11 have a pleasant and fruitfull stay in the Netherlands.
With respect to this expert meeting on the safe handling of UF6 I
would like to say a few words.
In the framework of safety evaluations of the different steps in the
nuclear fuel cycle, main emphasis has always been given to the nuclear
reac to rs.
It is in the recent years that the tail end of the fuel cycle, in
particular the ultimate disposal of high level radioactive waste is
getting the required attention.
In many studies, carried out in different countries during the last
years, it has been shown that the first steps in the fuel cycle
(excepted mining) as conversion, enrichment and fuel element
fabrication, do not contribute in any significant way to the risk of
nuclear energy production. To my opinion this does not mean that the
safety aspects of the handling and transport of uraniumhexafluoride
can be disregarded.
There has been, and there sti 11 is, quite a lot of information exchange
with respect to the safety of nuclear power reactors. Therefor I think
we may welcome the proposal of the Committee on the Safety of Nuclear
Installations to have an expert meeting on the safety problems
associated with the handling and storage of UF6. In the next three
days we wi 11 have an excellent opportunity to hear about the experience
gathered in different countries with the handling of UF6.
And, more than just listening, as we do not have an overloaded
programme, there wi 11 be ample time for discussions.
With respect to the programme itself, this morning and a part of
tomorrow wi 11 be devoted to the safety principles for and experience
in handling, storage and transport of UF6. This morning in particular
wi 11 be focussed on design principles, general safety aspects and
operating experience in the larger installations in the United States,

- United -
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United Kingdom and the Netherlands.
Tomorrow some more specific detai Is will be highlighted.
In the next session of tomorrow consideration wi 11 be given to the
behaviour of UF6; papers on theoretical views as well as experimental
verifications wi 11 be presented.
Then in this meetings' presentations we will hear about incidents. In
fact I think it wi 11 proof the statement that UF6 can be handled without
any unacceptable risk to the workers or to the public.
Finally on Thursday morning there wi 11 be a panel session. More details
wi 11 be communicated later, but in any case it wi 11 be a perfect
opportunity to give your views or suggestions on the matters discussed,
and to indicate the areas where further development might be useful
for a safe handling of UF6.
Ladies and Gentlemen, I wish you a very successful meeting and I
declare the meeting open.

ig
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HANDLING OF UF6 IN U.S. GASEOUS DIFFUSION PLANTS
A. J. Legeay
Oak Ridge Gaseous Diffusion Plant*
United States

ABSTRACT
A comprehensive systems analysis of UF6 handling has been made in

the three U.S. gaseous diffusion plants and has resulted in a signifi-
cant impact on the equipment design and the operating procedures of
these facilities. The equipment, facilities, and industrial practices
in UF6 handling operations as they existed in the early 1970's are
reviewed with particular emphasis placed on the changes which have
been implemented. The changes were applied to the systems and opera-
ting methods which evolved from the design, startup, and operation of
the Oak Ridge Gaseous Diffusion Plant in 1945.

*Operated for the U.S. Department of Energy by Union Carbide Corporation
Nuclear Division under Contract W-7405 eng. 26.
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INTRODUCTION
Uranium enrichment in the United States is accomplished in three

gaseous diffusion plants operated for the U.S. Department of Energy.
The oldest plant, the Oak Ridge (Tennessee) Gaseous Diffusion Plant,
has been in continuous operation for more than 30 years. Figure 1 is
an aerial view of the plant. Figure 2 shows the Paducah (Kentucky)
Gaseous Diffusion Plant, which was started in 1952. Both of these
plants are operated by the Nuclear Division of Union Carbide Corpora-
tion. The third plant, shown in Figure 3, is the Portsmouth (Ohio)
Plant, operated by Goodyear Atomic Corporation, which also began
operating in the mid-1950Is. The three plants are located in rural
areas, 15 to 30 kilometers away from high-density population centers.

Since the beginning of operations, emphasis has been placed on
personnel safety and avoidance of UF6 releases and insults to the
environment. In 1973 this effort was expanded when a three-plant com-
mittee was established to make a comprehensive and systematic analysis
of the UF6 handling in gaseous diffusion plants. The need for this
action arose from (1) an expanding enrichment industry which would more
than double plant capacity; (2) an ever-increasing sensitivity to per-
sonnel safety and environmental insult; and (3) the potential for var-
ious types of UF6 releases due to equipment failure. The analysis was
divided into 15 areas of UF6 handling operations, as shown in Table I.
and a thorough evaluation of appropriate safety criteria as applied to
UF6 systems, equipment, and procedures led to more than 100 recommenda-
tions.

This report will briefly describe the UF6 handling operations in
the gaseous diffusion plants, emphasizing the precautions taken to pre-
vent the release of UF6. The UF6 handling operations are those involved
in the sampling, transferring, feeding, and withdrawing UF6 in the gas-
eous diffusion plants and do not include the operation of the diffusion
cascade separating equipment. The committee1s investigation and result-
ant recommendations which have major impact on the equipment design and
operating procedures of the UF6 handling facilities will be discussed
in some detail. Some of the more significant areas of concern and the
resultant actions taken follow:

1. The design of the liquefaction and vaporization system
which includes an autoclave has been modified to assure
that over-pressurization of the cylinder does not occur
while heating UF6, It is further designed to provide
containment for releases of uranium hexafluoride and
its reaction products if the primary containment pro-
vided by the cylinder should be lost,

2. Connections used for the transfer of UF6 gas or liquid
in sampling, transferring, or feeding operations are of
special design and are tested and inspected prior to
use to assure their integrity.
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3. Administrative procedures and controls have been adopted
to prevent the introduction of reactive organics and
other contaminants into UF6 containers, connecting lines,
and sample volumes which could cause violent reactions,
rupture of the system, and release of UF6.

4. A degree of confinement of UF6 releases will be provided
by modifications to the buildings where UF6 handling
operations are done. UF6 detectors will be provided to
activate the shutdown of building exhaust systems and
closure of doors (with option to override). A scrubber
system on the building exhaust would facilitate emergency
operations for safe equipment shutdown, leak isolation,
minimizing environmental insult, and simplifying the
decontamination of the area.

5. Handling of cylinders which contain liquid UF6 is mlnl-
mized in the gaseous diffusion plants, since the poten-
tial for a major release is greatest when the UF6 is in
a liquid state. Containers of liquid are elevated to
minimum heights and moved shortest possible distances
in processing.

The committee analysis did not consider the potential for a nuclear
criticality event. Extensive criticality studies have been performed
in the past en these systems, and design and operating considerations
assure subcritical conditions during all foreseeable, credible circum-
stances.
OVERVIEW

An overview of all UF6 handling operations is shown in Figure 4.
All facilities shown are slmilar at the three plants and are ideally
suited to a combined systems analysis. UF6 feed cylinders enter the
plant by either truck or railcar. They are removed by crane and if
sampling is required they are heated and homogenized to the liquid
state in steam-heated autoclaves or atmospheric steam hoods. The
samples are analyzed for chemical purity and isotopic concentration.
After sampling the UF6 is cooled to a solid before being transported
to the feed station. Feed vaporization is also accomplished by auto-
claves. After separation in the gaseous diffusion equipment, both the
enriched and depleted material are withdrawn by a compression-
liquefaction system into cylinders. The product cylinders are again
cooled before being transported to the sampling and transfer auto-
claves. Cooled waste cylinders, commonly called "tails," are moved
to permanent storage areas. When the three diffusion plants are
being operated at full uprated capacity, 3,750 tails cylinders and about
13,000 square meters of cylinder storage area will be needed each year.



45

CYLI NDERS
The integrity of UF6 containers (cylinders) and their valves is

the front-line of defense for avoiding UF6 releases. The largest size
steel cylinders used for UF6 handling ~ave an internal volume of 4.05
cubic meters and a capacity of 12,700 kg of UF6. The risk of releasing
large quantities of UF6 is greatest when the cylinder contents are
liquid and the cylinder integrity is violated by accidental conditions.
For instance, nearly all of the 12,700 kg of UF6 could be discharged
from the cylinder in 15 minutes if the 2.5 cm cylinder valve breaks
off when the valve is in the 6 o'clock position. With the valve loca-
ted in the gas phase of the cylinder, an initial leak rate of 34 kg/min
UF6 could be experienced with as much as 7,300 kg of UF6 released in 6
hours under adiabatic conditions.

Types of Cylinders
Four types of cylinders are most commonly used in the

diffusion plants. Three of the cylinders and valves meet the
ANSI Standard}j for "Packaging of Uranium Hexafluoride for
Transport." The fourth type, 48G cyl inder, is not conta ined
in the ANSI Standard and is used exclusively for UF6 tails
storage. Table II shows the model numbers and other pertinent
information for these cylinders.

More detailed information on cylinder types and UF6
handling is given in ORO-651, Rev. 4, "Uranium Hexafluoride:
Handling Procedures and Container Criteria." Y
Inspection, Cleaning, Testing, and Weighing

All cylinders are coded pressure vessels and added precau-
tions are taken to inspect them externally, to check their cold
pressure, and to weigh them at the time of delivery to the
diffusion plants. Any dent, visible crack, or significant
removal of metal renders the cylinders unacceptable. While
external inspection might sound like a rather simple procedure,
it is critical to preventing a release while transporting or
heating the cylinders.

l.! ANSI N14. 1-1971: Packagi ng of Urani um Hexafl uori de for Transport,
American National Standards Institute, 1430 Broadway, New York,
New York 10018, October 6, 1971.

~ Uranium Hexafluoride: Handling Procedures and Container Criteria,
Oak Ridge Operations Office, Energy Reasearchand Development,
Oak Ridge, Tennessee, April 1977 (ORO-65l, Rev. 4).
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Another inspection requirement is a cold pressure
check on full feed and product cylinders and all empty
cylinders before filling with UF6. The purpose is to
assure the absence of volatile contamination. The pres-
ence of foreign materials could violate the system
design pressure by their vapor pressure contributions
or by the reaction with UF. The cold pressure check
may not detect the presenc2 of organic compounds such
as vacuum pump oil, so operational certainty must be.
attained that oil is not introduced into cylinders
during cylinder evacuation. It is the current practice
at Oak Ridge to evacuate UF6 cylinders by the use of air
ejectors. If cylinders are evacuated with equipment
which uses oil-lubricated pumps or compressors, a trap,
filters, and check valves should be installed in the
system to prevent inadvertent transfer of oil into
the evacuated cylinder.

Each cylinder is weighed before heating or
filling as a safety precaution since the physical
propert"ies of UF6 lead to the possibility of rup-
turing an overfilled UF6 cylinder by heating. To
avoid this occurrence, the cylinders are fabricated
with a known volume and a maximum fill weight is
established for each cylinder type. An operational
control is to weigh each cylinder before it is
heated to assure the cylinder is not overfilled.
Cylinder Valves

The cylinder valves must be compatible with UF6
and resistant to stress corrosion cracking in UF6' HF,
and industrial environments. Valves of 2.5 cm dia-
meter are used on cylinder models 30B, 48X, 48Y, and
48G. The body, packing nut, packing ring, and pack-
ing follower are aluminum-silicon-bronze alloy
C636. ~ The stem is Monel; the packing and cap
gasket are virgin Teflon. This valve is shown in
Figure 9. The valve is specifically designed for
UF6 cylinder application and is built to rigidly
controlled specifications. The aluminum-silicon-
bronze is a single-phase, stress-corrosion-resistant
alloy. Only virgin Teflon is specified to preclude
the possibility of contaminated Teflon reacting with
UF6. The cylinder valve threads are tinned with

~ "Application Data Sheet - Standard Designations for Copper and
Copper Alloys," Annual Book of ASTM Standards, Copper and Copper
Alloys, 1975, Part 6.
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50-50 tin-lead alloy to provide a leak-tight fit into the
cylinder.

In the cylinder fabrication a half coupling is used
to provide the engaging threads for the valve. Cylinders
with only tapped holes have been found to increase the
incidence of small UF6 releases around the threaded por-
tion of the valve. A half coupling is used to receive
the plug in the other end of the cylinder to avoid simi-
lar release potentials.

When a valve replacement is made, it is a policy to
use a new valve and not to rebuild valves.

All full cylinders being transported must be equipped
with either a valve protector (Figure 10) or be enclosed
in a protective package (Figures 11 and 12).

CYLINDER HANDLING EQUIPMENT
The equipment for transporting cylinders containing liquid and/or

solid uranium hexafluoride consists of cranes, straddle carriers, fork-
lifts, and Tourn-a-haulers (Figures 13, 14, 15, and 16). The cranes
have limit controls, emergency stop switches, and adequately designed
cable and lifting fixtures to assure safe operation. The hydraulic
or mechanical lift systems, brakes, and steering must function properly
for safe operation of the straddle carriers and forklifts. Straddle
carriers must be well designed and maintained in proper condition. The
hydraulic system is improved by the installation of hold valves on the
hydraulic cylinders which actuate the lift mechanism for the straddle
carriers. The hold valves contain the hydraulic fluid once it is in
the cylinder. Thus, the cylinder mechanism could not fail as a result
of a break in the hydraulic system.

Added protection from dropping a cylinder can be gained by pro-
viding a positive connection between the cylinder and carrier. There
are a variety of methods to pin the cylinder to the carrier through a
hole in the cylinder lifting lug. Tourn-a-hau1ers, unlike cranes,
straddle carriers, and forklifts, do not transport UF6 cylinders sus-
pended from the ground. The cylinder is lifted by a crane-like
mechanism and set down on cradles on a truck bed.

The UF6 handling systems analysis revealed that the most critical
aspect is handling UF6 in the liquid phase. The principal recommenda-
tions were geared toward minimizing liquid handling, since it poses the
greatest potential for a large release. Many recommendations that re-
sulted from the analysis have been implemented and some are shown below.

1. Training, testing, and licensing of heavy equipment
operators is done by an independent group. A con-
tinued strong degree of reliance must be placed upon
well-trained human operators and their adherence to
procedures.
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2. A gas mask and escape rope are provided in cab-
operated cranes where a UF6 release may occur.
Cab-operated cranes are typically 10 meters
above ground level and provide no easy means
of escape for the operator should a mishap
occur.

3. All straddle carriers are equipped with an
alarm system to alert the driver if the cylin-
der is not in the fully raised position.

4. Steps have been taken to minimize or eliminate
the movement of partially full liquid UF6
cylinders. The heavy liquid poses a threat of
sloshing, which causes the cylinder to become
unbalanced while being hoisted. If partially
full liquid cylinders must be moved, a
double-hook crane is recommended.

AUTOCLAVES AND STEAM HOODS
The heating of UF6 in cylinders is an operation which increases

the potential for a UF6 release. The autoclaves and steam hoods are
used for the three cylinder heating operations: feeding to the dif-
fusion plant, sampling incoming cylinders, and sampling and transfer-
ring product to customer-owned cylinders.

Feeding
All future feed stations will consist of pressurized

steam-heated cylinder enclosures called autoclaves (Figure
17). These units have a design pressure of about 11 bars
and provide a positive secondary containment vessel. The
heating medium is 1.6 bars steam and the operating tempera-
ture is 113°(. Recommendations of the UF6 Handling Committee
have been implemented in these units as follows:

1. Any cylinder should have the cylinder valve
opened prior to being heated for feeding.
The opened valve is connected to a low-pres-
sure alarm associated with a timer and a
high pressure alarm. If the rate of pressure
rise is less than prescribed, a plugged line
or valve malfunction may be the cause and an
alarm is actuated.
If contaminants are present and the cylinder
overpressurizes, the high-pressure alarm
would sound. The source of heat is cut off
at either alarm point; the alarms are audible
and the areas are continually manned.
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In the Paducah Plant, rupture disks are used
in the cylinder manifold and provide pressure
relief into surge drums if a high~pressure
condition is encountered.

2. Each feed autoclave is monitored internally with a
UF6 detection device. If a UF6 leak occurs, the
material reacts with the steam and increases the con-
ductance of the condensate. Conductivity cells are
used to monitor the condensed steam. An audible
alarm is provided, along with automatic cutoff of
heat supply and automatic closure of the condensate
drain valve.

3. A liquid level indicator in the autoclave will
cut off the heat supply and sound an alarm if the
condensate is not properly draining. This level
gauge controls the water in the autoclave to a
maximum of 23 kg and is required to control the
pressures which may be generated by a UF6 and
water reaction.

4. Feeding areas are monitored with UF6 detection
devices. At the alarm point automatic isolation
of the cylinders from the manifolds occurs. The
devices in 2, 3, and 4 above are tested monthly.

5. Respiratory protection equipment is required
during the opening and closing ofa UF6 system.

Sampling
The autoclaves used for UF6 sampling differ from those

used for feeding in that they are capable of tilting and
rotating the cylinder to provide for liquid sampling and
transfer. Steam hoods (Figure 18) are also used for sampling,
although they are an older technology and will eventually be
replaced by autoclaves. Prior to heating for sampling, a
cold pressure check is made to assure the absence of volatile
contaminants. The cylinder is heated with the valve in the
12 o'clock position, which is above the liquid level of the
UF6. The valve is opened and attached to a pressure monitor
throughout the required heating period to assure that the
pressure does not exceed 5.2 bars at 93°C or 8.6 bars at
113°C. A thermocouple is placed on the cylinder and shuts
off the steam if the temperature is higher than 113°C. Heat-
ing time is approximately 6 hours for 10- and 14-ton cylinders.
All cylinders are sampled with the valve below the liquid level
in the 3-5 o'clock or the 7-9 o'clock position.
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The cylinder is connected to the fixed sampling
volume with a length of Monel, nickel, or copper tubing.
The tubing, called a "pigtail," is certified and is in-
spected prior to each usage. The connection is pressure
tested prior to introduction of UF6' Prior to opening
the sampling system to atmosphere, the system is purged
with air, evacuated to 34.5 millibars and back-filled
with dry air or nitrogen to atmospheric pressure. The
purging and evacuating operations are designed to mini-
mize the possibility of environmental insult when the
lines are opened to the atmosphere.
Transfer

Figure 19 is a schematic diagram of a typical trans-
fer operation. An autoclave is used to heat the cylinder
and contains the cylinder during the transfer operation.
This system is vulnerable to UF6 releases at the time the
cylinder is being connected to the transfer manifold since
the autoclave is open and mechanical connections are being
made .. Proper operation techniques will avoid UF6 releases.

Once the cylinder is connected to the manifold and
the autoclave closed, liquid UF6 is drained by gravity
through heated lines and valves into evacuated cylinders.
The evacuated cylinder is positioned on a scale and is
continually monitored to prevent overfilling. The systems
are designed to be equipped with automatic cutoff devices
which are actuated either by the scales or indication of
ambient UF6.

Several actions have been taken as a result of the
system analysis, particularly concerning the pigtail, or
length of tubing connecting the cylinder to a manifold or
sampling volume.

1. The pigtail is an engineered piece of equip-
ment. Each individual pigtail is tested,
coded, and provided with a unique serial
number. Flexible hoses are not approved for
pigtails.

2. The design of the pigtail heater is such that
the resistance and the operating voltage of
the heater limit the temperature rather than
depending on a control device.

3. All pigtails are dimensionally checked and
tested to 2 times the specified design
pressure.

4. Each pigtail is visually inspected prior to
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each usage to determine that there is no
damage to the pigtail fitting, threads,
or any deforming, kinking, or flattening
of the tubing. The pigtail is not a dis-
posable material that wears out, but a
reusable piece of equipment. Pigtails
are decontaminated after each use. Clean-
liness of the pigtails is mandatory.

5. Only virgin Teflon gaskets are used. Used
Teflon may have absorbed contaminants that
will react with UF6. Gaskets are used
only once.

6. All connections are leak tested prior to
introduction of UF6.

7. Either an emergency cutoff valve should
be incorporated in the pigtail or crimp-
ing tools should be available to isolate
the pigtail contain the UF6 in a hot cylin-
der when the valve will not close.

UF6 WITHDRAWAL

Both tails and product are withdrawn from the diffusion plants by
compression systems which compress the UF6 above the triple point pres-
sure (see phase diagram in Figure 20) and then cool it to condense it to
a liquid. The UF6 flows as a liquid into an evacuated UF6 cylinder
positioned on a scale. The uranium hexafluoride pressure associated
with the withdrawal operation is a potential source of release.

The product and tails withdrawal facilities are monitored by a
UF6 release detection system with strategically located sensing heads
which, if activated, would automatically close a valve between the
withdrawal system and the cylinder being filled. Further isolation,
compressor shutdown, and venting of the UF6 pressure could be accomp-
lished in a relatively short period of time from the control room.
Existing steam distribution headers could be used to "knock down"
UF6 vapors if a significant release were to occur.

The emergency closure valves provided in the liquid UF6 drain lines
are actuated when the cylinder weight reaches its fill limit. This
action prevents overfilling of the cylinder. The cylinder scales and/or
load cells are routinely calibrated. If a cylinder is inadvertently
overfilled, it is not removed from the withdrawal facility until the
overfilled condition has been resolved. The resolution is usually low
temperature evacuation to the cascade through vent return lines.

Most of the safety concerns expressed about pigtails in the
transfer section also apply to withdrawal.
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CONTAINMENT
Additions and modifications have been made and are planned for

facilities within the diffusion plants where the greatest potential for
large UF6 releases exist. These modHications are aimed at reducing the
likelihood of a release, limiting the size of a release, minimizing per-
sonnel exposure in a release. containing a release within a small build-
ing area, and facilitating decontamination of buildings and recovery of
uranium compounds. The following are examples of these modifications:

1. Steam lines and valves are provided to permit steam down
and hydrolysis of UF6 in areas where a release has occurred.

2. Emergency exhaust systems are provided to vent minor local-
ized releases to an alumina trap before venting to the
atmosphere. A UF6 release will activate the shutdown of
the building ventilation system and closure of doors.

3. Positive secondary containment is provided when heating a
UF6 cylinder to the liquid state.

4. Control rooms are operated under a positive pressure com-
pared to process areas where UF6 releases are possible.

5. Valves and expansion joints in high-pressure portions of
UF6 piping are buffered.

SUMMARY AND CONCLUSIONS
The three U.S. gaseous diffusion plants have operated a combined 80

years and have handled large quantities of UF6 during that time. While
UF6 releases have occurred, there have been no lasting discernible
effects to either the environment or personnel.

A detailed analysis has been recently performed which further
reduces the potential for releases at the diffusion plants. Some of the
most significant results of the analysis include:

1. Minimize handling cylinders which contain liquid UF6'
2. Pos iti ve secondary containment duri ng heat-up of UF6.
3. Certified connections between UF6 cylinders and other process

equ ipment.
4. Coded UF6 cylinders and rigidly controlled UF6 cylinder

valves.
5. Provide positive building containment.
6. Install facility ventilation systems with a gas scrubber.
7. Segregate UF6 handling areas from the control room areas.
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TABLE I

FIFTEEN AREAS OF UF6 HANDLING RECOMMENDATIONS

Cylinder
Inspection and Testing
Integrity
Handling

!:J£5 Operations
Feeding
Sampling
Transfer and Assay Blending
Withdrawa 1

Handling of UF6 Releases
Containment
Emergency Personnel and Equipment
Securing the Release
Communications
Decontamination

Valves
Inspection, Testing, and Replacement
Rebuilding

Flexible Cylinder Connectors ("Pigtails")
Design and Testing
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TABLE II

~ CYLINDER DESCRIPTION

Cylinder Diameter Shown in
Model No. (em) Use Capacity Figure
30B 76 Product Shipment 2,277 kg 5
48X 120 Feed or Product 9,539 kg 6

48Y 120 Feed or' Product 12,501 kg 7

48G 120 Tails (Waste) 12,701 kg 8
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Figure 1

AERIAL VIEW OF OAK RIDGE PLANT

Figure 2

AERIAL VIEW OF PADUCAH PLANT
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Figure 3

AERIAL VIEW OF PORTSMOUTH PLANT
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Figure 4

UF6 HANDLING OPERATIONS
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Figure 5

CYLINDER MODEL NO. 30B

.Figure 6
CYLINDER MODEL NO. 48X
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CYLINDER MODEL NO. 48Y
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Figure 8

CYLINDER MODEL NO. 48G
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Figure 9

2-1/2 CENTIMETER UF6 CYLINDER VALVE

Figure 10

CYLINDER VALVE PROl ':CTOR
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Figure 11

PROTECTIVE PACKAGE FOR MODEL 30B CYLINDERS

Figure 12

PROTECTIVE PACKAGE FOR MODEL 48X AND 48Y CYLINDERS
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Figure 13

CRANE

Figure 14

STRADDLE CARRIER
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Figure 15

FORKLIFT

Figure 16

TOURN-A-HAULER
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Figure 17

AUTOCLAVE
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Figure 18

STEAM HOODS
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UF6 PHASE DIAGRAM
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THE SAFETY PROBLEMS ASSOCIATED WITH THE
HANDLING AND THE STORAGE OF UF6 AT EURODIF TRICASTIN

pierre J. Dabernard
Chef de Departement a USSI, Paris
Designer of the Reception and Feeding

Installations of EURODIF

Edouard-Michel de Dorlodot
Chef de Service a EURODIF PRODUCTION, Pierrelatte

After describing the methods of handling uranium hexafluoride
in EURODIF, the authors explain the safety criteria which guided
the design of the Tricastin installations.

With the help of slides, they show how these criteria were applied
in the realisation of both the reception and despatch area and
of the installations directly connected to the cascade.

Finally, they refer to the training of personnel.





79

Before discussing the safety aspects of the probleuls, we shall describe
the EURODIF factory at TRICASTIN, and the main opeyations necessary
from the reception of the customers uranium at the entrance to the
delivery of the enriched product.

The EURODIF factory is a gaseous diffusion plant of 10,8 million
SWU capacity, designed for low enrichment of less than 5%., That means
that big quantities of UF6 have to be handled every year, even as
enriched uranium.

I. As you know a diffusion process lS a continuous one in a leak proof
installation, so the handling problems are mainly localised in the
feeding and extraction installations. We intend to present these
problems to-day.

1.1. The feed material
The natural uranium arrives as UF6 in standard 48Y containers.
At the entrance, the containers are inspected for integrity,
contamination and activity. After weighing and sampling for
analysis, the material is accepted if all data are within the
norms set out in the specifications of the contracts. If not,
special action has to be taken with the customer.
The material received is stored for some time pending utili-
sation. Then the container is heated in an oven so as to pump
the UF6 in gaseous form in the process installations. During
this operation the material flow is continuously measured.
The empty container is brought back to the reception building
where a second weighing permits exact measurement of the
amount of material taken by EURODIF.
After a leak test, and checking integrity and possible conta-
mination, the container is sent back to the customer. If neces-
sary for long storage, the container can be pressurised with
dry nitrogen.

1.2. The product
The customer supplies the containers for the enriched uranium,
in general standard 30B. The customer's cylinder is not filled
directly from the withdrawal position in the enriching plant,
and special cylinders are used between the process and the
transfer installations.
Both types of cylinders are inspected before and after use for
mechanical integrity, contamination and possible activity.
They are also weighed for quantity when full and when empty.
When all is in order, the 30B cylinder is sent to the customer
with a protective overpack.

1.3. The tails material
The tails material is withdrawn from the enriching plant in
48Y cylinders. These containers are subjected to the same control~
and weighing operations as the cylinders of the other types
of material.
The containers with UF6 tails are stored in anticipation of
transformation into a better form for long storage, probably
uranium oxide.



80

1.4. Filling up of the installations and evacu~tion
Special operations are sometimes necessary, mainly for
maintenance and repair, and naturally for the initial
start-up.
These operations are the filling up or evacuation of parts of
the factory. They are done in special installations but the
same types of containers and material are used as for the
above uranium handling routines.

2. SAFETY CRITERIA
After this description of the EURODIF factory and the routines for
handling uranium hexafluoride in containers, we shall now see what
safety criteria guided the design of the installations to prevent
accidents and to give protection, above all to people, against the
dangers of UF6.

2. I. Double fence criterion
In general, all handling cycles or reactors take place in cells
which are closed during normal operation. Persons can only have
access to these rooms by an intervening door.
This situation involves remote control of the process and so
reinforces the safety of personnel.
It was not possible to maintain this criterion in every case
for the connecting of containers, but where not, the container
valve is always in "twelve o'clock" i.e. in the top position,
and such operations are conducted in closed buildings.

2.2. Chemical risk
To avoid the risk of contact between water or moisture and
uranium hexafluoride, the containers in the oven are heated by
electrically heated air.
This method had a second advantage - it introduces no critica-
lity risk.

2.3. Movement of containers
Particular attention has been given to container manipulations.
There are so many movements every day that a strict organisation
is necessary to avoid difficulties. The design of the building
has been studied so as to eliminate the crossing of the diffe-
rent cycles of the containers. Special systems have been elabo-
rated: overhead cranes, trolleys, gripping mechanisms mainly
for the reception building where most of the movements of
containers occur.

2.4. Control of containers
For control, we have seen earlier that there are systematic
checks for integrity and contamination at the entrance to EURODIF
and just before leaving, but there are also contamination checks
after most operations where the valve has to be opened.
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There are also torque wrenches to measure the opening or closing
torque of valves. Where torque ~s too high, the valve is changed.
There are also pressure tests on full containers (in fact under
pressure) to detect any volatile product and avoid problems when
connecting them to the plant.
The transport of hot containers with liquid hexafluoride is limited
to a strict minimum. For enriched uranium, special cooling rooms
have been installed in the buildings, so that removal of liquid
enriched uranium hexafluoride outside the buildings is forbidden.
At the connecting stations to the process plant or other equipment,
an interlocking system has been devised which blocks the trolley
while the connecting pipe is fixed to the container.

2.5. Elimination of human error
Most of the installations are operated by computers and they g~ve
alarms on many measures

too high temperature
too high pressure
detection of a leak of UF6 or hydrofluoric acid and so on ...

2.6. Evacuation ways and alarm
The evacuation ways have been studied so that staff are able to
leave any working post and get out in a short time.
There are horn and buzzer alarms and arrows to give the direction of
evacuation.

3. REALISATION
By means of slides, we shall show how the criteria described above have
been applied to the construction of the EURODIF factory.
Firstly, in regard of the security and safety problems we came to the
design of a complex which complements the diffusion cascades. In this
design, the main objective is to concentrate here all in and out move-
ments of uranium exafluoride and to control all active materials which
have to pass through the EURODIF installations.

Slides (Figures)
In Figure I you see the general drawing of this complex. The "A" buil-
ding is the Reception and Despatch building. There the containers are
weighed and sampled, the empty ones are also leak tested, and the enriched
uran~um is transferred to the customers cylinders.
In "A", there is a laboratory to check the quality of the process material.
Round buildings A and A' are two hectares of cylinder storage parks,
and to the north you see the railway sidings and the installations for
unloading containers.
The A and A' zones form the reception area which is open to customers
to follow all the checks and analyses of the uranium material.
In the B building we find all the functions directly related to the
cascade: the feeding, the extraction of the enriched or tails products,
and also the head purification of the process.
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From this building, a gallery gives access to the four process
buildings and to the control room (in D) from where it is possible
to operate all process and auxiliary installations with the help
of two computers.
This design has as objective the easy circulation and handling of
containers. All activities outside the factory such as deliveries,
checks and storage are placed on one side, while on the other side
are those related to the process itself.
Figures 2 and 3 give the present progress on the construction of
these installations on which we are now running the initial tests.
Figures 4 and 5 show the overhead crane for loading or unloading if
cylinders. You will notice the special rocking lever design to improve
safety where there is unbalance due to bad distribution of the material
in the cylinder.
The next figure (No.6) gives the type of vehicles used for movements
on the parks and to the buildings. You may notice the special hydrau-
lic gripping system. It gives two advantages: the driver can operate
it on his own from his seat and there are four fixing points which
give good stability during lifting and movement.
The seventh figure is of the empty cylinders test stand. You see
the crane installation.
In the Reception building, where quite a lot of container movements
occur, handling is by overhead rail cranes (two in each gallery)
for movements along the length of the building, and by rail trolleys
for movements accross.The trailers go into the oven or on to the
weighing platforms.
The next figure ( No.8) shows the entrance to the weighing rooms and
sampling installations. You see both rail cranes in parallel and the
rail trolley which gives access to the working post.
In the nineth figure there is a weighing installation. This room is
air conditioned and the platform balances are very accurate, the
precision being about 1 kg in 20 tonnes. The picture shows calibrating
tests going on; standards of mass were on the platform.
In slide 10 we see the mass metrology laboratory which will be used
to verify the accuracy of the mass measures.
Figure 11,12,13 and 14 give different views of the oven in which the
uranium hexafluoride is heated. When in use, these ovens are closed
and present a barrier to any possible escape of vapour in the event
of an incident.
Before opening the doors, the atmospheric content 1S checked, and
special cleaning is possible.
The inside is made of all-welded stainless steel, and all the connec-
ting devices are inside the cell.
Round the cells and in the galleries, the floor is covered by a
special epoxy resin which gives a leak proof film with a good chemical
and mechanical resistance; it is easy to wash.
Figures 15 and ]6 show the cells of the process installations. These
rooms are gas tight, and are protected by concrete walls calculated
to resist the maximum credible accident.
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The atmospheric content is monitored to detect quickly the presence
of hydrofluoric acid gas.
In Figure 17 you see the intervention zone which gives access to the
cells. Checks are very strict on these, and access is only permitted
after the shut down of the installations.
The next figure (18) shows the observation window of one of these
cells. In this connection, we invite your attention on the problem
presented by very large amounts of apparatus and in particular of
valves.
A special reference numbering plan has been developed and each valve,
for example, carries a plate with its registration number. Many valves,
even hand operated ones, have a position indicator with signal to the
control room.
The 19th figure gives a view of the control room. The operators run
all the installations with the aid of a few terminals; they are helped
by two computers.
On the last figure, 20, you see the special computer installation for
uranium administration. It will give all the necessary documents, ~n
particular for the EURATOM and IAEA inspections.

CONCLUSION
We have presented some aspects of the handling of uranium hexafluoride
in the EURODIF installations, and have tried to show you aspects in
regard to safety. In a short time, it was not possible to go into the
details nor to show every point, but our goal was to present to you
that safety was one of the prime objectives of the designers of EURODIF.
We are also conscious that even with all the safety measures provided,
there are still many risks, for a part of the safety comes from human
activities.
In this respect, EURODIF gives particular attention to personnel re-
cruitment. All staff have experience in the nuclear energy field,
most of them have worked in the PIERRELATTE diffusion plant.
Everybody corning to work in EURODIF undergoes various training schedules,
general presentation of the installations, process information, and
safety preparation. This occupies about two months on first joining
EURODIF .
There is a special section to follow the preparation and the training
of personnel.
Finally, EURODIF keeps in touch with other uranium users to get expe-
rience on safety, and is receptive to all ideas and suggestions for
its improvement.
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SAFETY :\,sPF:CTS OF URidUm.f HEXAFLUORIDE
MAh~FACTURE AND RECO~NERSION ~T SPRINGFIELDS \10RKS

A Price
British Nuclear Fuels Limited

Fuel Division, Salwick, Preston, England

Manufacture of UF6 and its reconversion into solid products has heen
carried out at Springfields i40rks for over 25 years. Durinc this period
the proceSS8.'o,have changed from simple batchwise operations into
more sophisticated higher capacity Drocesses. In recognition of the
hazardous nature of UF6, safety has been an important factor at bot~ the
design and operational stages. The control system adopted has proved
quite successful in limiting the number of incidents. Nevertheless
recent doubts as to the adequacy of the procedures adopted has culmin-
ated in a safety assessment of the situation and the risks presented
in the potentially most hazardous areas have been quantified.
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1. INTRODUCTION

Uranium Hexafluoride (UFG) has been manufactured at Springfields Works
since 1952 and product and waste UF6 from the Isotope Enrichment
Plants has been reconverted into uranium dioxide (U02) or uranium
tetrafluoride (UF4) for almost as long. To date over 40,000 tes UF6has been handled 1n these processing units.

During this time the processes have changed from simple batch wise
operations to the more sophisticated high capacity continuous processes
at present in use. Safety has been of prime importance requiring
equally intensive attention at the design and operational stages.

The paper describes the processes used at the Works, the type of
hazards encountered, safety attitudes adopted, incidents experienced
and current safety policy.

2. URANIUM HEXAFLUORIDE HANUFACTURING EXPERIENCE i\'r SPRINGFIELD,s
\'lORKS

Uranium hexafluoride has been produced at Springfields Works since
1952. Until 1964 a batchwise-process was used in which uranium
tetrafluoride was fluorinated with chlorine trifluoride, provided by
Imperial Chemical Industries Limited, in a stirred reactor equipped
with a condensing system for collection and purification of the
product.

Two experimental units were constructed in 1951 and production of UF6commenced in 1952. Operations continued until these units were shut
down permanently, one in 1953 and the other in 1954.

The construction of these two experimental units was followed in 1953
by the installation of a further four units. The new units were of
improved design and the condensing system was consj.derably simplified.
A further major improvement was the installation of a fluorocarbon
heating and cooling system in place of brine and steam. Production
from these units commenced in 1953 and continued until 1955, when they
were taken out of service for modification.

~ll the UF6 produced during this period was collected and liquified in
the condensers and bottled in the liquid state and this method of
collection had posed many difficulties. In 1954 a further three units
were built. These units differed in several respects from the other
units, the most notable feature being the method of collecting the
UF6. This involvec the tr;lDsferof the Gaseous product from the
unlts, across a steam healed pipe bridge to a water cooled cylinder
situated in a separate UFh fillinG building. The gaseous method of
UF6 filling proved so suc~essful thst the other units were modified
to ~tccommodate gaseous fllling of cylinders.

Operation of these units continued satisf2ctorily until 1964, when the
process was replaced by a continuous system using fluorine in place of
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chlorine trifluoride.

It was realised at an early date that the direct recction between
fluorine and uranium tetrafluoride in a fluidised solids reactor,
2.1 though technically more difficult offered the possibility of apprec-
i~ble economic gain.

A pilot plant constructed in the early 1960's consisted essentially of
a monel fluidised solids reactor provided with a filter and condenser
system and a fluorine station where liquid fluorine supplied from
Imperial Chemical Industries Limited could be gassed into the plant.
Following successful operation of the plant it was modified on the
grounds of monetary saving to incorporate a fluorine cell installation
and so avoid the necessity of transporting fluorine liquid from the
fluorine plant operated by Imperial C\,emical Industries Limi ted, at
Rocksavage Works, Runcorn.

The main modification was the replacement of the existing liquid
fluorine supply system by electrolytic fluorine cells provided with a
system for periodically replenishing the cells with anhydrous hydro-
fluoric acid. Primary regenerative and secondary clean-up absorbers
were incorporated in the fluorine feed to the reactor to remove
hydrofluoric acid. A recycle compressor was installed in the line to
the scrubbers to control the process gas flow through the plant. The
latter had the advantage of permitting waste gas recycle to the reactor
and was installed as an experimental facility. The steam/brine heating
and cooling system was replaced by a fluorocarbon system.

This plant, designated the Protot:!pe Fluidised Solids Uranium Hexa-
fluoride Plant was commissioned in 1964. Its design throughput was
150 tes U/annum, but further additions of fluorine cells later doubled
in capacity. A total of 1,100 tes U was produced in the plant before
it was closed down.

The plant was used as the basis for design of the large production
units now in operation on the Works. These were installed in the
building originally used for the production of UFh by the uranium
tetrafluoride-chlorine trifluoride process. The first commissioned in
1968 has a capacity of 3,000 tes U/annum and the second commissioned
in 197y has a capacity of 6,000 tes U/annum. Liquid cylinder filling
incorporating new types of valves and jointing materials was adopted
to meet the increased filling rates required.

A total of well over 20,000 tes UF6 has been produced in these units
to date.

3. UR'\NIUlv!HEX1\FLUORIDE RECONVERSION EXPERIENCE Xl' S~).fnNGFIELDS
':/ORKS

Since the mid 1950' s reconversion of both enriched and w:t.steUF6 into
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solid uranic products has been carried out at Springfields Works

On a relatively small scale, two processes housed in the same building
reconvert waste material. In one process full UFh cylinders (2 tonne
capacity) are heated in a steam bath to melt the UF and the UF6 is
allowed to pass in the liquid form via a dip leg in€o a dissolver
containing water to form a uranyl fluoride/hydrofluoric acid solution.
The dissolver is fed continuously with water.

In the second proces~ the UF6 is gassed off from the cylinders at low
pressure (0.6 kgs/cm ) using hot water sprays controlled by the UF6line pressure, then metered into the febd end of a kiln, where it
reacts with steam in the gas phase to give a very active U02F2• The
U02F2 produced is converted to ceramic U02 in a countercurrent stream
of hydrogen and steam as it passes down tue kiln.

Several such systems installed in a purpose built building adjacent to
the kilns are used in the ceramic uranium oxide powder production
plant which provides the oxide for CAGR fuel and export programmes.

The type of cylinders handled are the type 0236 cylinder for deliveries
of waste enrichment UF6 from the UK Diffusion Plant and types 30A and
30B from other sources. A type 0007 container originally used for
gaseous filling in the manufacturing plant is used for enriched UF6in addition to the standard types 30A and 30B.

4. PRESENT URANIUH HEXAFLUOIHDE MANUFACTURING PROCESS

Production of uranium hexafluoride is carr~ed out by reacting uranium
tetrafluoride (UF4) with gaseous fluorine in nitroaen in a fluidised
bed of inert calclum fluoride (CaF2) at around 475 C. External
electrical heaters arranged in four zones on the outside of the
reactor wall automatically control the bed temperature. As the
reaction is exothermic, the heat input requirements to the reactor
steadily decrease as the throughput increases until eventually the
heat evolved by the reaction can exceed the heat losses. A cooling
system is provided which is automatically actuated at this stage.
The UF4 is pneumatically transported from the UF4 Production Plant,
to a large storage hopper which is used as an accounting point for
the uranium received. From Lere the UF4 is pneumatically transported
as required to a feed hopper sited alongside the reactor. A screw
feeder at the base of this D09per meters the UF4 into a larger screw
feeder which is designed to feed both UF4 and CaF2 and is attached
to the reactor.

Additions of small quantities of classified CaF2 are periodically made
to the reactor from the CaF2 fe~d hoppper also sited adjacent to the
reactor.

Solids carried over from the reactor in the main gas stream are
retained on one of two primary filters; a backing filter is provided



114

to cover the eventuality of failure of the primary filter. These
filters are sited external to the reactor. The gas stream then passes
to a ban": of four ~ondensers, one of which is in line as a primary
condenser and another as a backing condenser, where the product
condenses out. Excess gas passes to atmosphere via cold traps and 2
wet scrubber system.

The reactor bed is fluidised with a F~2 gas mixture at sub-atmospheric
pressure and the gases are extracted through the reactor filter and
condensers by an oil free reciprocating compressor which recyles the
gases to the reactor to improve the fluorine efficiency. Two such
units are available both of which are supplied with fluorine from the
adjacent electrolytic fluorine manufacturin~ plant.

The uranium hexafluoride which collects in the condensers is transferred
in the liquid form either to type 0236 cylinders for the Capenhurst
Enrichment Plant or to types 48F or 30A c:tlinders for the US or USSR
Diffusion Plants. Two separate filling stations are provided for this
purpose one for the type 0236 cylinders and the other for the types
48F and 30A cylinders. A sampling system for type 48F cylinders is
provided in the filling stat'onj systems to enable the hex to be
sampled from the transfer lines are also available.

Cooling and heating of the condensers is achieved using a fluorocarbon
refrigeration and heating system.

The reactors and filters are installed in one cell and the condensers ill
another. The oil free reciprocating compressor is in3talled in a
separate cubicle under the condenser cell.

5. HAZARDS

5.1 Basic Properties

At room temperature UF6 is a colourless, crystalline solid with a
signi ficant but low Vi'.pour pressure. 'I'/henheated at atmospheric
pressure the crystals sublime without melting and the vapour

opressure reaches 760 rom Hg at a temperature of about 56 C. At
higher pressures the cryst2ls will melt, at a temperature of about
64 C and this melting is accompanied by a very substantial increase
in specific volume.

Uranium hexafluoride is a highly reactive substance. It reacts
chemically with water forming soluble re,ction products. It reacts
with most organic compounds and with l1]3:int metals. Itsreactivity
with most saturated fluorocarbons is very low. It does not react
with oxygen, nitrogen, or dry air. It is sufficiently inert to
aluminium, copper, monel, nickel and aluminium bronze that they
can be exposed to UF6 without excessive corrosion.
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5.2 Prime Hazard

The prime hazard in the event of a failure of containment arises
from the reaction between UF6 and moisture, normally present
in the atmosphere, according to the equation:

With gaseous UFh this reaction ~roceeds rapidly liberatin~ some
heat and generahng easeous hydro!~en fluoride (HF) together with
a fine aerosol of uranyl fluoride (U02F2). Hydrogen fluoride
has a much higher vapour pressure than TJFhand due to the form-
ation of four molecules of HF for each molecule of UF6 the
reaction is accompanied by a substantial volume increase at
atmospheric pressure. The HF is highly corrosive in aqueous
solution and has a Threshold Limit Valu3 (TLV) for airborne
concentration of 3 ppm or 2.5 mgm/metre •

No formal agreement exists re~arding the emergency reference
level (ERL) to be used for hydror,en fluoride (HF) when analysing
the possible effect on the general public of a major release
of UF6. The figure currently employed for the purpose of3defining
a hazard range for emergency planning is 5 ppm 01.5 mgm/m ).

The U02F2 produced by the reaction is also ver:-(toxic. At high
airborne concentrations the fluoride component can produce effects
broadly similar to HF but, for a major release, the limiting
U02F2 airborne hazard range is more likely to be set by the
cumulative effect of uranium inhalation. At low levels of enrich-
ment the chemical toxicity of uranium exceeds its 3adio-toxicity;
the TLV for soluble uranium compounds is 0.2 mgm/m •

For occupational short period exposures the following inhalation
dose limits are recommended,

Uranium 'fotalDoseDuration concentr3tion (mgm)(mgm/m )

10 days 0.2 20
10 hours 1.0 10

1 hour 4.() 5
0.1 hour 6.0 1
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No formal agreement exists reisnrdini;the ER~ to be used for
U02F2• An inhalation dose limit of l~ mem/m of uranium is used
as a basis for estimating potential hazard ranges.

Deposition of TJ02F2 can result in the contamjnation of all
surfuces, includlng a[~ricultural crops and grassland. The rate

,at which deposition will occur and hence the contamination contours
will be very dependent on atmospheric conditions at the time of
a releAse.

5.3ac;ni tu.!e of Hazard

It is clear that the sud' en release of large quantities of UF6 if
windborne could conceivably cause large numbers of casualties.
In therory, such as occurence could in certain weather conditions
produce lethal concentrations in places twenty miles from the
point of release. The actual number of casualties would depend
on the emergency procedures available and the population density.

5.4 ~ Manufacturing Plant Hazards

~ Release due to Containment Failure

Re}eases of UF6 are possible in the areas listed below for
the reasons specified.

i. Reactor Rooms

Failure of vessels, joints, valves, instruments or lines
giving vapour release. It is also possible for UFh to be
released in the absorber room of the fluorine plant under
non-standard plant conditions but only in the gaseous form.
Such releases are unlikely to be other than minor.

ii. Condenser Rooms

Failure of vessels, joints, valves, lines or instruments can
give either liquid or gaseous release. Overloading of the
structure could lead to a condenser falling from its
location and producing D. liquid or gaseous UF6 leak.

}1alopera Lion of the system could leeld to both gaseous and
liquid UF6 leaks.

iii. Transfer Lines

Failure of lines may take place due to corrosion or mechanical
damage. Joirts, valves or instruments may fail. Tr,ese
occurences may lead to gaseous or liquid release. Hydraulic
bursting may occur due to trapped UF6. Localised heating of
a manifold system to remove a UF6 plug is very hazardous.
Liquifying a qu~ntity of U~6 in a restricted s]ace, such as

'between two SOlld UF6 sectlons or between two valves, can
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readily result in hydraulic rupture of the system and UF6release.

iv. Cylinder Filling Oper~tions

Failure of flexible connections ~nd valves, instruments or
joints can lead to liquid or gaseous L~6 release. This can
be brought about by mechanical impact. Opening of condensers
to disconnected filling lines or removal of cylinders whilst
still connected, by maloperation, can produce gaseous or
liquid UF6 release.

The fracture or removal of a valve on a cylinder by impact
or mishandling could lead to gaseous release. Maintenance
oper3.tions on filling lines whilst filling is in progress
or disconnection of a cylinder when not shut-off due to mal-
operation or valve misfunction could lead to gaseous or
liquid release.

A cylinder may be overfilled by completely filling with
liquid. If the cylinder is heated after overfilling, it may
be hydraulically ruptured. The unscrewing of the Superior
valve on type 48F and type 30A cylinders could lead to
gas release.

The movement of cylinders in particular the type 48F
containing liquid using a single point lift could lead to
instability and the cylinder falling, rupturing and dis-
charging its contents.

Insufficient cooling before maintenance of a cylinder or line
may cause problems. If the valve is removed too soon after
filling type 0236 cylinders prior to fitting of the blank,
a gaseous hex release may occur.

The use of a damaged cylinder may produce problems during
filling operations.

v. Liquid Sampling of Type 48F Cylinders

Liquid hex is hot, pressurised and very mobile. Movements of
partially filled cylinders results in surges of the dense
liquid which can upset handling equipment and cause loss of
control.

The fill limits for cylinders are established for a maximum
ten,perature of 121°C. He,)ting cylinders above this temp-
erature may result in liquid expansion to a volume exceeding
that of th,"cylinder, which could result in hydraulic rupture.
An overfilled cylinder could rupture on reheating.
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'P.heremovo.l of, or damage to a cylinder valve I the failure
of connections to the pressure gauge or sampline rig due
to component failure or mechanical damLlge or the bree<king
of connections whilst still open to the cylinder, could all
leo.d to gaseous or liquid UF6 release.

The rotation of a cylinder whilst still connected to the
s2mpling rig with the cylinder valve open or damage to the
cylinder or connections from other cylinder movements could
lead to discharge.

The magnitude of these releases can vary according to the
conditions applying at the time.

Q!6 Release due to Fire or Explosion

UFh is not of itself inflammable but if a container of the
material were present in a fire, the container would explode
by virtue of the internal stresses built up in the container
and deluge its contents over a wide area.

The presence of oil or other impurities in a cylinder could
lead to release of UF6 by explosion.

5.5 Q!6 Reconversion Plants Hazards

Releases of UF6 could occur due to the occurences specified
below:-

i. Failure of a cylinder on heating due to hydraulic burst
if the cylinder were overfilled.

ii. Failure of joints on the liquid or gas lines.

111. Failure of the liquid or gas lines through corrosion
or mechanical damage.

iv. Local overheating of the liquid or gas lines by electric
heating systems.

v. Failure of valves on the liquid or gas lines.

vi. Failure of instruments, notably pressure gauges.

V11. Leoks from the Type 0236 cylinder vlhilst in transit
within the building.

viii-Leaks at the gun or rtt the di:50Iver, the latter
especially if the dissolver were empty.

ix. ~ UF6 cylinder being involved in a fire.
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6. Dr-;.SI ,r; :'.ND OP]~R\TICN\L SAFETY PRINCIPLES AND FS:\TURES

6.1 Construction Philosophy

The plant is constructed in an area of low seismic activity. The
posi3ibility of missiles both nature',land man-made and of aircraft
impinging upon the structure has been rejected as bein~ too
r~mote. Hazards to other workers on site associated with the
~roces~in~ of chemical and radioactive material are reduced by
hou"inr; the plant in a standard brick/stee1vlOrk/concrete building.
Process effluent gases are monitored and discharged to atmosphere
via a 60' stack.

The inhalation and ingeGtion hazard presentp.d by uranyl fluoride
and IiF is controlled by cont~lining the materials wi thin vessels
whicL for the most part are located within cells. Back diffusion
of gas is prevented by establishing pressure gradients between the
c:;l~.::and the working areas with the extraction and plenum systems.
As far as practical all major penetrations through the cells are
sealed but where this is impossible a linear air flow of 200 ft/
min is aimed at through the gap into the cell.

The concrete colls therefore provide secondary containment against
the spread of airborne contamination from the vessels. The floors
of the cells are in concrete, no drainage channels are provided
in the floors policy being to retain material within the cell.

The two UF6 filling stations are constructed external to the main
plant; one for type 48F cylinders and the other for type 0236
cylinders. The type 48F filling station has two filling points and
a steam heating bath for sampling these cylinders. The UF6 feed
pipes and associated ancilliary lines pass through the main wall
of the plant into the type 0236 cylinder filling station and via
a lagged line to the type 48F cylinder filling station. The two
major hazard areas are therefore iso13ted making the problem of
introducing more riSid operational safeguards easier. Containment
from the outside atmosphere is by a roller door or concertina
doors.

The necessity of adopting the design "',fetv nrincinle .of
double primary containme~t of UF6 line:3 in v the Springfields Plantr:.
has been debated at some length. INhere the lines pass through cell
areas and ducts it was not consi6ered necessary. In other areas
namely,

i. \'1hereliquid UF6 lines run outside the confines of a ce'_J

ii. The coupling lines to the cylinders in the two filling
stations,

iii. The sampling line,
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iv. The section of line between the condensers and the
liquid runoff valve,

either this principle has been 0.dopted or l,eople working in the
area have been provided with protective equipment and closer
supervision maintained.

Mild steel is used for vessels and pipework where the temperature
of the process gase:; is below 1000C. Above this, monel is used.
More exotic materials are used for valves and instruments in some
instances. Special consideration has been given to the mechanical
design of process equipment to ensure leakproof construction.
Vessels are of all welded construction with all containment welds
fully radiographed. Argon arc weldine is used throughout and
weld details are to the approved standards. The vessels and heat
exchangers have been mechanically tested to a suitable pressure.
Instrumentation is desib~ed to offer high standards of containment
to the UF6.
Val ves have in generctl been designed specifically for their com:-
patability and operational resiliance in the reaction gas environ-
ment. One exception. is the superior v::.lvewhose use on type 30 ond
48 cylinders is mandatory for the US enrichment plants.

The Superior cylinder valve is considered to be a somewhat
unpredictable valve operationally\ it does not back seal, it canbe screwed out of the cylinder ana the spindle can be screwed9ut.of the body and special operational safeguards are necessaryIn lts use.
In general, the attitude has been to construct plant to high
standa~d9 with little degfee of duplication and to accept a lowprobablllty o~ fallure wnlch would requlre maintenance after
decontamination.

G.2 Input and icxtraction Systems

A plenum system delivers air to the control corridor at a rate of
approximately 3000 cfm. This is intended to maintain the area
at a sli~htly higher nressure than the cell areas and reduce the
likelihood of UF6 penetrating the cell ,lalL, into the \'lorking
areas.

Extraction is provided from the r'actor room, conden~,er rooms
and compre:.;sor rooms and the r~ases are di.'3chargedto atmosphere
via a 45' stack. Separate extraction systems serve the two fillin~
stations and cylinder cleaning fncilities. Duplication and
notification of failure is provided.

6.3 U16 Cylinders

i. Types 48 and 30
These cylinders are manufacture,1 to the specified dra'ding,
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the safe working preS5ur8 is 200 psig. The vessels are ASME
code approved regarding material of construction weld
fabrication details etc. Only one valve 31ldone plug are
installed to minimise points of lenkage.

The actual water capacity of the cylinder is measured follow-
ing manufacture and is stamped on the cylinder. Cylinders
are provided 1ilitha plate giving the volume details. Exam-
inations carried out on the cylinders comprise a four-yearly
hydraulic test and intermediate examinations; the hydraulic
test pressure is 500 psig.

A UF6 cylinder is removed from service (for repair or replace-
ment) when it is found to have le''tks,excessive corrosion,
cracks, bulges, dents, gouges, defective valves, damaged
stiffening rings or skirts, or other conditions which, in the
judgement of the examiner, render it unsafe or unserviceable
in its existing condition.

Repairs or alterations to parts subject to pressure are follow-
ed by a hydrostatic strength test and plug or valve replace-
ments are followed by air-leak tests, when possible. Repairs
to structural attachments are not followed by pressure or leak
tests of the cylinder unless repair of torn or deformed areas
of pressure-containing materials are involved. The cleanli-
ness of UF6 cylinders is of serious concern since the reaction
of UF6 witn hyrocarbon oils and some other impurities is quite
vigorous and can result in serious explosions. The inside
of new cylinders is therefore thoroughly cleoned of all ::crease,
oil, scale, slag, oxides, dirt, moisture and other foreign
matter. The surfaces are left clean, dry and free 6f all
contamination but not chemically passivated.

ii. Type 0236 Cylinders

The manufacturing drawing was first issued in April 1953. ),
standard specification AESS(E)34/22700/7 was first issued in
1968 and this has subsequently been reploced by AESS(E)34/39900
17.

The specification calls for thorough internal drying and de-
creasing, after hydrotest and before vacuum testing, but no
special steps are tw(en to pasGivate the internal surfaces.
A testing and examination procedure is carried out. The
cylinder volume has been checked in a number of of cases and
found to be 636 = 30 litres.

6.4 ~ Manufacturing Cycle

The reactor, gas filtering, condensing and ,.mstegas recycling
system relies on a partial vacuum in the system to draw fluorine
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and recycle gases through the reactor bed. If a major leak
occured in the system air would enter, the pressure would rise
and the process stop. Under these conditions it is not possible
to postulate a sib~ificant UF6 release.

The maximum theoretical temperature of the fluorocarbon heating
mediu..'l1used to heat the condenser is 1L1oC assuming the relief 2
valve on the boiler fails to operate at its setting of 10 kg/em.
If the UF6 in the condenser contains ~%HF, the pressure could
be 300 PSl, ie in excess of the design figure for the condenser.

An instrumentation system, separate from the process control
instrumentation, automatically shuthng off the steam supply to
the fluorocarbon boiler in the eventuality of a high condenser
pressure has therefore been provided.

Calculations carried out on the possible reaction between the
fluorocarbon heating and cooling medium and liquid UF6 according
to the e(luation.

indicate .that should a leak occur during the heating cycle the
pressure release system should prevent an 'overdesign :Pl'essure
0eveloping in the condenser.

A weighing system on the UF feed hopper
UF4 fed to the reactor and hence the UFL.
and this was considered to be sufficient
overloading.

provides a check pn the
charged to the condenser
to prevent condenser

The problem of operator error in perhaps switching a hot condenser
on line has been recognised and an interlock provided.

6.5 .!!!t; Filling and Sampling

The major hazard areas are those of uranium hexafluoride filling and
sampling~ The type 481" c'ylinder filling station was originally
built to accommodate two filling points for these cylinders. The
station was later extended to provide for a sampling system for
type 481" cylinders. The hazardous nature of the hex sampling
operation and the filling operation was recognised and whilst the
necessity to provide sampling equipment quicluy meant that a syste~
ideal fromthe design safety stand point was not possible it was
felt that close operational control could compensate for a lack
of design sophistication.

FillinG connections to type 481" cylinders are through stainless
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steel flexible hoses. The wideLl thickness of these hoses is 0.015"
and although they are protected by overbraiding, they are
susceptible to mechanical damage. The flexibles are checked or
tested before putting into service and during service. An inter-
lock system is provided which prevents UF6 filling commencing
unless a key switch is activated. The key is kept in the pos-
session of the Plant Supervisor. Interlocks have been fitted to
the sampling system so that power to the rotation motor is not
available unless all the correct trap doors are in closed position.
The system is rigidly supported so that the sampling line cannot
break due to movement.

6.6 Operational Techniques

The variations of density, vapour pressure and physical state with
temperature of UF6 require.the devel~pment and use of safe handling
procedures. Pressure testlng of equlpment is always carried out
following maintenance or installation.

Overfilling of the condenser is prevented by closely monitoring the
UF4 feed and relying on the fact that the pressure dr9P across
a condenser will increase to a level to;)high to permit the plant
to be operated before it becomes filled to an unsafe level.

Overfilling of cylinders is prevented by adhering to weight
limitations and an alarm sounds at a preset figure. If slight
overfilling occurs, the cylinder is connected to an evacuation
system and the excess UF6 removed, without heating the cylinder,
until the correct fill llmit is obtained.

It was realised that leaks in a cylinder contoining liquid UF
6would be difficult to control. Caution is exercised in handling

cylinders until the contents have solidified.

Any hex cylinder which has been subjected to heating is not opened
to the atmosphere until it has been stored for a period sufficent
to allow the whole of the contents to reach ambient temperature.

The following, more specific, operational precautions are taken to
minimise the chances of hex release:-

i. A 48F cylinder is only lifted to a height of < l' directly
after filling when moving off the weighscales. 36 hours are
allowed to elapse before the cylinder is lifted out of the
filling station.

ii. A type 48F cylinder is left for 8 hours after removing
the top of the sampling steam bath before it is moved and then
it only moves 2' above floor level.
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iii. Liquid sampling is carried out by the Analytical
Services Department. The connection of the sampling rigs to
the liquifier and the rotation of the cylinder is carried out
by Engineering Department and Production Department under
plant clearance.

The fuses for the drive motor are only put in when the cylinder
req.1ires rotation and is under the control of the Plant
Supervisor.

Supervision of the sampling operations is always carried out
by the Plant Supervisor.

iv. The cylinder filling operation is only commenced after
inspection of the system by the Plant Supervisor who checks
that the system has been assembled correctly and pressure
tested. He then inserts the key in the interlock switch to
enable the filling operation to be activated.

v. Personnel wearing appropriate protective clothing,
breaking flanges on vessels containing UF6 first loosen the
nuts and bolts and "crack" the joint. If a persistant
substantial leak occurs, the bolts and nuts are re-tightened at
once and cooling or purging is carried out before continuing.

6. '7 Cylinder Cooling Time prior to Deval ving or Maintenance

The t~mperatur€ inside type 48F and type 0236 or 30A cyli~ders
during filling with liquid UF6 can be as high as 105vC. DUring
sampling of the type 48F cylinders, the temper~ture is controlled
at 95 - 100°C.

Operations which rely for their safety on cooling these cylinders
adequately are:-

i. Removal of the valve adaptor from a type 0236 cylinder to
fit the blank flange for transit.

ii. Valve removal, due to some malfunction, from types 48F
and 30A cylinders after filling or heating for sampling.

It has been calculated that it takes 5~ days for 95% of the UF6 in 1')

type 0236 cylinder to solidify. The behaviour of the mixed phase
in a cylinder cannot be predicted with certainty. It is possible
that the behaviour of two cylinders cooled for the same time in this
situation may be quite different on opening to the atmosphere.
Adhesive notices labelled "not to be devalved until •••••• 11 are
fitted to the cylinder by the Plant Supervisor immediately after
filling. The alternative of fitting a castel lock system
was rejected as it was considered unsuit3ble.

It has been calculated that the time taken for the contents of a
type 48F cylinder to solidify is 10.5 days with natural cooling
with no containment and 8.5 days with water cooling. An isolated
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cooling curve plotted on a type ~RF cylinder after a minor
incident elsewhere showed that the theoretical times are not
optimistic. Only one type 48F cylinder has so far been subjected
to valve replacement at Springfields and this was carried out
after 5 days in accordance with accepted US practice. No signifi-
cantUF6 release was experienced. This however m~y well have been
fortuitous in view of the unknown mixed phase rrF, behaviour. A
time of 10 days natural cooling is now adopte(~b~fore maintenance.

6.8 ~ Reconversion

Design and operstional safety principles and features concerning
containment and materials of construction are similar to these
for the UF6 Manufacturing Plant. Thus the hex liquifaction and
vaporisation equipment is installed in a purpose built extracted
area. Containment comprises the pipework system and a heating box
for the line. A leak in the baths would be detected by a con-
ductivity meter in the condensate outlet line. A positive reading
on the meter diverts the condensate to recovery, the steam supply
to the bath is replaced by cold water and the operator is informed
by an audible alarm.

Where liquid UF6 is transferred from a cylinder to a dissolver:-

i. The UF6 cylinder feed lines and dissolver are segregated
from the rest of the plant in a fully contained and extracted
compartment.

ii. The UF6 cylinder pressure is monit~red by an alarm.
Should the pressure rise above 3 kgs/em the steam supply is
switched off and cooling water put on the cylinder.

6.9 Fire and Explosion

The possibility of a UFh cylinder becoming involved in a fire in
the plants appears remo~e.

There is not a great deal of combustible material in the areas and
the gas driven truck used for movement of type 0236 cylinders does
not contain enough fuel to reach the temperature necessary for a
UF6 cylinder burst. It is true that the oil cooled transformer/_3rectifiers in the fluorine plant present a hazard (there is CJ 10
probability of an oiled-cooled/rectifier catching fire) but VFr,
cylinders are not stored near this facility. Standard fire ~l~rm
systems and evacuation procedures are provioed for and the Works
Fire Brigade would be on hand before a fire of any magnitude
could develop.

The danger of an oil or petrol tanker crashing into a type 48F
cylinder at the loading point on the east side of the ~lant or
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during tr;-Jnsi.tto a :;torage area, and p;etbng involved in a fire
is [jignifica.nt. However the loading road is closed to other
tr~ffic, and transport of inflammable materials within the
factory only takes place along well defined routes specified by
tile Transport Manager.

Should a fire occur appropriate action is specified to ensure that
the plant is shutdown safely. The fire alarm circuitry has a
battery backing system should the mains electricity fail and this
should be adequate to give the necessary warning so that a UF6release due to a hurried shutdown does not occur.

r
I

6.10 Alarm Evacuation and Emergency Systems

Portable equipment is installed in specified high risk areas to
detect high atmospheric contamination. A fire alarm system and
manual fire fighting equipment afford protection in the event of
fire or explosion. In the UF6 manufacturing plant at ground
floor level several exit doors are avail able and t;-,ereare two
at first floor level. Fire doors are installed to contain fires.
The reconversion plants are in sipgle storey are2S with adequate
exit facilities. A separate system of emergency lighting for
safe evacuation of personnel is installed, which comes on auto-
matically should the mains supply fail. Batteries are designed
to maintain the supply for one hour. 24 hours are needed to re-
charge the batteries.

Separate emergency electrical supplies are also provided for the
fire alarms. An emergency procedure is available to cover the
eventuality of a UF6 release. The system provides for:-

i. remote safe shutdo\ffiof the process by manual action
from outside the area.

ii. safe means of evacuation by the personnel.

iii. warnings at the entrances to the affected areas.

6.11 Lifting Equipment

The surging of liquid in partially filled cylinders and the
eccentric centre of gravity of cooled cylinders has been recog-
ni.sed. The liftin~ equipment used in the type 48F filling
station has been specially adapted for this type of work; a
special adaptor for the type 48F cylinders designed to enable the
cylinder to be lifted safely with connections at four points, has
been provided. An interlock system is provided so that a cylincier
cannot be moved out of the plant without the door being open.
A fork lift truck and stillages are used for the type 0236
cylinders. Recent studies have indicated that it would be better
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CO use a two-point lifting arraIllr,ementwjth the lifLin.':points
spanning the centre of gravi I:yat all times when h:tndlin!~liquid
filled type 48F cylinders and steps are in hand to implement this.
6.12 Plant Operational Philosophy

Plant rules, operating instructions and a plant manual are
provided. Emergency instructions to Cover the eventuality of
leaks of UF6 are available. Reliance is based primarily on local
training for the plant operators.

6.13 Failure of Services

Clear specification of what is required should a steam or electri-
city failure occur, is made since both these have obvious safety
connotations. In the event of a steam failure, particular atten-
tion is necessary to traced lines to ensure that draining of
liquid UF6 is complete. Twin supplies have been provided from
separate steam and electric mains.

7. ADEQUACY OF DESIGN AND OPERATIONAL SAFETY PRINCIPLES AND FEATURES.
7.1 Incidents Experienced

Judged solely by the number of incidents which have been experienced
on site the design and operational safety principles and features
have been satisfactory. The incidents which have occurred have
been of a minor natm:.p. In the early days of UF6 manufacture during
the 1950's leaks were commonplace but the small scale of
operations (batches were only approximately 130 kgs U) ruled out
major leakage. Leaks from thermocouple points in the vapour
phase were fairly commonplace but these were contained in the cell.
Since these early days there have been only six releases deemed
of sufficient importance to warrant formal local investigation and
these are detailed below:~

i. A release of approximately 20 kg UF6 occurred in the
Experimental Fluid Bed UFh Plant, due to the failure of two
hnrstinp: discs in a vent line from a condenser to a scrubber
system when approximately 200 kg UFh passed to scrubber. The
incident was caused by the uncontroIled application of steam
heating to the condenser in direct contravention of operating
instructions. The scrubber system became over-loaded and
20 kgs unabsorbed UF6 passed to atmosphere via the scrubber
stack. The incident caused no injury to personnel or
equipment. (1962)

ii. A release of approximately 13 kg UF6 occurrc,l.jT' ;;he
Low Enriched Reconversion Plant when a leak from a Ut:,.

'.;;
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cylinder occurred in a copper line connecting joint. The
leak waS contained by cooling the cylinder with solid carbon
dioxide and no fumes entered the plant area. There was no
injury to p"rsonnel but an abnormal "vlhite plume was observed
to be emitted from the Building exhaust stack causing
temporary contamination in the vicinity of the outside area.
(1963)
111. A release involving 50 kgs (maximum) of 1.45~~ 235U
enriched UF6 occurred in the Enriched Oxide Powder Production
Plant. The cause was the breaking of a flange joint, prior
to replacement of a faulty pressure gauge, on a line used to
feed UF6 from a heated cylinder to the Pyrohydrolysis
l~eactor. Unfortunately neither the cylinder valve nor the
line valves had been closed. The leak lasted for approximately
20 minutes but there was no injury to personnel or damage
to equipment. (1969)
iv. During construction of the second UF6 manufacturing
unit the steam supply to sections of trace heating on the
first unit was inadvertently t~rned off whilst liquid UF6was being transformed to a cy11nder. The UFh solidifiedand a hydraulic pressure split of the line ~ccurred -
on subsequent reheating releasing aPEroximately 20 kg UF6•
There was no injury to personnel (1969)

v. A release .0£ approximately 15 kgs UF6 occurred at the
Prototype UF6 Production Plant when a joint failed
on the gaseous transfer line to cl type 0236 cylinder. There
was no injury to personnel (1969)
vi. Two type 0236 cylinders containing 2294 and 2404 kgs
UFh bulged and cracked at a weld whilst being heated in a
wa~er bath in the UF6 Production Plant to remove excess
material. The release of UF6 was about 5 kgs. There was
no injury to personnel. (1969)

7.2 Safety Assessments
As the scale of operations increa0ed doubts were expressed on site
regarding the adequacy of the safety precautions and in 1976 on
the instruction of the General t-1anagera Safety Assessment Group
of five experienced technologists comprising a chemist, a plant
manager, a mechanical, engineer an instrument engineer and a
group leader with safety assessment experience were assigned for
a period of six weeks to examine critically the UF6 handling
procedures on site. Over 150 recommendations for 1mprovement
were suggested and these were discussed at senior level by a
commi ttee chaired by the Deputy General I-Tanager.
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7.3 On Site and Off Site Hazards Associated with the Accidental
Release of UF6
One recommendation of the Safety Assessment team v,as that a more
detailed study of the hazards presented by possible large scale
releases of UFh to workers on the site and to the public be
investigated, the possible consequences of such escapes be examined
and the need for a full scale Site Emergency Scheme assessed.

The approach adopted was to identify the worst possible liquid UF6discharge and the worst possible gaseous UF6 discharge accidents.
A study of the hazards to personnel arising from an accident
involving a site release of uranium hexafluoride requires:

i. A study of conditions that could give rise to a release.

ii. An estimate of the extent and duration of the release.

iii. A determination of the concentration profile with
distance in relation to the Emergency Reference Level (ERL)
pertaining to the chemicals involved.

It has been noted earlier that an .instantaneous release due to
earthquake or air crash on cylinders or equipment containing
liquid UF6 at the Springfields Works is so improbable as to be
disregarded. In addition the risk of major fire conflaGration
within the hex manufacturing or reconversion plant was investigated
and a similar conclusion reached. The condition that could
conceivably give rise to significant UFh losses was therefore
concentrated on a study related to plant operations in the plants.
In the UF6 manufacturing plant the typical quantity of liquid
UFh that could give rise to a hazard (solid hexafluo-ride does
not present a hazard of comparable magnitude) is 12 tonnes, the
weight that is charged into type 48F cylinders. In the other
plants the uranium is converted into other compounds and exists
in liquid form in amounts not exceeding ~ tonnes UF6 and only
in one case is it used in liquid form. ~or the first stage of the
Safety Study the implications of los:::,esfrom the Hex Manufacturing
plant, handling 12 tonnes lots of UF6 was analysed. The analysis
investigated any incident frolY'three standpoints:-

i. The radioactive hazards due to particles arising from
U238 , U235 , U234•

it. The toxic hazard due to ingestion of uranyl fluoride.

lll. The toxic hazard due to ingestion of hydrogen fluoride
arising from the reaction UF6 + 2H20 ~ U02F2 + 4HF, which
takes place when UF6 meets a moist atmosphere.
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7.3.1 The Largest Potential Release of Liquid UF6
Discounting catastrophic fracture of a type 48F cylinder the
worst conceivable accident is the frac~ure of a line carrying
liquid UF6 or the breaking off of the /8" superior valve
due to an accidentally applied physical force with the valve
open to liquid UF6. Such an accident is possible at the
liqilldhex sampling stage. Discharges of similar magnitude
could also arise from the condenser system where uranium
hexafluoride is held as liquid prior to run down to the
cylinder filling area.

A quantitative probability analysis based on the
reliability of the equipment involved and the operationa~
procedures follojo,te~tfndic~¥a probability of such an occurrence
of approximately 10 - 10 •

The Largest Potential Release of Gaseous UF6
During a cylinder filling operation liquid uranium hexafluoride
is flowing from condenser to cylinder over a period of about
6 hours (minimum time about 4 hours). Any fracture of the
run down line would result in a liquid rlease from the con-
denser and a simultaneous gaseous release from the cylinder
being filled. The former would approximate to the conditions
mentioned above if the fracture were close to the run down
valve. A fracture in the cylinder filling station would
correspond to a gas release condition since the condenser v~lve
could in this event be shut off. If the incident happened when
the cylinder was full, this would represent the worst
situation involving a gas release and it is this situation
that has been analysed. A similar probability analysis to..77..3. 1
indicates a comparably low probability of occurrence (10 ).

Analysis of UF6 Release Rates

Calculations were carried out to ascertain both the quantity
of UF6 that would be released to atmosphere and the rate at
which it would be discharged from the cylinder for both the
above cases. It was assumed that at the start of the incident
the cylinder contained 12 tonnes UF6 and the contents of the
cylinder were at 100°C in conformity with normal plant
operation. TIlecalcu~ations deduced the discharge rates for
liquid discharge for /8" holes. (The assumption that the
temperature is 100°C for its vapour release is very pessimis-
tic as the temperature in the cylinder falls during transfer).

It was concluded that in the case of the liquid release the
full quantity could be discharged and approximately 7 tes
would be converted to vapour at an average release rate of
250 kg/min. In the case of the gas release the release rate
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would be much smaller (of the order of 20 kg/min) and the
total release would be around 7 te UF6, the release occurring
in three stages viz;-

i. A high pressure discharge due to the superheat of the
liquid, with the initial leak rate being approximately
56 kg/min.

ii. A steady release over a period of approximately ~
hours, while liquid is freezing to solid at around 18 kg/min.

iii. A slow rate of release of 11 kg/min as the solid cools
from 64°C to 57°C at which point the vapour pressure reaches
atmospheric.

The velocity of discharge has been calculated at 200 miles/
hour on initiation of the incident (this is about the sonic
veloci ty).

Hazard Analysis

The toxic, radiation and HF hazards arising from the same
situation were estimated for Category F weather conditions
associated with a wind speed of 2 M/sec and ground level
release using the ,s~~. Pa,.?9.u.Jl_ c~Y..~sL_.Th~~.~.gav.e?ER9
fatal ann distress~anges of 1 KM,3.KM and 13 KM respec~~iy
for HF, an ERL of 9 K}1 for toxicity of U02F2 and 800M for
radiation due to inhalation. These represent the average
type of weather conditions experienced and would be exascer-
bated in unfavourable conditions.

The modifications necessary to existing emergency procedures
are currently being reassessed in the light of these results.

8. CONCLUSION

At Springfields Works the safety aspectSof toxic gas handling are under
constant scrutiny and improvement. By this policy it is hoped to avoid
a major release of such material into the environment. Legislation,
following the deliberations of the Advisory Committee on Major Hazards,
expected within the next year will provide further opportunities for
re-examination of accepted procedures.
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UF6 HANDLING AT THE
URENCO NEDERLAND CENTRIFUGE PLANTS, ALMELO

by F.A. Stockschlader and J. Christofzik
Urenco Nederland Operations B.V., Almelo

Abstract

In each of the three Urenco centrifuge uranium enrichment
plants at Almelo, UF6 under pressure is only handled in
enclosed areas which are kept slightly below atmospheric
pressure. The air in the plants is continuously monitored
and, if a UF6 release occurs, is automatically diverted
through a scrubber system.
Further, automatic quick closing valves in the pipework are
so arranged that, in a maximum credible accident, only 50 kg
liquid UF6 could escape in the enclosed area.
Finally, containers used for transporting UF6 can only be
disconnected from the plant under safe conditions as ver1-
fied by a cross-checking procedure.
The anyhow small number of UF6 releases of trivial quantities
since operation began could be significantly reduced still
further relative to the increasing UF6-throughput in the
Almelo plants.
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Introduction

Urenco Nederland has three centrifuge enrichment plants. These com~
prise the two pilot plants, the Dutch SPl and the German SP2 (SP =
separation plant) with a capacity of 20 t SW/a and 24 t SW/a respec-
tively, and the commonly built industrial scale production plant SP3
with a capacity of 200 t SW/a (see Table 1 for details). The two
pilot plants have been fully operational since end 1~75 and early 1976
respectively, and the industrial plant, now in course of completion,
has reached about 60% of its final capacity.
Enrichment is effected by UF6-gas centrifuges arranged in cascades,
these being the smallest operational sub-unit of a plant capable of
fully completing an enrichment task. Total plant output is accordingly
obtained by connecting a sufficient number of cascades in parallel.

UF6 handling process

Natural UF6 (called "Feed") is transported to the plants in 48" or 30"
containers and passed direct from these into the process system.
Depleted UF6 ("Tails") or enriched UF6 ("Product") is drawn off from
the system into 48" or 30" containers conforming to ORO 651. I)

The principle of the internal UF6 flow scheme in the plants is shown
in Figure I.

In order to introduce UF6 into the process, the feed container is heated
to about 700 C in an autoclave. The contents of the container are liqui-
fied and the gas phase above the liquid, which is extracted as feed,
reaches a pressure of about 2 bar inside the container. Th~ gas then
flows through pressure reduction stations,. situated behind the autoclaves,
at low pressure into the cascades, where the process gas pressure is
then only a few millibars.
The two gas streams leaving the cascades as enriched and depleted mate-
rial are collected in chilled (-700 C) desublimers as a solid. When a
desublimer is full, its contents are liquified by heating (+700 C) and
drawn off straight into a transport container.
Except for the loading, transport and storage of containers, all handling
of filled containers takes place in enclosed areas of the plant.

Safety aspects of the UF6 systems

UF6 at above atmospheric pressure is present only in the feed system and
desublimer/take-off areas. Thus, only in these areas do the conditions
exist for a possible UF6 release. Further, only here does container
handling (connection and disconnection) take place. In all other areas,
UF6 is present as a solid or at very low pressure.
To limit and control possible UF6 releases, the above mentioned systems
and working areas have been located together in a special area, (Zone I),
in each separation plant. To prevent any UF6 released spreading beyond
Zone I accommodation, the area is provided with its own ventilation
system. This keeps the air at a pressure which is about 10Pa lower than
that of adjoining areas and effects a frequent change of air (~5/h).

I) ORO 651 Uranium hexafluoride: Handling procedures
and container criteria; US Dept. of Commerce, April 1977
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Exhaust air passed to atmosphere from here is continuously monitored
at several points and, in the event of an incident (e.g. increased
uranium activity), automatically diverted to a retaining system which
filters out air pollution by uranium and the consequently arising HF.
The limit for the cleanliness of the exhaust aiY3from 3his area is a
yearly average rate of airborne activity of 10 Ci/m admissible
under the existing licence. For comparit?n, th3 ICRP-value for ura- *
nium in inhaled air is ; mpc = 3 x 10 Ci/m for an employee wor-
king in the radiological field 168 hours a week.
Due to the corrosive properties of UF6 pipework and valves consist of
UF6 resistant materials such as stainless steel or aluminium. All
connexions are welded - unless the process requires otherwise.
Where connexions have to be undone (flanges), either metal packing or
high fluorinated heat resistant soft material packing is used.
All welded connexions in the pressure and liquid areas are subjected
to 100% X-ray examination, and a system is only passed for operational
use after the X-ray photographs have been expertlY_axamined by specia-
lists. A single leak may not exceed a value of 10 Torr l/sec.
That requires the application of strict standards in testing systems
for tightness, and the test pressure exceeds the normally expected
working pressure by a factor of 4-5. The feed container is located
in an autoclave which is subject to routine checks periodically.
Process material pipework systems and container transport and handling
systems are located in relation to each other in such a way that acci-
dental damage to pipework cannot occur. For instance, transport con-
tainers are automatically locked in position during filling and can only
be removed when the valves in the take-off piping have been closed.
Process operating conditions (temperature, pressure) are monitored and
regulated automatically by multiple controls, and where maximum values
are exceeded, actions are again taken automatically (e.g. heating
switched off). Important elements of the automatic control and safety
systems are the automatic valves.
The UF6 pipework in the pressure and liquid areas is separated into
well-defined sections, as regards the volume contained, with automatic
quick-closing valves so that in the event of a fault they shut off
automatically and thus enclose small quantities. This measure allowed
the definition of a maximum credible accident as being the release of
50 kg UF6 in the production plant in the event of a failure.

UF6 releases

since operation on site began in 1972, some 430 t U have been put through
the three enrichment plants. This corresponds to 350 to 500 container
manipulations and about 1500 discharges of the desublimers.
During the whole of this period of operation, 19 releases of UF6, in-
cluding all minor incidents, have been recorded, and in every case the
amounts released were:

in the order of tenths of grams
in gaseous form, and
fully dealt with by the ventilation system installed,
i.e. none spread beyond the area of Zone I.

* International Committee for ~adiological Protection
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A further characteristic was that all releases occurred while ope-
rational work was being undertaken: there have been no spontaneous
releases.
Of the 19 releases, 18 took place in the pilot plants and only one
has occurred in the industrial plant. The causes of the releases
were chiefly technical failures. In 13 cases, the release came from
small leaks in the valve flange connexions or valve packing of liquid
piping. Expecially in the pilot plants, flange connexions had been
given preference since lack of experience with valves in the liquid
piping suggested that replaceable valves were desirable.
The leaks arose mainly through the failure of two components of the
flange connexion:

the packing material, Teflon, was unfit for the constant effect
of surface pressure and temperature;
in some other cases the tensile strength of the flange bolts had
become inadequate. These were replaced and metal packing was intro-
duced.

As a result of these experiences, welded connexions were given wide-
spread preference in the industrial plant.
In five other cases, release of VF6 was the result of improper working
methods when disconnecting cold traps or sampling flasks. Such cases
are classified as "Maloperation". The release of VF6 almost always
occurred because residual gaseous VF6 in the flange connexion was not
correctly removed before the flange was unbolted, or because the quan-
tity of the residual VF6 was higher than estimated. The latter was in
fact the case for the only release so far experienced in the industrial
plant where a desublimer was opened up which was assumed to be completely
free of VF6 on the grounds of earlier action.
In 12 of the cases mentioned, incorporation by employees of minor quan-
tities of uranium could not be excluded, and this was confirmed for 5
releases where the notifiable limit of 50jUg V per litre of urine was
exceeded; 7 of the staff were affected. In all other cases of suspected
incorporation, the quantity was found to have been below 10~g V/litre.
For comparison, ICRP quotes a maximum inhalation value of 2.5 mg V per
day. With the passing of 1 1 urine a day and 80% of the inhaled quan-
tity, 50~g VII corresponds to 2.5% of the above ICRP value.
Figure 2 gives the distribution of VF6 releases since operation began
(in six monthly periods). The lower diagram shows the recorded releases,
including all minor incidents; the middle diagram, such cases where a
urine sample was taken to check for possible incorporation, and the upper
diagram cases of notifiable incorporation. The distribution of incidents
over operation time appears to be regular, but a sharp drastic relative
decrease of incidents due to increased VF6 throughput could be found
(Figs. 3a and 3b).

Operating procedures

Apart from the above mentioned positive measures to reduce the probabi-
lity of a release, special regulations, works directions, and working
procedures have been set out for the safety of container handling and
other operations.
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All work is carried out against check lists or specific task
approvals which, in particular, also detail the safety measures.
These details are so drawn up that a task can at any time be passed
on to others. All work is undertaken by at least two persons so
that it is cross-checked.
Important points on working procedures are glven below:
I. Container handling only occurs when the container is at its

safest, i.e. transport and connecting and disconnecting are only
carried out when the UF6 contents are proved to be solid and there
is sub-atmospheric pressure in the container.
Containers under pressure are neither handled nor are they readily
accessible since they (feed and product containers) are in auto-
claves or heating chambers.

2. Before release of connexions, UF6 is removed and the system is
several times cleared through with gaseous nitrogen. Before con-
nexions are released or made, tests (leak, pressure etc. tests)
are carried out to make sure that the next step is permitted.

3. Handling operations in the above named areas are carried out where
the following equipment is on the spot:
- suction hose directly connected to the air cleaning system; this
is used to draw off any gaseous UF6 or HF set free during the re-
lease of connexions;
- a counter to monitor activity;
- protective breathing apparatus which is kept ready in a safe
place nearby (or frog suits); breathing apparatus is worn at the
start of work where the release of UF6 is expected;
- CO2 fire extinguisher;
- plastic sheeting or similar material to restrict the area affected.

4. Staff have instructions that should trouble arise, they are to leave
the room, put on protective clothing and then take the appropriate
action. The radiation protection officer is to be advised immediately.

5. Staff are trained in radiation protection, first aid, and fire figh-
ting, regular refresher courses are held.

Conclusion

Summarizing, the following can be stated:
I) most of the incidents occurred in the pilot plants;
2) after a learning phase, these incidents have been significantly

reduced in the production plant.
To achieve this, each and every incident was rigorously analysed.
Procedural checks and/or cross-checks were progressively improved and/
or modified wherever necessary. And finally the UF6 hardware system
was continuously developed on the strength of operational experience
with the pilot plants by improving the valve sealing material or by
replacing flanges by welded connexions.
Thus, while the chance of a human error still remains, the possibility
of it having serious consequences has, due to continued effort, been
reduced to a minimum.
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SESSION I, PART I

Safety Principles for and Experience in UF6 Handling;
Storage and Transport.

Summa ry

Under the heading mentioned above, four papers were presented illustrating
UF6 handling as it is performed in practice in the United States (Oak
Ridge, Paducah, Porthmouth), France (Tricastin), Great Britain (Springfield)
and The Netherlands (Almelo).

Summarizing, it may be concluded that at all locations under review the
handling of UF6 takes place on the basis of apparantly generally known
and accepted safety principles.
As a result, the UF6 handling procedures practized in diffusion plants,
UF6 manufacturing and reconversion plants and centrifuge plants appear
to be quite simi lar.

The avoidance of UF6 releases can be recognized as the basic safety
principle in designing equipment and drafting procedures for handling
UF6.
The handling of liquid UF6 material is considered the most critical
activity which may cause potential UF6 releases, such as :
- the feedi ng of UF6
- the withdrawal of UF6 and
- the sampling and transfer to customer cylinders.

From a safety point of view, the goal strived for is to minimise the
handling of UF6 in the liquid state.

Handling of UF6 in the solid state is considered to create a much less
dangerous situation as far as UF6 releases are concerned. In spite of
that, sophisticated transport and lifting devices are in use to exclude
all possible damage to containers from handling activities.
The nurroer of UF6 releases and the amounts of UF6 set free during the
operation time of the Springfield Works and the Almelo Centrifuge Plant

- show -
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show that the design and operational safety principles and features are
satisfactory.
The releases that occurred never caused hazardous situations or injury
to personnel.

During the discussion a number of short questions were put. Asked about
the release rate of solid UF6 material via a broken off container valve,
Mr. Legeay answered that such an event is of minor importance and can
always be handled easi ly.

As to the heating time of 4811 containers by means of electrically
heated hot air Mr. De Dorlodot mentioned the figure of 14 hours.

Asked about the inspection procedures for large tai Is storage areas
Mr. Legeay answered that only visual inspection of the containers
takes place at irregular intervals.

Finally Mr. De Dorlodot made clear that long term storage of tails
material wi 11 be done by Eurodif in the form of U02.

Items tabled in written form and to which attention wi 11 be paid during
the panel discussion on Thursday 29th June concern:
- criticality considerations
- hydrolysis of UF6 in case of a release
- dose limits for inhalation.

ig
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DESIGN CONSIDERATIONS FOR CENTRIFUGE ENRICHMENT PLANTS
B.G. Dekker, Ultra-Centrifuge Nederland N.V.
W.K.A. Walrave, Comprimo B.V.
H. de Winter, Comprimo B.V.

ABSTRACT
The design basis to insure safe handling of UF6 feed systems

for small and large enrichment plants is outlined. Also tne recovery of
enriched product and depleted tails in cooled desublimers will be dis-
cussed, as well as the filling of containers by liquifying the desublimer
content. The further development of methods to transfer gaseous UF6 from
the desublimers into the final containers will be explained as a further
improvement on safety. In the future the use of compressors to freeze
UF6 directly into the containers by passing the expensive desublimers
will be considered. Special precautions will be outlined to control the
ventilation air and equipment to remove UF6 and HF from these air streams.
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1. INTRODUCTI ON
The design of centrifuge enrichment plants is, due to the fact

that uraniumhexafluoride (UF6) is processed, subject to governementat
regulations layed down in the Netherlands Nuclear Energy Act and the
implementation regulation measures which are in force since 1 January
1970. This paper describes the basic safety principles to be considered
when designing plants in order to be in accordance with the regulations
resulting from the Nuclear Energy Act.

Furtheron, the design considerations for UF6 systems, building
and ventilation systems are explained in detail.

2. SAFETY PRINCIPLES
In order to ensure safe operation of centrifuge enrichment

plants, safety measures related to handling of UF6 as well as standard
safety measures need to be taken into consideration .

.The standard safety measures concern the normal industrial
precaustions related to fires and explosions, electrical safety, inter-
ruptions in electric power supply, etc.

The principles, adapted in relation to the safe processing of
UF6' concern:
a. design of UF6 systems in such a way that the chance on UF6 releasesis minimized,
b. design of UF6 systems in such a way that in case of a release the

maximum amount of UF6 is limited,
c. design of building lay-out in such a way that potential hazardous

systems are located in separate areas,
d. design and installation of cleaning and decontamination systems that

can handle the maximum UF6 release without risks for personnel and
environment.
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3. DESIGN CONSIDERATIONS
3.1 General.

Safety measures related to the handling of UF6 focus on those
parts of the process plant where UF6 is present at superatmospheric
pressures. Parts of the UF6 process plant where superatmospheric
pressure can exist, are:

i'

- Feed system
Solid UF6' arriving at site in 30" or 48" containers, is heated
to 700C, purified and fed to the cascade at reduced pressure.

- Take-off system
The product and tails streams, which are respectively enriched
and depleted in U235 percentages, are collected in desublimers
cooled to -700e. When filled to a certain level, these vessels
are emptied by heating to +700e and subsequent draining of liqui-
fied UF6 into containers.

The cascade systems operate at very low pressure of approx.
1000 pascal at room temperature, with very low UF6 inventory.
For those reasons the cascade system is not consiaered to be a
hazardous system.

For those parts of the plants where superatmospheric pressure
can exist, the consequences of equipment failure-are minimized by
special design feature instrumentation and proper containment.
Furthermore, an emergency ventilation system, equipped with U and
HF monitors, shall remove UF6 and secondary reaction products, such
as fine solids of U02F2 and gaseous HF, from the plant exhaust air.

In the next paragraphs the design feature of the following items
will be explained more extensively:
- UF6 feed system
- UF6 take-off system

bUllding lay-out and ventilation
- air-cleaning equipment

3.2 ~ feed system
The UF6 needed in the plant is of an extremely high purity.

Gasses witn low molecular weight, such as N2, O2 and HF, are a
disturbing factor in the centrifuge process. To remove these, UF6is heated up to melting at 64°C to free any trapped air and HF.
This light gas together with some UF6 is released to a desublimer
cooled to -70°C. After the pressure/temperature relationship con-
firms that the percentage of light gas is sufficiently low that
UF6 gas can be fed to the cascade, the necessary valves and pressure
regulating valve are opened.

The UF6 pressure required in the cascades is well below the
equilibrium pressure of 8000 Pa at ambient temperature; in other
words it is possible to feed UF6 by sublimation from the solid phast.
This is practised in the pilot plant SP2 with 48" feed container-so
However, this mode of operation is not suitable for large capacity
streams, due to heat transfer limitations. Therefore, the feed system
of the SP3 plant is based upon heating/liquefaction of UF6.
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For safety reasons the containers are heated inside auto-
claves with a design pressure of 106 Pa. In case accidental UF6release would occur - as a consequence of a failure of the flexible
connection or leakage of the container valve - all escaped UF6 is
contained inside the autoclave and can be recovered together with
remaining UF6 in the feed container.

Heating medium in the autoclaves is air which, in turn, is
heated by means of condensing steam inside finned tubes. Open steam
heating has been considered as an alternative for large plants.

Owing to improved heat transfer, open steam heating results in
higher UF6 flow rates. However, special precautions and blow-off
systems are necessary to cope with pressure and temperature rise in
case of UF6 reaction with steam or condensate. Since it has been
demonstrated that the capacity increase from 200 to 1000 tons SWU/
year can still be handled with a reasonable number of air-heated
autoclaves, open steam heating has not been proposed for the SP4.

The simple approach of UF6 heating with open steam in a non-
pressure resistant steam chest in various installations abroad is
gradually being replaced by autoclaves.

3.3 Take-off system
The UF6 product and tails flows from the cascades are recovered

by freezing in desublimers cooled to -700C. This low temperature is
chosen to maintain a minimum pressure in the desublimers. In this
way sufficient suction capacity is provided, effecting good mass
transfer from the cascades to the desublimers while satisfying rather
strict pressure drop demands. Traces of HF and other low-molecular
gasses are removed by a vacuum pump system, provided with NaF adsorp-
tion traps to retain HF and uranium compounds. Discharge lines of the
vacuum pumps are passed through a wet scrubber prior to release to
the ambient.

To empty the desublimers, the content is heated to approx. 75°C.
Liquid UF6 is then drained into containers. In the drain lines a
number of automatic valves with interlock system are installed, while
a~ orifice will restrict the flow of liquid UF6 to no more than 50 kg!
mln.

If inadvertent UF6 release is detected, e.g. caused by valve
failure, the remotely operated valves are closed, whereas the orifice
controlled flow limitation will result in reduced UF6 release.
Containers are moved only after solidification of the UF6 content.

Future take-off systems tend to avoid filling of containers w~:
liquid UFfi. In SP4 transfer of UF6 into product and tails cont~iner~
is plannea via the gaseous phase at a pressure of approx. 6 10' Pa.
Consequently, situations whereby large quantities of UF6 are ke~l at
superatmospheric pressure are avoided. Experiments in Almel0 have c~r-
fi rmed that thi s way of process ing, whi ch a 1ready has been pra.ctiSEd
over many years by B.N.F.L. in Capenhurst) results in sufficiertly
large sublimation and desublimation rates to justify incorporation iFI

SP4. However, a large number of containers are needed to collect all
UF6, due to heat transfer characteristics. Tails containers are cooled
to approximately IOoC by a sprinkler' system. Product containers are
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cooled by cold air to avoid possible criticality problems caused
by the use of water.

One stage further, the desublimers can be avoided altogether
by compressing UF6 flows from the cascades to such a pressure that
direct desublimatlon into containers is feasible at moderate cooling
temperature. Once a dependable compressor with sufficient compression
ratio has been developed, this may result in substantial savings.

3.4 Building lay-out and ventilation
All systems operating with UF6 at superatmospheric pressure,

such as the feed station, desublimers and product and tails container
filling systems, are located in a separate part of the building.
This area is continuously ventilated by a once-through system, equip-
ped with monitors for U and HF detection and air-cleaning equipment.

To obtain maximum containment, air intake and exhaust have been
designed to maintain a slight underpressure in the UF6 area.

Entry and removal of containers is done through a material sluice,
through which container lorries can be driven without upsetting the
ventilation system. Personnel access is also by a sluice arrangement
equipped with alpha-beta hand and foot monitors. Decontamination facili-
ties are available.

The UF6 area has only small windows using reinforced glass, to
ensure maximum containment.

3.5 Air-cleaning and effluent handling
Exhaust streams which under certain circumstances may contain

uranium compounds together with hydrogen fluoride, are:
- vacuum pump outlets,

exhaust air from local exhausts in decontamination rooms, laboratories,
etc. ,
exhaust air from the UF6 area.

Vacuum pump discharge lines and local exhausts are connected to a
continuously operating air-cleaning system, where UF6,U and fine mist
of pump oil are removed.

The ventilation system of the UF6 area is equipped with an emergen-
cy air-cleaning system. This emergency air-cleaning system is located
in a bypass of the normal ventilation system of the UF6 area and comes
into operation only after accidental UF6 release has been detected by
means of monitoring instruments or by the operators.

Because of the larger air volumes to be handled in the SP4, the
recirculation of the exhaust air to the hotbox area is considered in
order to optimize air-cleaning.

The outlet air from the air-cleaning systems is discharged to the
exhaust stack. Air contamination trapped in the air-cleaning system
is collected in an effluent collection system that is kept completely
separated from the public sewer system.

The discharge of contaminated solid and liquid materials takes
place conform governementa 1 regv-la tions .
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THE URANIUM HEXAFLUORIDE VAPORIZATION FACILITY
AT FBFC'S PLANT AT ROMANS, FRANCE

Jacques M. Blum
URANIUM PECHINEY UGINE KUHLMANN
Paris (France)

Les principes de sQrete qui ont ete appliques lors de
l'etude et de la realisation de la station de vaporisation de
l'UF6 ont ete :

1) d'empecher l'apparition du risque par un confinement
permanent de l'UF6 gazeux en mettant en jeu plusieurs
barrieres successives ;

2) de pieger toute fuite accidentelle, de fa90n ~ eviter
toute nuisance ~ l'environnement et d'assurer la pro-
tection des travailleurs.

Les particularites de construction de cette installa-
tion sont presentees ainsi que les calculs sur les consequences
d'une fuite accidentelle.

The principles of security adhered to at the stages of
design and construction of the uranium hexafluoride vaporization
facility were:

1. to obviate potential hazards by setting up a sequence of
barriers to ensure the permanent containment of gaseous
uranium hexafluoride;

2. to trap any accidental escape so as to obviate any pollu-
tion of the environment and ensure the protection of the
workforce.

The salient features of the installation are described
and calculations included showing the consequences of any acci-
dental leakage.
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SECURITY

The principles of security adhered to at the stages of
the design and construction of FBFC's uranium hexafluoride
vaporization facility at Romans were:
1. to obviate potential hazards by setting up a sequence of

barriers to ensure the permanent containment of gaseous
uranium hexafluoride;

2. to arrest any accidental leakage at the vaporization shop
itself so as to obviate any pollution of the environment and,
at the same time, ensure the highest standard of operator
safety and protection.

DESCRIPTION OF FACILITY

The vaporization facility, the ultimate capacity of
which will amount to 1200 tonnes of uranium per annum, forms
part of a complex built for the production of fuel elements
from enriched uranium hexafluoride.

The Romans fuel fabrication plant comprises three main
production shops, engaged respectively in the following process
stages:
1. Vaporization of uranium hexafluoride

Conversion of uranium hexafluoride to powdered uranium
dioxide

2. Pelletising of uranium dioxide
Sintering
Manufacture of fuel pins
Fuel assembly and verification

3. Recycling of production rejects
Effluent treatment.

Containment levels 1 and 2--------------------------
The uranium hexafluoride arrives at the plant in type

30 A or 30 B containers holding a maximum of 2200 kg of hexa-
fluoride, equivalent to some 1500 kg of uranium.

The containers have to be heated to around 80°C to
vaporize the hexafluoride, which is a solid at room temperature.

To this end, each container is lowered into a hot-air
vaporizer, where it rests on a cradle.

The reason for using hot-air ovens will be explained
in due course.

For reasons of safety and continuity of supply to the
conversion kilns, there are two vaporizers per kiln. These are
employed alternately to ensure strict compliance with the rule
that a cylinder of uranium hexafluoride may only be handled
when cold, i.e. when the hexafluoride is in the solid state.
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Additionally, the container is emptied via the gas
phase, the cylinder being co~nected to the conversion plant by
the top to obviate any escape of liquid hexafluoride.

Connection is by means of a flexible metal connector.

As a further contribution to safety, the flexible
connector is inspected and tested before connection in the
vaporizer. It is also changed regularly, as necessary.

FBFC opted to employ hot-air vaporizers on safety
grounds, because a criticality hazard can arrive if enriched
uranium (in this case at up to 5 % enrichment) finds itself,
in whatever form, mixed with a moderator such as water. Water
pipes have been completely banned from the vaporization shop.

As against this, the hot-air vaporizer has the disad-
vantage of the slower rates of heating/cooling obtainable than
in the case of water or steam-heated ovens.

This disadvantage has been overcome by using a double-
walled oven and blowing air through the space so formed in
order to increase the rate of cooling of the container when
necessary.

In the case of vaporizers heated by steam or water,
any leakage of uranium hexafluoride is detected simply via a
variation in the pH of the water. In the case of the hot-air
oven, however, a means of detecting hydrogen fluoride in the
oven atmosphere is necessary.

Again, should a major incident arise, the cylinder -
and particularly the valve and flexible connection - are cooled
with carbon dioxide so as to bring about crystallization of the
hexafluoride.

The vaporizer employed is of the shaft type, complete
with bolted-down top designed to reduce any escape of hexa-
fluoride to a minimum.

Front-loading ovens cannot easily be made as gas-tight.

The first-level containment system, which will in any
case always contain the bulk of the uranium hexafluoride in the
course of the process operation, consists of the cylinder itself.

When its mechanical strength is compared to the tem-
peratures and pressures employed in the vaporization operation
(80°C/l.7 bar), the likelihood that the cylinder could burst
seems so slight that this first barrier to escape is seen as
highly reliable.

It is followed up by the cylinder-emptying valve and
piping inside the oven, which is connected to the outside line
feeding the conversion kiln.
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The cylinder outlet valve is screwed to the cylinder
and will already have been tested on filling at the enrichment
plant. It can be operated from outside the oven.

The feed line carrying the hexafluoride to the conver-
sion reactor also comprises three other valves, two of which
are automatically operated.

Containment level No. 2 consists of the vaporizer
itself, even if it cannot be considered as perfectly gas-tight.
Because the top is tightened down onto the body of the oven by
means of handwheels, the oven will itself either contain any
escape of hexafluoride, or at least retard its passage into th~
oven shop.

Containment level No. 3

The third barrier to any possible escape of hexafluoride
consists of the vaporizer shop itself. This is an isolated
room with no openings other than the cylinder admission lock
(normally closed), personnel admission lock and a third opening
consisting of an emergency exit, which will also normally be
kept closed.

The control room is located outside, and does not
connect directly with, the vaporizer room.

Temperature, pressure and rate of flow are permanently
monitored from the control room, from which lead the means of
control/regulation of the various items of equipment, including
valves.

The vaporizer room and inner lock are ventilated in a
manner which ensures that the pressure in the room is negative
with respect to atmosphere and that there is a constant flow of
outside air through the opening into the room, amounting to
ca. 1 metre/sec. The air in the room is renewed four times per
hour. The ventilation system, which is common to the other
parts of the building, is connected to the emergency electrical
circuit in case of breakdown of the mains.

In the event of escape of uranium hexafluoride, the
ventilation system is modified - as described in more detail
below - in order to maintain the effectiveness of the contain-
ment system.

Simply heating the cylinder is not enough to empty it
completely.

When the pressure in the cylinder falls below 0.4 bar
(gauge) the main system cuts out and a secondary pumping system
takes over. This comprises a cold trap for each pair of vapor-
izers. The cold trap is connected to a mobile pumping unit
comprising a vacuum pump (of the dry type) and chemical trap.
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The pump effluent is filtered and passes through a
scrubbing column before going to the discharge stack.

Once the pressure in the cylinder has fallen to ca.
100 mbar, evacuation is discontinued, the cylinder cooled to
approximately room temperature and nitrogen admitted to restore
pressure to atmospheric.

The cold trap is then heated externally by means of an
electrical heating circuit in order to vaporize any condensed
hexafluoride and pass this to the conversion reactor.

The mobile vacuum pump employed is of the dry type in
order to obviate any risk of suck-back of oil, which would
react explosively with the uranium hexafluoride.

FAULTY OPERATION

Since normal operation by definition excludes any
possibility of escape of hexafluoride, there is no chemical
pollution to affect operating personnel or, even more evidently,
the environment. Thus, before being disconnected from the
cooled cylinder, the feed lines are flushed with nitrogen to
remove any residual hexafluoride and thus obviate any emission,
however slight, at this point. The operators concerned will be
wearing the necessary protective clothing and safety mask.

Let us now consider what could occur in the event of
an operating incident: i.e. possible causes, how the fault is
detected, how it is remedied and the potential consequences.

The risk may be considered as virtually nil as long as
the full cylinder remains "cold", i.e. at room temperature, at
which the hexafluoride will be solid. It will also be nil when
the cylinder is empty and has again been cooled. This being so,
any potential hazard will exist only as from the time heating
of the cylinder commences and until such time as the cylinder
has been completely emptied. Throughout these operating stages,
the cylinder remains permanently in the vaporizer.
An escape may occur:
a. From the cylinder itself. This would imply a breach of the

cylinder wall, which - having regard to the mechanical pro-
perties of the metal employed - is highly improbable.
Despite this, the eventuality will be considered.

b. At the cylinder valve. It should be emphasized that any
true leakage could occur only in the event that the valve
became detached from the cylinder (as a result of fracture)
or if the valve jammed in the open position while not con-
nected (or only imperfectly connected) to the transfer line.
But an imperfect connection would be detected at the time of
preliminary tests and nitrogen flushing.
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c. From the flexible connector inside the oven or the points at
which this connector is itself connected at either end.

d. From piping or valves outside the oven up to the point at
which they leave the oven shop.

The most serious leakage would be that of type (a),
although its actual consequences would depend on the size of
the breach in the cylinder wall.

The type of accident referred to under (b) would give
rise only to an escape over a longer period of time since the
rate of escape would be limited by the valve opening. The same
is true of type (c) or type (d) incidents.

However, even a slow leakage of uranium hexafluoride
(UF6) will give rise to the formation of an opaque and toxic
cloud of uranyl fluoride (U02F2), which would rule out any
possibility of local remedial action unless gas-tight safety
equipment including self-contained breathing apparatus is
available.

The means of preventing any possibility of escape of
hexafluoride are as already discussed in connection with the
first level of containment.

Quite apart from the precautions taken at the design
stage (securing of cylinder in the vaporizer, choice of mate-
rials, location of flexible connector within the oven, etc.),
the operating procedure provides for gas-tightness testing
prior to heating and the vaporization operation is permanently
monitored from the control room.

Process equipment is also inspected at regular inter-
vals.

Means of detection

Any leakage, however slight, within the oven is
detected by a hydrogen fluoride analyser, this substance being
the immediate product of any contact between uranium hexa-
fluoride and atmospheric moisture. The detector itself is
located outside the oven but samples the air inside the oven,
and employs an ionization probe to detect the presence of any
fluorine compounds.

The resistivity recorded by the detector is transmitted
to the control room, where, should it exceed a certain threshold
value, it will activate an audio-visual alarm system. The
aggregate quantity of hydrogen fluoride released can thus be
monitored and the leak traced to a particular oven.
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Provision has also been made for second-level detection
in the shop. This employs two separate systems, namely a detec-
tor of the previous type fitted to the ventilation circuit and
an opacity detector. A concentration of 8 ppm will activate an
audio-visual alarm in the control room. This detection system
will therefore respond to any sudden appearance of hydrogen
fluoride but does not enable the origin of the leak to be pin-
pointed.

Lastly, the frequent presence of operating personnel
in the vaporizer room favours detection by visual observation,
given that a concentration of as little as 1 mg of uranyl
fluoride per cubic metre is visible, whereupon the alarm can
immediately be given (by telephone) .

In sum, therefore, there will always be two - and very
frequently three - levels at which an escape of hexafluoride can
be detected. Any leakage from the piping systems external to
the vaporizers will be detected by the analyzer on the ventila-
tion line, always supposing it escapes the attention of opera-
ting personnel.

Additionally, any significant leakage from the piping
systems would cause the hexafluoride feed pressure to one of
the conversion reactors to fall and this would be noted in the
control room.

In conclusion, therefore, any leakage would be detected
very rapidly, if not immediately, even in the event of mal-
functioning of one of the analyzers.

Remedial action---------------
The type of action taken will be determined by the

seriousness and location of the leak. Thus:

. A very slight leak inside a vaporizer will be observed in the
control room as a gradual increase in the hydrogen fluoride
concentration plotted by the pen recorder. Should this
eventuality arise, heating of the oven is discontinued
and cooling is commenced. Since the leak concerned is, by
definition, no more than slight, no further action need be
taken until the cylinder has been fully cooled, whereupon
shop personnel can take appropriate steps to locate and
remedy the fault.

The small amounts of uranium hexafluoride and hydrogen
fluoride released will be extracted by the ventilation system
(which employs two-stage filtration, a local rate of flow of
10,000 m3jhr and total flow for this building of 200,000 to
390, 000 m3/hr) .

. A leak of a more substantial, although still limit~d, nature
occurring inside an oven will be detected and dealt with in
the same way, possibly with the additional use of emergency
cooling. This involves blowing carbon dioxide into the
vaporizer and onto the cylinder itself - and particularly
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around the valve and flexible connection - so as to bring
about the rapid cooling of the container and cause the hexa-
fluoride to crystallize at the point of escape, particularly
if this affects the valve or flexible connection .

• Again, a limited escape of hexafluoride from the piping
systems external to the vaporizers can be reacted to by simply
closing the outlet valve, by remote operation from the control
room, and switching the oven to cooling. Should it not be
possible to pinpoint the leak immediately, the same action may
be extended to all the vaporizers on line. Emergency cooling
with carbon dioxide can also be used .

. Finally, consideration has to be given to the possibility of
a massive - and, therefore, sudden - escape of hexafluoride,
when the drill described above would be incapable of stemming
the release of the gas.

Any such massive escape will inevitably be detected at both,
or all three, of the levels already discussed and will bring
into action, as described below, measures to:
a. protect operating personnel;
b. contain and trap the escaped gas.

Protection of personnel

This relates in the first instance to the operators
present in the oven ~hop, who will not normally number more
than two or three.

All personnel present in the shop carry gas-masks
round their neck and wear overalls and gloves. Any substantial
escape of hexafluoride will immediately be visually detected in
the room, quite apart from the activation of the audible alarm,
and the standing instruction is then simply to don masks and
evacuate the shop (see Post scriptum, page 12).

The shop has three emergency exits, two of which are
located at opposite ends of the room. This being so, an escape
of hexafluoride is hardly likely to deny access to all three
exits within the first few seconds following the escape, unless
there were to be a number of simultaneous leaks at various
points in the shop. Nevertheless, the possibility that visi-
bility could be totally obscured by an opaque cloud has been
taken into account. In this eventuality, the operators can
feel their way quite surely to the exits by means of a hand-
rail running along the walls and leading to the three doors.
This emergency exit route is kept absolutely clear.

It should be emphasized that a massive escape of hexa-
fluoride is conceivable only in the event of a type (a) incident
involving a cylinder or valve. Also, even in this worst-case
scenario, it is not feasible for a toxic cloud to fill the room
instantaneously (in view of its volume of 2500 m3) and the cloud
formed would in fact tend to rise towards the ceiling because of



171

the temperature differential. Finally, even though the oven
cannot be described as absolutely gas-tight, it will serve to
contain the escape momentarily.

This being so, the personnel will have enough time to
leave the room, which would in fact require no more than some
ten seconds.

The standing instructions are quite clear in this
respect: in the event of an escape of hexafluoride, personnel
must don masks and evacuate the oven shop.

Special provision has also been made to protect the
environment by ensuring the containment and retention of any
escape of hexafluoride and the hydrogen fluoride produced by
its reaction with atmospheric moisture.

Containment and trapping of hexafluoride and hydrogen fluoride

As already indicated, the containment system consists
of the oven shop itself, which has only three exits.

These exits are not gas-tight in themselves (inter
alia, the inner lock door includes provision for the passage of
pipes for the supply of air to breathing apparatus). The venti-
lation system employed is however such that all movement of air
is from outside into the vaporizer shop, thus preventing any
emission of toxic gas from the room. The ventilation system
could be switched to the emergency electrical circuit and
continue to function throughout the trapping procedure
described below.

Thus, should an escape of hexafluoride occur, a
special extraction system is brought into action to clear the
shop and suck the toxic discharge (uranyl fluoride and hydrogen
fluoride) into an absorption and filtration facility.

The reason for this is that containment is possible
only if normal air extraction is discontinued since, otherwise,
the hexafluoride present in the atmosphere of the shop would be
discharged to atmosphere via the stack downstream of the conver-
sion facility. While the uranyl fluoride aerosols formed would
no doubt be arrested by the outlet filters, the hydrogen
fluoride formed on contact with atmospheric moisture would not
be arrested and would also be likely to damage and thus reduce
the efficiency of the existing filters.

The technique employed therefore consists, in the first
instance, of closing a valve in the main ventilation duct so as
to discontinue extraction by the normal route. This is effected
by remote control from the control room, standing instructions
being to close the valve as soon as the hydrogen fluoride alarm
goes off. Additionally, provision has been made for blanking
off the oven room extraction outlets so as to select the
point of extraction most appropriate to the location of the
leak. The blanking-off operation relies on a set of sluices
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fitted in front of the eight vaporizer shop prefilters and
which can be operated manually and simultaneously from outside
the building by means of a set of linkages.

The escape of uranium hexafluoride having been thus
circumscribed, it can be dealt with as described below. The
system employed, which by-passes the main ventilation duct, ex-
tracts the polluted air from the shop via an emergency extrac-
tjon line incorporating a caustic potash scrubber, the gaseous
effluent from which then passes to the normal discharge stack
upstream of the "absolute" filters. This gaseous effluent,
which will now be virtually free of hydrogen fluoride, is then
filtered and diluted in the main flow of ventilation air ex-
tracted from the conversion building. It should be stressed
that the emergency extraction system (with particular reference
to the scrubbing tower) is located outside the building so as
to obviate any presence of water in the conversion building.

The emergency system is brought into operation manually
from the control room, and is of course employed concurrently
with the drill already discussed, i.e.:
- the oven concerned is switched from heating to cooling, based

on circulation of air between the double walls
- closure of valve upstream of any leak located on a hexafluor-

ide line external to the ovens
- if necessary, switching of all ovens to cooling
- use of carbon dioxide cooling.

The potassium hydroxide scrubber is designed to
neutralize and arrest 98 % of pollutants.

In view of its large size and unfavourable geometry,
it has been poisoned with boron glass rings to ensure against
any criticality hazard arising from accumulation of enriched
uranium in the scrubbing tower.

WORST-CASE SCENARIO

In what follows, the working assumption is that of the
maximum possible accident, i.e. the rupture of a full 30 B
cylinder, containing 2200 kg of uranium hexafluoride at a tem-
perature of 80°C.

Thermodynamic calculations show that 60 % of the con-
tents of the container can escape rapidly in the event of open-
ing to atmosphere.

As already noted, the hexafluoride will hydrolyse com-
pletely and instantaneously on contact with atmospheric moisture
to yield uranyl fluoride (U02F2) and hydrogen fluoride (HF).

The hydrolysis of 1320 kg of uranium hexafluoride
yields 300 kg of hydrogen fluoride.
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By virtue of its very high density, the bulk of the
uranyl fluoride formed will tend to settle in the immediate
vicinity of the escape, but this will not be true of the aero-
sols formed.

After passing through the prefil ters, the polluted air
is extracted by the emergency system, which is designed for com-
plete renewal of the air over a period of 2.5 hours as against
the 15 minutes for normal operation.

The choice of the slower rate of renewal is dictated
by the need to protect the environment, the reasoning being that
if a quantity of hydrogen fluoride has to be released to atmos-
phere such release should preferably be spread over an extended
period of time in order to keep down the outside concentration
of hydrogen fluoride.

The polluted air is therefore extracted via the caustic
potash scrubber, which has been designed for 98 % retention
efficiency. We shall however assume an efficiency of only 95 %.
On this basis, approximately 15 kg of hydrogen fluoride, diluted
by the main ventilation air, will be released to atmosphere over
a period of 2.5 hours.

As against this, the quantity of uranyl fluoride
released will be negligible, thanks to the action of the
"absolute" filters on the main ventilation air extraction
system.

The environmental pollution assessment is based on the
method recommended by A. Doury(l) (formula 20), according to
which the concentration per unit volume ~of the pollutant is
given by:

V
(\., - -~.--.--- -_.----~._ ...~----'-..-~.~._._-------_..-_ .._- ._-_ ..-l-k

y
-k k k K 1. k

::.)"( u Z A '1 1-\ Z x~' z
y z

1. exp - 2 [ - 2ku 'l(--_\ ~
.?\ x)
t.y .

2
• (y - y )

o

2ku z+ --)
A y'_.z •

(l)A. Doury - Une methode de calcul pratique et generale pour la
prevision numerique des pollutionsvehiculees par l'atmos-
phere.
CEA Report R - 4280, Rev. 1
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coordinate of position in the direction of the wind,
reckoned from the point of emission
coordinates at right angles to the direction of the
wind
coordinates of the point of emission and of the axis
of the plume (direction of wind)
rate of emission of pollutant
mean velocity of carrier fluid (assumed to be
uniform)

k. dimensionless exponent
1

A. = pseudo-coefficient of diffusion.
1

The coefficients k. and A. vary with meteorological
conditions (normal or low s~atter)land the "transfer time" re-
quired for a "burst" of pollutant to travel from the point of
emission to the point of measurement.

These coefficients are tabulated in the Appendix.

The formulae can be used to plot sets of curves(2)
(cf. Figs. 2 and 3) showing variations in atmospheric transfer
coefficient (CTA) with distance from the point of emission and
wind speed.

The eTA merely has to be multiplied by the rate of
emission of pollutant (per second) to obtain the ground-level
concentration immediately below the plume at any point.

The curves shown (Figs. 2 and 3) relate to a stack
height (h) of 15 metres since, although the actual height of
the stack is 23 metres - to which has to be added the hydro-
dynamic head - we have, in order to take account of the effect
of surrounding buildings, adopted the very conservative figure
of 15 metres as the height of the source of emission.

Again, in order to obviate any dependence on favourable
meteorological conditions, the envelopes of the graphs dependent
on u shown in Figs. 2 and 3 have been plotted for the conserva-
tive conditions of normal or low atmospheric scatter.

The superimposition of these two envelopes (Fig. 4)
shows that normal scatter is preponderant over short distances
(up to 500 metres) f giving way to low scatter at greater dis-
tances.

(2)A. Doury, R. Gerard and M. Picol - Abaques d'evaluation
directe des transferts atmospheriques d'effluents gazeux.
CEA Report DSN No. 84, Rev. 1, March 1977
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Since the factor of importance in any case of chemical
pollution is concentration, allowance has to be made for dilu-
tion by main ventilation air (pollution-free).

In the case of the Romans plant the flow of main
ventilation air amounts to 240,000 m3.h-i for the initial con-
struction phase, and will ultimately increase to 390,000 m3.h-1.

The worst-case emission concentration (at the stack)
will therefore amount to 25 mg.m-3 (for 240,000 m3.h-1).

Using this figure, concentration has been plotted
against distance (Fig. 5) and it will be seen that as from a
distance of 20 metres from the stack the hydrogen fluoride
concentration (in the worst-case scenario) is less than 2 micro-
grams per cubic metre, i.e. only one-thousandth of the maximum
permissible concentration to which the workforce may be exposed
under the regulations appiying in most countries (2 mg.m-3) .

In designing the Romans plant, therefore, every pre-
caution which can reasonably be taken in industry has been
taken to ensure that any incidents or improbable accidents
which could occur in the course of the vaporization of uranium
hexafluoride would have strictly negligible consequences for
the surroundings.

Post scriptum
on page 7. Protection of personnel

"Since the writing of this paper our philosophy has changed.
Since the time necessary to don a protective mask is longer

than the time to leave the workshop (less than 10 seconds),
and rule is to go out of the room as quickly as possible if
necessary with the aid of the handrails.

However, it must be mentioned that if a manipulation has to
be done on a container the workforce wears protective clothing
(cowl) which is supplied by external purified air".
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- "_NNEXE -

TABLEAU r

Diffusioll horizontale

TCI~PS de t~ansfert k = ky = ~ A =A =A Ix x Y h
~

t + 6 t sans dimension 11k -1 1Ik .-1 k 11k ,-i !m .s m .J m .J

j1 2 3 4 S

- 1 .~o .\ 4 Inn O,ll;,!} 4,0;' • 10 :l. :.ll . III II, :1

I

- 1 4 I
4 mn a 1 jour 1,130 1,35 . 10 I. I 7 . 10 26, I I

I

J jour a 6 jours 1.000 4,63 . -1
10410 4,00 . 40,0

6 jours a 15 jours 0,824 6,50 . 100 5,61 • 105 21,30.10
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YIELD AND STORAGE OF DEPLETED URANIUM
IN THE FEDERAL REPUBLIC OF GE~~Y

w. Kayser
NUKEM GmbH

Hanau 11

Under several aspects, depleted uranium can be regarded as
valuable raw material. By the year 2000 an accumulated quant-
ity of about 150,000 te of UF6 will have to be stored in the
Federal Republic of Germany. Presently, two storage facilities
the capacities of which being 150 and 1,000 te are under
operation where the material is stored in 48" transport con-
tainers in one layer configuration. This concept seems to be
reasonable, too, in the view of protection against environ-
mental impact. Up to now, no incidental or accidental situations
occurred.
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1. INTRODUCTION

Depleted uranium is produced as tails material in the isotope
separation process the main goal of which is increasing the
U 235 contents in natural uranium to about 3 %. All enrichment
processes require the gaseaus compound of uranium hexafluoride,
UF6. Usually, the enrichment work is performed under a toll
enrichment contract between the enrichment company and the
utility so that the UF6 is property of the latter. Under normal
conditions, the depleted UF6 remains in the area of the enrich-
ment plant although - in terms of enrichment - it could be
regarded as waste material. In some cases, for instance accord-
ing to COCOM~ requirements, depleted uranium from an enrichment
contract with the USSR had to be taken back by the customer.

On the other hand, from the view of long term energy supply,
depleted uranium has to be considered as valuable material.
Firstly, if uranium prices would increase in future, and, at
the same time, enrichment cost would decrease further depletion
of the material could be worthwhile. Secondly, in any case and
without respect to commercial aspects, depleted uranium repre-
sents a strategic reserve for energy supply. Finally, U 238
can be used in fast breeder reactors.

Currently, the application of depleted uranium is limited to
shieldings against ionizing radiation and, according to the
mechanical properties of the metal and the chemical behaviour,
some minor kinds of utilization in the non-nuclear field.

2. YIELD OF DEPLETED URANIUM IN THE FEDERAL REPUBLIC OF GERMANY

The estimates on nuclear power capacity to be installed in the
Federal Republic of Germany during the following twenty years
have changed since 1976. This mainly results from significant
delays in the licensing procedures initiated by public oppos-
ition against nuclear energy. Figure 1 shows the predicted
values which vary between 30 and 40 GWe for 1985 and between
47 and 72 GWe for 1990 1,2. Regarding the progre~s of licens-
ing procedures just being performed, the lower value seems to
be more realistic.

These values have been used as basic data for the calculation
of the yield of depleted U up to the year 2000. The calculation
was performed by means of a special computer programme which
allows the variation of

- assumptions on recycling of uranium from spent fuel
- assumptions on recycling of plutonium from spent fuel
- installed power capacity versus time
- tails assay.

As far as fixed by contracts, the actual tails assay was useu.
The results of the calculations are shown in figure 2.
TCOCOM = Coordinating Committee on East-West Trade
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The upper limit results from the maximum nuclear power in-
crease of fig. 1 under entire renunciation of recycling. The
tails assay is assumed as to be 0.25 %. Accordingly the lower
limit is based on the minimum increase of fig. 1. Partial re-
processing and recycling of SNM (special nuclear material) and
a tails assay of 0.2 % are assumed.

Additionally, a reference case has been calculated which is
characterized by a 0.25 % tails assay and recycling conditions
being reasonable in the view of current philosophy.

A sensitivity analysis showed that even by extreme assumptions
on

- reprocessing and recycling
- increase programmes for alternative reactor types such as

high temperature and fast breeder reactors
- reduction of tails assay to 0.15 %

the results will not vary essentially.

From the calculations described a yield of

160,000 te

of depleted uranium up to the year 2000 seems to be a reason-
able figure.

The quantities to be stored within the Federal Republic are
much smaller because, as already mentioned, the depleted
uranium usually is stored in the area of the enrichment plant.
So generally no quantities need to be stored in a country which
does not operate an enrichment plant. The only exception is
given by an enrichment contract between the Federal Government
and the USSR. Under these assumptions, all quantities of de-
pleted uranium will originate from two sources:

1. from toll enrichment in the USSR
2. from future enrichment plants being operated in

the Federal Republic.

Assumed that the enrichment capacity in Germany would reach
7 mio swu/ai the accumulated quantity to be stored would follow
figure 3, i. e. it will increase from about 600 te in 1977 to
about 100,000 te in 2000.

If the utilities would make use of their options to keep the
depleted uranium as their property this quantity could be
enlarged up to 160,000 tee

swu = separative work units
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3. STORAGE OF UF6

At the time being depleted uranium worldwide is being stored as
uranium hexafluoride, UF6. In the Federal Republic of Germany
about 150,000 te UF6 containing 100,000 te U will have to be
stored in the year 2000.

The two types of storage containers presently used in the FRG
(48" F and 48" Y container) are steel containers of 48" or
1,219 mm in diameter, 150" or 3,810 rom in length, and a wall
thickness of 15.9 rom. They differ in minor details and their
net capacities are 12,300 kg and 12,500 kg, resp. The containers
are layed out and licensed for transport, too.

The Umschlag & Speditionsgesellschaft "Braunkohle" GmbH, Mann-
heim, is storing about 1,000 te UF6 which have been taken back
from the USSR in Weisweiler near Aachen.

Type F and type Y containers are in use lying on squared timbers
on the concrete bottom of a building of light steel construc~lU_
the dimensions of which being 97.5 m by 25 m, and 11 m in height.
The distances from the walls and between the containers are
wide enough to allow convenient visual inspections and monit-
oring measures (figure 4).
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Figure 4: UF6 storage of USG, Weisweiler

The building is surrounded by a wire fence, 2 m in height. The
area between fence and building is lighted up during night and
monitored by detectors.

NUKEM GmbH, Hanau, is storing under federal contract about
150 te UF6 in 48" type F containers in an open air storage
within the fabrication area (fig. 5).

Figure 5: UF6 storage of NUKEM, Hanau
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The ground under the containers consists of prefabricated con-
crete plates. The containers are lying on squared timbers, too.
The distance between them is 1 m. The storage area is surround-
ed by a wire fence of the same height like that at the USG
storage. The storage area is situated within the nuclear park
which is protected by another fence and guards. So additional
protection measures are not necessary. The containers, especial-
ly valves and condition of walls, are inspected in a four weeks
turn. The anticorrosion coating is renewed once a year and, if
necessary, more frequently.

4. SAFETY ASPECTS

The behaviour of UF6 in case of an incidental or accidental
situation has to be understood from its physical and chemical
properties. The most important of them are its triple point at
640C [3,4] and 1517m bar and its chemical reaction under
presence of water or water vapor according to the equation

UF6 + 2H20 ~ U02F2 + 4 HF.

An environmental impact in case of UF6 release is due to its
chemical poisonousness and its radioactivity. Criticality
problems do not need to be considered as depleted UF6 cannot
become critical in any configuration (5].

Of all incidental and accidental situations to be discussed,
as there are transport, corrosion, radiant heat of sun, earth-
quake, hurricane, thunderstorm, theft, explosion, sabotage, and
airplane crash, only those ones have to be regarded causing
release of big quantities of gaseous UF6 to the air.

These situations have been investigated with the result that
there are only two severe situations which, under unfavourable
conditions, can cause dangerous impact:

1. theft followed by explosion within a densely populated
area and

2. airplane crash followed by a fuel fire of more than
5 minutes duration [6].

In the first case, theft of containers from a storage facility
can be excluded because of the protection measures and the
need to dispose of special equipment. In case of theft during
transport, the UF6 quantity is limited. In the second case,
the calculations were based on the specification of 48" type (;
containers wi th a wall thickness of 8 rom especially being" used
for storage purposes. Even in this case, calculations pel'.forl,'c...l
for the distance of 1 km show that the HF concentration woulej
reaoh only a small fraction of the value mortal for human ..

Additional measures which could be provided in order to limit
the extent of environmental impact have been considered
theoretically. The conversion of UF6 into other chemical
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uranium compounds such as UF4, U02, or U308 with reconversion
into UF6 before further enrichment or fuel fabrication seems
to be possible but would increase the storage cost by the
factor 3 to 4. In order to reduce the duration of fuel fire
after an airplane crash, several provisions can be made. So a
special shape of the ground under the containers could ensure
that the fire would be located in a favourable position, for
instance.

5. CONCLUSIONS

At the time being, by reasons of energy supply the storage of
depleted uranium cannot be renounced. Storage in the chemical
form of UF6 is a well approved technique and most economic.
Especially in storage areas in one layer container configuration,
additional measures in order to reduce the possible consequen-
ces of a fuel fire after airplane crash by relatively simple
means seem to be technically feasible if necessary. It seems
to be worthwhile to gain better knowledge of the behaviour of
UF6 in that case of accident by additional R&D work.

As a final statement, up to now no UF6 release has occurred in
the German storage facilities for depleted UF6.
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SAFETY CONSIDERATIONS INVOLVED IN THE CHOICE OF
CONTAINERS FOR STORAGE OF ill'6 TAILS

by

D F Norsworthy, Safety and Reliability Directorate,
U.K.A.E.A. Culcheth

C Howarth, British Nuclear Fuels Limited, Risley

The paper summarises the outcome of a safety study to decide which of two
types of container to recommend for long term storage of depleted uranium
hexafluoride.

Subjects discussed include:-

(a) Operational safety of the Type 0236 2 Tonne Vertical container in
use at present.

(b) Quantification of the ability of both the Type 0236 and the Type 48Y
to withstand exposure to a major fire.

(c) Estimates of hazard ranges for HF and uranium in adverse weather
given a 'quasi-instantaneous' release of UF6 contents.

(d) A discussion of other safety factors of relevance when making a
choice between the containers.
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1. INTRODUCTION

In 1975 British Nuclear Fuels Ltd (BNFL) were already storing several
thousands of tonnes of depleted Uranium Hexafluoride (UF6) at Capenhurst.
This material had built up, over a period of 15 to 20 years, as 'tails'
from the Diffusion Plant; the large number of 2 tonne containers involved
was distributed around the site in buildings and on concrete rafts in the
open. It was recognised that future arisings from the Diffusion Plant and
from the Centrifuge plants now coming on stream will continue to augment the
total holding.

To ensure that proper account was taken of all safety aspects when
choosing the type of container to be used for depleted material from the new
plant, the Safety and Reliability Directorate of the U.K. Atomic Energy
Authority (SRD) were asked to undertake an independent safety assessment aimed
at identifying:-

(a) The safety implications of existing storage and handling
arrangements at Capenhurst.

(b) The relative merits, from a safety viewpoint, of the 2 tonne
vertical container and an alternative 12 tonne horizontal container.

(c) Any other safety considerations which might be of relevance to the
long term storage/handling of UF6 'tails'.

This paper summarises the outcome of the SRD study and some of the actions
which resulted from it.

2. NATURE OF HAZARD

Gaseous UF6 is used at Capenhurst to obtain Uranium which has been
enriched in the fissile isotope (U235). The product so generated contains
more fissile material than natural uranium and care must be exercised to
avoid any risks of a "critical assembly" being formed.

However, as a natural consequence of this enrichment process, both the
Diffusion plant and Centrifuge plants generate a large quantity of 'tails'
material which has lost a fraction of its fissile content. Although this
depleted UF6 still contains U 35 (it may even be economic to recycle it
through the plant) the proporilon present is never sufficient to sustain a
chain reaction even under the most favourable conditions. As a result,
there is no possibility of a critical assembly being formed even if a large
quantity of 'tails' hex is mixed in gaseous, liquid or solid form with an
optimum amount of hydrogenous moderator material.

At room temperature UF is a colourless, crystalline solid which sub-
tends a significant but low6vapour pressure (Fig. 1). when heated at atmos-
pheric pressure the crystals sublime without melting and the vapour pressure
reaches 760 rnm Hg at a temperature of about 56oC. At higher pressures the
crystals will melt, at a temperature of about 640C and this melting is
accompanied by a very substantial increase in specific volume (Fig. 2).
Although the material reacts chemically with most hydrocarbons, many metals,
alcohol, ether and water it does not react with moisture free air. The
primary hazard to personnel in the event of a boundary failure arises from
the reaction between UF6 and the moisture normally present in the atmosphere.
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with gaseous UF6 this reaction proceeds rapidly liberating some heat and
generating gaseous hydrogen fluoride (HF) together with a fine aerosol of
uranyl fluoride (UO"F2) Hydrogen fluoride subtends a much higher vapour
pressure than UF6 (Fig.l) and due to the formation of four molecules of HF
for each molecule of UF6 the reaction is accompanied by a substantial
volume increase at atmospheric pressure. The HF is highly corrosive in
aqueous solution and has a Th3'eshold Limit Value (TLV) for airborne concen-
tration of 3 ppm or 2.5 mgm/m (Ref.]). The following extract from (Ref.2)
summarises its toxicology:-

"It is extremely irritating and corrosive to the skin and mucous mem-
branes. Inhalation of the vapour may cause ulcers of the upper respiratory
tract. Concentrations of 50-250 ppm are dangerous even for brief exposures.
Hydrofluoric acid produces severe skin burns which are slow in healing.
The subcutaneous tissues may be affected becoming blanched and bloodless.
Gangrene of the affected areas may follow".

No formal agreement exists in the U.K. regarding the emergency reference
level (ERL) to be used for hydrogen fluoride when analysing the possible
effect on the general public of a major release of UFu' The figure currently
accepted by the Alkali Inspectorate for the purpose of definin! a hazard
range for emergency planning at Capenhurst is 5 ppm (4.5 mgm/m ).

The U02F2 produced by the reaction is also very toxic. At high alr-
borne concentrations the fluoride component can produce effects broadly
similar to HF but, for a major UF6 release, the limiting U02F2 airborne
hazard range is more likely to be set by the cumulative effect of uranium
inhalation. At the level of enrichment appropriate to 'tails' material the
chemical toxicity of uranium exceeds i~s radio-toxicity - the TLV for
soluble uranium compounds is 0.2 mgm/m (Ref J) .

For occupational short period exposures Table VI of Ref 3 recommends
the following inhalation dose limits:-

Uranium Total DoseDuration Concentr~tion (mgm)(mgm/m )

10 days 0.2 20
10 hours 1.0 10
1 hour 4.0 5

0.1 hour 6.0 1

The time of passage of the toxic cloud, at distances of a few kilo-
metres is likely to be between 0.1 and 1 hour. Hence, since no formal
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agreement exists regarding the ERL to be used for U02F2' an inhalation
dose limit of 4 mgm/m3 of uranium is used in this report as a basis for
estimating potential hazard ranges.

Deposition of U02F2 can result in the contamination of all surfaces,
including agricultural crops and grassland. The rate at which deposition
will occur and hence contamination contours will be very dependent on
atmosphere conditions at the time of a release.

3. TWO TONNE VERTICAL CONTAINER (TYPE 0236)

The design and operating intent for these containers had hever been
collated into a formal document, hence the first task was to identify and
comment on the adequacy of the steps taken to minimise both the probability
and potential consequences of an accident during filling, handling, storing
and emptying the existing containers. Possible causes of a UF6 release
were identified as follows:-

3.1 Handling Accident
Due to the large number of containers being handled the chance
of a handling accident was seen as substantial. A drop test
performed at Springfields in 1968 showed that dropping a loaded
container onto a flat surface from a height of 6 ft is unlikely
to produce a gross failure but there is clearly some risk of a
container being "spiked" during handling and this could result
in penetration, with partial spillage of contents and/or ingress
of moisture. Additionally, if local weakening has occurred due
to corrosion e.g. in the crevice formed by the skirt and the
lower dished end, there is an increased chance of a failure if
the container is dropped or lands heavily. With regard to
external corrosion of containers stored in the open a specialist
consulted by SRD suggested that:-
EITHER - Arrangements should be made to periodically inspect
all containers at an interval to be agreed. Any paint damage
or corrosion should be rectified to an approved procedure
OR - A method of 'coating' exposed surfaces of the containers
on a routine basis should be developed, tested and specified.
The agreed specification should include~-

(i) The choice of anti-corrosion material
(ii) The method and frequency of application
(iii) The confirmatory programme of sample inspections

The second approach of developing a method which is suitable
for coating the exposed surface on a routine basis has been
followed. Samples of anti-corrosion materials have been
applied and the specialist's report of the examination of
treated UF6 containers after an 11 months trial, concluded
that these anti-corrosion compounds should greatly extend
the outdoor life of the containers.
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Available evidence from U.S. A. (Ref 4) suggested that internal
corrosion should not present a problem, but, to check that
differences in U.K. conditions of use pointed out by SRD did
not invalidate this conclusion, two containers which had been
used for 'tails' storage for 17 years were withdrawn from
service and examined in detail. Internal corrosion was found
to be negligible.
At ambient temperature the UF6 in the container will be a
crystalline solid but, if a spill occurs, reaction with
envirorunental moisture will produce BF vapour and a fine
aerosol of U02F2. If surfaces were wet, with pools of water
around, the airborne hazard would be greater than if the
moisture available was limited to that in the surrounding air.
One kg of water will react with approximately 10 kg of UF6
to form approx. 2 kg of HF and a release of this size would
present a serious hazard to site personnel in the vicinity.
Hence it was concluded that, with sufficient moisture present
a handling accident leading to a spill of UF6 could produce a
serious local hazard with some risk of exceeding the emergency
reference level at the site boundary. However, the off-site
consequences would be small compared with the potential of a
container failure due to overheating.
The only handling accident which has the potential for
releasing a substantial quantity of UF6 vapour is the dropping
of a container whilst in transit over the feed stations.
The handling of containers within the Diffusion Plant building
has been reviewed to minimise movements over on-line containers
but the layout is such that there are a limited number of cases
where feed containers ~ be moved over other feed positions.
Special precautions ffi'etaken for these movements and the
problem has been avoided in the design of new plants.

3.2 Spontaneous Failure during Storage
The material stored in these containers is in solid form and
subtends a low vapour pressure at normal atmospheric
temperatures. The maximum internal pressure without artificial
heating is unlikely to exceed (say) 5 psig hence a gross failure
is highly unlikely. However, pitting attack, if allowed to
proceed unchecked, could result in minor leakage of air
carrying UF6 vapour and this would tend to show as a "festering"
of U02F2 in the viCinity of the leaks.

3.3 External Missiles
The consequence of a missile hitting and penetrating a
container would be comparable with 'spiking' during handling
i.e. partial spillage of contents and/or moisture ingress.
A case of special importance would be a crashing aircraft
since this could result in the contents of one or more
containers becoming exposed to a severe fire. An early SRD
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assessment examined whether the addition of UF6 to a
hydrocarbon/air fire could drastically alter its severity;
this is reproduced as Appendix 1, from which it will be seen
that, whilst the total heat generated is unlikely to increase
significantly, the rate of combustion may possibly be increased.
Appendix 8 outlines a suggested basis for estimating the
chance of an aircraft crash affecting a container storage
area, from this it will be seen that, even for the storage of
a large quantity of material, the chance of such an incident
is low.

3.4 Loss of voidege during refeeding
The only operating sequence which involves deliberate heating
of a tails container and hence the potential for releasing a
large quantity of UF6 vapour is 'refeeding'. Two types of
accident might occur here:-

(a) A conventional leak - the am01mt of UF6 vapour
released would be unlikely to produce a serious
off-site hazard.

(b) Overpressurisation of the container and associated
filling line by expansion, whilst isolated from the
plant during warm up to feed temperature - this could
result in a disruptive failure of the container and an
uncontrolled release of a large quantity of UF6 vapour,
into the Plant Area with some possibility of a serious
off site hazard. Since completion of the SRD study:-
(i) the fill limit, applicable to the selection of

existing Type 0236 containers for refeeding, has
been reduced from 2150 Kg to 2050 Kg.

(ii) the manufacturers now measure and certify the
volumetric capacity of all new containers of
this type.

(iii) all containers are examined for signs of
corrosion when taken from the stockpile for
refeed.

3.5 Failure due to fire
When heated in a closed container UF6 has a melting point of
about 64°C and this change of state is accompanied by a
substantial increase in volume. In addition the coefficient
of expansion of the liquid is much higher than that of the
mild steel container and if heating continues it is inevitable
that the container will be overpressurised and eventually fail.
Such a failure would result in a sudden release of the pressure
which was keeping the UF6 in liquid form and as a result it
would change state rapidly. The proportions of vapour and
solid formed would be dependent on the amount of heat stored
in the liquid. If the total contents of the container were
liquid when a disruptive failure occurred the vapour cloud
produced would be likely to carry the solid UF6 with it into
the atmosphere.
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BNF'L are satisfied that, with the precautions taken, the
chance of a container becoming involved in a major fire
whilst in storage at Capenhurst is negligible. Nevertheless
there is a possibility that a container of this type could
become involved in a transport fire, especially if it becomes
necessary to move large numbers of containers to and from the
site by road. The potentially serious consequences of this
type of failure were sufficient to justify closer examination.
(Sections 4 and 5 below).

4. THE EFFECT OF FIRE ON A 2 TON1'ifECON'f'AINER

Appendix 2 analyses the effect of fire on a loaded 2 Tonne
container using the method of calculation recommended in the IAEA
Regulations for the safe transport of radioactive materials.
AJ. though total immersion in an 8000e fire is a severe case it should
be borne in mind that flame temperatures higher than this could occur
and also that if 'free' UF6 is available this may possibly increase
the rate of burning.

The first section of the Appendix calculates the internal
pressure for a container load5d to its nominal maximum (2150 Kg),
heated to a temperature of 80 C. The remaining sections outline
the basis for reaching the following general conclusions:-

(a) For a starting temperature of l5°C all heat entering the
container after the first 2.5 minutes would be available
to produce lJF6 vapour on failure.

(b) Pressure build up depends on mass content and volume, a
mass content of 2.3 Tonnes could produce failure before
the contents are fully liquefied.

(c)

(d)

(e)

With a mass content of 2 'I'cnnesthe time to liquefy is about
12 minutes.
If the fire is still burning after the completion of melting
the UF'6 temperature rises at 10-120C per minute until failure
occurs. With a mass content of 2 Tonnes failure would
probably occur at a temperature of l20-1500C (i.e. 5 to 8
minutes after completion of melting).
For a failure 20 minutes after the start of the fire
approximately 1600 Kg of UF6 wouldvaporise when the
pressure was released and the remainder would be expected
to become airborne in particulate form.

Note: As a consequence of the study 0236 containers are no longer
transported without protection. To date a specially ad.apted
vehicle is used. Later this year a number of double metal
skinned insulated protective packages will be available.
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5. VAPOUR CLOUD BEHAVIOUR

..The .results of a large scale test reported by Van Ulden (Ref 5),
which involved the release of 1 ~nne of the heavy gas Freon 12
(4 x air density) showed the initial expansion to atmospheric pressure
to be accompanied by intensive mixing which reduced the mixture density
to about 1.25 (i.e. a volume ratio Freon/Air of 1/11.5). No details
are given in the reference of the way the cloud was generated but it
is understood this was achieved by pouring liquid Freon onto a water
pool - a very different mechanism from the disruptive failure of a
vessel containing a liquid which 'flashes' at atmospheric pressure.

If it was feasible for a 1.6 Tonne cloud of UF6 vapour to be 0
generated without mixing, the volume - at atmospheric pressure, 56.5 C-
would be about 125m3• If the UF6 mixed with ten times its own volume
of dry air during initial expansion:-

* Cloud Volume 125 + 1250 = 1375m3
Cloud Weight = 1.6 + 1.6 = 3.2 Tonnes
Mean Density - 2.3 Kg/m3

* This ignores vaporisation of particulate as vapour
pressure reduces.

It will be seen that, ignoring any reaction with moisture a UF6
vapour/air cloud will always be heavier than the surrounding air.

Once the initial mixing phase was complete Van Ulden's test showed
(for the Freon/Air mixture) that the heavy cloud subsided under the
influence of gravity, to a height of less than a metre, spreading out
to cover an area far larger than would be predicted by using a 'neutral
buoyancy' model. Subsequently as the cloud moved away from the source,
carried by the wind, the height increased only slowly and did not
exceed about 10 metres at a distance of 1 Km. No attempt has been
made to use this result, or the associated theory, to predict the
behaviour of a UF6 vapour cloud since a number of important differ-
ences must be recognised:-

1. The initial mixing phase is unlikely to be comparable and
may result in a smaller cloud of much higher density than
in the experiment.

2. Conversion to HF will occur continuously as the cloud size
increases at a rate dependent upon the available moisture,
e.g. =

safo humidity at 2Q-2SoC =. 10 gm/m3 H20 approx
Total volume of air needed 2 x 104 m3
to convert 2 Tonnes of UF6

3. Turbulence effects at the cloud periphery may be influenced
by this HF' generation since, as well as the heat of
reaction, each molecule of UF6 will produce 4 molecules of
HF and a corresponding volume increase.
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4. If the ground is dry rieposition of solid UF6 due to heat
transfer, may deplete the cloud.

The main conclusion of the Van Ulden report is seen as relevant and
important, viz: "The results of the experiment together with the model
clearly show that the gaussian model cannot be used for heavy gases
without a proper correction for density spread. As a result of '
density spread higher concentrations over larger areas should be
expected."
A fuller discussion of the factors which could influence density as
the cloud is diluted with moist air, is given in Appendix 3. Fo~
simplici ty the assessment of hazard ranges which follows has been
based on an assumption of neutral buoyancy both prior to and after
HF'fo:nnation.
6. HYDROGEN FLUORIDE HAZARD RANGES

Appendix 4 explains the basis used to calculate HF concentration
at various distances downwind for both 'quasi-instantaneous' (puff)
releases and continuous releases at constant rate.

From Table 1 of the Appendix it will be seen that, for adverse
weather (Pasquill Category 'F') the average airborne concentration of
HF'in the cloud at a distance of 3 Km do~mwind is estimated to be
150 mgm/m3• With a cloud passage time of 3.5 minutes this would
present a very serious health hazard. Appendix 5 reviews available
data on the toxicity of HF vapour and compares this with chlorine.
In an attempt to crystallise thinking, the curves for 'fatalities'
and 'distress' given in Fig 3 have been derived from information
relevant to chlorine (Hef6) using a 'weight for weight' equivalence
between the hazards. When considering the estimated hazard ranges
subsequently derived it should be noted that:-

(a) There is no rigorous data to support the assumption made.

(b) The precise meaning of the 'fatal' and 'distress' curves
is not brought out in Ref 6, eg it may well be that some
fatalities could occur in the band between the two lines
and that serious distress might be caused to susceptible
members of the public, outside the hazard range predicted
from the 'distress' curve.

A 'weight for weight' equivalence corresponds to an
HF'/Chlorine ppm ratio of 3.5/1 ie for a given time of
exposure, HF is assumed ~ dangerous than chlorine by
a factor of 3.5 when considering concentrations expressed
in ppm.

(Note:- TLVs are in the ratio 3:1 ppm)
With the above points in mind it is possible to use the derived

curves for HF to estimate relevant hazard ranges for a cloud release
of UF6•

Estimated HF concentrations and cloud passage times at various
distances downwind (taken from Appendix 4t Table 1) have been used to
derive the Category 'F' line shown on Fig 3 for a 2 Tonne release.
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In addition, again using data presented in Hef '/cloud concentrLl.tionu
and passage times have been calculated to plot the Category 'D' line shown
on the Figure.

NE. No attempt has been made to correct for "gravity slumping", hence
the results obtained may well be optimistic, particularly at the shorter
ranges.

The assessed hazard ranges of the hydrogen fluoride (HF) from a 'quasi-
instantaneous' vapour cloud release of 2 tonnes of UF6 are:-

Category 'F' Weather

'Fatal' Hazard Range

'Distress' Hazard Range

'ERL' Hazard Range

Category 'D' Weather

'Fatal' Hazard Range

'Distress' Hazard R2nge

'ERL' Hazard Range

1.8 Km

5.0 Km
14.0 Km

0.5 Km*
1.3 Km*

*These ranges may be significantly increased by "Gravity Slumping".
1. UR.aNYL FLUORIDE HAl.ARD RANGE

When UF6 reacts with water two highly toxic compounds are
formed:-

In Section 6 we have concentrated attention on the possible
implications of a cloud release of UF6 in relation to the hazard from
Hydrofluoric Acid (HF)t however, the other product of the reaction
Uranyl Fluoride (U02F2) is also highly toxic since, in addition to
taking one third of the total fluorine it also carries all the uranium.
This compound would be generated as a fine aerosol in the cloud as it
travelled and consideration must be given to both inhalation hazard
and ground contamination.

No attempt has been made, in this 'overall' assessment, to
analyse the problems in depth but it seems reasonable to take account
of the toxicity of the material as a fluoride by applying a simple
factor (1.5) to the HF concentrations already derived. This would not
significantly affect the estimated hazard ranges and Appendix 6
concentrates attention on the chemical toxicity of the U02F2 as a
soluble uranium compound (the radiotoxicity of depleted 'tails'
material will be less limiting). From the Appendix it will be seen
that:-
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In Class 'F' weather, if no account is t~~en of cloud depletion due to
su:rface deposition, the assessed. 'ERLI hazard range for u:::-aniuminhala-
tion (25 Yun) is greater than the ERL hazard range for HF inhalation •.

In view of the shortage of relevant information regarding deposition
velocity for U02F2 no attempt has been made to assess the consequences
of the postulated release in terms of ground contamination.

8. FUTURE STORAGE - THE CHOICE OF CONTAINER--
The alternative container, used at present for some UF6 ship-

ments to and from Springfields. aridused as the feed cont.sdner for
the Centrifuge plants is the Type 48Y (nominal capacit;y12 tonnes
UF6). Appendix 7 examines the effect of a fire on this type of
container and concludes that it should be capable of withstanding a
8000C fire for the 30 minute period necessary to meet the lAEA Transport
Regulations for a Type A package (Ref 8). However, if the fire continues
beyond that time, or if its intensity is such as to produce a higher
flame temperature, the risk of a catastrophic failure is high.

Such a failure (caused by expansion of the UF6) would release a
substantially larger vapour cloud in this case and the concentration
of toxic vapour at any given point in the path of the cloud would
increase approximately in proportion to -themass content. The
potential consequences of a serious fire for both types of container
are summarised in the following table.

Type 0236 Type 48F
Up to 2 x 105 BTU 61.35 x 10 BTU
15-20 mins 30-35 mins
2 Tonnes 12 Tonnes
1.8 Km 4 Km
5 Km 12 Km

14 Km 30 Km

Total heat required
Time to failure

'Fatal' hazard range*
'Distress' hazard range*
'ERL' hazard range*
* Based on total generation of HF within the cloud, Category 'F'

weather and no allowance for "gravity slumping" or buoyancy due
to heat of reaction (see Section 5).

Maximum release

Hhen considering the choice of container for the storage of the
very large quantities of depleted material expected to arise from the
Enrichment Plants in the future, account must be taken of all factors
which could influence safety through to final disposal. At some future
time stockpiling at Capenhurst will have reached its maximum and, unless
a conversion plant is built on the site, it will then be necessary to:-
either introduce an additional hex. transfer operation immediately prior
to shipment,
.£!: use the selected type of container to transport depleted material to
another site for storage or reprocessing.

If the second alternative is chosen the suitability of the storage
container for routine transport in quantitx .becomes an important
consideration.

Clearly the 12 tonnes container has a distinct advantage from this
point of view since:-
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(a) It is internationally reco~lised as being satisfactory for
transporting hex on a routine basis.

(b) It meets the IAEA Regulations for Type A packagine with
regard to a transport fire.

(c) Handling problems involved in both despatch and receipt
are likely to be reduced since the load carried in a single
container is the same as that in six Type 0236 containers.

The smaller number of 12 Tonne containers required for storage also
gives important 0 erational safety advantages during handling at
Capenhurst (or elsewhere since, if the chance of an accident
involving a hex spill due to "spiking" is assumed equal for both
types, the overall risk of such an accident is reduced by a factor
of 60 (In practice, with the smaller numbers involved, increased
attention is possible to the safety of individual handling operations
and the reduction in risk of an acc1dent is like1l' to be a factbr of
at least 10.) :-!ov,'ever,:::;incethe 2 te conta::'nerhas i~s valve
removed at an early stage before transporting, the chance of a spill
is somewhat less.

One important disadvantage of the 12 Tonne container, from a safety
viewpoint, must be taken into account:-

Since the rate of direct desublimation is slow the UF6 is normally
introduced into these containers in liquid form and solidification
takes several days. If the number of filling stations is limited
it is necessary to disconnect the full container and move it before
the contents have solidified. This sequence of operations offers
the potential for a vapour cloud release without heating of the
container.

Even with strict operational safeguards applied, the large number of
containers to be handled on a routine basis in the future suggests
that the chance of an accidental leak during handling must be high
in relation to the chance of a catastrophic failure due to fire.
However, the potential hazard range of such a leak will be governed
by the release rate and the containment provided. Thus, despite the
higher chance of a release, with careful design it should be possible
to demonstrate a negligible hazard to the public.

To summarise,SHD concluded that:-
(a) Direct desublimation into a 2 Tonne verti.cal container of the

type currently in use for 'tails' storage avoids the
possibility of a substantial release of vapour during or
immediately after filling. However, given appropriate
attention to detail, it should be possible to ensure that
a 12 Tonne container does not have the potential to generate
a large UF6 vapour cloud during this phase of operation.
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(b) As and when it becomes necessary to transport the total
quantity of depleted UF6 being generated by the Centrifuge
Plants away from C~penhurst? the 12 Tonne container will
have the major safety advantage that it is better able to
withstand a serious transport fire.

Based primarily on these conclusions, recognising the potentially
serious consequences of overpressurisation due to fire, it was
recommended that long term arrangements for the storage and trans-
port of depleted material should be based on use of the 12 Tonne
horizontal container.
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APPENnIX 1 - THE CHEMICAL EFFEC'l'S OF UF6 ON A HYDllOCARRON FIRE

by F Abbey
1. There seem to be four possible routes by which the ~Q night affect

the fire chemically:

(a~ by itself burning in air;

(0J by reacting with the hydrocarbon;

(cJ by reacting with water vapour produced by hydrocarbon combustion;

(dJ by catalysing the reaction between the h9drocarbon ~~d air.

2. The statement occurs in a number of places in the literature that UF6does not react with dry oxygen, nitrogen or air and this is what one
might expect from the large free energy of formation of this material
(~~298 =-486.3 k cals/mol as against, for U02, for example,
.6 Jf 298 =-246.55 k cals/mol)*. Thus, UF6 will not contribute to the

fire by itself burning in the normal sense.

3. On the other hand it is well known that UF6 reacts with many organic
materials to give UF4 and a mixture of HF and fluorinated carbon
compounds. Consider for exmnple, the standard free energy associated
vri th the following possible reaction with methane, a hydrocarbon for
\'Thichthe necessary thermodynamic data (at 298oK) are available:

The free energy change for this reaction can be calculated as follows:
AFo 298 (k cals)

4 UF6 (gas) ~ 4 U + 12 F2 + 1940

4 U + 8 F2~ 4 UF4 - 1684.8

CH4 --I/ll'" C + 2 H2 + 12.14

C + 2 F2 ~ C:B' 151.844

2 H2 + 2F2~4:HF 258.1

4 UF 6 (gas) + CH4~4 UF4 + CF4 + 4 HF 142.6
Hence, the reaction is favourable on free energy grounds and at flame
temperatures might well proceed rapidly.
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Since reactions of this kind are possible, one must consider the extent
to which they might contribute heat to the fire. Two extreme cases
will be examined, one where the fluorine roleased from the hex reacts
entirely with hydrogen and one where it reacts entirely with carbon.
By comparing the difference between the heat generated in these reactions
and the heat which would have been generated had the hydrogen or carbon
burned to H20 and C02 respectively one can gain an idea of the effectson the fire.

* All themo~ic data are taken from the following references:
US Bureau of Tunes Circular 500
US Bureau of Mines Bulletin 605.

Case 1 - Fluorine Reacting with gydrogen

ie UF6 + H2-- UF4 + 2 HF

The heat of reaction41Ho for this reaction can be calculated as
follows (the two temperatures chosen are the extremes of the range
for which data is readily available):

A HO (Ie cals)
29SoK 10000K

UF6 (gas)-$>TJ + 3 F2 +505.7 + 504.1
2 F + TJ-- UF4 -443 -4362
H + F2 ......2 HF -128.4 -129.32

+ 2BF - 65.7 - 61.2
This is to be compared with the reaction

H2 + -~-o2-- H20 (gas)

for which the heats of reaction are -58.547 k cals at 2980K and
-49.480 k cals at 10000K respectively. Hence, the net increase in
the amount of heat generated if the reaction witg UFh takes place is
65.7 - 58.547 = 7.2 k cals per mol of UF6 at 298 Kana
6-1.2 - 49.480 =11.7 k cals per mol of UF6 at 1000oK. These are ver'J
small amounts of heat and for a 100 tonne shipment of ITF6, for example,
would be equivalent to the addition of about j tonnes of additional
hydrocarbon to the fire.
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Case 2 - Fluorine Reactins with Carbcm

The most conservative result will be obt:Jined when each c;lTbon re::1Cts "lith
four fluorines, since the fewest mwber of carbons ...,ill then be prevented
froD burning to CO2, i.e. when the reaction is:

.~-e-e>TJF. 4 I-

The heats of rep"ction 8,re then as follov/s:

L1W (k cals)

29''j°Z 1000°J(

UF6 ( Ps'2,S ) ......".,... U I- 3 F2 + 505.7 +504.1

2 F2 + U '---Eli!P UF4 - 443 -436
;\C + F2

. --filliP> ~F4 - 81. 25 - 81.35

UFf) (gas) + ~ '1ll'> UF4 + ~F~ - 13.55 - 13.25

TheRe ?re to be compa::!:'ed'Iii th the hee.ts of reaction for

,}c + o ~ CO2 2
",hich are -47.025 k cals at 2980rz and -47.2 k cals at 1000oK. Hence, in
this case if the reaction with UF6 taJces plece it will actlJ.all~r result
in the net removal of heat fro~ the fire.

In 8Ur!lEl2r'J,therefore. it is clear from these cEtlculations the,t in terms
of the total heat generated the UF6 C9,r- no more than marginall:i increa.se
the severity of fire, if at all, by rea,cting 'tJith the hydroc9rb~)n. In
principle the possibility exists that the reaction behreen hex and the
hydrocarbon may be faster them the reaction beb:reen the hydrocarbon 2,nd
air 2.nd there is the related physical effect that the UF6 is released pt
the centre of the fire vrhereas air must diffuse in from oIJ.tside. Either
of these mecha.."lismscould only increase the r8.te of combustion, hov:ever,
and not the total h82,t generated.

4. As 2n 8.1tern8ti ve to J:'e"'cting directly with th8 h;;rdrr)c3Tbon, it is
possible for the T::F6 to react 1!1i th ,vater produced by the combustion
()f the hydroce.rbon. 'l'he most exothermic hydrolysis 1,muldOCClIT if
both reactants 1;Terein the gas phase 2nd both products 'de::!:'e formed
2,8 aqueous aerosols 0

U1i' (g)
6

This heat of reacti.on is 2.1most certainly an overestim2cte since it is
prob2ble that the hydrolysis products would be in an anhydrous form
in the vicinity of a fire. Hov,ever, taking this v8~lue for the heat
of reaction the complete hyd.rolysis of 100 ~onnes of TJF6 1'lould be
approximately equivalent, in terms of additional heat generQtion, to
burnine; 2 further 2 TOl'lnesof hydrocarbon fuel.
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It should be remembered that this represents a pessimistic rnaximwl1
val1J.e,and in reality the additional heC',tli,berated hy hyd.rolysis
is likely to be significantly smaller due to the removal of UF6 by
direct ree.ction ylith the hydroca.rbon, by evaporation and dispe~sion
of unreacted lJF6 and by the formation of 2..nbydroushydrolysis products.

5. The remaining method by which the hex might affect the fire is by
catalysing the reaction between the hydrocarbon and air. A priori
this seems very unlikely and, in any case, would again increase only
the rate of combustion and not the total heat generated.
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APPENDIX 2 - THE EFFECT OF A FIRE ON A 2 TONNE CONTAINER (TYPE 0236)

The containers are initially filled and sealed at a temperature of about 30C
2nd a volume of air is trapped above the UF6• As the temperature is
increased the partial pressure of the trapped air will rise due to (a) the
compression ratio resulting from UF6 expansion reducing the free volume, and
(b) the ratio of final to initial aosolute temperatures. The present limit
for normal filling is set at 2150 Kgms but the manufacturing drawings do not
specify a container volume.

Consider two alternatives, each of which is3thought to be well within the
possible manufacturing range:- (1) 23.5 ft (2) 22.0 ft3

1. To calculate internal,llressure @ 800C

ill' Vol Air VolContainer 6 Compression
Volume 3°C 80°C "oc BOoC Ratio

./

Case I 665 li tree 416 610 249 55 4.5
Case 2 623 litres 416 610 207 13 15.9

These figures are based on UF6 density

5.18 gm/cc @ 3°C

3.53 gm/cc @ 80°C

Case 1 Partial pressure (Air) = 14.7 x 4.5 x j220K
2800K

::::83.5 psia
::::35.5 psia

TOTAL ::::119 psia

Case 2 Partial pressure (Air)

Partial pressure UF6

::::14.7 x 15.9 x 222
280

-- 295.0 psia
== 3505 psia

TOTAL ::::330.5 psia

The high compression ratio in Case 2 is due to the very limited free
space remaining when the UF6 expands to 80oC. More generally, if UF6
expansion leads to a reduct~on of free volume to less than (say) 25
litres, compression ratios in excess of 10 are likely to result.
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In view of the complex dependence of failure temperature on container
volume, mass content and strength there is little to be gained by con-
sidering a series of specific cases but the conclusion can be drawn
tha.t failure will inevitably occur if the UF6 expands to fill the
container.

2. To calculate the rate at which heat is aQE~

Using assumptions taken from Ref. 9, para. 720 and listed below, the
ra.te of heat absorption by the container is approximately 200 BW/sec
or 3000K cal/min.

Flame emissivity -- 0.9
Absorptivity = 0.8
J!'lametemperature a °= SOO C == 1932 R
Container temperature .~ 1500C "7 7620R
Surface Area 2

= 40.5 ft

g
= 0.9 x O.S x 40.5 x 1.73 x 10-9 (19324 - 7624)t

5.05 x 10-8 (1.4 x 1013 - 11
= 3.2 x 10 )
== 7 .06 x "105 Btu/hr
= 7.06 x 252 102~ 3000 Rcal/min60 x

3. rrime to reach atmospheric sublimation temperature C3300K)

5.7 x 103 moles=

Assume Initial temperature =

UF6 content =
Container heat capacity
Enthalpy @ 3300K =

@ 29SoK =

Difference

2 x "106 p;m
352 gm/mole

15°C = 2980K

2000 Kgm (nominal)
- negligi bl e

8.860
70545

1.315 K cal/mole

••• Total heat needed = 7.5 x 103 A.cal

. . Time 2.5 minutes

From this point, all extra heat will be available to
generate vapour at atmospheric pressure.
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4. Time to melt total contents

Liquid enthalpy @ 337.2oK = 13.760

298 7.545
6.215 K cal/mole

Total heat needed = 3.54 x 104 K cal

••• Time 12 minutes

5. Rate of tem~erature rise of liquid

This will depend directly on the specific heat of the UF6 which varies
with temperature.

Assume an approximate value of 46 cal/mole °c
Heat to raise temperature 10C = 46 x 5.7 = 262 K cal

••• Rate of temperature rise = 3000
262

6. Mass of UF6 vaporised (12 minutes)

If the expansion on change of state causes overpressurisation the
fraction of UF6 vaporised can be calculated by equating the heat
~ liquid _vapour to the heat loss liquid _solid.

Liquid enthalpy 13760
Solid enthalpy

(330oK) = 8860

Heat Loss = 4900 cal/mole

Sublimation heat
(330oK) = 11500 cal/mole

. . Fraction
Vaporised - 4900 -- 42.5%

11500

Mass Vaporised = 850 Kgms

7. Mass of UF~ Vaporised (20 minutes)

If we arbitrarily assume the container fails after heating for
20 minutes the fraction of the UF6 which will vaporise can be
calcul~ted as follows:-
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Time to reach sublimation temperature 2.5 mins

Heat available for sublimation 3000 (20 - 2.5) K cal

=: 5250 K cal

Heat of sublimation (330oK)

•'. Quantity of vapour =

11.5 K cal/mole

moles

Mass Vaporised
--(r;~~x 130~0)

1600 Kgms

Kgms
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APPE1~IX 3 - FACTORS AFFECTING THE DF~SITY OF A UF6 CLOUD
by S R Haddock

Pure UF6 vapour released at the sublimation temperature ()6.Soc) corres-
ponding to 1 atm. pressure is approximately 11 times denser than air and
clearly would exhibit gravity slumping similar to that observed in the
Van Ulden experiment. Very large volumes of air would have to be entrained
in the UF6 vapour cloud as it was formed if its density was to be reduced
to a value at which it might be expected to exhibit neutral buoyancy. It
might be argued that mixing with air at ambient temperature would cool the
UF6 sufficiently to cause condensation; precipitation of UF6 particulate
could then reduce the overall density of the cloud. However. although the
temperature of the UFQ will fall quite rapidly as it mixes with air because
of its low heat capaclty relative to that of air, the partial pressure of
UF6 will also decrease as the cloud is diluted. As this reduction in
partial pressure should be sufficient to ensure that the UF6 remains in
vapour phase, unless the air is very cold (<: OOC), it seems unlikely that
this is a possible mechanism for significantly reducing the cloud density.

Another possible mechanism for reducing the cloud density is the hydrolysis
of UF6 by atmospheric water which will convert it to uranyl fluoride and
hydrogen fluoride.

It is known that HF may exist in a highly associated form in the vapour
phase but under the condition of partial pressure and temperature likely
to prevail in the cloud it is probable that the HF will be formed as the
monomer (i.e. less dense than the surrounding air). It should be noted,
however, that although the hyd:t'olysisof one molecule of UF6 will produce
four molecules of EF, the density decrease associated with this will be
offset to some extent by the removal of two molecules of water vapour
which is even less dense than HF monomer.

The other hydrolysis product, U02F2' will appear as a fine aerosol and will
precipitate from the cloud at a rate dependent on particle size and the
cloud dimensions. Although the conversion of UF6 to U02F2 is accompanied
by a modest decrease in mass it also involves a large reduction in volume.
Thus, unless it can be demonstrated that the U02F2 precipitates rapidly
from the cloud, it seems that its formation is more likely to contribute
an increase to the cloud density rather than a reduction and further offset
the density decrease associated with HF formation.

It can be seen that the hydrolysis of UF6 is strongly exothermic which will
reduce the cloud density. However, by the time enough air has been mixed
with the cloud to cause significant quantities of UF6 to be hydrolysed, the
thermal capacity of the cloud will probably be sufficiently large to ensure
that any temperature increase will be small. The complete hydrolysis of 2

Tonne of UF6, neglecting any deposition or reaction with ground moisture,
would reqUlre approximately 200 kg of water which, even at high relative
humidities, is unlikely to be immediately available. Moreover, as soon as
hydrolysis products appear within the cloud there will be other species
competing with the UFh for the available water. Under a wide range of
condi tions of temperature and pressure, mixtures of gaseous HF and water
vapour are capable of condensation to form aqueous aerosols. Similarly
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U02F2 is very hygroscopic and will rapidly absorb water from its surround-
ings to form an aqueous aerosol. Thus, the hydrolysis of UF6 may not be
as complete as the total available mass of water vapour might suggest.

On balance it appears that although hydrolysis of UF6 will be
accompanied by a decrease in cloud density due to HF formation, heat
generation and enhanced precipitation of uranium as U02F2, it seems
improbable that this will effect the laxge reduction necessary to render
the cloud buoyancy neutral in the early stages of dispersion.
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APPENDIX 4 - DOWNWIND CONCENTRATIONS OF IfF - 2 TONNE UF6 RELF..ASE

UF6 reacts with moisture as follows:-

352 36 30S SO

For a 2 tonne release of UF6 the total generation of HF is therefore
2000 x SO = 456 Kg. The importance of UF6 release rate can best be

352
illustrated by considering two alternative cases:

Case 1 Quasi-instantaneous release (Cat. F weather)

If a UF6 vapour cloud is formed by the disruptive failure of an overheated
container the HF will be generated within the cloud as it travels and, if
density slumping is ignored, this is equivalent to an instantaneous HF
release. Fig. 6 of Ref. S can now be used to estimate the Total Integrated
Dose (TID) from the cloud, at various distances, for a unit release (Table 1,
column 2). Multiplication by the total release then gives TID from the
cloud for our case (column 3).
For toxic substances it is also important to know the concentration and to
obtain this we determine the time of passage of the cloud, using the follow-
ing formula originally proposed by Pasquill

t -2 d/1.S x 10 ~ u

t (seconds), ~ (degrees), d (metres), u (metres/see).

Note: This assumes an along-wind spread equal to "arc width" and the
cloud centre moving at the full wind speed.

The average concentration can now be obtained by dividing the TID by cloud
passage time and peak concentration is roughly twice the average.
On this basis we obtain:-

TABLE 1

Distance Fig 6 :s TID Cloud passage Av. Co~c. Peaks
(metres) (gm sec/m- (gm sec/m3) (see) (mgm/m3)per gm) (mgm/m )

103 3.4 x 10-4 157 75 2100 4200
3 x 103 6.6 x 10-5 30 203 148 300

104 1.25 x 10-5 5.7 603 9.5 19
3 x 104 -6 1.5 1566 0.96 23.3 x 10

It will be seen from this table that the peak concentration is approximately
four times the "acceptable" level of 4.5 mgm/m3 at a distance of 10 KIn
downwind.
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Again using Fig. 6 of Ref. 8 but nOlI!determining the cloud concentration
direct from a uniform release rate of ~lQOO g;n/sec = 253 gm/sec vie

1800
obtain the results presented in colu.mns 2 and 3 of Table 2. Alte:rnatively
if it is assumed that wind direction changes sufficiently during the period
of the release one can use Fig. 8 of Ref. B to obtain the results presented
i.n columns 4 and 5 of the Table.

TABLE 2---

Distance Fig. 6 Concentra tion Ji'ig.~ Concentration
(metres) (gro/m3 (mgm/m3) (@Ii/m (mgm/m3)per @Ii/see) per f}IJ./sec)

103 3.4 x 10-4 86.0 1 .1 x 10-4 28.0
3 x 103 6.6 x 10-5 16.7 2.2 x 10-5 5.57

104 1.25 x 10-5 3.17 4.2 x 10-6 1.06
3 x 104 3.3 x 10-6 0.83 1.1 x 10-6 0.28

~. J

Note~ The concentrations derived from Fig. 8 for a "Prolonged" release
are average figures for the total release period and rely on the assumption
thE..tthe wind will s,.,ingsufficiently 9 during the period of the release, to
miE:s any selected point for two thirds of the total release time.

fo2I.cll.l.sion
Comparing the results in Tables 1 and 2 it can be seen that, if a rapid
geperation of !IF is assumed9 the peak concentration at a distance of 3 KID
(aI,proximately. 2 miles) downwind in Category 'F' weather can be over fifty
times the mean concentration derived for a prolonged (30 minute) release at
uniform rate. This factor is made up as fo llows:-

Ratio of Cloud Passage . 1800 9t~mes 2'60 =

Peak to Average Factor (Rapid Release) - 2

Wind Spread Factor (Prolonged Release) :::: 3

Overall Factor .- 54

Boi;h these calculations ignore the possibility of a substantial UF6 vapour
cloud being carried downwind, but also ignore any advantage to be gained
from buoyancy effects due to heat generation a.l1d/orthe lower density of
the liF. When considering the 'potentiali hazard to the surrounding popu-
la"cion from HF following a UFf) release, it is important to examine all
faetors which may influence tlie maximum rate at ,,,hichHF can be generated.
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APPENDIX 5 - THE SIMILARITIES B~T THE TOXICITIES OF HYDROGEN FLUORIDE
VAPOUR AND CHLORINE GAS by S R Haddock

The following physiological effects of HF vapour have been observed. (Ref. 10)

a. Effects on Rabbits and Guinea Pigs

CONC. mg/m3

15
25

< 50
>50

~ 100
500

1000
1500

'Long term' exposure tolerable
No deaths after 41 hours, but subsequent weight loss
Mild irritation, coughing and sneezing
Severe irritation, paroxysms of coughing, copious discharge
from eyes and nose
No fatality after 5 hour exposure, but severe irritation
Not fatal in 15 minutes, but animals severely affected
Not fatal in 30 minutes, but tissue damaged
Fatal in 5 minutes

b. Effects on Man

CONC. mg/m3 EFFECT

25 Tolerable for several minutes. Mild irritation of eyes and
nose

50 Immediate sour taste. Irritation of eyes and nose
100 'Maximum tolerable exposure' 1 minute. Sour taste,

irritation of eyes and nose, smarting of the skin

Considerably more information is available on the toxicology of chlorine,
particularly on its physiological effect as a function of concentration and
exposure time. Comparison with the data on HF seems to indicate that the
acute toxicities of these two gases are quite similar. For example, the
responses to a 1 minute exposure to relatively low concentrations of
chlorine are described as follows:-

CONC. mgjm3 EFFECT

15 Irritation
50 Coughing and mild distress

150 Distress
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~:nvie"Wof the limited nature of the quantitati.ve data available for HF it
uemns reasonable to assume that in terms of mass its toyici ty is equivalent
"~I) 1;11a-:;of chlorine for the present purposes of cU3sessing the conseQuences
of an accidental release~

It should be noted, however, that there are no rigorous data to support
this assumption. Moreover, postmortem examinations of animals repea.tedly
exposed to relatively low levels of HF have given evidence of damage to
~'.ung1 liver and kidney of a. type that suggested that some process was
~>rvolyedbeyond that usually associated with a pu.'-celyirritant gas.
Jl\!.rJ~he:.t'lUore,it has been demonstra.ted that storage of fluoride in the bone
occurs as a result of repea.ted exposures to concentrations that are only
slightly above the irritant level. In view of this it may be necessary to
e:rercise SOIDecaution in comparing HF with chlorine for exposures other
tha.n those which are rapidly fata.L For example, exposure to a large but
sub-lethal dose of HFmay have some long term effect on the health of an
individual that would not be produced by a similar exposure to chlorine
')eC~lSe of this bone storage mechanism.
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APPENlHX 6 - TNRALATION HAZARJ) RANGE OF URANYL FLUORIDE (U02.f2)

For a 2 Tonne release of UF6 complete reaction with moisture will generate

2000 x 308 = 1750 Kptn of U02F2352
containing 2000 x 238 = 1350 Kptn of deple ted uranium352
If the release is in the form of a UF (.,vapour cloud this U02F 2 "rill be
generated, as a fine aerosol, wi thin the cloud a,s it travels downwind.
Some ground deposition will inevitably occur, resulting in both cloud
depletion and surface contamination. No authoritative data exists for
UO F to nermit an accDxate assessment of the rate at which the cloud is
li~ely to~be depleted in specified weather conditions but ~~o cases are
considered belm', to illustrate the importance of "deposi tion veloci ty".

Case 1 No deposition

For the purpose of this report the Emergenc13Reference Level (ERL) for
inhalation of HF has been taken as 4. 5 m~/m and the 'EIlL' hazard ranges
assessed are based on this figure. It will be seen from Section 2 that
the 1 hour limit recommended in Ref. 3 for inhalation of ura~ium in soluble
form, is 4- mgm/m3• Clearly therefore, if ground deposition is neglected,
the 'ERL' hazard range for U02F2 will be greater than that for HF.

Using the basis outlined in Appendix 4 \"e obtai n:-
For Class F \.,reather(ylind speed 2 m/s)

Distance gm sec/m3 TID (Uranium) Cloud passage Average Concentration I
(metres) per gm gm sec/m3 time (secs) m@Jl/m3 (Uranium)

104 1.25 x 10-5 16.9 603 28.0
3 x 104 3.3 x 10-6 4.47 1566 2.85

Hence, interpolating between thes3 values, we conclude that the concentra-
tion in the cloud 1tlillbe 4 mgm/m (the chosen ERL) at a distance of
approximately 25 KID.

For Class D weather (Wind speed 5 m/s)

The hazard range is estimated to be appro x 8 KID.

Case 2 With deposition (vg = 10-2 m/s)

Ref 21 suggests a method of calculating ground deposition and cloud
depletion for a fission product release, making use of the concept of a
deposition velocity (vg) where:-

vg :-= deposited acti vi ty per unit area ~ cloud dosage.
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Class F Heather (Wind speed 2 m/s)

I~ef 10 Fig. 2 provides a series of CLlrVes of axial cloud dosage against dis-
i,ance downwind for a short release at ground level in Class F ,,,eather,
i;aking account of cloud depletion.

1'"] These curves are derived assuming a .fixed source at the orlg'1.nwhereas
the U02F2 would be generated within the cloud as it travelled.

Jf a deposition velocity of 10-2 m/s is arbitrarily assumed (for illus-
iration) cloud dosages can be read directly from Curve 1 (Fig 7 ) and the
iollowing results are obtained:-

Ii
gIn sec/m3 Average

,Distance TID (Ura.ni~) Cloud passage Concentr3tion
(metres) per gm gm sec/m time (sees) mgm/m

(Uranium)

3 x 103 r-
2.2 x 10-5 29.7 I 203 146

104 2 x 10-6 2.7 I 603 4.6"

x 104 10-7 ! 1566 0.0863 0.135 ,
,
I

Bence it can be concluded that if a deposition velocity of 10-2 m/s is used
the estimated hazard range for inhalation of U02F~ is reduced from 25 KID to
~ EEE...9x10 KIn i. e. 1ess than the hazard ra:nge for .lIF(14 KID).
Class D Weather (Wind speed 5 m/s)

TIsing Hef 10 Fig. 1 the following results are obtained:-

I f Average
Distance gm sec/m3 I TID (Uranium) I Cloud passage Concentration
(metres) per gm gm sec/m3 time (sees) mgm/m3

(Uranium)

x 103 10-6 I
3 2.5 x 3.38

I
162 20.8

104 2.9 x 10-7 0.398 I 610 0.65I
1

Br interpolation, continuing to use 4 mgrn/m3 as the inhalation limit for
cansistency (although the cloud passage time is now less than 0.1 hours)
the hazard range is estimated to be approx. 5.3 Km.
j')B In Class D weather the cloud depletion due to deposition is less marked

than in Class 'F' weather and the 'ERV hazard range of the U02F2 is
likely to be comparable with or greater than the 'EfiL' hazard range for
HF.
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APPEl.'IDIX7 - THE ~T OF A FIRE ON A 12 TONNE CONTAINER

Basic Assumptions:-

Volume =

\1eight

Surface Area

5200 Ib

= 155 ft2

UF6 Content = 12 Tonnes

HF content rl% mole (600 ppm b~r wt)

Air content Case 1 NIL

Case 2

Initial Ambient Temperature

Atmospheric pressure due to
long term leakage

Rate of heat input, SOOOC flame temperature

Using the notation of Appendix 2

=

Q = 0.9 x O.S x 155 x 1.73 x 10-9
t

1.93 x 10-7 (1.4 x 1013 - neg)

2.7 x 106 ETU/hour

(19324 - negligible)

2.7 x 252
60

x 103 = 1.13 x 104 Kca1}min.

Heat capacity of container

Assume specific heat = 0.117 Kcal/Kgm°C

5200 x 0.454 x 0.117 = 277 Kcal;oC

Time to melt total contents

Liquid Enthalpy @ 337.2oK

Solid Enthalpy @ 29SoK

13.760

7.545
6.215 Kcal/mole

1.2 x 107 412 Tonnes = 352 = 3.41 x 10 moles

Heat to melt TTF6 '" 2.13 x 105 Kcal

Heat to raise container temp. = 1.OS x 104 Kcal



234

Total heat uptake = 2.24 x 105 Kcal

Time taken 2.24 x 105
1.13 x 104

::= 19.8 minutes

Subse~uent rate of temperature rise

Assume 46 ca1/moleOC as Sp. Ht. of UF6

°Heat to raise UF6 by 1 C

Heat to raise container IOC

::::1570 Kcal

::= 277 Kcal

::= 1847 Kca1/oC

Rate of temp rise 1.13 x 104

1.85 x 103

Temperature at 30 minutes

To calculate failure temperature

Case 1 No air present
Under these conditions the container will fail when all voidage is taken
up unless the vapour pressure reaches an unacceptable value prior to this
time.
Density to fill void 12 Te3

4.04m ::= 2.97 w!cc

From Fig 2 Failure temp = 150°C

At this temperature Vapour Pressure UF6 ::= 178 psia
286 psia

Time to failure ::=

Hence the container will fail due to loss of all voidage at approx.
150°C.

19 8 (150 - 64.2)
• + 6.13

-: 31 minutes

CDse 2 Container at atmospheric pressure due to 1eaka~

Initial pressure of air 760-50 rom ::= 13.7 psia

Initial vol~e of air (4.04 - ~~1)m3 ::::1.68 m3
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UF,- volumeo = 12 = 3.57 m3
3.18

Air volume - 4.04 - 3.57 = 0.47 m3

Air pressure .-13.7 x bB.. x.1Q2 = 66 psia
0.47 298

Even with 1% HF present this should not fail the container.

Try 1400C

Air pressure

Air volume

UF6 volume

. . Total pressure

= 1L-- = 3.87 m3
3.10

= 0.17 m3

= 13.7 x ~ x j1i = 186 psia
0.17 298

= 186 + 178 = 364 psia (No HF)

186 + 286 = 472 psia (1% HF)
Although the pressure is above the test value)failure is unlikely to occur
unless the container has been weakened, eg due to corrosion in service.
From these two cases it can be seen that the presence of air in the con-
tainer does not significantly reduce its ability to resist fire.

3.85 x 105 Kcal
4..2.=.ll x 10 Kcal

.2..:..4Q x 105 Kcal

10.2 Kcal/mole

1.315 Kcal/mole

8.88 Kcal/mole

=

=
=

=

=Heat to UF6 53.48 x 10Heat per mole UF6 = 3.41 x 104
Heat to reach sublimation temp. (app 3)

Heat available for sublimation

Heat to container = 277 x 135

To calculate size of Vapour Cloud (150oC failure)

Total heat input = 1.13 x 104 x 33.8

Total UF6 vapourised = 12 x 8.88
11.5

= 9.25 Tonnes

If the failure is 'catastrophic' the 2.75 tonnes of solid UF6 is likely to
be carried out of the container in the vapour cloud.
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;APFH:IilDIX 3 - THE CHA1'ifCBQ:B' P.N AIRCRAFT CRASH AJi'FECTINGA UF~ STORAGE ARFJ,

Vor the purpose of i.llustration '..re will assume tha.t 15000 Tonnes of
de~leted \Lranium may eventually be stored as UF6 Tails in 2 Tonne vertical
~ontai.ners•

"'vith I" spacing between the containers and a "square pitch" array the
ground area occupied is:-

32" X 32" ::::= 0.8 sq yards per container

If provision for access is made..,
this are8. will need to be increased by a factor estimated as 9/4.

Effective Area per Container

Quanti ty of depleted uranium

Quanti ty of UF6
Number of containers
Storage Area required

==

==

==
=

1.8 sq yards

15,000 Te

22,000 Ire
11,000
2 x 104 sq yards

6.5 x 10-3 sq miles

FO'rE~ If the 12 Te Horizontal container is used the ground area required
will depend on layout but could well be larger than with the 2 Te
vertical container.

~i~nt Civil Aircraft

In this case the 'crash 'Zone' area. is likely to be small and it is
appropriate to consider direct impact on the storage area only. If
I~::"asheswhich have occurred 'vi thin a 5 nautical mile radius of the air-
field of landing or depart~~e are ignored, available ~ata suggests an
average of 15 per annum on a UK land area of about 10 square miles. Hence
assuming a random distribution:-

P == 15 x 6.5 x 10-3
105

lleavy Aircrafi (> 5000 Kg)

== 1 x 10-6 per year

'rhe limited data available suggests that for our present purpose it is
reasonable to assume an average of 7 per annum for this category. In this
case the plane and its fuel load axe much heavier and a 'crash zone' of
100 yards diameter will be assumed.

To take account of this both the length and width of each storage area
should be increased by 100 yards. The extent to which this will increase
the target area will depend on the geometEr of the storage array(s).
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Case 1 Single storage area (200 yds x 100 y8s)

The target area now becomes:-

300 yds x 200 yds = 6 x 104 sq yds

2 x 10-2 sq miles

• p = 7 x 2 x 10-2 -6 /.. 1.4 x 10 Yr=

105 •
Case 2 Five storage areas (100 yds x 40 yds)

The target area now becomes:-

5 x 200 yds x 140 yds- 1.4 x 105 sq yards
-2= 4.5 x 10 sq miles

.
• • p = 7 x 4.5 x 10-2

105
:= 3.2 x 10-6 / Yr

Hence the combined probabilities are:-

Case 1 --tliP 2.4 x 10-6 crashes/IT

Case 2 ~ 4.2 x 10-6 crashes/IT

The calculations presented here are purely illustrative and no accqunt has
been taken of the probability that a crash may occur which does not produce
a significant fire.
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SESSION I, PART I I

Summary

Two authors stressed a basic principle that containers should be moved
only after solidification of the UF6 content. It may be profitable to
discuss what this means in terms of time.

One author expressed a preference for avoiding take-off systems which
fi 11 containers with liquid h~x and stated that the transfer of product
and tai Is into containers via the gaseous phase is a desirable aim.

Where there may be criticality problems the avoidance of moderators for
cooling and heating systems is to be preferred.

With regard to the protection of operators in the event of in-plant
incidents one author emphasized the importance of aids to maintaining
the means of escape.

For the storage of hex tai Is, either indoors or outside, suitable anti-
corrosion coatings are available for the external surfaces of the
containers. One author referred to two measures which would limit the
environmental impact of the low probabi lity event of fire in a tails
storage area following an aircraft crash; these are i) the conversion
of UF6 into another chemical form and ii) the shaping of the ground
underneath the containers in a favourable way. One paper compared the
suitabi lity from the public safety standpoint of 2 tonne and 12 tonne
containers for hex tai Is and concluded that the larger container is
preferable since it is better able to withstand a serious transport
fi reo There was some criticism from the floor of the model taken by
the author, it being felt that the approach was too simplistic and led
to a pessimistic conclusion.
This topic warrants further discussion.

ig
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ENVIRONMENTAL IMPACT OF A POTENTIAL UF6-RELEASE RESULTING FROM
AN ACCIDENT IN A U02 FUEL FABRICATION PLANT

Wolfgang Thomas
Gesellschaft fUr Reaktorsicherheit mbH
Garching (Federal Republic of Germany)

Abstract

An analysis has been performed of the possible environmental
impact of accidental UF6 releases from a fuel fabrication plant.
Radiological and chemical consequences due to soluble uranium
and hydrofluoric acid have been quantified in model calculations.
The results of the study indicate that only a small chemical or
radiological impact to the environment is to be expected from
in-plant accidents. Doses of only a few rem should occur outside
the facility during a criticality accident. An air plane crash
followed by fire constitutes a severe risk for a relatively
small area in the vicinity of the plant.
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1. INTRODUCTION

Uranium hexafluoride (UF6) constitutes the main feed material
for producing uranium dioxide (U02) powder or pellets in a fuel
fabrication plant. Currently the plant operations for fuel
fabrication in Germany are based on the wet conversion proces-
ses using ammonium diuranate (ADU) or ammonium hydrogencarbonate
(AUC) as intermediate conversion products. The only existing
full scale plant in operation is Reaktor-Brennelemente-Union
(RBU) at Hanau which has a capacity of about 1000 tons/year.
A second plant, EXXON Nuclear at Lingen will contain only a
small UF6 conversion facility in project step II.

Uranium hexafluoride is a very reactive substance reacting
readily with water, many metals and most organic compounds.
A reaction of UF6 with water produces uranium oxifluoride
(U02F2) and the highly corrosive and toxic volatile chemical,
hydrogen fluoride (HF). The uranium particles from this reaction
constitute a fine, white material, which easily can be dispersed
to the environment. If inhaled the soluble uranium acts as a
chemical toxine especially to the kidneys. For Light Water
Reactor (LWR) fuel element fabrication, typical enrichments are
in the order of 2 to 4 % U-235. Bone is the critical organ in
respect to radiological effects of the uranium. With enriched
material an accidental criticality is possible if UF6 is conver-
ted to a well-moderated solution of U02F2 in water.

Several potential accident scenarios were investigated to
quantify possible consequences of small or remarkable releases
of UF6 to the environment 11I.
2. CHEMICAL AND RADIOLOGICAL TOXICITY OF UF6
A basis for the assessment of the hazard to humans in case of
an accidental release of UF6 was developed by compiling data
of toxic concentrations in air and the related existing limits.
Only a few extrapolated data exist for UF6 itself and the data
for hydrogen fluoride are not fully consistent, especially for
short exposures to high concentrations. The collected sources
agree that no lethal effects on humans should be anticipated
for HF-concentration less than 40 mg/m3• The correlation of
lethal concentration and time of exposure is rather difficult
to be quantified. Therefore, the data given in Table I should
be considered as the most probable values derived from a rather
limited data base 12, 3, 4, 51.



250

Table I: Toxicity Data for Hydrogen Fluoride

Concentration ]mg HF/m3j

Detection by smell
Maximum permissible concentration

i for 8 h-exposure
Respiratory discomfort
Lethal concentration

Exposure > 1 h
Exposure 5 min
Exposure 1 min

1

2.5

25

40
400

1500

Concentration of about 1 mg/m3 of finely distributed soluble
uranium are visible. Based on the ICRP-Iung model, 150 mg of
soluble uranium may be lethal if inhaled 161. The radio-
toxicity of low enriched uranium is of less concern. In the
design of plants in the FRG the following limits have to be
kept in case of accidents at the boundary of the facility
area 171:

Table II: FRG - Radiation Limits in Case of Accidents

Organ Maximum dose limit, rem

Whole body 5
Bone 30
Lung, Liver 15

3. LAYOUT OF THE CONVERSION FACILITY

Enriched UF6 is shipped and stored in type 30 A or 30 B steel
cylinders. Each cylinder contains up to 2200 kg of UF6. Part
of these cylinders are stored outdoors and part are stored
indoors of a COmmon industrial building. There is a small
storage area where ten cylinders are stored at the headend of
the conversion process. The cylinder type 30 B has a dia~eter
of 76 cm and a length of 205 cm. The wall material is steel of
a thickness of 12.7 mm. The container is tested to 28 kg/cm2

(2.7.106 Pa) of external pressure which is twice the service
pressure of 14 kg/cm2

• The vessel is designed to withstand a
service temperature up to 120°C. A maximum enrichment fo 5 %
U-235 is permitted for UF6 with a maximum impurity of 0.5 % HF.

At the headend of the conversion facility, the cylinders are
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heated by steam in specially designed pressure containers up
to 100°C so that the UF6 is vaporized. The vaporization
procedure is supervised by control of temperature and pressure.
The steam condensate is controlled by a pH-meter. The valves
for steam and UF6 are automatically closed in case of an alarm
from the pH-meter. The UF6 is transferred in heated pipes to a
precipitation vessel where chemical conversion to AUC occurs.
A second pH-meter in the precipitator ascertains the right
conversion to AUC. A deviation of the given pH-value causes the
UF6 feed line to be closed automatically. After precipitation
and filtration the Aue is converted to U02 in a fluidized bed
calciner.

4. ACCIDENT SCENARIOS AND CONSEQUENCES

Experience of accidental releases of UF6 in the existing German
conversion plant is limited only to smaller events, e.g. small
releases in case of repair of piping or removing plugs of UF6.
In no case have the operations represented hazardous situations
to the personnel or the environment. In 1968 a release of
approximately 160 kg uranium as UF6 occurred in a blending
operation of different enriched material. The release from the
heated container was stopped after 3 minutes and the released
material was dispersed by the wind. The accident occurred out-
doors. An adjacent parking lot and the walls of the building
were contaminated by uranium. No damage to the environment by
the visible HF-cloud has been reported.

\

The analysis of accidents for the storage and conversion of UF6
at a conversion facility includes the following postulated
events:

Damage to unheated containers
Breakage of a plugged UF6 connection pipe
Sudden release of UF6 from a heated container
Criticality
Release of UF6 in case of an airplane crash

No direct experience is available for the more severe accident
scenarios. Calculations of scenarios include necessary assum-
ptions which must be stated arbitrarily as best estimates.

Uncertainty exists in the assumptions for heating and possible
rupture of UF6-containers in case of a fire. Theoretical
investigations of this problem are based on rather conservative
assumptions. No quantitative data are available for settling
mechanisms of released uranium or hydrofluoric acid in form of
small droplets. Usually the calculation of concentration of
uranium and HF are performed using a Gaussian dispersion model,
which seems to overestimate the concentrations at greater
distances. It is rather doubtful that the strong chemical
reactivity and buoyancy of released uranium oxifluoride and HF
can be neglected. Therefore, the following calculations and
results should be regarded only as model calculations including
a great deal of conservatism.
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4.1 Damage unheated containers

Mechanical damage to unheated containers seems possible during
a severe impact of a truck or as a result of a transportation
accident in the storage area. Without heating the UF6 in the
damaged container is in the solid state because the vapor
pressure is low, only a slow release of very small quantities
of UF6 of HF are to be expected. No chemical or radiological
effects outside the confinement of the facility are anticipated.
Because a release of UF6 is marked by white U02F2 the release
point easily can be detected.

4.2 Breakage of a plugged UF6 connection pipe

If heating of a UF6 connection pipe fails solidified UF6 may
plug the pipe. Due to the expansion during solidification
breakage of the plugged pipe is possible. Experience indicates
that the released quantities in this type of event are in the
order of 10 - 20 g UF6. Similarly, releases from damaged or
plugged valves are possible. Release of UF6 from a damaged
valve can occur via the steam condensate outlet. The design
of the pH-meter and the feed-back to the steam valve have been
improved to prevent this type of accident. The concentrations
of UF6, U02F2 and HF in the vicinity of the damaged or plugged
valve are in the order of few milligrams/m3

• Damage to the
filters of the container ventilation is prevented by a washer.
The filters of the room ventilation should not be affected, so
that a release to the environment should be possible only in
minor quantities.

4.3 Sudden rupture of a heated container

Heated UF6-cylinders are only present in the evaporation con-
tainer. In no case are heated cylinders moved or transported.
A release of hot UF6 therefore, could be possible only if the
valve or the UF6-container and the outer evaporation vessel are
seriously damaqed by external forces. Calculations 181 and
accident experience 141 indicate that about 50 % of the UF6
could be released in about 30 minutes. The rest of the UF6
remains as crystallized solid material in the damaged container.

A scenario for this kind of accident has been set up. The main
features of the model are:

1100 kg of UF6 are released at a constant rate in 30 minutes
into the building.
The filters of room ventilation fail after 15 minutes.
HF and finely dispersed uranium are released to the
environment. The duration of total release with a ventilation
rate of 20 m3/s is about 30 minutes.

Investigations of maximum possible concentrations of heavy
metals in air indicate, that only concentrations up to few
grams/m3 of air can persist for the anticipated release time
/91. A maximum concentration of 5 g U/m3 is assumed in the
scenario leading to a steady release of 100 g U/s. 50 % of
generated HF is anticipated to react chemically with material
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and equipment inside the facility, the maximum release rate is
45 g HF/s. No direct release of UF6 without chemical reaction
is assumed. Total quantities released to the environment are
190 kg uranium in soluble form and 73 kg HF.

The ventilated air containing noxious HF and uranium is emitted
at a height of 10 m. The dispersion model is based on Gaussian
diffusion. No settling of uranium or HF-droplets is considered.
Assuming unfavourable weather conditions (Class E), the con-
centrations calculated as function of the distance from the
release point are likely to overestimate the environmental
impact. The diffusion parameters used are those recently
published by a group of German experts :101. These data mainly
are based on field experiments performed at Jlilich and Karlsruhe
which take account of the roughness of the environment.

The calculated concentrations of HF and uranium versus distance
from the release point are shown in Fig. 1. At a distance of
100 m, the HF-concentration reaches the value of 25 mg/m3 which
causes lung and eye irritation. The concentration at 1000 m
distance corresponds to the maximum permissible concentration
for a 8 h-exposure. The released cloud containing HF and
uranium lasts for about half an hour with a HF-concentration
in the order of 20 mg/m3• People should withdraw from this
region, no intake of dangerous or lethal quantities of soluble
uranium is to be expected.

For the unlikely case that no evacuation from regions with
higher HF-concentrations takes place, integrated doses from
total released quantities were calculated for the lung, bone
and liver. The calculations are based on soluble uranium
(Class D) with an enrichment of 3.5 % and a specific activity
of 2.25.10-6 Ci/g. The dose commitments are from 1111, calcul-
ated for an activity median aerodynamic diameter of 0.3 wand
a breathing rate of 0.5 lis. The doses are in the order of a
few rem and in no case exceed the limits for accidents. The
lung doses are below 0.1 rem for all distances.

The concentration of HF inside the building (volume 40.000 m3)

reaches a maximum value of 2200 mg/m3• The lethal concentration
for short exposure (1 min) is reached after 15 minutes of
release. Since the HF-concentration already causes respiratory
irritation close to the point of release in very short time the
personnel should evacuate immediately. The risk from inhaled
soluble uranium is of less concern in comparison to the
inhalation of HF.

4.4 Criticality

A criticality accident with enriched UF6 is only possible if
large quantities are moderated to U02F2-solutions. Only small
amounts of U02F2 can be obtained with procedures used for
vaporization of residues or cleaning operations. Therefore,
this kind of accident is relatively remote. Experiments with
high enriched uranium solutions 1121 allow a close estimation of
the possible maximum number of total fissions. Whereas a typical
criticality incident for a U02F2-solution should result in less
than 1018 fissions, an upper limit of 5'1018 total fissions can
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accident results in emission of penetrating neutron and gamma
radiation for a short time. Pulsating critical excursions may
also be possible. The doses from direct radiation without any
shielding are lethal only in a small region of about 25 m distan-
ce from the point of criticality. Outside the building the radia-
tion doses decrease very rapidly with increasing distance. In-
cluding the shielding effect of a concrete wall of 15 em thick-
ness, doses from direct radiation have been calculated. At a
distance of 150 m from the event, the whole body dose is 5 rem.

A great variety of volatile and nonvolatile fission products is
generated by the critical excursion. Part of these are released
to the environment. The main contribution to resulting doses
in the environment are from relatively short lived halogens and
noble gases. At a distance of 100 m the calculated doses under
severe weather conditions (stability class E, release height
10 m) are in the order of a few rem for B- and y-submersion
and thyroid (Fig. 2).

4.5 Release of UF6 in case of an airplane crash

The probability for an airplane crash on a UF6 conversion
facility and the adjacent storage area has been estimated to be
in the order of 10-6/y. Although this is very improbable, severe
consequences can be expected from this accident and a subsequent
fire. Two different kinds of release have to be investigated:

The release from damaged or destroyed UF6-cylinders
Possible breaks of undamaged containers by subsequent heating
with burning kerosene.

Since the building will be destroyed or strongly damaged most
of the released UF6 will be dispersed with the smoky plume. Part
of the UF6 or U02F2 may be converted to nearly insoluble U308-

powder, but it is not possible to quantify this effect.

For the analysis the following scenario has been postulated:

10 UF6-cylinders of type 30 B are stored close to the
headend.

2 UF6-cylinders of type 30 B are heated in the evaporization
equipment.

Leakage of 50 % of the UF6 in a time of 5 minutes is anticipated
from the heated containers. The cold UF6-cylinders in storage
position are heated by burning kerosene. Calculations of
heating time necessary to break a 30 B-cylinder are in the order
of 10 - 20 minutes 1131. The kerosene fire is assumed to last
about 30 minutes. The calculations of the heating times UP to
rupture pressure (about 85 kg/cm2 = 8.3.106 Pa) seem to be
rather conservative due to the assumption of heating a black
body without loss of heat so there remains some doubt as to how
many containers would fail in this time. For the analysis, a
continous leakage of 50 % of the UF6 from 10 containers in
30 minutes is anticipated. Total released quantities over a
distance greater than 100 mare 892 kg uranium and 3000 kg HF.
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For the calculation of doses in the environment, only HF and
U02F2 are regarded to be present in the plume. Part of the
UF6 may remain unreacted close to the point of impact. 100 % of
released HF is set free for dispersion, but only 10 % of U02F2
is assumed to be transported by the plume over a distance
greater than 100 m. The rest of the uranium will remain as
U02F2 or U308 in or near the destroyed facility. As experience
indicates, the height of the resultant plume is very dependent
from prevailing weather conditions. A typical plume height is
in the order of 100 m, but smaller heights have been observed
under special waether conditions. Using the diffusion parameters
from 1101, resulting HF-concentrations for maximum release rate
of 1.~7 kg/s are shown in Fig. 3 for stability class A. For a
plume height of 100 m, the calculated maximum concentrations are
in the order of 25 - 40 mg/m3• This causes lung irritation but
no lethal HF-burns. If very unfavourable weather conditions
exist, plume heights of only 30 - 50 m are anticipated. Calcul-
ated concentrations then exceed the minimum lethal concentration
of 40 mg/m3 for 1-h-exposure. A maximum value of 270 mg/m3 has
been calculated for a plume height of 30 m. Similar curves for
uranium concentrations for different stability classes have
been calculated.

The calculated concentrations remain because a continous release
is assumed for about 30 minutes. For distances greater than 1 km,
the time for inhalation of a lethal quantity of HF or soluble
uranium, plus the migration time of the plume, are so long, that
evacuation and emergency measures should be effective.

The calculation of the radiological impact, due to dispersion of
soluble uranium using dose commitments from 111 I, shows that the
limit for bone dose from an accidental release is reached only
under extreme weather conditions (30 rem /7/). For a typical
release height of 100 m the calculated maxima of bone dose are
in the order of few rem integrated over the total duration of
the release.

5. CONCLUSION

The results of the model calculations for in-plant accidents
indicate that outside the plant boundary no severe or lethal
effects by chemical or radiological impact are to be expected.
Inside the building, HF-concentrations in the order of
2000 mg/m3 represent a lethal hazard in case of a great release
of hot UF6 even for short time exposure. Penetrating neutron
and gamma radiation emitted from an improbable criticality
accident causes lethal whole body doses up to a distance of
25 m if a conservative number of 5.1018 total fissions is
assumed. The environmental impact of an airplane crash results
mainly from corrosive HF. Lethal effects from HF should be
possible only for unfavourable dispersion conditions in a
region up to 1 km from the release point.

Further activities and investigations are needed for a better
understanding of the heating mechanism, behaviour of UF6 during
a large release, chemical reactions, and deposition of HF and
uranium during dispersion. Experimental results in these fields
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are of high importance. More experimental data will help to
reduce some conservatism in the calculations and to permit a
more accurate analysis of UF6-releases.
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PREVISION QUANTITATIVE DES POLLUTIONS
CONSECUTIVES A UN REJET D'UF6 DANS L'AIR

A. DOUMENC - R. GERARD - J.P. MAIGNE
COMMISSARIAT A L'ENERGIE ATOMIQUE

(FRANCE)

La prevlslon quantitative des pollutions consecutives a un rejet d'UF6dans l'air peut etre effectuee a partir d'un modele general de trans-
fert atmospherique.
Le modele utilise pour cette prevision est un modele a bouffees developpe
au Commissariat a l'Energie Atomique. Les differents types d'accidents
possibles sont schematises par deux types d'emission a la source: une
emission ponctuelle prolongee et une emission volumique instantanee.
Plusieurs codes de calculs adaptes aces differentes emissions et aux
presentations recherchees par la surete ont ete developpes.
Des exemples d'applications pratiques sont donnes et commentes.

A quantitative forecast of behaviour of uranium hexafluoride release ln
the air can be estimated by a general atmospheric model.
The atmospheric dispersion model used for is a puff model made in
"Commissariat a l'Energie Atomique". Different kinds of potential accidents
are simply represented by two kinds of sources : a continuous point source
and an instantaneous voluminous source.
Several calculation codes have been developped for these different
releases and forms wanted by safety.
Some practical examples are given with comments.
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1 - PURPOSE A.ND SCOPE

This study describes the methods 3ctu~111y used to forCc3st the
atmospheric pollutants after 3n uranium hexafluoridc relc3se in
air and shows problems encolmtered in practice.
In a first time, term source has been simplified and stylised, yet
the used models are convenient enough 1Il their conception to be
adapted according to knowledge evolution and experiments work on
hand. For source term definition, a first difficulty is to deter-
mlne the release conditions, because different causes must be taken
into accowlt such as a sudden lost of confinement in an enrichment
facility or a release during a container handling. On the other
hand, it is allowed that a complete or partial hydrolysis follows
the release but the resulting components and the kinematic reaction
seem very dependent on water "supply" conditions (air moisture,
spattering, simple contact with a surface ...).
In actual knowledge, it is difficult to provide for the exact
composition of hydrolysis products, even if the reaction conditions
are well knmvn.
It seems that many components are produced during the reaction and
last a more or less long time. So after an atmospheric release, it
seems possible to find: UF6 ; HF ; x UOZFZ' Y HZO ; x UOZFZ' Y
HF ; x UOZFZ' Y HF, z HZO ; ...
For this different products a general atmospheric transfer model
can be used to forecast their dispersion if :
- pollutant products can be considered as minor atmospheric consti-

tuent following the same general transfer law of carrying fluid

pollut3nt products are gaseous or composed with small size aerosol
to be indifferent to gravity (practically, if 0 < ZO J.L m) .

The atmospheric dispersion model used must take any release into
account after the thermodynamic equilibriUIllwith the atmosphere.
Therefore it is necessary to be able to consider a point source as
well as a volluninous source, an instantaneous or a long period
release.
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2 - A~10SP~~RIC MODEL USED
2. 1 General purpose to forec:lst
The atmospheric dispersion model used IS a puff model made in
Commissariat 3 llEnergie Atomique / 1 /, which gives concentration
in air :lndgroLmd deposition for a pollutant in any spatial point,
from any known reference trajectory, near the source as well as
very far from it (several hundred kilometers). Model advantages
consist especially in separation of the dispersion process in two
fundamental components :
- transport by mea.n wind
- diffusion by turbul~nce.

This model a.llows to use, without any subjective interpretation,
meteorological parameters measured in siting stations (by example
with a meteorological tower outfit) :

wind speed and wind direction function of time (transport)
- vertical stability of the atmosphere (diffusion) determined as

possible by measurement of the vertical temperature gradient.

This model has been exposed lJl previous publications. / 1 / / 2 /
It uses a gaussian solution for the diffusion equation and the main
difference and originality with other similar models is to consider
the standard spatial deviations (a) of the concentration distributions
as a function of transfer duration.
In this model, a continuous release IS simply represented as a
succession of instantaneous puffs the diffusion of any of them IS
function of transfer deviation.
This method allows to take into account not only the transport
direction but also the release duration and the exposure duration.
From this, three reference models have been developed, for three
kinds of release
- instantaneous point source
- instantaneous volW11inous source
- continuous point source.
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2.2. Instantaneous point source
This source does not correspond to practice problem, but this type
is the most simple and the model for it is the bJsis for build up
models.
The volumic concentration of pollutant from an instantaneous point
source is given by

.---------_._--_ ..__ ._--_._-------~~---------------_.----

x = Q E
v

(2rrY72 U (J a• , x y z.

X
Q :=:

E

1 [(x_xo_ut)2 ('1-.y(} (T._:r.o)2J '
exp - '2 ---2--- +- --2-- .:...-.-;;--- ;

- a a 0" ,
__x y z ~'

Concentration of pollutant in air
Total quantity of the pollutant source
Evolution law of pollutant (chemical evolution, radioactive
decay ...)

Ox ,0 y,oz:=: Standard deviations of the concentration distributions
along the three coordinate directions at the centroid of
the cloud at time't ;

k
erx=oy=O'h=(Aht) h

x :=:

Y, z =

x 0, Yo ,zo=
u=
t :=:

Horizontal and vertical diffusion parameters (L1/~-1)
Horizontal and vertical diffusion exponents
Coordinates on the trajectory direction
Coordinates orthogonal to the trajectory direction
Coordinates of the source
Mean wind speed
T~ne after release

Parameters and exponents Aj , A , kj , k come from real diffusion
1 Z 1 Z

coefficients which are function of time transfer~, and known by
exper~nental various and numerous distributions of pollutants in
air from instantaneous releases / 1 /.

J <J'h
2 = 2 K" t

, a/ ::2 Kz ~

Kh, Kz are real horizontal and ver-
tical diffusion coefficients.
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Diffusion :.lJ1Upar;lJllctersexponents, as a fW1ction of time after release
are given below

Normal diffusion
Travel time

Irml;k~:~~l(ml/k A:s -1)
kh -J---- kIt (seconds .)

0 a 2
4,05.10-1 0,422,40.10 0,859 0, 81/~

2,110.102 a ) -13,28.10 1,)5.10 1,00 l,lJO 0,685
J a 4 -1 \ I3,28.10 9,70.10 1,J5.10 20 1,1)0 0,500
4 5 ! 4,6J.l0-1

I
9,70.10 a 5,08.10 I 20 1,000 0,500

5 6 I I5,08.10 a 1,)0.10 6,50 20 0,824 0,500

> 6 51,30.10 2,00.10 20 0,500 0,500

-

Weak diffusion
-

Travel time Ah AI kh k
I

t (seconds ) (m1/le .s-l) (m1/k •s -1)

I --
0 a 1 2 I 4,05.10-1 0,20 0,859-2, .0.10

0,500
2 I~ I -12,40.10 a 9,70.10 1,J5.10 0,20 1,1)0 0,500
I. 5 I -19,70.10 a 5,08.10 4,6J.10 0,20 1,000 0,500
5 a G

6,50 I5,08.10 1,JO.10 0,20 0,824 0,500

> 6

I 5

I ~

l,JO.10 2,00.10 0,20 0,500
I
I

Actually, two atmospheric vertical stability conditions are considered.

The correspondance with atmospheric vertical thermal gradient (y) IS
conventionally :

- nOTInal diffusion
- weak diffusion

Y < -0,5°C/100 III (unstable)
y ~-0,5°C/100 m (stable)
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2.3. Instantaneous voluminous source
In that release, the sudden important quantity of delivered pollutant
makes an horizontal and vertical expanded volume for a so short
time (some seconds to some minutes) that it can be looked to as
instantaneous. lVhen the thermodynamic equilibrium with atmosphere
is reached, the cloud dispersion goes on with the normal atmospheric
transfer process.

The cloud, whose volume is a function of energy release, can be
considered as a cylinder.

That volume can be brought back to a virtual point source and then
it is an instantaneous point source (figure 1).

If 6.t is a theoretical time necessary for a virtual source to reach
the real source dimensions, concentration function of time can be
computed with the expression for instantaneous point source, but
the time origin must be taken6.t back:

lTx = lTy = lTh = [Ah
lTz = [Az (t +Atz )]kz

with, ., h ' A:h [ :;; J Ilk,

At = I [ ~J II k'z
z A' z V2fi

R ,6.zo 0 radius ~1d height of cylinder source

parameters function of source initial
dimensions

The other tenns of basis expression are unchanged.
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2.4. Continuous point source
The method used for a continuous point source is to model the release
as a succession of instantaneous puffs (eArplained in 2.1.) .
Then the concentration may be calculated by adding the contribution
of each puff to the concentration at the point of interest at a
gIven instant. The contribution from puff "i" at point of coordi-
nates x, y, z can be written from the equation :

Where

x. =I

OJ E
3'

(2lTF2 a C1 (Jx y z

Q.
1

e.
1

t

=

=

=

the quantity of pollutant released in puff i
travel time of the puff 1 = t-ti
observation time

t. birth time of the puff
1

Other symbols have been explained In 2.2.

The total quantity released Qis the sum of contributions OJ,

The net concentration at the point of interest can be represented
by the summation : X = ~ X i

IThis method allows a large use. So it IS possible to take into
account :

- ill1Y duration release from instantaneous source (one puff)
to continuous source (numerous successive puffs)

- variable discharge release
- sinuous trajectory
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3. EXAJ\'IPLESor Pf0'\.CTICi\L USE

From this model several computing codes have been Jevelopped for
different releases anJ presentation wanted by safety.

A first serie of codes (ECYIN, TRAIR III) computes concentration
evolution of pollutants function of tllle in any spatial point
from instantaneous voluminous sources (figure 3).
A second serie of codes (EPOP, TRAIR II) computes the same result
from continuous point sources (figure 3).
A third serie of codes (ICAIR) more elaborated draws isoconcentra-
tion curves at fi.xed time and can be superposed upon map (figure 4).

For concrete examples, the use of this codes has been in a good
concordance with real measures after expriments over large distances
with tracers and interpretation of a past recent incident.
HF concentrations computed by the model for a 500 kg UF6 release In
atmosphere and for different kinds of releases and presentations
are shown on figures 3 to 6.
To slllplify, it has been supposed a simple, quick and complete
hydrolysis of UF6 giving practically 113,5 kg HF release in all cases.
For small size aerosols of UOZFZ or other chemical materials
(0 < ZO IJ m) the model can be used but it is necessary to know
the quantity of released small size material.
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4. ENCOUl',rn::RED PROBLG\1S
4.1~ ~~teorological conditions

The combined effects of meteorological conditions and real height
of rele~se can be seen on figure 5.
This model can take up common meteorological states, but others
can be treated

by arrangement of diffusion parameters (by example inversion
of temperature limited or no in altitude)
by addition of a complementary Inodel (by example precipita-
tions).

When having meteorological measures normally made on a nuclear
site

- wind speed and wind direction
- vertical temperature gradient

it is easy to define mean, extreme or typical site meteorological
conditions to evaluate atmospheric transfer.

4.2. Source definition
Source parameters (height of release, volume, ..., physical and
chemical composition ...) are very important and actually they are
the biggest reason of incertitude in forecasting especially at
short distance.
The figure 6 shows the maximum concentration for four various
sources :

- point source with instantaneous release (greatest hypothetical
case) (A curve)

- voluminous source with instantaneous release
Limited expansion to the minimum volume necessary to hydrolyse
UF6 by atmospheric humidity (about 5 000 m3 in this example)
(B curve).

- voluminous source with instantaneous release, c01Tesponding
to the volume get from the heat of the complete hydrolysis
and from the initial heat of the surrounding environment
(C curve).

- continuous point source corresponding to a release of constant
discharge during 10 mn (D curve).
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All these sources are released from a same height (40 m) and
involved a same quantity of UF6.
The maximum concentration curves show a great difference according
to the various source especially for short distances.
By these results, the strong necessity to have a good knowledge
of source parameters is shown.
The codes will be completed according to the results of experimen-
tal works on hand take into better account of the real UF6 kine-
matic release and hydrolysis.
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ATMOSPHERIC DISPERSION AND CONSEQUENCES OF A UF6 RE-
LEASE CAUSED BY VALVE RUPTURE ON A HOT 30B CYLINDER

Ann-Margret Ericsson,
Bertil Grundfelt
KEMAKTA Konsult AB
Stockholm, Sweden

The accident analysed is that of valve rupture on a 30B cylin-
der heated to lOOoC and containing UF6, thus causing gaseous
UF6 to escape.
Most of the UF6 content of the cylinder is initially in liquid
form. This liquid phase will start to boil and the gas will
flow out. The contents of the cylinder will then be cooled due
to the dissipation of the latent heat of evaporation.
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The calculations are based on the following simplifications:

1) The behaviour of the cylinder contents is considered to be
adiabatic, i.e. no cooling is considered to take place
through the walls.

2) The material transport resistance during boiling is ignored.

3) The pressure-volume work in the gaseous phase can be con-
sidered as negligible as compared to the heat dissipation
in the form of latent heat of evaporation.

From the risk aspect, all of these assumptions are pessimistic.
If free convection in air is assumed to occur on the outside of
the cylinder, assumption 1) will give an accessively low cool-
ing rate.

Assumption 2) gives a somewhat high discharge rate, since the
pressure in the cylinder at any instant will be equal to the
equilibrium pressure at the prevailing temperature. However,
the deviation should be very small. But it is difficult to
specify how small this deviation is, since an analysis of the
material transport resistance during boiling is complicated and
is outside the scope of this study.

Assumption 3) gives a cooling rate which is about 0.1 - 0.2%
too low.

When the temperature in the cylinder has fallen to the triple
point, crystallisation will start. This is assumed to take
place at a constant temperature, i.e. the crystallisation rate
is assumed to be determined by the dissipation of the latent
heat of evaporation.

When crystallisation has been completed, it is assumed that d~s-
'charge will cease. The triple point is assumed to be about 64 C
and the temperature at which the steam pressure above solid UF6is 1 atm is approx. 54oC. The specific heat capacity of solid
UF6 within this temperature range is approx. 120 cal/kg, K. The
heat of sublimation is 33 000 cal/kg, K. The quantity of UF6which would flow out of the cylinder after completed crystal-
lisation (if the cylinder is assumed to contain 500 kg of solid
phase) would thus be

120(64-54) 500
33 000 . 20 kg

1.1 Discharge relationships.

The following is based on the Chemical Engineers' Handbook,
Perry et ale (5).
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The maximum mass velocity on isothermal expansion can be calcu-
lated from:

G . =Cl
P j M

o 2.718.R.T
o

2(kg/m . s) (1)

where P = pressure in the container (Pa)
0

M = molecular weight of UF6 = 355 (kg/kmol)
T temperature in the container (K)

0

R = universal gas constant = 8314 (J/kmol, K)
0

G . is multiplied by a factor F which is a function of the
r~tio of the pressure in the container and the ambient pressure
E, the discharge resistance N and the isentropic index k. The
value of F is specified graphically in the Che~ical Engineers'
Handbook.

The discharge resistance consists of two components, i.e. sud-
den restriction with N ~ 0.5 and discharge into a large re-
cipient with N ~ 1.0.

UF6 has a very low isentropic index k = 1.06, i.e. it behaves
almost isothe.rmally on expansion. With these values of Nand k,
the graph in the Chemical Engineers' Handbook is described
reasonably well by the following equations:

F = 0.76 E< 0.45 (2a)

F = -1.18381 .r; -1. 463735 (E -0.75)2 +1. 68141 (2b)
0.45 <E< 0.75

F = 1.18381 .J; -4.464022(E -0.75)2 +1. 689192 (2c)
0.75 <E< 0.95

F = -7. E+7 E~ 0.95 (2d)

The relative error in relation to the graph is below 2%, which
is well within the reading accuracy in the graph.

The total flow out of the cylinder will be:

G = Gci . F . Ahole (3 )

where Ahole = cross-sectional area (m2) of the discharge hole"

From equations (1) and (3), and at a 1 inch diameter discharge
hole, the discharge flow will be:

-1/2G = 6.43 . F . Pi . To
where Pl = pressure in the cylinder (atm).

( tl )
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If the discharge hole is instead assumed
meter as the major diameter of the valve
in, the discharge flow will instead be:

-1/2G = 11.62 • F . Pl . To

to have the same dia-
thread, i.e. 1 11/32

( 5)

This clearly illustrates the uncertainty of the discharge cal-
culation.

1.2 Material - energy balances.

A material balance on the container gives:

( 6)dm = -Gdt
where m = mass of UF6 in the cylinder (kg).

If the pressure volume work is ignored and the standard condi-
tion is set for the liquid at the prevailing temperature, an
energy balance gives:

m.Ctot• dT = -G • ~H (7)P dt vap
where ~H = latent heat of evaporation (J/kg). vap

(9)

ctot = the weighted mean value of the specific heat capacities
p of the gaseous and liquid phases (J/kg, K).

g Lctot = mg.cp + mL • Cp (8)
P m

where m = mass of the gaseous phase in the cylinder (kg)
mg = mass of the liquid phase in the cylinder (kg)L

From (7) and (8):

dT - g Ldt = -G • ~Hvap/(mg • cp + mL . Cp)

(10)(kg)

The masses of the gaseous and liquid phases can be obtained by
knowledge of the total volume of the cylinder, the total mass
of UF6 in the cylinder and the density of the liquid phase.
Fram ~he universal gas law:

= M.Pl.Vg
R.To= volume of the gas in the cylinder.
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But V = Vtot - VL Vtot - mL/PL, which gives:g

(m
M. Pl V tot)/ (1-

M,Pl 1 (lia)mT = - -- . -p-)RT R.T-'--J

0 0 L

m = m - mL (llb)g

Differential equations (6) and (9) are solved simultaneously by
the Runge-Kuttas method.

To solve equations (lla) and (9), expressions are necessary for
g LC , C ,H , PL and Pl as a function of the temperature. These
p p vap

expressions have been taken from (3):

Cg 382.8 + 0.09366 . T - 3.785 . 106/T2 (12)
P

cL = 211.907 + 0.76751 . T + 7.87236 . 106/T2 (13)
P

6Hvap = 29193.09 + 170.86 . T - 0.33692 . T2 +
+ 1.1657 . 107/T (14)

= 4041 + 3.368 . T - 0.0136 . T2

-1exp (7.2876 . lnT - 0.014371 . T - 1245.2 . T -
- 248608 . T-2 - 31.2935)

The mass of the crystal phase is obtained from

dms
dt = G . 6H /6Hfvap us

where 6Hf = latent heat of fusion (kJ/kg)us
m = mass of the crystal phase.s

(15)

(l6)

A computer program known as "HEXRISK" has been wr itten for t.he
discharge calculation. This program which calculates the mass
of UF6 in the cylinder, the temperature, pressure, flow and thE'
proportion discharged as a function of time following valve
rupture, has been run a total of four times, assuming three dif-
ferent starting temperatures and two diameters of the discb.aPJ2
hole:
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Run No. 1: T = loooe, d 1 11/32"
0

Run No. 2 : T = 90oe, d = 1"
0

Run No. 3 : T = loooe, d 1"
0

Run No. 4 : T = 110oe, d 1"
0

The temperature drop as a function of time in run No.3 is plot-
ted in Fig. 2. The proportion discharged from the cylinder
varies between 49% (run No.2) and 56% (run No.4). This corre-
sponds to a total UFh discharge of between 1 120 kg nad 1 270
kg. About 20 kg must be added to these figures as the quan-
tity which may be discharged after the uranium hexafluoride has
crystallised. These 20 kg can be entirely ignored from the
risk aspect, since they represent a very small addition to the
exposure in the surroundings and since it is discharged at low
velocity. The proportion discharged as a function of time in
run NO.3 is plotted in Fig.3.

A comparison between runs NO.1 and 3 (same temperature but dif-
ferent hole diameter) shows that discharge through the larger
hole takes place in about 39 min and through the smaller hole
in about 45 min. In both runs, the proportion discharged is
53% (1 200 kg of UF6 is discharged) .

Since the expansion of the cylinder contents was considered to
be adiabatic, the proportion discharged is clearly defined by
the initial temperature. The influence of reasonable varia-
tions in the initial temperature is illustrated by the table
below, which applies to a hole diameter of 1 in (runs 2 - 4).

Initial Initial UF6 dis- Proportion Discharge
temp. (oe) press. (atm) charged (kg) discharged (%) time (min)

90 3.13 1117 49.1 45.1
100 4.00 1195 52.5 44.8
110 5.03 1271 55.8 44.1

-The mean discharge rate G and the maximum discharge rate Gmaxwill be:

Initial -
Gmax/Gtemp. (oe) G Gmax

90 0.41 0.80 1. 95
100 0.44 1. 01 2.30
110 0.48 1. 25 2.60

The interesting feature from the risk aspect is the ratio of
the maximum to the mean discharge rate, i.e. G /G. Thismax
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ratio provides a rough indication of the concentration in the
front part of the plume and the mean concentration. The time
for the discharge rate to fall from its maximum value to its
mean value is about 9 min at an initial temperature of 90oe,
10.5 min at 1000C and 11.5 min at llOoC. In all runs, the ura-
nium hexafluoride started to crystallise within 15 minutes (the
flat part in Fig.2 and 4). The discharge rate during the crys-
tallisation period is constant at 0.37 kg/s at a diameter of 1
in and 0.68 kg/s if the hole diameter is assumed to be 1 11/32
in. The discharge rate in the case of the 1 in hole is shown
in graph 4. The fraction of the cylinder content which is dis-
charged before crystallisation starts varies between 16% at an
initial temperature of 900C and 27% at 110oC.

The discharge calculation is somewhat conservative, since the
process in the cylinder has been assumed to be adiabatic. The
reduction in the proportion discharged caused by heat dissipa-
tion to the surroundings through the cylinder walls is of the
order of 4% (slightly below 100 kg less UF6 discharged) under
the following conditions:

The heat transmission resistance in the cylinder wall and
inside the cylinder is ignored.

Cooling tak1s place by free convection in air on the outside
(a ~ 10 W/m ,OC).

The ambient temperature is 20oC.

Uranium hexafluoride reacts very quickly with water as follows:

Owing to the high reaction rate, the limiting factor in the re-
action of UF with the humidity in the air is considered to be
the availabi~ity of water in the form of airborne humidity. A
mathematical treatment of the transformation of UFh in the gas
plume formed inevitably leads to extensive calculation work
which is outside the scope of this study. A mathematical treat.-
ment of this nature must include the diffusion of water vapour
in air, the diffusion of uranium hexafluoride in air and the
influence of turbulence and temperature gradients. We shall
instead discuss the water quantities necessary for complete
transformation of UF6 to U02F2.

In the initial stage, the discharge rate is relatively high.
Assuming that the hole is 1 in in diameter, the initial flow
is approx. 1 kg/so This corresponds stoichiometrically to a
water demand of 0.1 kg/s for complete transformation. The mean
water consumption during the discharge time is approx. 0.05
kg/s for complete transformation.
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The water content of the air is dependent on the temperature
and the weather conditions (relatively humidity) and can easily
be calculated by means of the vapour pressure table (see table
below). On the basis of the water content in the air, an
assessment can then be made of the air volume necessary for
complete reaction of the UF6 to take place.

Water content in air (kg/m3).

RH Temp.
% °c 0 10 20 30

20 9.7.10-4 1.9.10-3 3.5.10-3 6.1.10-3

60 2.9.10-3 5.6.10-3 1.0.10-2 1.8.10-2

100 4.8.10-3 9.2.10-3 1.7.10-2 3.0.10-2

Air volume (m3/s) necessary for complete reaction at the mean
discharge rate.

RH Temp.
% °c 0 10 20 30

20 52 26 14 8.2
60 17 8.9 5.0 2.8
100 10 5.4 2.9 1.7

3Total air volume (m ) necessary for complete reaction.

RH Temp.
% °c 0 10 20 30

20 140 000 70 000 38 000 22 000
60 46 000 24 000 14 000 6 700
100 27 000 15 000 7 800 4 600

Under extremely humid summer conditions, the air volume
necessary corresponds to a sphere with a radius of 10 m (or a
cone with an apex angle of 100 and a length of 83 m) to con-
vert all of the uranium hexafluoride to uranyl fluoride.
If dry winter weather is instead assumed, the corresponding
sphere of air would have a radius of 31 m and the cone would
have a length of 260 m.



291

In humid weather at the height of summer, it would therefore
appear probable that most of the uranium hexafluoride would be
converted to U02F2 in the immediate vicinity of the discharge
point (within 100 m), whereas during the winter or in dry
weather, part of the UF6 will probably be spread outside the
plant boundary.

Two additional questions, which have not yet been discussed,
also have an effect on the spreading of uranium in the surround-
ings. One of these concerns the cooling of UF6, and the con-
sequent formation of aerosols and crystallisatlon. The other
question is the particle size of the U02F2 crystals, i.e. how
quickly these can be expected to settle on the ground. The fact
that the reaction between UF6 and the moisture in the air is
very fast suggests that the particle size could be very small
and that the crystals could then be transported across long dis-
tances by the wind. Since the basis for determining the spread-
ing of uranium is uncertain, it is assumed in the consequence
calculations that most of it is entrained by the wind, primari-
lyin the form of U02F2 particles.

4. Reaction in air.

Uranium hexafluoride reacts with the water in the air and forms
uranyl fluoride and hydrogen fluoride as follows:

The reaction takes place instantaneously. The limiting factor
is the amount of water vapour in the air. As mentioned earlier,
this study does not include complete treatment of the actual re-
action of UF6, and the calculation is based on the assumption
that complete transformation of UF6 takes place.

As mentioned earlier, the reaction leads to the formation of
hydrofluoric acid (HF) and uranyl fluoride (U02F2). The radio-
logical toxicity consists only of uranium whicfi occurs here in
soluble form as uranyl ions (UO 2+). The chemical toxicity is
due to the hydrogen fluoride, t~e fluoride ions and the uranyl
ions.

Radiological toxicity.

Under certain conditions, uranium accumulates in the skeletonr

where it has a biological half-life of 300 days. The radio-
logical toxicity increases with increased enrichment of the
uranium. The highest permissible concentration in air for per-
sons engaged on non-radiological work is 3 . 10-12 ~ Ci/cm3.
The maximum permissible single intake of uranium by breathing
is 2.5 mg/day and by swallowing, 150 mg/day. At low enrich-
ment, the critical organs are the kidneys.
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Chemical toxicity.

Hydrofluoric acid at room temperature is a colourless liquid
with a pungent smell. The acid is entirely soluble in water.
In gaseous as well as liquid form, the acid attacks the eyes,
skin and mucous membranes. The acid is classified as a diges-
tive poison, a respiratory poison and a nervous poison.

The hygienic limit for hydrogen fluoride in air is 3 ppm. The
inhalation of vapour or gas corresponding to 50 ppm for 30 - 60
minutes is lethal.

Hydrofluoric acid reacts very readily with oxidising as well as
reducing agents, and hydrogen is liberated in the reaction. The
acid also reacts violently with metals and hydrogen is liber-
ated. The hydrogen is very flammable and may form explosive
mixtures with air.

Since it is soluble, uranyl fluoride owes its toxicity to that
of the uranyl ion and that of the fluoride ion.

When breathed in, soluble uranium (UF6 and U02F2) is quickly
transported to the body by the blood. A large proportion is de-
composed in the urine. But significant quantities will be re-
tained by the kidneys and skeleton.

If soluble uranium is swallowed, only a small proportion will
remain in the digestive tracts. Of this quantity, about 1%
will be transported further in the blood.

The primary risk in the inhalation of compounds containing
natural and low-enriched uranium is the chemical injury caused
to the kidneys rather than the radiological toxicity. A poison-
ing symptom is the presence of albumen in the urine. On
chronic inhalation, the chemical toxicity of uranium is compar-
able with that of lead. The lethal dose for animals varies be-
tween 0.1 mg U/kg of body weight and 20 mg U/kg of body weight.
In the case of human beings, this value can be extrapolated to
around 1 mg U/kg of body weight.

The toxicity of fluoride is due to it occupying the spaces of
hydroxide ions in the apatite lattice of the skeleton. This
leads to bone embrittlement.
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5.1 Concentration and dispersion

The concentration at ground level along the centre line of the
plume can be calculated from:

M h2 3
K = ------ exp (- --- (kg/m )o 2no 0 .u.t 202Y z z
where M

t

u =

and 0z dispersion parameters

quantity discharged (kg)
h = height of discharge (m)

duration of discharge (s)
= horizontal and vertical

respectively (m)
wind velocity (m/s)

o
y

Since no weather statistics are available for Vasteras, -the
weather situation is compared with that applicable to Agesta.
These statistics are considered to be the best available in the
country (6) for this type of calculation.

The value of K for Agesta is sDecified in (1) as a function of
the weather st~bility parameter~A and the distance X from the
point of discharge. Converted to a discharge of about 1 200 kg
of UF6, the values specified in Table I will be obtaine~. These
values specify the integral concentration given in kglm for
various distances from the point of discharge.

The conversion to concentration in kg/m3 is shown in Table II.
This has been calculated on the basis of the mean discharge
flow of 0.44 kg UF6/S from the cylinder, which has been obtained
from the discharge calculations in the preceding chapter.

The weather stability parameter A corresponds to various weather
situations and wind velocities in accordance with the table be-
low:

Weather type u (m/s) frequency, %

Neutral 5 44
Almost neutral 0.5 5 19
Fairly stable 1.1 4 17
Relatively stable 1.7 3 12
Stable 2.3 2 5

Very stable 2.9 1 3
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Fig. 5 - 8 have been produced from these values and the tables
in Appendices 2 and 3. Fig. 5 - 6 indicate the integral con-
centration as a function of the cumulative frequency, and Fig.
7 - 8 show the discharge concentration as a function of the
cumulative frequency. All graphs include the distance from the
discharge point as a parameter.

The integral concentration and the discharge concentration under
average weather conditions (50% cumulative frequency) and un-
favourable weather conditions (95% cumulative frequency) have
then been read from Fig. 5 - 8 for the various distances from
the discharge point. These concentrations are tabulated in
Appendices 4 and 5. However, it should be pointed out that the
values in the immediate vicinity are very uncertain.

As regards dilution of the plume in the direction of discharge,
Tables III - IV show that the concentrations falloff by a fac-
tor of 38 between 0.25 and 10 kID from the point of discharge
under average weather conditions (50% cumulative frequency) ,
whereas they falloff by a factor of no more than 8 under un-
favourable weather conditions (95% cumulative frequency).

In the immediately adjacent zone, the difference between the
concentrations under average and unfavourable weather condi-
tions is negligible. However, the differences increase with
the distance from the discharge point, and at a distance of 10
km, the concentration is a factor of 10 higher under unfavour-
able weather conditions than in average weather.

Relatively large amounts of data must be processed for accurate
calculation of the dilution of the plume perpendicularly to the
direction of discharge, i.e. the horizontal width of the plume,
at various distances from the point of discharge, but this is
considered to lie outside the scope of this study.

However, the width of the plume has been approximately calcu-
lated using the graphs in (1). The curves for 50% and 95%
cumulative frequencies have been plotted in graph 25 in the
above reference. The 50% case was found to correspond well
to the curve for neutral weather (\=- 00) and the 95% case cor-
responds up to 0.5 km from the discharge point to fairly stable
weather (A= 1.1) and beyond 0.5 km, to relatively stable
weather (A= 1.7). The plume widths at the various cumulative
frequencies and distances were then read from graph 17 and
graph 34 in reference (1). These values are tabulated in Table
IV. The plume widths indicate twice the distance from the
centre line to the point at which the concentration has fallen
off to 1% of the concentration at the centre line of the plume.

5.2 Consequences to the general public.

People who are within the plume will be exposed to uranium as
well as fluorine in soluble form which they will absorb pri-
marily by breathing.

The duration of the discharge in this particular case is 45 3
minutes. The respiratory rate has been assumed to be 1.25 m /h.
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The calculations have been concerned with people who are in the
dispersion zone of the plume throughout the discharge time.

Uranium quantities inhaled.

Most of the uranium is inhaled in the form of U02F2. After re-
action with water, 1 kg of UF6 corresponds to approx. 0.9 kg of
U02F2 which, in turn, corresponds to approx. 0.7 kg of U.

The uranium is in soluble form throughout. The critical organs
are then initially the kidneys and only when the doses are large
will the uranium reach the skeleton.

A fraction of 0.25 of the material inhaled is deposited in the
lungs and is absorbed by the blood. The amounts of uranium
which are absorbed by the human body at various distances from
the discharge point are shown in Table VI. This table illus-
trates that the amount of uranium inhaled is 1 - 2 powers of ten
below the lethal dose (approx. 1 mg/kg of body weight) at 50% as
well as 95% cumulative frequency. In the immediately adjacent
zone, the values are presumably somewhat too low. It is very
difficult to calculate the concentration accurately within this
zone, since the actual discharge height due to the plume lift is
difficult to determine. However, there is no doubt whatever
that it is obviously unhealthy to be within this adjacent zone.
On the other hand, further away from the discharge point, the
amount inhaled is below the permissible limit of 2.5 mg for in-
dividual inhalation of soluble uranium.

It would be desirable to carry out a determination of the rela-
tionships prevailing in the immediately adjacent zone, to cal-
culate the actual plume lift, etc., in order to obtain more re-
liable values of the uranium and fluorine contents in this zone.

Quantities of fluorine inhaled.

All fluorine is treated as hydrofluoric acid, since two-thirds
are inhaled in this form and since the remaining one-third will
form hydrofluoric acid in the body.

When it has reacted with water, 1 ml of UF6 corresponds stoichi-
ometrically to 6 mol of fluorine. Thus, 1 kg of UF6 corresponds
to 0.33 kg of hydrofluoric acid. The contents of hydrofluoric
acid at various distances from the point of discharge have been
calculated on the basis of the hypothetical UF6 concentration
(as if no UF6 had reacted) in Table V. These values are given
in Table VII.

The hygienic limit value for hydrofluoric acid is at 2.5 mg/m3.
As shown by the table, the contents on discharge are well below
this value outside the immediately adjacent zone. 'rhe calcuLc ..'
tions are also considered to be reliable in this case. As men-
tioned earlier, the basis for the calculations for the immedi-
ately adjacent zone is fairly weak, and the contents may be
appreciably higher here than is indicated by the table. Great
care should therefore be taken in the immediate vicinity of the



296

discharge point and a gas mask should be used in the decontami-
nation work.

As soon as discharge is detected, people should be evacutated
from the immediately adjacent zone to a safe area.

The decontamination personnel should work in full-body protec-
tive suits and gas masks.
It is presumably impossible to collect the gas in a free gas
cloud. Hydrogen fluoride as well as uranyl fluoride are readily
soluble in water, and spreading of the cloud can possibly be re-
duced by spraying it with scattered jets of water. The sub-
stances will then be deposited on the ground surface. vJater
jets can also be used for affecting the direction of travel of
the cloud, if this is considered desirable.

The hydrogen fluoride and uranyl fluoride deposited on the
ground surface can be neutralised by means of slaked lime.
People who are suspected of having inhaled hydrogen fluoride
or uranyl fluoride should quickly be taken to a hospital. In
the case of hydrogen fluoride poisoning, the patient should be
provided with fresh air or, if possible, oxygen, should rest
and should be kept warm. The symptoms of hydrofluoric acid
poisoning are heavy coughing, shortage of breath and a pro-
nounced general effect.
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1,4'10-3 7,7'10-3

1.7'10-3 , 1,'3 '10-3

1,1':;'0-311,7'10-3

],8'10-2

3,6'10-2

II ~:~:~~~~

5,0']0-3 I

1
3,2'10-

3 I
2,4'10-3

11,9']0-3 I

11,6']0-3 I
1,3']0-3

],]'10-3

1,0'10-3
-ll:1, /'lC

I~
II 0,1

I 0, L 5
i 0,5

III ~: ~

3,0
I 1',0
II 5,0
I 6,0

I
7,0

8,G
I 9,0

! lO ,0

Table II

Concentration as a function of the,weather st~bility (parameter at different

dist"nces X from the SOI;rce,

I~A - G'~I (KC~.~ 4LJ %

I 0,1 6,6']0~~

10,25 1,3'10

10,5 7,9'10-5

J ,-6I -' I" IJ']0

I 2 J ,8'10-6

13 1,2']0-6

" 8,8']0-7

(,,r, '10-7

G 5,'/'1:)-7

7 5,3']0-7

8 11,3'JO-7

-7~I 3 , d ' 10
j ,4' 10 - '/

5,9']0-5

1,4']0-5

9,2'10-5

11,8 ']0 -6 ,

2,2'10-6

1,II']0-l;

-51,1']0
7,9']O-7

G , G '.1 0-'1

S,9'1fJ-7

5,3']0-7

'1,4 '10-7

-7
It, G "l;J

J,l
] 7 0&

3,9']0-5

1.7']0-5

J,3']0-5

7,Q'1:)-6
-63,:J "]0

7,2']0-G
],(,,']0-6

1,3']O-G

J,]']0-5

8,8']0-7

7,9']0-7

7,0'10-7

5,2']0-7

],8']0-7

],1']0-5

-51,7 ' J \)

1,2'10-5

G,6'lO-()
" , II ']0-0

3,11'10-6

7,7']0-0

2,3'10-6
-fj

2, 0' ] 0

1,8'10-0

1,6'10-6

1,4'10-6

2,3
5 %

],]']O-G

7,2'10-fi
_c

1 , ? ' ~ (1 .'

],'l'10-~i

9,7']0-5

8,8'10-G

7,9''[0-5
7,0']0-5

6,2']0-b

5,7']0-6

S,5'1C;-5

7,5']0-b
_7

if, a '} CJ '

J ,7' ]11- ,',

2,7'1G-f)

3,2'10-6
- E,

1,,11' HJ

5,S']O-6

6,3'lO-G
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Table III
Integral concentl'ation (kgs/m3) at 50 and 95 % cumulative frequence,

1
~

I
I

Distance (km) 50 % cumulative 95 % cumulative
frequence frequence

0,1 1,5'10-2 -21,8'10
I 0,25 3,6'}0-2 II,', ' 10 - 2

(J ,5 2,15'}0-2 I, ,1'10-2
1,0 . -2 2,8'10-21,1'10
2,0 -3 1,8'10 -25,8'10
3,0 3,3'10-3 1,3'10-2
4, a 2, 'I 'lD - 3 9,3'10-3
5,0 -3 7,4'10-31,9'10
6,0 1,G'10-3 -36,}' 10
7,0 1,1~'10-3 8,8'10-3
8,0 1,3'10':'3 8,0'10-3
9, a 1,0'10-3 6,0'10-3
10,0 J 9,3'10-4 5,4'10-3

I

Table IV

Plume-width at 50 and 95 % cumulative frequence at different distances
from the source,--------

Distance ( kf"l) Plume-width (m) Plume-width (m)
50 :s cumulative 95 % cumulative
frequence frequence

0,1 120 70
0,25 300 200
0,5 600 400
1,0 800 600
2,0 1,500 900
3,0 2.000 1.100
4,0 2.500 1.500
5,0 2.750 2.000
0,0 3.000 2.500
'/, a - '2. '150
H ,0 - -
~ , a - -
J 0 , a - -
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Table V

Concentration (k9/m3) at 50 and 95 % cumulative frequence,

Distance (km) 50 % cumulative 95 % cumulative
frequence frequence

0,1 5,6'10-6 6,3'10-6

0,25 1,3'10-5 1,6'10-5

0,5 7,7'10-6 1,5'10-'5
1,0 4,2'10-6 9,4"10-6

2,0 1,3'10-6 6,6'10-6

3,0 1,2'10-6 4,4'J.0-6

4,0 9,2'10-7 3,4'10-6

5,0 7,0'10-7 2,9'10-6

6,0 5,8'10-7 2,6'10-5

7,0 5,2'10-7 2,4'10-6

8,0 4,5'10-7 2,3'10-6

9,0 3,9'10-7 2,2'10-6

10,0 3,4'10-7 2,0'10-6

Table VI

Amount of uranium deposited in the lungs of a man at different
distances from the seurce.

--
Distance ( kr;l) 50 % cumulative 95 % cUrlulative

freouence frequence
grams U deposited grams U deposited

0,1 1,3'10-3 1,6'10-3

0,25 3,1'10-3 3,8'10-3

0,5 1,8'10-3 3,6'10-3

1,0 9,5'10-4 2,4'10-3

2,0 4,3'10-4 1,6'10-3

3,0 2,9'10-4 1,1'10-3

4,0 2,1'10-4 8,1'10-4

5,0 1,6'10-4 6,4'10-4

6,0 1,4'10-4 5,3'10-4

7,0 1,2'10-4 7,6'10-4

8,0 -4 6,9'10-41,1'10
'J ,0 8,6'10-5 -45,2'10
10,0 -5 4,7"10-48,1' 10

--I
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Table VII

Concentration of hydrofluoric acid in air at different distances
from the source.

Distance (km) m9/m3 hydrofl uori c acid mg/m3 hydrofluoric acid
50 % cumulative 95 % cumu"lative
frequence frequence

0,1 1,8 ! 2,1
0,25 4,3 5 l 3
a,5 2,5 4.9
1,0 1,4 ,. 3,1
2,0 0,59 2,2
3,0 0,40 1,5
4,0 0,30 1,1.
5,0 0,23 0,96
6,0 0,19 0,86
"I, a 0,17 0,79
8,0 0,15 0,76
9,0 0,13 0,73
10,0 0,11 0,66
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Temperature as a function of time.
Starting point 1000C.
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Percent of cylinder content discharged as a function of time.
Starting point 1000e.
Hole diameter 1".
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Release rate as a function of time.
Starting point ;OOoC.
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Figure 5

Integral concentration (kgs/m3) = f (cumulative frequence)
1. 0,1 km from the source.
2. 0,25 II

3. 0,5 II

4. 1,0 II

5. 2,0 II

6. 3,0 II

7. 4,0 II
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Integral concentration (kgs/m3) ~ f
1. 5,0 km from the source.2. 6,0 1\ II II II

3. 7,0 1\ II II II

4. 8,0 1\ II 1\ II

5. 9,0 1\ II II II

6. 10,0 " "" "
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Figure 7

Concentration (kgjm3) = f (cumulative frequence)
1. 0,1 km from the source.
2. 0,25 II II II

3. 0,5 U II II

4. 1,0 II II II

S. 2,0 II -II II

6. 3,0 II II II

7. 4,0 II II II
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Concentration (kg/m3) = f (cumulative frequence)
1. 5,0 km from the source.
2. 6,0 II II II II

3. 7,0 II II II II

4. 8,0 II II II II

5. 9,0 II II II II

6. 10,0 II II II II
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ABSTRACT

Un modele mathematique a ete developpe de fa90n a evaluer les risq~es
associes a un type de transports et de fa~on a juger en terme de
~isques "toute amelioration apportee" au systeme.

Base sur les statistiques d'accidents d'organismes officiels
(gendarmerie, SNCF, ..), il fait appel a deux notions delicates

celIe d'indicateur de gravite

celIe de probabilite de rupture pour une valeur
donnee de lfindicateur

Le modele applique aux transports d 'UF6, avec un jeu d'indidateurs
donne, a fourni des resultats interessants.

Une etude particuliere de l'indicateur associe au risque d'incendie
semble necessaire pour y inclure les risques de rupture par point
chaud.

A mathematical model has been performed in order to assess the risk
associated tOdtransportation system and to help in comparing alternative
Safety measures. Based on accident data files kept by several
involved organisations it uses two delicate notions :

- the severity indicator
_ ,the failure probqbility associated to a given seyerity

The model applied to UF6 transportation vrith a kit of severity
indicators has furnished interesting results.

A particular study of the fire severity indicator is needed in order
to take into account hot spot risks.
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SAFETY ANALYSIS OF UF6 TRANSPORTATION

INTRODUCTION

In order to assess the risk intransporting radioactive materials,
we have developed a methodology suitable to any transport node.
Such a study has to provide us with realistic estimates of all
possible environment accident severities has to be able to take
into account any change in future transportation system and fi-
nally has to help us in comparing alternative safety measures on
the basis of their cost-efficiency rate.

The methodology applied to UF6 transportation points out the main
difficulty of such a work : finding good severity indicators and a
suitable formula relating each severity value to a probability of
failure.

1. RISK ANALYSIS MODEL
In the range of a given transport mode, the risk of breaking
a container (expressed as a number of failed containers. per
year) may be reached by using the equation : i

R = T x P x ~ Pj x Cj
j

where R is the overall risk of breaking a container
(number or failure/year).

T is the assumed traffic (in vehicle x km/year) •

P is the accident rate in number of accident/(vehicle x
km) .

and finally ~ PjxCj is the probahility of breaking a container
as an accidentJhas occurred.
This value is calculated by summing for all possible accident
sequences (scenario) the product PjxCj,

where Pj is the probability of occurence of the scenario j. con-
sidered.and Cj measures its consequences .~ terms for example of number
of broken Containers per accident.
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2. METHODOLOGY
The calculation of the R. value may be divided in three steps.

2.1. Analysis of accident data files.

Analysis of such data files, kept by several involved
organizations such as (Ministeryof transportation,
Rail-way Society, etc.) provide:

- all possible accident sequences (scenarios) and for
each, the probability of occurence ! : Pj.

in terms of consequences of a given scenario ; the
probability of a given consequence severity. This
means that during each scenario the container is sub-
mitted to various efforts. (fire/collision, puncture,
etc.). A severity indicator 9 may be associated to each
kind of effort and the file analysis provides the pro-
bability f(g) for the container to be submitted to an
effort .of a given severity.

2.2. The second step is to point out a statistical relation-
ship between accident severity indicators and container
behaviour.
For each kind of effort, f (g) shall be the probability
of failure of a container ~ubrnitted to an effort of se-
verity g.
And at the end of this second step, we are able to'calcu-
late for a given kind of effort : Cj by summing for all
values of the severity indicator g in the range G :

Cj ~ .r f(g)x fo(g)dg

g£G
This value is calculated for all kinds of -efforts expe-
rienced by the container during the scenario j and the
value Cj taken into account is the biggest one.

2.3. The third step is to calculate the over all risk associated
to a transport mode assuming values of T and P and using
the previously calculated value

L Pj x Cj
j

3. SEVERITY INDICATORS
For both rail and road transport modes ~le will consider first,
accidents not involving fire.
As regards to road accident severity, the statistical analysis
of accident data involving trucks carrying hazardous materials

. I
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led us to consider two indicators. The first one concerns impact.
It expresses the energy theoretically assigned to an inelastic
collision between two bodies :

0.5 x N x y2

where Nand Yare respectively the reduced mass (a particular
mass being assumed in the case of a collision with a fixed object)
and the relative velocity between the two c0lliding objects. The
second indicator concerns the puncture effort :

where V is the above mentioned relative velocity and R is the
radius of the puncturing probe.

In the case of train accidents, we keep a single severity indica~
tor which is not directly connected to a physical expression of
accident forces, but obtained from a statistical analysis (dis-
criminant factorial analysis) of data on observed damage to
railcars involved in train accidents (particularly the number
of damaged railscars). Figures 1., 2 and 3 show the adjustment of
the observed indicator distributions to exponential type distri-
butions such as Weibull or simple exponential laws. Such laws
express in each case the conditional probability distribution of
the severity indicator, knowing that an accident has occurred
without a fire ensuing. For example, figure 1 shows the probabi-
lity density function of impact severity, i.e. the probability
(per unit interval of the indicator) for a truck of experiencing
an impact type accident of the severity indicated.

,
~=(1/22)~EXP(-x/a)~~Op5
a == 3.68

D."),

0.0

ProbabiLity densi'y

3".
.
-'- :I". ;0.

"-)
i,
I
I

i
I

Figure nOI Truck accident. Probability density function of
impact severity given a collision or overturn.
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'1.0

-~=1x/a)~EXP(-x/a)
a= 2.4

Se VP-P7:f:V
~. '10.8.s.:5.. ~.;3.

Truck accident. Probability density function of
puncture severity given a collision or overturn.

density

~={1/2a)~EXP(-x/a}~~O.5
a=9

0.0 too.

Figure nO) Train accident. Probability density function of
accident severity given a derailment or collision
accident.
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The severity of fires in both considered transport modes is esti-
mated by a single indicator : the total fire duration, i.e. start-
ing from the first call for help up to the complete extinction of
the fire. Figures 4 and 5 show the adjustement of obtained distri-
butions. As above, adjusted distributions are conditional, kno~ing
that an accident has occurred with a fire ensuing.

'.0
Probability densivlj I.

;
I
!
I'.

~.!
\. i

~=(x/d)xEXP{-X/d)
. / . .

a = 46.8 mn.

Train accident. Probability density function of
fire duration given a train fire.

0.' I.Probability

O.'i

0.'3

I
density

~=(1/2a)~EXP(-x/al~~O.5
a = 14.32 mn.

2.

I
i
I
!

-..

Figure n05 Truck accident. Probability density function of
fire duration given a truck fire.
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4. CONSEQUENCES OF ACCIDENTS

Whatever the type of accident is - collision or overturn or
fire - we consider a simple function f (g) expressing the
conditional probability of a package fa~lure, given a certain
level of severity, i.e. a particular value g of the severity
indicator.

-Ag -kt2
f (g) = 1-e (collision type) or l-e (fire with duration
o t) •

~ and k are parameters expressing the package resistance to
the forces it has to sustain. Those parameters are related to
the mean failure rate observed on accidents involving packages
of the type under study. 1vhen such data are lacking, they can
be estimated, for example, by refering to the failure rates
observed on industrial packages of a similar type and by di-
mensional analysis methods.

In the case of a fire, a failure threshold is obtained below
which the package is considered to survive. Thus it is neces-
sary to estimate first the time threshold, then at least a
point on the curve relating fire duration and the associated
failure probability.

5. RESULTS OF THE MODEL APPLIED TO UF6 SHIPMENTS

5.1. In the absence of further informations, we have supplied
values about shipment traffic accidents based upon traf-
fic and accident data about truck traffic on highways
in 1975 and total freight train traffic in 1973-1975.

-7for t~uck P = 9 10 accident per veh x km

for train P 1.44 10-7 accident per rail car x km.

5.2. Different traffic were assumed for two years: 1975 and
1980 (Eurodif in full operation).

Natural UF6 shipments were assumed to an amount of
460 12 ton cylinders for 1975 (90 by truck the rest by
train) 1300 cylinders for 1980 (280 by truck) shipments
of enriched UF6 are made exclusively by truck.
Such shipments are transported on an average distance
of 1000 km.

I

I
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Shipments of UF6

3Traffic Natural UF . Depleted UF6 Enriched UF66
(l0 veh x km) . --

1975 1980 1975 1.98.0 1975 1980

Truck 100 280 0 a 52 155
-------------- ------- ------ ------ ------- ------- ---------

Train 180 510 128 375 a a

5.3. Risk of shipping UF6 and risk sensitivity evaluations

Results concerning UF6 shipments in France are shown
in Tables 2 and 3 ; it can be seen that the risk level
(estimated annual frequency of container failures) lies

between two values differing by an order of magnitude :
-4 -35 10 and 5 10 (for 1975) according to the transport

mode. The effects of a number of safety measures con-
cerning natural UF6 shipments are assessed: truck
shipments with escort, direct trains, additional outer
packaging. The risk reduction associated with the~adop-
tion of a protective outer packaging (*) - within either
transport mode - is by far the most important : 2 to 4
fold decrease. This measure appears therefore as the most
effective for transport safety. A comparison is made
between .train and struck shipments for both petroleum
products and natural UF6• The relative safety levels
(all on a per vehicle x km basis) of these different
shipments are seen on the graph of Figure 6. Within
either mode, shipping UF6 is safer than shipping petro-
leum products by a factor of 6. Moreover, for both these
hazardous materials, shipping by train is 12 times as
safe as shipping by truck.

UF6 shipments. Risk of container failure in 1975.

r Natural UF6
IContainer

Depleted Enriched

failure Standard Protective Direct Escort
1)F6 UF6

(x 10-4) shipment shield train

Train 4.7 1.3 __~:-~___l_-=--- 3.4 -
--------- ---------- ----------- -------- --------

Truck 37. 9. - 20. - 4.9
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Table nO) : UF6 shipments. Risk of container failure in 1980.

Natural UF6
Container I Depleted Enriched

failure Standard Protective Direct UF6 UF6(x 10-4) shipment shield train IEscort

Train 13.4 3.8 II. - 10. -
--------- -------- --~-------r------ ------ --------- -----------

Truck 103. 25.9 - 57. - 13.4

UF6 6 R.P. Products 2
f------'

Train Train

UF6 6 R.P. Products
"Truck Truck

Figure n06 : Relative risk of shipping UF (48 Y container) and
refined petroleum (R.P.) Proaucts by trqin and
truck.

6. FUTURE Ir1PROVMENT S

I would like nOH to discuss about the improv~:ments to bring
to the model and especially, I would like to point out the
work we are doing to improve the fire severity indicators in
connection with packaging behaviour under fire conditions.

At the moment ,the only fire severity indicator is
fire duration. Moreover, the behaviour of container is an

_k02
Stype law (f (0) = 1 - e ) assuming that for fire dura-
tions greate~ than 90 minutes the probability of packaging
failure is .9. Fire extent and temperature are not taken
into account and particularly the problem of hot spots is
not considered.

-----------------------------------------------------------~
(*) This protective shield is assumed independent of the

containment vessel and increasing the package resistance
to accident forces (either thermal or mechanical) •
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This major problem is nOW studied and specific tests are
done to see :
1) whether it is a real problem for 48Ycontainers and if it

is,
2) what are the characteristics of hot spots (extent, and

temperature) to get a packaging failure after a given time
and with a given probability.

7. CONCLUSION
The results furnished by the model has to be considered care-
fully ; keeping in mind that
1) the chosen severity indicators could have been different

especially for fire,
2) the relation-ship effort severity ~> failure probability

is not easy to define since sgecific tests all along the
severity range are necessary to reach the value of failure
probability associated to a given severity_

Any how, the model is completed and even if the results are
not precise enough th~allow ! to conclude
_ shipping by train is largely safer than shipping by truck,
_ the use of an outer protective packaging for natural UF6in 48Y6ylinder, is a safety measure more efficient than

the use of direct trains or escort.

This last point shall be clarified using the results of
tests actually performed in Cadarache.
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SESS ION I I A

In three papers release scenarios were discussed, the fourth paper
in this session concerned the probabi Iity of transport accidents.

1. The safety problems associated with the handling and storage of
UF6' By Dr. W. Thomas

This paper deals with the safety problems associated with the handl ing
of UF6 in a large fuel fabrication plant.

After giving data on the toxicity of HF and uranium components, and
scenario of an accidental release of UF6 inside the building, it
evaluates the consequences for the envi ronmenL It concludes that
there are no serious consequences for the environment. For the personnel
inside the premises this accident could be more serious, possibly
lethal, if there is no possibi lity of prompt evacuation.

The second scenario is a plane crash on the UF6 storage area. In the
more pessimistic conditions, there is no serious problem at a distance
of more than 1 kilometer. The criticality accident has been evaluated
(moreover the probabi lity being very low) and it was concluded that
the consequences for the envi ronment would be acceptable.

2. A quantitative forecast of behaviour of UF6 release in the ai r
(A. Doumenc and R. Gerard).

The authors explain the transfer model used in France to evaluate
the dispersion of polluants in the envi ronment.
This model is applied to UF6, assuming that HF and U02F2 are
indifferent to gravity for two types of diffusion: normal and weak.

Answering a question of t1r. F. Irons (B.N.F.L.), Mr. Gerard explained
that these two types of diffusion cover the six types used in Great
Britain.

- 3. -
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3. Atmospheric dispersion and consequences of a UF6 release caused by

valve rupture on a hot 30B cylinder. By Miss A.M. Ericsson (Sweden)

The scenario is the valve rupture on a 30B cylinder heated to 1000e
in the "12 o'clock" position. (Gaseous UF6 escaping), It is assumed
that about 50% of UF6 is discharged in 45 minutes (1 inch hole).
In outdoor conditions, it is assumed that the zone of real danger

would be restricted to very close of the source only (less than 100 m).

Conclusion and discussion

1) - these three papers insist on the problem of the lack of
knovJ1edge on the behaviour of UF6 wi th ai r moisture.
composition of the solid phase physical form of HF (droplets?).
Thermal effect of the chemical reaction on the plume.
So, the evaluation of the risk for the environment is assumed
to be pessimistic.

2) different types of scenario are made for the accident, and the
scenario, and the probability of accident (not always evaluated)
depend on the design of the plant.
Generally, the more severe consequences occur from an outdoor
release in the liquid form in the case of a plane crash on a
UF6 storage area followed by a fire of long duration.
In the case of an accident inside the building, the consequences
for the envi ronment would not be dangerous outside the boundaries
of the site.

3) the safety evaluations of damages are assumed as maximum credible
accidents.
It would be useful to have a probabilitic evaluation of such
accidents.

4. Safety analysis of UF6 transportation
By Mr. F. Israel and Nr. P. Pages (CEA, France).

A mathematical model is applied to UF6 transportation.
It concludes that shipping by train is 12 times safer than shipping
by truck, and the adoption of a protective she11 would improve
safety by a factor of 2 to 3.

- Studies -
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Studies are in progress to improve the severity indicators in

connection with experiments on the behaviour of the containers
under fire conditions.
Also comparisons wi 11 be made with the experience on accidents
with as dangerous materials as chlorine and ammonia.

-0-0-0-0-0-0-0-0-0-0-
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I. - INTRODUCTION.

The study of the physico-chemical properties of UF6
date back from the research and developments made on the separation of
uranium isotopes in the early forties.

Today, uranium is the base material of nuclear
energy whether military or civilian and increasing amounts of this
compound are processed world-wide. Under these conditions, and for the
sake of safety, it was found mandatory to standardize handling, transport
and storage of UF6 in order to enter dutifully the era in which very
large quantities will be handled.

But, the standardisation of methods must rest on
the thorough knowledge and the taking into account of some properties of
UF6 which have not been underlined sufficiently in the past.

This is reflected in the results of critical
studies of accidents which have occured in the past in France as well as
in the u.s .. It appeared that a large scale release of liquid UF6 may
lead to the death of individuals close to the source and result in the
pollution of large areas around plant site.

This paper summarizes the main properties of UF6
useful in the assessment of safety of specific procedures or in the
explanation of the behavior of this fluid when tons are released.
Let us consider first the thermodynamic properties :
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II. - THERMODYNAMIC PROPERTIES OF UF6• L-1~

The most useful properties are summarized in
Table 1. They refer to high purity (UF6 > 99,5 %) UF6•

At room temperature, uranium hexafluoride is
a colorless, transparent solid which sublimates without melting.
UF6 vapor behaves essentially as a perfect gas.

The phase diagram (Fig.1), in the conventional L 2 J
Clapeyron system of coordinates, shows a triple point at a temperature
of 64. 052° C, and a pressure of 1541 mbars, i.e. somewhat above
atmospheric pressure. The critical temperature is between 217 and 249°C
and the corresponding pressure between 44 and 66 bars. At atmospheric

+pressure, the equilibrium sublimation temperature is of 56.4 - .2° C.
This means that, contrarily to other fluids like chlorine and ammnonia
handled in large quantities, liquid UF6 cannot exist in a stable form
at atmospheric pressure.

When liquid UF6 is released for instance from a
failed vessel, part of it will vaporise spontaneously in the air.
The energy required for vaporisation results first in the cooling of
the liquid, then in the cristallisation of the remaining UF6•
The UF6 cristallised will sublimate slowly at a rate governed by heat
transfer.

The phase diagram displays also a fusion curve
with negative slope. This is a result of Clapeyron's equation :

dP

dT

AH
F

T (Vl, - V l)lq. so.

o- 23 bars/ K

".;,--'

Thus, the melting of UF6 cristals results in a 35 % increase in volume.

When a UF6 container is heated, melting may occur
locally. Due to the large expansion at the phase change, this may induce
in the metal stresses in excess of its elastic limit and result in the
failure of the envelope.
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This phenomenon is likely to occur under fire
conditions in account of the large temperature gradients encountered.

Also, during the transfer of UF6 between two
cylinders or vessels, cristallisation of UF6 may occur if gaseous UF6
comes in contact with cold walls, valves or piping. This can hamper the
transfer operations by plugging the lines or lead to subsequent trouble
if the filling limits of the vessel are exceeded. For each type of
vessel or cylinder, the volume is set with a minimum uncertainty of 5 %

based on UF6 of at least 99.5 % purity and a maximum temperature of
121°C. If the filling is not done with checking of the mass transfered,
there is a possibility of replacing liquid UF6 by solid UF6 of higher
density with a subsequent risk of a hydrostatic rupture of the closed
vessel or cylinder upon heating. In France, this type of incident has
been experienced on several instances on small amounts of UF6.

II I. - MOLECULAR DATA AND TRANSPORI' PHENOMENA. L 3 _7

Some physico-chemical properties of UF6 enable
to understand its behavior in its various states during heat or mass
transfer operations concerning safety.

The main data are recalled in table 2.
It shows that regardless of its physical state, UF6 behaves like a heavy
molecule.

When cristallised, UF6 particles are dense and
abrasive, their hardness resulting both from the covalent nature of the
bonds and from the smallness of the cristalline lattice. It should be
also noted that the linear expansion coefficient of the solid is twenty
times larger than that of steel.

Above the triple point, the liquid is quite dense
and very fluid, its kinematic viscosity being half that of water. The
latter enables the liquid to be easily transfered by gravity. Moreover,
liquid UF6, in account of its lack of permanent bipolar momentum, has a

.../ ...
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low surface tension. Thus, liquid UF6 can easily be sprayed and a large
entrainment of particules occurs together with tumultuous boiling.

Such a behavior results in the weakness of the
cohesion forces between the molecules of the liquid.

It is also apparent in the volatility, an
important property in mass transfer. L4 J

III.1 - Heat transfer. [' S J

Gaseous or liquid UF6 is a poor heat conductor. At SooC, the
thermal conductivity of air is three times that of UF6 gas.
Compared to water, liquid UF6 has a heat transfer coefficient
that is only .27 times as large. Finally, steel transfers heat
a hundred fold faster than solid UF6' Thus, in a container,
a 1 em layer of UF6 cristals on the walls reduces drastically
heat transfer.

UF6 is neither easy to heat when cristallised nor easy to cool
when liquid. About twelwe hours are required for 120°C steam to
fully melt a 12 ton cylinder. It takes at least 3 days at room
temperature to be sure that all the UF6 has become solid after
filling the same cylinder.

111.2 - Volatility. L-4-1

The relative volatility of chemical species can be assessed by
comparing the vaporisation enthalpies as they express the cohesion
energy of the liquid state. That of UF6 is rather high which
enable purification to be made either by distilling the liquid
or sublimating the solid.

Refering to the phase diagram, let us consider the liquid in
equilibrium with its vapor. If, at a given temperature, the
pressure above the liquid is suddenly decreased, the liquid will
be in a metastable state. A fraction of the liquid will vaporise

.../ ...
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and, under adiabatic conditions, the vaporisation heat
will be taken from the energy content : the liquid phase
will cool down until the equilibrium temperature at the
new pressure is reached. If the pressure drops steadily,
vaporisation will proceed, the temperature of the liquid
decreasing down to the triple point.

At this point, the system will remain invariant till the
liquid has completely disappeared by being either vaporised
or cristallised. The ratio of these two quantities is simply
given by the ratio of the vaporisation l:i H and fusion A H

LV LS
enthalpies. It is equal to :

1,5

As soon as all the liquid has disappeared, sublimation proceeds
with subsequent cooling down of the solid until it comes in
thermal equilibrium with the surroundings.

In some cases, this phenomenon can be very rapid as its rate
rests on three independant parameters, namely:
• the area of the liquid

the diffusivity UF6-air
the UF6 concentration gradient.

However, the latter, closely dependent on volatility remains
the governing factor for the duration of the metastable state
of the solid or liquid phase at atmospheric pressure.

It can be shown that, between 1210 C and the triple point,
volatility which can be estimated from the variation in the
thermodynamic potential, varies significantely.
Indeed :

with

AS
T

p
sat.

p
atm.

.../ ...
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showing the disequilibrium in the liquid

AG values are respectively
at 121°C

at 64°C
- 1474 cal./mole

269 cal./mole

Thus, at 64° C, volatility is much less than at 121° C as the
potential variation is reduced by a factor of 5.
This result shows the large temperature dependance of the
amount vaporised instantaneously.

The fraction of the initial mass of UF6 vaporised adiabatically
until equilibrium is reached, can be calculated as follows :

i From an initial amount of M molecules, a quantity m
is vaporised. The unvaporised liquid cools from 121° C
down to 64°, the triple point the heat balance is :

ii The system is invariant and will remain at 64° until
all liquid UF6 is transformed into solid and vapor.
m' molecules are vaporised :

m' to. H =LV

iii Then solid UF6 sublimates, cooling the solid down to 56° c
where its vapor pressure reaches atmospheric pressure.
m" molecules are vaporised in this process

m" AHSV [M - (m + m' + m"~1 Cps AT

iiii The hot solid is then in equilibrium with atmospheric
pressure. Its temperature will decrease down to room
temperature at a rate controlled by the diffusion of UF6
gas and heat transfer.

When considering other fluids handled in large quantities such
as chlorine or ammnonia, basically the same phenomena occur but
the rates differ.

.../ ...
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Indeed, the triple point of these fluids lies well below
atmospheric pressure and they remain liquid down to low
temperatures. Thus, after an initial flashing due to superheating,
vaporisation will cool the liquid down to temperature
where its vapor pressure will be well below atmospheric.
So, if surface and diffusion, the other two parameters
governing vaporisation remain constant, the rate of vaporisation
will be slower and the amount released in the initial flash
smaller. In the case of UF6,the coordinates of the triple point
as well as the 1.5 ratio between vaporisation and cristallisation
enthalpies inhibit temporarily the decrease in the temperature,
hence in the pressure (Fig. 2 ).

111.3 - Adiabatic expansion of UF6 gas.
---------------------------------------

In UF6' the value ~ of the specific ratio e Ie unusually low,
p V

in account of the large number of atoms making up the molecule.
The use of Laplace's equation (PV ¥ = constant) and of the
ideal gas law enable the cooling down of hot UF6 gas in an
adiabatic expansion to be computed with a ?f value of 1.06 •
The expansion of UF6 gas at 1000 e from 3000 down to 760 mm Hg
induce a cooling of 290 e only. Under these conditions, the
expansion of the vapor has very little effect indeed on the
reduction of the quantities released in the air.

This cooling is small in comparison to that experienced with
diatomic gas where, for the same initial and final pressures,
a cooling of about 1200 e would be attained. But UF6 being generally
transfered into an evacuated vessel, operators experience the
plugging of the valve or of the interconnecting piping by UF6
crystals if their heating is insufficient.

111.4 - Diffusion in air.~6.7

The data given in the litterature refer to molecular diffusion
of UF6 in air but they are of little use in safety qssessment •

...I ...
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Measurements on the diffusion of UF6 in dry nitrogen at
given pressures and temperatures have recently been made in
a laboratory in Pierrelatte. Apparent diffusion coefficients
have been derived by the "Division de Chimie" a-t C.E.Jl.. using
Fick's law. These coefficients (table 3 ) show that UF6
behaves like a dense gas hardly mixing with air. The use of
the turbulent diffusion law gives a large horizontal component
as can be foreseen from the values obtained with nitrogen.
Thus, in case of a massive ur:6 release, a rapid spreading close
to the gxound of a dense cloud around the source must be
expected.

This would not necessarily be the case in a turbulent environment
and in presence of humidity due to the thermal effects from UF6
hydrolysis reactions.

As a consequence, working areas would be best protected using
a ventilation "per descensum", as is generally the case whenever
heavy vapors are involved.

IV. CHEMICAL PROPERTIES.

IV.1 - Fluorination.!" 7 J

Uranium hexafluoride is an oxydising and fluorinating agent,
but, at a lesser degree than elemental fluorine. It reacts
with most metals leading quite often to the formation of a
protective layer of fluorides which slow down, or even stop the
attack. This is the case with nickel, copper, aluminum and iron.

The reactivity of UF6 towards fluorine acceptors is that of a
rather strong fluorinating agent. When reacting, UF6 generally
loses two atoms of fluorine. But the enthalpy and kinetics of
reaction in gaseous state do not lead to detonations as would
be the case with fluorine and chlorine trifluoride. However,
when mixed in a condensed state with organic compounds, it may,

.../ ...
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due to its high reactivity, constitute all explosj~ve mixttll:e.iSJ
Two extreme cases are worth mentioning

A mixture of Freon 11 (C C13F) with liquid UF6 explodes,
giving Freons 13 and 14 (C ClF3 and CF4 respectively), these
two compounds having low critical temperature.

A mixture of liquid UF6 with Talpa 30 vacuum pump oil
(essentially aliphatic and naphtenic hydrocarbons) reacts
with little pressure increase due to the fluorination of
double bonds and the breaking off of the (CH2)n chains
producing practically no gaseous compounds.

T":? r'sJr."?8sociated with these types of reactions are prevented
in enrichment plants by the specification of a maximum of 100 vpm
molar of chlorofluorocarbons in the feed.

IV.2 - Reactions with water. ["9J

Water reacts vigorously with UF6 to produce uranyl fluoride and
hydrofluoric acid.

Where safety is concerned, two reactions must be mentioned
In a condensed state

++UF6(S) + 2 H20 (1) --> U02 + 2 F + 4 FH (g)
with a measured ~H = - 50.5 Kcal/mole.

~gaseous phase
UF6(g) + 2 H20 (g) ~ U02F2 (s) + 4 FH (g)
with a A H - 37.5 Kcal/mole.

The first reaction is important under accident conditions when
one attempts to control a UF6 release by dousing with water to
prevent the spreading of uranium-fluorine compounds into the
environment. But this method cannot be used undiscriminately and,
as will be shown below, it can be justified in very few instances
only.

.../ ...
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The second reaction occurs every time UF6 is released into
the environment. Dense white clouds contain U02F2 aerosols
and HF. The size of the particles in the cloud is around .5
microns and their settling is very slow ; this type of aerosol
is dangerous for the lungs. From the stoechiometry of the
reaction, and the HF smell threshold, UF6 can be detected at

3.3 to .8 ppm (4 to 12 mg/m ).

After a release of gaseous UF6' the ratio of fluorine to uranium
detected on the ground increased widely with the distance from
the source. This means that U02F2 particles must settle out and
HF be carried further away.

It has been shown that even for a concentration as low as [10-1
1 g/m3, visibility does not exceed 90 em. In this kind of aerosol,
the weight ratio of U02F2 to HF is around 4 ; thus, only 23 % of
the weight of the aerosol is HF. Unreacted UF6 may be present at

I 3concentrations below 20 mg m • As, only a few hundred grams of UF6
released in a closed facility will create a toxic and blinding
cloud for the operators. There is a risk that they would not
readily find the emergency exits. And the shortness of the stay
in a UF6 atmosphere is an important factor for survival.
Toxicity values for UF6 and HF are given in table IV.

The maximum permissible concentration of HF in air is 1.9 ppm,
i.e. 2.4 mg/m3 or 3 vpm.

It is the HF concentration which is the controlling factor ~n
the survival : in the span of time required for inhaling a lethal
dose of HF, only one tenth of the chemical dose for uranium will
be attained and much less of its radioactive dose.

...I ...
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V RADIOCHEMICAL PROPERTIES.

The toxicity of uranium is of chemical nature
whenever enrichment is less than 5 % U235,

The three isotopes of uranium fOQnd in nature
are (l(. emitters with long periods. But most of the (JJ activity associated
with uranium come from 2~~Th and 2~~pa, daughter products of U238 ;
the remaining f.> activity coming from Thorium 231 L 1'!J

ol..
99-

4.10 Y
234 h
90T ~.,

24.1 d 1.2 min
5 )-

2.5.10 y.

and the radiation from Protactinium is quite hard (2.3 MeV).

During some operations, the (3 activity associated
with uranium may become separated, for instance by distillation and be
deprived from the shielding effect of uranium. Lead shielding may then
become necessary. On the other hand, the fresly distilled uranium does
not exhibit the activity associated with secular equilibrium. It is
practically reached in about 3 months as it is the period of Thorium 234
that controls its rise.

As U23~ is the naturally most abundant isotope
and the specific activity of ~~Th is quite high, thorium is very
dangerous as far as air contamination is concerned. The risk factor
depends upon two parameters :

The biologic risk depending upon the radiation spectrum and the time
taken for body elimination.
The risk of inhalation depending upon the specific activity r 12 .1.

About curie of thorium and protactinium are
in equilibrium with ca 3 tons of natural uranium. But the corresponding
mass of Th + Pa is only 43 micrograms. Thus, the risk associated to
234 234 239~OTh and 9Pa is similar to that of 94Pu.
However, radiothorium 234 is always fixed onto powdery uranium solids
which reduce their probability of inhalation.

.../ ...
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VI - MASSIVE UF6 RELEASE.

A massive UF6 release may result from the failure
of a vessel or its associated piping containing liquid UF6•
A temperature of 1210 C, the maximum permissible on cylinders, is
asswned. The thermodynamics involved are described below for a release
as a vapor and as a liquid through the opening left b~ a failed valve.

VI.1 - Vapor release rate.

2For a release as a gas I let us assume an opening of .S em in a
thin wall and pressures
The mass flow rate D is

[

P2 ~
D S (---)

P1

[13J

Fig. 3 shows the variation of the flow rate to the atmosphere
as a function of the temperature of the remaining liquid.
Under adiabatic conditions, cooling down of the liquid is
observed as vaporisation proceeds. Fig. 4 shows the gas flow
rate from a 12 tons 4SY cylinder, initially at 1210 C after a

2valve failure, the opening having an area of 11.4 em •
The phenomenon can be described along the three following time
periods

i A short initial period of about 30 minutes during which
3.4 tons of vapor are released at a rate varying from
2.65 to 1.2 kg/sec.

ii 1\s the first UF6 crystal appears, a second period about
twice as long, where 3.34 tons of UF6 vapor are released
at the constant flow rate of 1.2 kg/see until no liquid
remains.

iii A third period where 152 kg only of solid UF6 subli.mate
at a slow rate until the pressure within the cylinder
reaches atmospheric. No more release then occurs •

.../ ...
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In all, 6.9 tons of UF6 have been released, i.e. 58 % of the
ini'tial amount over a total time of about 80 minutes (Fig. 5).
These results agree with data obtained in laboratory.

VI.2 - Liquid release rate.

Using the same basic assumptions as for a vapor release, the
flow rate is given by :

where K is the contraction coefficient of the liquid (assumed
at .65).

h the head of liquid above the opening
g the gravity.

Fig. 6 shows the amount of liquid released versus time for a
48 Y cylinder lying horizontally and having its valve at the
lowest. It takes only four minutes for 80 % of the liquid contained,
that above valve level, to spill on the ground. This is a very
short time to take counteractive measures. The only efficient one,
would be to place the valve opening in the gas phase, the rate
of release being then much slower.

As soon as it leaves the cylinder, the liquid will flash adiaba-
tically, 2.7 kg of UF6 being vaporised every second, spreading
droplets and crystals around until the remaining solid (42 % of
the liquid that flowed out) is at atmospheric pressure, the three
steps described earlier taking place in rapid sequence.

The diffusion of UF6 in the air being slow and UF6 being a dense
gas spreading out close to the ground, the area for heat transfer
with the surroundings may increase rapidly. Thus, when the
initially dry vapor will cool down at temperatures below 56° C,
UF6 crystals will be formed and part of the UF6 released in the
initial flash will settle down in crystalline form around the
source. The percentage thus extracted from the "cloud" depends

... 1 ...
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essentially on the initial temperature of the flash, on the
temperature of the surroundings and on heat transfer, essentially
with the ground. This is an important phonomenon as far as safety
is concerned : the fraction of the vapor which will crystallise
will be proportionately more important when the liquid flashing
is close to the triple point. With liquid UF6 at 80° C, close to
90 % of the UF6 should be found in the vicinity of the source.

The importance of the area contaminated depends upon the turbulence
of the atmosphere at the time of the release as well as upon the
temperature of the liquid.

With air containing humidity, the UF6 crystals formed may be
coated with hydrates of uranyl fluoride U02F2, xHF, y H20.

VII - STUDY OF AN A.CTUPILRELEASE.

VII.1 - The incident.

The incident happened on July 1st, 1977 on a 48 Y cylinder
containing 8,827 kg of liquid UF6 at around 95° C after a liquid
phase sampling.

The cylinder was resting on a berth, close to the ground next to
the sampling building, its valve being at the lowest position.
During handling, a mishap occured and the valve still connected
to the sampling building via a flexible tubing, broke flush
with the cylinder wall leaving an opening slightly under one inch
diameter: its area was 3.84 cm2•

The release of toxicants took place over nearly one hour.
3Using fire fighting equipment, 13.5 m of water were sprinkled

on and around the source over about 1f2 hour. Moreover, 600 kg
de liquid carbon dioxide were sprinkled 15 - 20 minutes after the
initial burst.

A total of 7,106 kg of UF6 were released to the atmosphere according
to a weighing of the cylinder plugged at the end of the release

... f ...
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which showed a residual amount of 1 721 kg of UFE.

VII.2 - Data collected.

About thirty locations could be used for sampling near ground
level and at distances ranging up to 50 km from the source.
Very few of them were located on the axis of the plume and
were able to integrate the pollution. The most representative ones
are indicated in table 5. Measurements of ground deposits have
been made and data have been extrapolated using conventional
atmospheric diffusion codes ~14~.

The three following points are worth stressing

With a wind velocity of 10 m/sec,

i the amount of uranium detected in the atmosphere is only
a small fraction of the UF6 vaporised.

ii Hydrogen fluoride from UF6 hydrolysis can be traced as
expected in an area extending 15 km downwind.

iii The fluorine to uranium weight ratio in the ground conta-
mination becomes significantly large beyond 1000 m.

At the locations where the highest concentrations have been
detected, chemical dangers were small. As far as the radioactivity
danger is concerned, it being associated to uranium deposited
on the ground, 150 mrem could be attained on kidneys, at a
distance of 600 m downwind from the source. But this point lies
within the controlled area of plan site.

VII.3 - Discussion of data.

The flow of liquid UF6 at 95° C lasted for 11 minutes in the
abovementioned valve opening. The hottest vapor was produced

.../ ...
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during the initial flash. H.epresentin g 16 % of the total amount
released, due to its energy content, it was prone to be carried
the furthest away from the source.

The amount that evaporated was less than 48 % of the amount
released, 33 % of which were vaporised at the triple point.

Thus, the bulk of the amount vaporised was evaporated at a
temperature only 80 C above the freezing point at atmospheric
pressure (560 C). It seems proper that most of that vapor would
have condensed in the vicitiity of the source.

The uranium concentration found agree with such an assumption as
diffusion code show that less than 6 % of the uranium vaporised
could be found in the atmosphere and it may be assumed that the
remaining 94 % settled near the source. On the other hand, the
quantities of HF detected indicate a significant hydrolysis of
the UF6 released. In account of the rate of the release and of the
humidity content of the air, the quantities found at long distances
can only be explained by the deluge of water.

Otherwise, the hydrolysis of 7 tons of UF6 would have required
its perfect mixing with 105 m3 of air containing 1 % humidity by
weight.

As it appeared from the logbook, fire hoses were used early against
the source. But their effect must have widely contributed to the
hydrolysis of the UF6 vapor in the air and crystals on the ground.
The quantities of uranium analysed in the ground after the incident
are in agreement with the above scheme.

.../ ...
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CONCLUSIONS.

As we have shown, a massive release of UF6'
in account of -the thermodynamic potential involved, is very diff icul t
if not impossible to control.

Safety must then rely essentially on prevention.
Firstly, only equipment of proven quality and in agreement with international
regulations must be used. Secondly, operators should proceed only in
compliance with well-established and proven procedures. Finally, the various
operations should be performed only by well-trained operators under
adequate supervision.

Prior to any heating, the equipment must be
checked to be in good condition. This concerns particularly the valves.
Moreover it will be checked that the filling limits of cylinders or vessels
have not been exceeded.

Handling of cylinders insufficiently cooled
should be reduced to a minimum and to short distances only. Valves on
cylinders being handled or transported should be well-protected against
mecanical shocks as they constitute the Achille's heel of heavy cylinders.
These are delicate to handle, in account of their weight, the more so when
they still contain a fraction of UF6 still liquid. Keep in mind the long
time for a UF6 container to freeze completely.

A cylinder should be used with its valve at the
lowest only to be emptied out, the uppermost position, being the safest,
being adopted otherwise.

Incident or accident fighting is very uneasy when
dealing with a massive release due to the density of the cloud and to the
toxicity of the vapor. As can be infered from the rates of the releases,
the first measure to be taken is to evacuate speedily people without gas
masks and suitable protective clothing, away from the cloud •

... j ...
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Then, the only suitable measure is to attempt
to plug the opening by sprinkling liquid CO2 to freeze UF6. However
this can be successful only if the leak rate is small enough. However
the overall cooling effect given by CO2 favors the settling down of
the UF6 vaporised.

The cooling effect obtained with water is much
less as its temperature cannot be as low as that of dry ice and heat
transfer is hindered by the presence of UF6 crystals. Moreover, the
reaction between UF6 and water releases heat. Finally, criticality
control cannot always be guaranteed when using this fluid.

Nevertheless, water can be successfully used
downwind of the source to bring down the fumes by having the plume cross
a wall of water.

Afterwards, UF6 or its hydrolysis products remaining
on the ground should be covered with hydrated lime or alumina prior to

their removal.
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TABLE I.

Enthalpy of vaporisation (liquid) 7.038 Kcal/mole
Enthalpy of fusion (solid) 4.588 Kcal/mole
Enthalpy of sublimation (solid) 11- 63 Kcal/mole
Heat capacity (solid) 43. 49 cal/mole- °C
Heat capacity (liquid) 43. 59 cal/mole- °C
Heat capacity (vapor) 31- 5 cal/mole- °C

Specific heat ratio C IC 1.062P v

TABLE 2

Molecular weight 352
Density solid at 20.7° C 5 090 kg/m 3

solid at 64° C 4 920 kg/m 3

liquid at 64°C 3 674 kg/m 3

liquid at 100 °C 3 404 kg/m 3

Relative density vapor (air) 12.1
Linear expansion coefficient of solid -43.2 10 /0 C
Cubic expansion coefficient of liquid -32. 10 /0 C
Kinematic viscosity liquid at 67.2° C .200 centistokes
Surface tension liquid at 100° C 13 dynes/em
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TABLE 3

UF6 VAPOR DIFFUSION COEFFICIENT IN NITROGEN

(upwards) 2Turbulent vertical D1,2 0 2 cm Isec.

(dOwTlwards) 2Turbulent vertical D,,2 90 em Isec.

2Turbulent horizontal D,,2 600 cm Isec.

TABLE 4

TOXICITY OF UF6

Light incident • 3

• 5

3glm
3glm

Irritation of mucous membranes
Attack of the respiratory tract.
Tissues destroyed may be regenerated.

Severe incident

Lethal dose

3, glm

33 glm

Recovery possible for exposure less than '/2 hour
but after effects on bones and teeth .
Death for exposures between '/2 and , hour.

Death by acute edema of the lungs after an exposure
of a few minutes.



TABLE 5

PERCENTAGE OF UF6 VAPORISED AT ATMOSPHERIC PRESSURE

Temperature T °C 121 110 100 90 80 70

.DoG (Kc;:al/mole) - 1.5 - 1.25 - 1.0 - .8 - .6 - .4

% vaporised T ---i> 64°C 35 29 24 18 11 3.8

% vaporised at triple point 25 28 30 32 35 37.5 w
U1
U1

% sublimated 640 C ~ 56° C 1.1 1.2 1.3 1 .4 1.6 1 .7

Total vaporised % 61 58 55 51 48 43

Nota The isotherm expansion of the vapor has been neglected



TABLE 6

COMPOUNDED CONCENTRATIONS AT GROUND LEVEL

" I

~

(km) .6 1 3 6 18 50

CONC ENT RATIO

FLUORINE
*

(gram. second) 39 12 1 .2 .27 .04 .002

( m3)

URANIUM

* *(gram. second) 9.8 3.6 .72 .24 .05 .02

I ( m3)

Flu
by weight .23 .61 1 .6 - 5.5 12.5

I on the ground

Lv
()l
()\

* values measu~ed



PRESSURE
(Pascal)

1.330.000

133.000

13.300

-~I--
--- '-1 r---

- - \-_. -1--- ._- -_. -_.~< - - - - -- - .. -f---- --- _ ..- -1- -_._- -- -- -- - ~---,--

'- --- -- - - -- ----I- --I .-..
l--P

I, --:
V .-'

I
VI LIQUID ~

-';'? _. -f- -t- f-
1 ;/
t

./..- ---- _.1 .•

7I

/'
-

I~
I ./SOLID ! ./

1/
--; ~TrlPle PoInt 64,02"

p
T SUbHmlltlon PoInt 56,4ee

/ ---
/ VAPOR

I -/ ..
j

- - - -- ._- -F- .-
- 1-7 -- - f-
f--- --- - -- - -~ / .

)

/ .. ,.

W
lJl
'-.l

130
o 110

Fig."

100

Temperature •• C,

PHASE DIAGRAM

160 200 240



358

INFLUENCE OF THE TEMPERATURE OF LIOUID UF6
,

ON THE AMOUNT VAPORIZED AT ATMOSPHERIC

PRESSURE
Fig:2
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EXPERIMENTAL APPROACH OF MAIN PARAMETERS FOR SAFETY EVALUATION
OF URANIUM HEXAFLUORIDE INDUSTRIAL UTILIZATIONS

A. RAGGENBASS, M. BERLIN, JC. MALET
Commissariat a 1 'Energie Atomique
Centre d'Etudes Nucleaires de FONTENAY-AUX-ROSES
Centre d'Etudes Nucleaires de CADARACHE

The safety studies of uranium hexafluoride industrial installations can be
made with accident scenarii. Knowledge of some physicochemical characteris-
tics is absolutely necessary to realise such scenarii.
In some cases, only an experimental determination can provide these data
as

- physical behaviour of gaseous UF6 transformation conditions of liquid ura-.
nium hexafluoride into gas,
uranium hexafluoride hydrolysis by water in various conditions,

- reaction between uranium hexafluoride and kerosene,
experimental conditions and results are given in this paper.

les etudes de SDrete d'ensembles industriels importants mettant en oeuvre l'he-
xafluorure d'uranium, ont conduit a batir des scenarii d'incidents.
Ces scenarii, pour etre ~tudies necessitent la connaissance de donnees ~hysi-
cochimiques comme le comportement physique du gaz UF6, les conditions de trans-
formation de l'UF6 liquide en gaz, les caracteristiques de la reaction d'hydro-
lyse de 1 'UF6 par 1 leau dans diverses conditions. Dans certains cas, seule une
determination experimentale a pu fournir les renseignements souhaites. Nous de-
crirons dans ce texte les conditions d'experimentation et les resultats obtenus.

... /
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Three types of accidents were particularly studied during elaboration of the
safety report of Eurodif installation and the report on uranium hexafluoride
transportation conditions ;
(1) Gaseous uranium hexafluoride release (10 tons) after an accidental rup-

ture of vessel in an industri~l building.
(2) Rupture of a transportation container filled with liquid uranium hexa-

fluoride.
(3) Transportation accident followed by release of a fairly large amount of

liquid uranium hexafluoride.

I. SCENARII OF ACCIDENTS
From the initial conditions of the accident up to the consequences on wor-
kers or environment it is possible to build in any case a scenario with
several steps inside. These scenario and steps studied below, set a certain

:number of questions and the answers to these questions were researched in
an experiw2ntal program.
1.1. Y~~~~l_r~g~~r~_i~_~Q_iQQ~~~ri~l_~~r~f!~r~-

The first question is: how is uranium hexa,fluoride (very h~av.y qas) ,
mixed with a neytral gas?
The second question is : what is the hydrolysis course of uranium
hexafluoride

with water vapour in atmosphere,
with a water pulverisation (in case of water pipe rupture),

- with a sheet of water.
The third question is : what are the conditions of reaction of ura- ~~
nium hexafluoride with available kerosene in case af aircraft crashes:
The knowledge on the answers to the above questions allow to deter-
mine :

I ...
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- the rate and the characteristics of polluting emissiont

- the nature of polluting compounds through the hole made by the
missile.

After that, the study of atmospheric dispersion of these pollutinq
products to man is possible to be carried out.

I.2. ~~~i9~~~~1_r~p.~~r~_Qf_~_!r~~~~Qr~~tiQQ_~QQ~~iQ~r_fill~9_~i~b
JQ_!QQ~_Qf_lig~ig_~r~Qi~~_b~~~fl~Qrig~.[1J
This accident may occur when uranium hexafluoride as liquid or gas
is drawn off to an installation. Stop-valve rupture was selected as

the:main cause of this type of accident. Recent accidents demonstra-:
ted that this point of view was realistic.
The thermodynamic data on uranium hexafluoride and particularly
its triple point in the equation of state at 66°C temp. and 1,5 bar
pressure point out that the liquid phase is uns'table under atmosphe-
ric pressure; in consequence ejection outside of the vessel under se-
veral bars 9f pressure gives instantaneously a transformation of this
liquid in gas and solid. This reaction is completely athermal near
the triple point, consequently no limitation of speed is possible by
the heat control of the phenomenon. The ejection speed of gas or li-
quid was calculated L2].
Nevertheless we found useful to make experiments on the above phenome-
na to confirm theoretical studies.
For the liquid release outside the installation the relative propor-
tion of gas and solid wich is 65% of gas with a starting temperature
of lOOoe, may be slightly different according to external conditions.
After this step we find again the same problem as in the first type
of accident, that is to say:

hydrolysis by atmospheric vapour,
or hydrolysis by water pulverisation,
or hydrolysis by sheet of water.

• •• / II II •

r
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1.3. Ir~~~EQr!~!iQ~_~ffi9~Q!_fQIIQ~~g_g~_r~I~~~~_Qf_~_f~irlt_l~rg~
~'llQY!J!_QLligYig_yr~!JiY'll_b~~~flYQrig~.L 37
The most probable scenario is as follows:
to obtain a significative release of UF6 with an accident during
transportation of solid uranium hexafluoride, heat must be furni-
shed. Consequently the transportation accident must be associated
with en heterogenous fire. In these conditions, it is possible to
have a failure of the container due to the appareance of liquid ura-
nium hexafluoride pressure (dilatation of more than 30% in sol --~
liq transformation), then hexafluoride vaporization immediately
after destruction of the container.

II: EXPERIMENTAL ~ROGRAM
During 1976-1977, an experimental program has been developed in close col-
laboration between PIERRELATTE Laboratorie~ Eurodif and Safety ~aborato-
ries of Protection and Nuclear Safety Institute in CADARACHE, on :
(1) expe~,imental diffusion of uranium hexafluoride in an inert 9'\S;

(2) experi~ntal determinations of physical characteristics of liquid
uranium hexafluoride release;

(3) uranium hexafluoride hydrolysis
by atmospheric water vapour,
by water pulverization,
by a sheet of water;

(4) reaction of uranium hexafluoride on kerosene;
(5) destruction of an uranium hexafluoride container by hydrostatic pres-

sure of liquid UF6.
In the present paper, only points from 1 to 4 have been developed, the'
fifth point has been developed in an other paper of this seminar.

... /
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11.1. g~p~rl~~~!~1_91ff~~iQ~_Qf_~r~~i~~_b~~~fl~Qri9~_i~_~~_i~~r!_g~~.
Made with external detection of uranium using the y - ray of 235U
in a cylindrical vessel ~ this experimental series gave the follo-
wing results:
below the UF6 inlet~ mixing with nitrogen was made almost immedia-
tely ~
above the inlet~ diffusion of UF6 gas is less than 1 em/min.

uranium hexafluoride release.
Experimental conditions
The experiment was held in an air tight metal test cell of 22 m3
(Fig. I). About 2 kg of liquid uranium hexafluoride at 1000e, were
released in the test cell ~ through a valve of 0~8 cm2 in section.
Movies were made of gase release and of container weight evolution.
Vaporization of 1250 g was achieved in 10 seconds, 88% in weight of
UF~ (1750 g) vaporized in 20 seconds.
It is clear that the gas jet carries droplets of liquid wich disap-
pear within a few centimeters. The theoretical behaviour of liquid
UF6 is completely conffrmed by this experiment.

11.3. ~~~9i~~_2Q_bt9r21t~i~_~Q~9i!iQ~~_Qf_g~~~Q~~_~r~~i~~_b~~~fl~Qrig~.
All the experiments were held on the 22 m3 test cell equipped with
an air conditioning system. The instrumentation allowed:

- granulometric analysis of the aerosols
- infra-red analysis of the gaseous hydrogen fluoride and

uranium hexafluoride
- measurement of the temperature

11.3.1. Hydrolysis by atmospheric water vapour
Experimental conditions (Fig. II)

The test cell contained air with a relative humidity of
85%. A plexiglass container of gaseous uranium hexafluoride was
suddenly opened. The water vapour and the hexafluoride were the-
refore in contact.

. ." / ...



374

RESULTS
=======
The formation of white fumes made the atmosphere opaque.
The various measurements, Uranium concentration in the nernsnls in
~he_upper.part of the test cell (ciq. III), and concentration nf n~-
seous HF and UFc in the container (Fig. IV) prove that the hydroly-
sis reaction duration was about 50 minutes.

No rise in temperature was evidenced. In the upper part of the box,
the existence of gaseous hydrogen fluoride was not established.
More than 70% of the uranium remained in the initial vessel.

Consequences on the accident scenario :

- hydrofluoric acid concentrations in air will be smaller but the
pollution duration will be longer,

- only few percents of initial uranium will be involved in the dif-
fusion mecbanism in the granulometric range where particles behave
1ike a gas,

- we cannot hope that the temperature effect will result in raising
the pollutinq cloud.

(b) Consequences on man

- near the pollution source, workers can be injured by UF6 itself,
- in the experiment conditions, there is a pollution of the envi-

ronment by a fog of liquid hydrofluoric acid but not by qaseous HF.

II.3.2 ..Uranium hexafluoride hydrolysis by water pulverisation ................ .. .
Experimental conditions (Fig. V)
This experiment was carried out in a dry atmosphere.
A plexiglass container filled with a mixture of dry air and gaseous
uranium hexafluoride was opened and simultaneously, water was pro-
jected into the container by using a jet situated at the bottom of
it. The jet was adjusted so as to get a cloud of very fine drop:':
lets. All the water introduced into the container stayed inside it.
The quantity of water was calculated so as to react stoechiornetri-
cally with the hexafluoride (115 ml of water and 1,1 kg of UF6) .

... I '"
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EXPERIMENTAL RESULTS
====================

In this case the hydrolysis reaction was very fast. We detected gaseous
hydrofluoric acid in the test cell (half of the theoretical yield of the
reaction)
- 60% of uranium remained in the container,
- the gas temperature in the plexiglass container increased by 40°C durina

experiment (Fig. VI).
11.3.3. Gaseous uranium hexafluoride hydrolysis by sheet of water .

•• ••• ••••••••• t •••••••••••••••••••••••• e' ••••••••••• e ••••

Experimental conditions
Less than 1 kg of gaseous uranium hexafluoride have been released
above a sheet of water of 20 liters (0,6 m2) during five hours in
a wet atmosphere (Fig. VII).

RESULTS
=======
The main results of this experiment are:

we did not obtain a significant temperature increase,
- no significant'amount of gaseous fluorhydric acid was detected in the

atmosphere of the box.
An important fog appeared almost immediately after the start of the reac-
tion and we found 2/3 of initial uranium

1/3 initial fluor
in the sheet of water.

11.3.4. General results from hydrolysis experiments .
•••••••••• ••• •••• •••••••••••••••• •••• e •••••

These first series of experiments point out the importance of
experimental approach for the safety studies on uranium hexa':':_::,r"; .
fluoride.

(1) to prevent potential hazards associated with UF6 utilization,
(2) to obtain efficiency in intervention.
Some data are now better known :
Uranium hexafluoride hydrolysis by atmospheric water vapour is not so fast
we thought before. We do not find gaseous hydrofluoric acid in the products
of reaction; 95% of the total uranium involved in the reaction remain near

.". I 0"
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the reaction point. Other characteristics need further investigations,
particularly the knowledge about uranium hexafluoride hydrolysis by wa-
ter pulverization is of great importance to define possible intervention
conditions.

11.4. Gaseous uranium hexafluoride action on kerosene-----------------------------------------------
Contact between uranium hexafluoride and kerosene may happen during
an airplane crash or a transportation accident. Therefore an expe-
riment on this chemical reaction was useful.
Experimental conditions: 0,75 kg of gaseous uranium hexafluoride
have been poured on a sheet of kerosene (10 liters 0,6 m2). The ex-
perimental set-up was the same as for the hydrolysis by a sheet of
water.
RESULTS
=======
- no temperature increase was noticed,

no gaseous hydrofluoric acid was detected in the containment; we
noted the formation of a solid compound (containing UF4) found
at the bottom of the vessel.

CONCLUSIONS
===========
In our experimental conditions, we do not obtain
- an explosive reaction,
- the production of gazeous and polluting compounds.

III - GENERAL CONCLUSIONS
During the safety studies needed by industrial utilization of uranium
hexafluoride, many data were not available and experimental verifica~~ /
tions and experimental determinations were required.
Our works in this field are not complete. But results already in our
possession seem very useful for teams in charge of risk prevention asso-
ciated with UF6 handling and for teams in charge of intervention prepa-
ration.

/
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We saw that liquid uranium hexafluoride is very rapidly released
and converted into gas,
- in case of important accidents with uranium hexafluoride, cooling

(by a cooled inert gas for example) would transform gaseous UF6
in solid UF6 with important limitations for evaporation and hydro-
lysis rates.

- for a good definition of pollution source, we have a better under-
standing of the nature and formation rate of polluting gas
provided by uranium hexafluoride hydrolysis by the atmospheric
vapour; we have not the same knowledge when liquid water is pou~
red accidentally or intentionally on uranium hexafluoride releases.

- From a toxicological point of view, the evaluate real risks to
workers and the environment during an important release of uranium
hexafluoride we know now that:

- UF6 as a compound may exist during almost one hour in
a confined area; we have to know the toxicity of UF6
to perform the accident. evaluation,

- as no gaseous FH was evidenced, but droplets containing FH were
found to exist as a toxic fog, the problem is to know the real toxi-
city of such fogs,

- on the contrary, at a :'fairdistance of the pollution emission point,
the fluor compound toxicity is the only hazard .

... /



378

Fig: 1

VAPORISATION OF LIQUID Ufs. EXPERIMENTAL SET _UP

Valve O,8cm2
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• Fig :2

HYDROLYSIS OF GASEOUS Ufs BY WATER VAPOUR
EXPERIMENTAL SET _UP
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CONCENTRATION OF URANIUM AEROSOLS
IN THE TEST CEll
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HYDROLYSIS BY A PUlVERISATION Of WATER
EXPERIMENTAL SET-UP

fig: 5
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HYDROLYSIS BY A SHEET OF WATER
EXPERIMENTAL SET _ UP

fig: 1

22m3

Test cell
H20 vapour = 0,34g/m3

UF6=950g
V=2401

---u- Aerosols analysis
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SESSION II B

In an era of expanding technology and safety consideration of the
physical and chemical properties of UF6 several studies have been
made to better describe safety parameters for the handling and transport
of uranium hexafluoride.
With the projected expansion of the nuclear power reactor program and
increased UF6 flows, these studies become increasingly important as
bases for specifications and regulations.
As it was pointed out the uranium hexafluoride is a highly reactive
substance. It reacts chemically with water, and most organic compounds
forming soluble reaction products.
It does not react with oxygen, nitrogen or dry air.
Gaseous UF6, when released to the atmosphere, reacts with the atmospheric
moisture to form HF gas and particulate U02F2 which tend to settle on
the surface. The corrosive properties of UF6 and HF are such that
exposure to a severe release can result in skin burns and temporary
lung impai rment. The discharge rates are a very sensitive function of
the phase conditions. The safety analysis of UF6 handling indicates a
need for an experimental verification of the behaviour of UF6 during
a release.
The presented papers about the experimental verification of UF6
behaviour have shown that the theoretical approach is very conservative.

Therefore further investigations has to be initiated in the following
safety problem fields in order to quantify the safety margins in the
UF6 hand ling
- heating-up mechanism of UF6
- behaviour of UF6 during large release of fluid UF6
- dispersion of chemical reaction substances as UF6
- dispersion and deposition of U02F2
- dispersion and critical concentration of HF.

ig
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EXPERIENCE ON UF6-HANDLING IN URANIUM MANUFACTURING PROCESSES

R. Hille/F. Schinzer
NUKEM GmbH

Hanau 11

For more than 10 years the fuel element .plant NUKEM GmbH in
Hanau has been practising the handling and storage of uranium
in the form of UF6. It is a matter of UF6 with depleted, low
and highly enriched uranium.
Furthermore, NUKEM has developed sampling procedures for UF6to determine the U 235 and the uranium content.
The essential outcome of this operating experience has proven
that with appropriate safety precautions the handling and
storage of UF6 can be carried out without danger.



High enriched up to 1,25 tons UF6 in 50 containers.
Since 1971: low enriched uranium, 340 tons in 154 con-
tainers (30 A and B). The amount increased in 1975
to 600 tons in 272 containers.
Natural and depleted uranium, the latter in 12 con-
tainers of the type 48A.
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Since more than ten years NUKEM has fabricated fuel elements
especially for Material Test Reactors (MTR) and High-Tempe-
rature Reactors-(HTR). The uranium used in these-types of ele-
ments is enriched in U-235 up to 93 %. It is usually supplied
in the form of uraniumhexafluoride (UF6). The container used
is the type 5A with a diameter of 127 mm and a length of
762 mm, the contents can be up to 25 kg UF or 16 kg Uranium.
At some times 50 containers of this type h&d to be stored at
NUKEM simultaneously.
At the beginning of the fuel fabrication the UF must be con-
verted into the desired chemical form e.g. metaY for MTR-fuel
and U/Th-oxide for HTR. The container must be heated to eva-
porize the UF6 which flows through pipes into a reaction cham-
ber containing perchlorethylene (C2CIA). There UF4, an inso-
luble salt stable in air is formed. Tfiis can be brought into
metallic form by the reduction with calciummetal or to an oxide
by a treatment with water vapor at higher temperatures.
For MTR-Fuel elements the uranium is mixed with aluminium
metal and rolled to plates. For HTR-fuel the oxide is dissol-
ved in nitric acid mixed with thoriumnitrate casted into
ammonia to form small spherical particles which are sintered.
Besides the production of high enriched uranium fuels NUKEM
also processes and stores low enriched, natural and depleted
uranium. This uranium is mainly processed for research and
development purposes and as far as depleted uranium is concer-
ned for production of shielding devices. The storage of low
enriched, natural and depleted uranium is done under Federal
Goverment contract.
In the last years we have stored the following quantities of
UF6•

The storage of high enriched UF6 is performed in physically
protected areas under conditions to ensure that no criticality
can occur~ The low enriched UF6 is stored in a normal warehouse.
The depleted UF6 is deposited 1n the open air just surrounded
by a fence. The containers are stored without the "overpack"
used during transport as a fire protection. Neither a special
protective coating nor other special security devices are used
and needed during the storage.
The number of UF6-containers handled in the last ten years is
approximately 700.
Up to now, we have never observed any release of UF from the
containers including the valves. The corrosion of tRe outer
side after several years of storage in the open air is meaning-
less, and no danger of leakage exists.
There have been several experiments to determine the corrosion
of UF to the inner wall. Indepentent of the type of steel the
rate 8f corrosion was estimated to be at maximum 0,13 lum/year.
So also from this side no dangerous effects are to be expected.
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Particular measures are necessary during the evaporation of
UF6 from the containers for the purpose of sampling as well
as for the first step of fabrication. During these ope-
rations three accidents occured in the past. The consequence
of these incidents is, that today the evaporation takes place
in a special container which is a second barrier against UF
releases. Several safety devices are used to detect, contro~
and reduce the possible UF leakage.
During sampling of liquid BF difficulties arise if pipes
and valves are not uniform iR temperature, therefore a special
isolated box with a fan heater has been developed to insure a
safe sampling.
As already mentioned three UF61eakages occured at NUKEM in
former times.
The first event happened in August 1966. During evaporation of
a 12-inch cylinder with low enriched uranium, the heating of
the connection pipe failed. The UF6 condensed and blocked the
line. The operators now tried to clean the line by external
heating. During this operation the pipe bursted and UF6 was
released. The reaction products of UF6 with the air mOlsture,
U02F2 and HF, could easily be identifled as a white cloud.
Parts of the cloud escaped from the working room through the
open door. They remained visible to a distance of approximately
10 m. .
The two workers involved immedately left the room. One of them
put on a ventilated protective suit, entered the room, and
closed the container valve half an hour after the beginning.
The total amount released was about 50 kg UF6. The workers
were examined by a physician. Slight irritatlons of the
bronchia were detected. Blood and urine samples were taken.
There were no signs of any other injury.
The first urine samples showed an increased level of uranium
(approx. 50 pCi/24 h) which was reduced to much lower values
( ( 2 pCi/24 h) after two days. This effect was seen in all further

cases. We know now that the biological halftime of U02F2 is in
the order of half a day and the excretion in almost all
cases is finished after 24 hours. The radiological impact there-
fore is very low. In the event described no limits were exceeded.
After the accident the involved working room had to be decon-
taminated. In the surroundings the contamination was not
measurable.
A second accident with big amounts of UF6 involved occured
at a Saturday in september 1969 during a test being performed
in the open air. The experiment was part of the qualification
programme for a safety container developed for 30" cylinders.
A 30 inch cylinder filled with 280 kg depleted UF6 was
placed in the safety container and heated by stearn. The
output for the condensed water was controlled by a pH-
meter which had to close the stearn input and output valves
if acid was measured. After the 30 inch cylinder was
heated its valve was opened and UF6 flew into the safety
container. The stearn valves closed as planned and evaporation
from the safetycontainer to the
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process vessel began as foreseen. After approximately
10 minutes the stearn output valve opened, due to a defect
of the ph-detector and UF6 was released through this relati-
vely big opening. One of the operators was already equipped
with compressed air breathing and a protective suit. He
tried to stop the release but, because of diffuculties,
expecially with the sight conditions, he was not successful
before 5 minutes. In this time about 200 kg UF6 escaped.
The visible cloud of UO F2 and HF was approx. 25 m high
and 200 m long, due to fow wind velocities. Measurements
of contamination showed higher values up to a distance
of 50 m. A street and a building just opposite the test
place had to be decontaminated afterwards. No measurable
activity had been detected outside the plant site (fence
distance approx. 300 m). No changes on vegetation were
observerd. No one of the test observers was injured by
this accident. Immediate medical treatment included in-
haling of neutralisation solution for HF. Urines were
gathered and analysed for uranium, no extraordinary values
were detected. A little event with a release of 20 g
UF6 had happened in March 1969. A flexible steel hose
cracked during decanting natural UF6 in the development
laboratory. Only the amount of UF In the tube was released.
Already this small amount filled ~he laboratory with smoke.
But analyses of the urine of the two people in the room
did not show increased uranium values. The airborne acti-
vity was reduced by the fume hoods of the laboratory provi-
ding an air exchange rate of 5 per hour. Picture 1 shows
the decreasing concentration. The decrease approximates
an exponential function. The analyses were done by measure-
ment of short time air samples in a flow counter. A low
activity level was reached 2 h after the event. Before
this time working without breathing protection was impossible.
In picture 2 typical curves of results of urinary uranium
concentration is given. The quick decrease after intake
of UO F2 is evident. A slight increase of excretion will
normafly happen in the morning of the following day. After
one day the concentration will reach low and relative
constant values. The biological halftime is below 24 h,
according to our experience.

The experience at NUKEM is that safe handling and storage
of UF6 is attainable if besides technical measures just
mentioned some further precautions are foreseen. A UF
release is easily detected because the white fog is a~ready
seen when the HF concentration is below 1,5 ppm. The maximum
permissible HF concentration, according to german rules,
is 3 ppm. After such release has been detected the area
should entered only with protective suit, compressed air
breathing, gasmasks as appropriate. Shower-baths should
be at hand for the extensive douching of the persons invol-
ved to remove the HF contamination. Spare dressing should
also be available to allow a complete exchange for the
people involved. Provided the persons working in an area
where UF is stored or handled are well acquainted with
the safe~y procedures, some of which are mentioned above,
:v:n ~n accidental UF6release will not cause dangerous
InJurIes.
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UF6 RELEASE EXPERIENCE AND PREVENTION
IN UNITED STATES GASEOUS DIFFUSION PLANTS

G. T. Hull
Paducah Gaseous Diffusion Plant*

Union Carbide Corporation-Nuclear Division
Paducah, Kentucky U.S.A.

A B S T R ACT

The three United States gaseous diffusion plants have been in operation
for a combined total of over 80 years, and in that period have produced
or processed many thousands of tonnes of UF6. Releases of UF6 have
occurred; however, release frequency has decreased sharply since the
early period of plant operation. In assessing the impact and con-
sequences of these releases, it is most significant that there has
never been a serious injury caused by UF6 exposure from a gaseous
diffusion plant and no release has caused a serious disruption of
plant operations.

*Operated for the U. S. Department of Energy under Contract W-740S
eng 26.
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INTRODUCTION

The three Unit~j States uran1um enrichment g~seous diffusion
plants arc owned by the Government and have been operated by privat~
contractors since completion of construction. Union Carbide Corpor2-
tion has operated the plant at Oak Ridge, Tenn~sse2, since 1944 an~
the plant at Paducah, Kentucky, since 1952. Goodyear Atomic Corpora-
tion has operated the plant at Portsmouth, Ohio, since 1954.

Th? low pressure operation of the diffusion barriers, com-
pressors, and associated piping in the diffusion cascaue requires ~orc
concern with inleakage of moist air than of release of UF6 from this
very reliable continuous operation. This cascade equipm2nt is unique
to the diffusion plant so it does not provide illustrations of pr~vcn-
tion ot UF6 releases useful to other UF6 handlers. For these reasons,
this paper discusses only the type of releases of UF6 that could occur
in any type plant handling UF6' These common operations are vaporiza-
tion of UF6 from cylinders as feed, withdrawal of UF6 into cylinders :'S
product or tails, sampling of UF6 contained in cylinders, dnd transfer
of UF6 between cylinders. In addition to the diffusion plRnt cylin~er
operations, feed plants for UF6 manufacture have been operated at all
three plants for varying pcriods of time, with the mljor production
occurring in the Paducah feed plant. Cylinder handling releases Rt
these feed facilities have been included in the release data since feed
m~nufacture is an integral part of nuclear fuel production.

The paper includes a description of actu~l release incident
examples, and the conclusions drawn by the author.

RELEASE EXPERIENCE

An analysis of the release exper1ence at the three plants
immediately reveals il definite trend, with releJses occurring more
frequently in the first few years of 0p0ration. Th~ number of releases
then decreased sharply and has remained at low levels for a number of
years. This trend 1S undoubtedly due to the improvement in design,
operation, maintenance of the UF6 cylinder handling facilities, and
continued training of the work force after the startup of each plant.
As experience and know.-how were gained at each plant, thf' technology
of UF6 handling steadily improved. Continuous efforts have been ex-
pended to make improvements to prevent release of UF6" This effort
continues today, with the three plants sharing their knowledge to
further decrease the potential for releases.

This paper discusses UF6 conditions commonly encountered in
nuclear fuel pro-iuction - UF6 lip to 5% U-235 in Model ,0 and 4.5% U-235
in Model 48 cylinders. Releases of higher U-235 isotopic assay
material represent different problems in regard to the value of
material and criticality and are not within the scope of this paper.
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In order to place the number of releases into proper perspec-
tive, a conservative estimate was made of the number of cylinder hookup
and disconnect operations during the years of op~ration at the three
plants. The total number of cylinder hookup and disconnect operations
is estimated to be over 650,000 and the number of valve operations to
be over 1,950,000. The total number of significant releases was about
60, making the frequency of releases occurring per cylinder operation
less than 1 in 10,000. If the experience of the early years of opera-
tion were removed and the numbers compared for only the last 10 years,
the frequency would be even lower.

Causes of releases are many and varied, and each release has
its own characteristics. However, they may be categorized into the
three general areas of cylinders, valves, and piping manifolds includ-
ing the tubing connections between cylinders and manifolds, commonly
called pigtails. Experience at all three diffusion plants is quite
similar with slight variations in release frequency and cause due to
differences in operating conditions and equipment. Experience at
the Paducah Plant has been selected for analysis.

Figure 1 is a graph detailing the number of UF6 cylinder
handling releases at Paducah since the beginning of plant operatio~s.
It illustrates clearly the improvement trend and the small number of
releases in recent years.

Table I is a breakdown of the Paducah releases bv cause.
Valves and pigtails are vulnerable parts of the system, causing the ma-
jority of the releases. It is also of interest that liquid UF6 was
involved in practically all of the releases. No significant releases
have occurred with cylinders containing completely solidified contents.

DESCRIPTION OF RELE~SES

Following are brief descriptions of events and releases which
have occurred at the gaseous diffusion plants. They have been selected
as representative of the primary causes of releases, as shown in Table~

1. Valves

Incident - A release occurred in lq52 in a feed vaporlz~r
during the sampling operation. A Model 30 cylinder w~s placed in a
feed bath with th~ valve in the n o'clock position. The UF6 in th~
cylinder had been liquefied and the cylinder was connected to the sam-
pling manifold. When the operator attempted to op~n the valve to with-
draw the sample, he noted UF6 escaping through the valve. He quickly
closed the valve, but gas continued to escape. He then attempted to
close the valve more tightly, and the two-piece valve came completely
apart. The UF6 pressure blew the stem and seat assembly out of the
valve body causing the liquid UF6 release. The building in which the
feed vaporizer was located was evacuated after several unsuccessful
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attempts were made by emergency personnel equipped with respiratory
protect ion to £ree~~e down tl12 cyl inder with CO2 ext inguishers. The
cylinder was removed from the bath and taken outside the building
",here the valve hole was plugged and the cylinder frozen down with
dry ice.

Discussion - This release was caused by an equipment failure,
fracture of the union nut holding the two-piece valve together. The
valve design was later changed to the present one-piece valve, and all
two-piece valves were removed from cylinders and replaced with the im-
proved valve--thus eliminating the problem. This release demonstrates)
however, that a liquid release inside a building presents a difficult
type to control, primarily because of the visibility problems that are
encountered.

Incident - A release occurred in 1953 in a vertical hot water
bath vaporizer. A Model 30 cylinder was in the vertical position in
the bath. ~lile the operator was moving the overhead crane in the
vicinity, the sling and hook struck the valve of the cylinder, cracking
the nipple. The damaged valve immediately began to leak UF6; and when
attempts were made to stop the leak, the valve was completely broken
off. The cylinder was cooled down and the release stopped by driving
a tapered wooden plug into the valve opening.

Discussion - This incident demonstrates the vulnerability of
cylinder valves to damage from external and sometimes unexpected
sources. Striking a cylinder valVe with another cylinder or through
improper crane operations is a very probable type of event. Cylinder
valves have been struck and damaged by slings, batn lids) and mobile
cylinder handling equipment. Many actions have been t3ken to alleviate
this hazard. Cylinder skirts and valve shields are now in use which
protect the valves. A removable cylinder valve protector is also used.
Crane and :nobile equipment operators are licensed and trained in the
necessity for the careful operation of their equipment. Protection of
cylinders, particularly while the UF6 is in the liquid state, is also a
significant factor in the storage pad design and layout. Figures 2 and
3 show typical valve damage.

2. Pigtails

Incident - A release occurred in 1955 in a UF6 withdrawal
room. Liquid UF6 was draining through a copper pigtail into a 110del 48
cylinder on a scale cart when the cart axle broke. DIe cylinder rolled
out of its saddle as the cart frame dropped to the floor. Tnis fall
sheared the pigtail and the cylinder rolled so that the valve was now
in a position below the liquid level of the cylinder. A remotely
operated emergency block valve in the liquid drain line was pro~ptly
closed, thus stopping the release from the drain manifold. The release
from the cylinder, however, presented a more difficult problem since
visibility in the room was obscured. Emergency personnel in imperme-
able suits were employed to attach a hitch to the end of the cylinder
and were successful in dragging it outside the room with the use of a



405

crane. Once outside, the problem was diagnosed and the cylinder
valve was closed -- immediately stopping the release.

Discussion - This release was caused by an equipment failure.
Examination of the cart axle at the break point revealed a weak spot
from a weld repair performed at the factory where the carts were manu-
factured (Figure 4). As a result of this accident, the following
actions were taken: '

a. L3,rger axles were installed on all scale carts, and pipe
supports extending down to about one centimeter from the
floor were installed on each corner, thus preventing a
cart from dropping more than this distance if an axle
break should occur.

b. All UF6 cylinder handling equipment must be designed with
ample safety margins.

c. All equipment manufactured internally or purchased must
be carefully inspected for any flaws and defective work-
manship.

d. Equipment must be designed with safety devices included
where possible to prevent component failure from causing
an accident.

3. Cyl inders

Incident - In 1960 a Model 48 cylinder located in a temporary
vdporization facility in a large building ruptured due to internal hy-
draulic pressure. The release occurred just two weeks before the
facility was scheduled to be taken out of service. Operation of a new-
ly constructed autoclave-type vaporization facility was soon to be
initiated. Standard practice at that time was to vent noncondensibles
from full feed cylinders into a low pressure system before heating the
cylinders with steam for feed purposes. This properly filled cylinder
was erroneously valved into a high pressure feed line and left for
three hours in this condition. During this time the cold cylinder
acted as rt condenser anj was backfilled with dpproximately 907 addi-
tion31 kg of UF6, overfilling the cylinder by 766 kg.

Unaware that the cylinder had been overfilled with liquid and
solid, leaving insufficient vapor Sp3ce for liquid exp3nsion, the
operator valved off the cylinder from the manifold and applied steam
heat. After two hours the cylinder wall ruptured from the hydraulic
pressure resulting from the overfilled condition. The vaporizer cover
utilized a water leg seal and permitted UF6 to escape into the build-
ing. The cover was removed and emergency personnel brought the release
under control by use of cooling w3ter and filling the vaporizer bath
with dry ice. The vaporizer bath helped to contain the release, and
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the cylinder was refrigerated in the bath for 48 hours prior to the
removal. The cylinder had bulg~d within the stiffening rings and had
a 0.95 em by 10.2 em crack near the midpoint of the cylinder. A patch
was welded over the crack similar to Figure 5.

Discussion - The inadequate design and inherent hazards of
the facility had been recognized, and a new facility was nearing
completion. Existing instrumentation currently used in autoclave-
type vaporizers prevents backfilling from occurring. An important
rule, however, to avoid cylinder rupture is to never apply heat to a
cylinder having a closed cylinder valve. The cylinder should be
connected to a manifold with a relief or surge system and pressure-
monitoring instrumentation.

Conclusions

1. Four general categories may be used to classify the po-
tential for large UF6 releases.

a. Ninimum Potent ial

UF6 in solidified state In cylinders 1n storage.

b. Moderate Potential

A release from a valve or pigtail positioned above
the cylinder liquid level so that only gaseous UF6
is escaping. This is the most common type of release
and is also rel~tively easy to control.

c. Increased Potential

A release fro~ a valve or pigtail positioned below the
cylinder liquid level so that liquid UF6 is escaping.
This type release generally occurs in the sampling or
transfer operation and is more difficult to control.

d. Maximwn Potential

A release from a cylinder puncture or rupture b~low the
liquid level.

2. Release frequency has sharply decreased as a result of
experience gained from actual events and utiliz3tion of better equip-
ment and improved designs.

3. with properly trained emergency personnel and modern
equipment, most releases can be controlled in a reasonable time and
almost all can be mitigated to some extent. The technology used today
and the experience learned from initial operations,as well as future
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improvem?nts plRnned in release prevention, containment, and control,
are described in a paper by A. J. Legeay entitled "Handling of UF6
in U. S. Gaseous Diffusion Plants." [1]

4. The g~seous diffusion plant release experience indicates
that safety, health, and environmental consequences can be prevented.
Consequences to date have been economic due to the value of the
material lost and the costs of decontamination and uranlum recovery.

5. With properly designed facilities of the latest tech-
nology, the probability of a UF6 release can b2 minimized; and with
well-trained and equipped emergency personnel, actual occurrences
can be brought under control promptly and safely.

6. Advance preparation, practice drills, and simulated re-
hearsals are effective means of achieving a well-trained work force
which can recognize potential problem areas in handling of UF6 and
take effective actions if a UF6 release occurs.

7. The most serious problems which merit additional study
are the potential for foreign material (such as hydrocarbons) in
cylinders, and the problems involved in moving cylinders of liquid
from withdraw3l or sampling points to safe storage locations, includ-
ing the protection of the cylinders until the UF6 is solidified.

REFERENCE

1. Legeay, A. J., Handling of UF6 in U. S. Gaseous
Diffusion Plants (U), Union Carbide Corporation, Nuclear Division,
03k Ridge Gaseous Diffusion Plant, Oak Ridge, Tennessee, June 1978
(K/P-6452) .



TABLE I

PADUCAH PLANT

CAUSES OF RELEASES INVOLVING UFs CYLINDERS

NO. OF RELEASES

I. VALVES 9
.t>-
o
CD

2. PIGTAILS AND MANIFOLDS 10

3. CYLINDERS 7

TOTAL 26
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CYLINDER VALVE DAMAGE
FIGURE 2
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CYLINDER VALVE DAMAGE
FIGURE 3
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BROKEN AXLE ON SCALE CART
FIGURE 4
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RUPTURED CYLINDER REPAIRED WITH PATCH
FIGURE 5
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On 1 st July 1977, as a result of a handling error, the
content of a 48 Y cylinder, amounting to some 7. 1 tonne8 of
liquid uranium hexafluoride, spilled onto the grolmd. Nobody was
injured.

What I have to say is nut con'2erncd with determining the
cause of, or the means of preventing, an accjdent of this sort.
My purpose is to state the facts, consider the action taken and
means employed to neutralize the products of the spillage, make
an effort to understand the reactions of those present on the spot
and, finally, set out the effects of this accidental release of ura-
nium hexafluoride on the environment,

At the same time, I shall attempt to arrive 8.t one or two
guiding principle s, the application of which migbt contribute. to
improve the effectiveness of action to be taken in the case of a
massive escape of uranium hexafluoride.
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1 - THE FACTS

The time : 14. 30 on a warm and sunny afternoon, outdoor
temperature 26"C, with a north-south wind blowing at a speed of
approximately 9 meters per second.

A sample of uranium hexafluoride had just been drawn off in
the liquid phase from a 48 Y container holding 8827 kg of hexa-
fluoride. For doing so, use had been made of a mobile steam heated
oven located outside a building.

The sampling operation had been c0mpleted and the situation
was as follows :

- heating of the oven had been discoiltinued,

- the temperature of the container was 90-95"C,

- the uranium hexafluoride was at a pressure of 3. 7 bars,

- the cylinder valve was in the six 0 'clock position,

- the valve was closed but still connected up to the sample
line.

At that moment, a handling operation involving the use of a
fork elevator to remove tbe top cover of the oven caused the valve
to rupture at the threads. The uranium hexafluoride in the conta.iner
immediately started to spill out onto the ground. A very heavy fog for-
med and, within the space of a few seconds, it was no longer possi-
ble to take any remedial action. The duration of the flow of liquid
can be estimated at 10 to 15 minute s. Once the level of the liquid
hexafluoride had fallen to that of the valve opening the hexafluoride
continued to escape as a gas.

A wooden peg was introduced 30 minutes after the start of
the spillage, at which time 1 727 kg of hexafluoride remained ill the
container.

. .. ;...
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2 - ACTJON TA KI<::N f\ ND MEANS EMPLOYED

14.30 : start of spillage.

The number of pel'sons in the immediate vicinity of
the accident was small. Operating personnel were taken
unawares 8nd hesitant as :0 the action needed.

14. 3 G : alarm raised.

The COGEJVJA safety organization, \vith which COMU-
RHEX hCJs an agrccm cnt for intervening at its adjoining
plant, was alerted after six :rninutes had passed. Produc-
tion staff were placed on alert in the. plant installations
and day pe n)Onnel were evacuated to the as sembly point.

The plant safety personnel donned their self ..contained
protective equipment but were unable to take any action
since visibility in the area of the container was totally
obstructed by a very substantial and heavy fog.

14.41 : help arrives.

The emergency squad, fitted out with self-contained
protective equipment, brOllght two big fire water h::::EBs into
action in an attempt to lay the fog and cool the container.
The contact between the water and liquid urani urn hexa-
fluoride had the opposite of the desired effect, the fog
thickening and expanding.

14. 49 : carbon dioxide used.

A carbon dioxide gun was brought into action. Almost
twenty minute s had then elapsed since the start of the
spillage and the flow of liquid had proba bIy stopped.

14. 56 : escape of uranium hexafluoride arrested.

Using the carbon dioxide had enabled the leak to be
plugged with a solid mass of uranyl fluoride and carbon
dioxide.

Tlw size of the foggy cbucl gradual1y reduced as the
carbon dioxide spread over the ground and prevented con-
tact and exchange with the air.

. .. / ...
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Lime was used to block the flow of water into the
rainwater run- off drains.

A wooden peg was po~d.tioned in the hole a few mi-
nutes later by the safety personnel.

15.22 No further emission.
Escape checked.
Neutl'alizeltion with lime cuntinucs.

The quantities of materials employed in bringing the
escape under control were

13,5 m3 of water, which is approximately twenty
times the quantity l'8Cjuired for the hydrolysis of the
uranium hexafluoride spilled,

- 600 kg of carbon dioxide,

- 8 to:1n8S of lime.

The area surrounding the 48 Y container, on which
virtually all the solid uranium compounds settled, did not
exceed 1000 m2.

The next few days were spent in decontaminating the
area on which solids had deposited. The topsoil was remo-
ved to a depth of ten cenlimeters and trees in the contami-
nated area were felled. All the materials removed (soil,
wood, rubbish, etc .. ) were stored in a lat'ge number of
drums.

2-2 Comments

After this description of the sequence of events, I
should now like to make one or two comments on the action
taken.

In the first instance, I feel the personnel present were
taken unawares and this contributed to the delay in raising
the alarm.

The density of the fog generated handicapped ability
to act effectively and some time was taken to locate the
precise source of the leak.

. .. / ...
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With the benefit of retrospection, and after due consi-
deration, the use of the two big water hoses to cool the
cylinder would seern to have been ill-advised. This in fact
contributed to the hydrolysis of the uraniurn hexafluoride
and formation of the hydrogen fluoride fog. There was
clear evidence of an updraughl caused by the heat released
by hydrolysis. The buildings located north of the source of
emission were invaded by the fog as a 1'e,3u11 of the up-
draught and of the eddies caused by the ~wir~d. Again on
reflection, it seems thal it would have been better to set
up the fire hoses downwind and form a curtain of water to
lay the hydrogen fluoride fog.

The use of carbon dioxide was particularly effective
because of its much greater cooling effect and the fact th<:1t
it blanketed the liquid uranium hexafluoride with a layer of
gas, thus limiting the rate of hydrolysis.

The use of carbon dioxide thus assists solidification
as crystaH. ne uranium hexafluoride or uranyl fluoride.

The use of lime was quite certainly highly beneficial
under the circumstances since it fonned solid, water-inso-
luble com pOtmds of fluorine and ul'anium. This explains why
there was no pollution of the water--underground.

However, I should have reservations about spreading
lime dil'cctly on liquid uranium hexafluoride since this wou1:J
give rise to a violent and highly exothern1ic chemical reac-
tion, thus favouring the evaporation and hydrolysis of the
hexafluori de.

The question is, therefore : how can a mass of liquid
uranium hexafluoride covering a large area be dealt with
effectively ?

I can offer no hard and fast reply, but only a perso-
nal opinion.

. .. / ...
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With this reservation, I shoull be tempted to advocate
the use of substantial quantities of carbon dioxide in order
to bring about crystallization of the hexafluoride and limit
hydrolysis. The need is then to fix the hexafluoride as a
solid, which can only be done by spreading a solid material
of high specific surface capable of absorbin.g the uranium
hexafluoride without undue evolution of heat. Alumina might
be a possibility here. This still leaves the problem of neu-
tralizing the resulting compound.

This experience shows that under no circumstances is
it advisable to hose water directly onto liquid uranium hex'3.-
fluoride. Water should however be used to lay the fog of
hydrogen fluoride formed.

3 - REACTIONS OF PERSONNEL

My intention is not to attempt a detailed analysis of the reactions
of those present, but more to point to those of significance within the
context of an accident. of this nature.

When the alarm was given, the installations were shut down
without undue haste and in an entire ly safe manner. All plant pe_~son-
nel gathered at the point of assembly north of the area affected and
certain of them left the plant.

This accident, the possibility of which had in fact at one time
been envisaged, but was no longer taken very seriously, came as
very much of a surprise. Cylinders of uranium hexafluoride had been
handled for fifteen years without incident. The factor of surprise was
not conducive to the best organization of nece ssary remedial action.
If a recommendation is invited here, it is that the existence of this
kind of hazard must be kept permanently in mind, even if experience
has shown the probability of its materializing to be very slight.

One thing which may be noted, however, is that those present,
aware that no one was directly endangered, had the good sense not
to attempt any action without the necessary protective equipment. This
is why no injuries were recorded.

. .. / ...
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The fire waiBJ~ hoses initiaHy employed had exactly the opposite of the
desired effect and this came as an unpleasant surprise in view of the
fact that the literature generally recommends spraying with water.
A number of inHiatives were subsequently taken

- water was replaced by carbon dioxide,

_ lime was used in the first instance to block access to the
drains.
It was then found to 1.>ehighly effective in arresting not only
the water but also the fluorine and uranium ma.terials, where-
upon it was decided to cover the whole of the affected area.

I should 8.1S0 like to mention the reaction of t"NOmen working in
a control room ten meters north-west of the source of the escape.
When the alarm was given, they found themselves being enveloped by
a thick fog. Their first impression was that this was an escape of
steam but the]) they noted that there was no condensation on the win-
dows. They then supposed that somei:hing h3.d gone wrong in the main
p]ant to the north. They shut dO\~inthe \ivorkshop in qu<:c~stion,donned
their masks and decided to leave the contro] room and head south.
Visibility being nil, they followed the fence f;OlJthwarc1s, which meant
that they plunged into the thickest port of the fog. After a dash of
forty meters, the fog f,;tarted to lift and lighten, they sa,\, a patch of
light to their left and were able to make theil' way out of the fog.

Only one of the two Inen was contamined since his mask was not
perfectly tight fit on his rather thin features.

. .. ;...
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4 - MEDICAL EXAMIi'V\T'ION OF INDIVIDUALS AT RISK

Two potential physiolog'ical hazard s were to be feared, arising
from exposure to :

i) inhalation of uranium,
ii) hydrogen fluoride,

To take the case of uranium first, the position can, very rou-
ghly, be summed up as follows : where a subject inhales a soluble
compound of uranium

_ 25% of the uranium inhaled is exhaled in the next breath,

50% is initially retained in the upper respiratory tract, then
passes into the digestive tract, and is finally excreted
in the stool,

_ 25% is absorbed in the lung air cells and passe s into the blood,
to be subsequently and rapidly eliminated in the urine, It
is estimated that 800/0 of this quantity, i. e, 20% of the
quantity of uranium absorbed is excreted in the urine in
the course of the first twenty-four hours following intake.

It is generally accepted that the maximum permissible intake 0 f
a soluble compound of uranium is 2,5 mg uranium/day, which cor-
responds to 500 lug uranium evacuated in the urine within twenty-
four hours or, again, since the volume of urine passed is ca. 1. 5
litres peT twenty-four hours, an average concentration of uranium
in urine of 300-350 JUg uranium/litre.

Again, chronic or acute uranium poisoning can lead to albumi-
nuria should the intake be such that the concentration of uranium
in urine amounts to 5-7 mg uranium per 1itre of urine.

In the case considered, all the personnel of the COMURHEX and
neighbouring plants were asked immediately after the incident to
supply samples of urine. The occasion was also taken to supply each
person concerned with bottles for collection of urine over the imme-
diately subsequent 24-hour period ..

275 people supplied immediate samples of urine and urine collec-
ted over the next 24 hours (Category A),

... / ...
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84 supplied 'only immediate samples of urine (Categor::;. B),

90 supplied only the urine collected over the following 24 hours
(Cat~gory' C),

449 people were examined and '124 samples analysed.

Results are tabulated below

Uranium content of urine n° of subjects
supplied (}lg) category AI category B category C

0 to 49 130 76 89

50 to 99 86 7 1

100 to 199 48 1

200 to 299 7

300 to 499 2

500 to 699 1

900 to 999 1

TOTAL 275 84 90

Only those results relating to subjects in category A are signi-
ficant.

Observed contamination of urine was found to be higher than the
permissible maximum in two cases. The toxic concentration was not
however reached and the two em ployees concerned did not therefore
show any subsequent physiological disorders.

Turning now to the hazard represented by hydrogen fluoride, no
symptoms affecting the skin or respiration were observed.

In concluding this report of the medical examination undel'taken,
I would mention the diffic ulties encountered.

On 1st july, all the samples involved were taken at the French
Atomic Energy's specialist laboratory at Pierrelatte.

. .. / ...
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Quite apart from the !1eed for immediate availability of
several hundred sample bottles, it is not hard to appreciate the
problems pos~d by having to deal at the same time and at the
same place with 45'0 people, in addition to which a considerable
number of those concerned were immigrant workers who had to
be instructed in how to collect their urine over a 24-hour period.

It was also observed that a number of samples had been
contaminated at the time of sampling.

5 - EFFECTS ON THE ENVIRONJ\lENT

The ageregatc results recorded by the fixed moniLc)'h;;
stations throughout the pass~\ge of the toxic cloud, lasthg less than 20
minutes, provide a fairly accurate idea of the quantities of hydro-
gen fluoride and uranium released into the atmosphere. These were
330 kg of uranium and 1600 kg of hydrogen fluoride,

It also pro';ed possible to map uranium and fluoride pollu-
tion by means of OWEN gauges and tdethanolamine-impregnated
filters sited at various parts of tIle plant, plus ilnalyses of samples
of plant life,

In the case of hydrogen fluoride, the "workforce" limit
(2. 4 mg/m3) was exceeded up to a distance of 1200 mcteTs from
the starting point during the emission.

In the case of uranium, contamination amountjng to
10 mg/m2 was observed up to 600 meters from the source of emis-
sion.

Beyond this distance, deposition of uranium was slight and
can have no adverse consequences in terms of possible human con-
sumption of insufficiently washed vegetable matter.

Again, samples of water taken south of the source of
emission showed that permissible fluoride / uranium limits had not
been exceeded in the case of water likely to be supplied to drinking
water facilities.

. .. / .. ,
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6 - CONCLUSION

This has been an account of the effects of an escape of
uranium hexnfluoride which may be considcred as onc of the big-
gest. it is possible to contemplate.

Additionally, the circumst811ces of the escape were parti-
cularly unfavorable in thai it occurJ~ed in the open air, thereby
causing maximum pollution of the environment - even though the
wind v,,ras a determining factor in diluting and dispersing the toxic
cloud.

It has to be emphasized that no bodily injuries occurred,
nor were there any appreciable affects on the environment at dis-
tances of more than GOO meters.

I 'would make two final remarks :

First, regarding the liquid-phase sampling of the content of 48 Y
cylinders of uranium hexafluoride. Quite dearly, the first precau-
tion is not to carry out this operation with the cylinder valve at
the 6 O'clock position. There is also however the question of whe-
ther it is really essential to take samples of u:'cll1ium hex.afluoride
in the liquid phrtse rather than limiting sampling to the gaseous
phase in view of the ha zarcls surrounding the liquid- phase sam pling
technique. What in fact is the advantage of liquid-phase sampling,
given that the most stringent quality specifications relate to those
compounds which exhibit highest volatility, i. e. which will tend to
concentrate in the gas phase ?

Secondly, there is the question of the physical location of the
incident. As noted, this occured in the open air and, as also noted,
nobody was injured.

It is not difficult to imagine what the consequences would have been
if the escape of uranium hexafluoride had occured in a confined
space with personnel present. It is no doubt true that the practice
of not handling liquid uranium hex8fluoride in the open air ensures
a greater degree of protection of the environment, but is tbis not
to some extent at the expense of the safety of the workforce ? What
can be done by someone present in a confined space in the event of
a substantial escape of uranium hexafluoride? Must personnel be
required to wear self-contained pl'otective apparatus at all time ?

..
These are the questions which now need to be answered.
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SESS ION ! I I

Session III dealt with UF6 release experience.
It contained three papers as follows:
F. Schinzer - NUKEM - Experience on UF6 handl ing in uranium manufacturing
processes.

G.T. Hull - Union Carbide - UF6 release experience and prevention in
United States gaseous difussion plants.

A. Ducouret - Comurhux - An experience of accidental release of UF6'

The three papers presented discussed in some detai I seven actual UF6
release incidents which have occurred in UF6 handling processes.
Conclusions:
1. Experience of these releases demonstrated that very slight personnel

or environmental consequences resulted from any of the releases.
2. Releases can happen unexpectedly and properly trained personnel can

take the correct actions not only to protect themselves but to stop
or control the release to the extent possible.

3. Well trained and equipped emergency forces should be maintained and
kept ready to act immediately on notification of a relase.

4. t1any thousands of depleted UF6 cylinders have been stored outside
for many years with no problems and negligible internal or external
corros ion.

5. After the releases described, local decontamination was necessary
but there were little effects on off site vegetation or water suppl ies.

6. No personnel injuries or any consequence resulted from the release.
7. A Iiquid release inside a confined space presents a difficult problem

to combat because of the visibi lity problem resulting from the
dense U02F2 fog formed.

8. Release frequency is very low considering the number of cylinder
operations performed.

Areas for future work
1. Develop methods for detection of contaminants such as hydrocarbon

oil in cylinder before filling.
- 2. -
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2. Study methods of protection during moving and storage of 1iquid fi lled
cyl inder.

3. Study methods for deal ing with released liquid UF6 covering a relatively
large area.

4. Develop method of sampling cyl inder without the necessity for having
the valve in the most dangerous 6 o.clock position.

5. Determine if gaseous sampling would not be satisfactory.
6. Study the question that whi Ie hand] ing 1iquid UF6 in the open presents

a greater envi ronmental risk, it presents a lm-Jer risk to the safety
of the work force.

ig
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PANEL DISCUSSIONS
SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

BY THE PANEL CHAIRMAN: G.B. HART
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SPECIALISTS MEETING.ON THE SAFETY PROBLEMS ASSOCIATED \JIT~

THE HANDLING AND STORAGE OF UF6

Summary of Final Panel

Initially the five session chair~~n presented summaries and conclusions
from thei r sessions. The Panel Chai rman then proposed three questions
for discussion which had been compounded from the session conclusions
and from questions directed to the panel from the floor. The three
questions were:

1. Are we satisfied that present technology and operating procedures
are adequate to present UF6 releases or is it desirable to work
towards, for example, reduced liquid UF6 handling and improved
protection against inadvertent 1iquefaction as in a fire? In this
connection, would it be feasible for feed and withdrawal streams to
be in the vapour/solid phases? Can gaseous sampling be substituted
for liquid sampling? If these are not considered feasible are there
any ways of reducing the vulnerabi lity of these activities (e.g.
increased cooling time).

2. Do we know enough about the behaviour of UF6 and its reaction
products to be able to predict with confidence the consequences of
any conceivable accident? If not in what area is more information
needed?

a) Atmospheric dispersion
b) Biological effects.

We need to note the varying results of theoretical treatments,
leading to possibly different conclusions and the varying limits
referred to for permissible levels of HF and U02F2 in the
atmosphere.

- 3. -
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3. Is further work necessary on methods of

a) protecting the work force against hex escape? e.g. location of
control rooms, emergency equipment and/or faci lities which can be
recommended for dealing with a release, evacuation routes and
training,

b) minimisjng the effects of an accident

(i) by reducing the quantity and duration of release
(ii) by improved methods of clearing up the mess.

Following a brief introduction by a panel member, each of these topics
was discussed generally. It was agreed that, although present standards
were good, further improvements in all areas were desi rable. Particular
emphasis was placed on the hazards arising from liquid UF6 handling:
it was felt that the most hazardous operation in this area was liquid
sampling. Suggestions were made for reducing the hazard and the necessity
for liquid sampling was questioned. It was felt that procedures had not
been optimised between commercial and safety considerations and it was
concluded that CSNI could perform a valuable role in initiating such
optimisation studies among operators, contractors and regulatory
authorities. It was also agreed that further experimental work on hex
releases, carried out on small scale models, would be valuable. Finally,
the meeting concluded that CSNI could provide a valuable service in
disseminating information about hex releases and it was recommended that
a system should be introduced to this effect.
Because of lack of time, it was not possible to pose and answer specific
questions on the papers presented at the previous sessions and the
Chai rman requested questioners to contact authors directly.

ig
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Closing r~marks~the I1leeting-Chai~man

Ladies and Gentlemen,

With these final discussions in the panel this specialist meeting
on the safe handl ing of UF6 has come to an end.
When the programme group started to work out the initiative of the
CSN I to have an expe rt mee ting on the safe ty aspects of hand ling,
transport and storage of UF6, and the first results of the call for
papers came in, I personally was a bit disappointed. Certainly not
because of the quality of the papers sent in before the closing date,
but because of the limited number of authors that offered a contribution.
Also the number of experts that applied for participation to the
meeting did not show an explosive character.
Now looking at the final results of the meeting I must say that I am
ve ry sat is fie d .
The number of participants exceeded by 50% the number we had in mind
as a maximum.
Also the number of papers, besides their excel lent quality, were
quantitatively of the right number to fi II this two and a half days
meeting, leaving reasonable time for questions and answers.
Furthermore because we spend (or had to spend) al lour time in this
comfortable meeting place, there was additional time for shoptalking.
I do not have the intention to summarize at this moment the results
of our meeting. I think in the panel session the most important aspects
have been put in proper order.
I sincerely hope that everyone of us who participated in this meeting

has the feeling that although he is already an expert, learned
something in addition. Anyhow, among other" things I learned that a
much shorter expression excists for uraniumhexafluoride.
The meeting made it very clear that the most hazardeous situation arises
when the hex is in the liquid state. With the defence in depth
principles and the training of personnel as discussed during the
meeting, the probabi lity of an accident with serious consequences is
ho.veve r ve ry remote.

- The -
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The theoretical assessments of the consequences of larqe releases of
UF6 showed that in fact there is a large safety margin. So I do think
that this meeting gave evidence to the statement I made in my opening
remarks that UF6 can be handled without undue risk to employees or the
pub Ii c.

Ladies and gentlemen, I think I may speak also on your behalf when I
express my gratitude to the Nuclear Energy Agency of the O.E.e.D. that
agreed with the proposal of the Committee on the Safety of Nuclear
Installations to have this meeting.
Now also on behalf of the O.E.e.D. I like to thank our host Urenco
Netherlands Operations, presented here by the Director mr. Stockschlader,
who made it possible to have this meeting in our cloudy country, and
to mr. Kell and his assistents for all the technical arrangements that
made our meeting and our stay here in hotel Boekelo a pleasant one.
Then of course I like to thank the memebers of the Programme Group,
the speakers and the chai rmen of the different sessions and last but
not least all the participants, for making this meeting so succesful.
With the wish that you have a good trip home, I declare the meeting
closed.

ig
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