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FOREWORD

The Atomic Energy Commission, through Fuels and Materials, Directorate
of Licensing, established a contract with the Battelle, Pacific Northwest
Laboratory to conduct a study on "Considerations in the Assessment of the
Consequences of Effluents from Mixed-Oxide Fuel Fabrication Plants."”
result of the great interest expressed by the nuclear community in the
results cf the basic study, documented in BNWL-16397, an extension for further
work in the area was granted. This report contains the original information

in an expanded and more detailed form plus new materials derived from the
study extension.

As a
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I. INTRODUCTION

The purpose of this study was to provide information and identify
parameters relevant to assessing the consequences to man and his environ-
ment of large scale mixed plutonium-uranium oxide fuel fabrication plants
which will be needed in the next 10 to 15 years. The report identifies the
pertinent parameters, values, factors and methods which may be used in
evaluating the environmental consequences of routine plant operation as
well as postulated accidents. This study provides a base for the develop-

ment of siting criteria and safety analyses for mixed oxide fuel fabrica-
tion facilities.
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I1. SUMMARY

In response to instructions from AEC Regulatory (now Nuclear Regulatory
Commission), a 1 metric ton (MT) per day plutonium fuels fabrication plant
10 to 15 years in the future was characterized and assumed as the base case.
The “"reference facility" manufactures UOZ-PuO2 fuel which contains 2 to
4 wti PuO2 in natural or depleted U02.

Safety considerations generically defined and evaluated can be scaled
as necessary for plants with varying capacity. Scaling factors include:
production capacity and rate, criticality control limitations, personnel
exposure, equipment limitation, plant design, filter loading, fabrication
techniques, and risk (consequences of the release times the probability of
such a release).

Source terms for the reference plant were developed for normal opera-
tion and for five postulated accidents. Normal operation of the 1 MT/day
facility is expected to result in a source term or annual plutonium emis-
sion rate of 15 pg. For the accidents analyzed, a maximum of 10"2 g of
respirable plutonium was assumed to be emitted from the two-stage high-
efficiency filter systems. Both soluble and insoluble plutonium of this
magnitude were deemed credible. Since the accidents examined were not
inclusive of all of the credible events leading to releases from the facil-
ity, additional information germane to estimating source terms resulting

from accidents is included in the text and in Appendix A.

Probabilities of releasing radiocactive material from the reference
plant were developed by propagating accident occurrence and equipment
failure rate statistics from fuel fabrication facilities and from related
industries. The difference was carefully discerned between the probability
of events leading directly to releases and releases which would require a
chain of events occurring simultaneously.

The main chemical contaminants from the facility would be compounds of
fluorine and nitrogen. The anticipated releases of these chemicals repre-
sent little concern to the environs; they are well below recommended
standard and threshold limit values.



Material released from the facility is assumed to be dispersed to the x
environment in eijther of two ways: 1) continuous releases (normal opera-
tion) based on meteorological data from 26 nuclear facility sites or

2) short duration release (accidents) according to accident description
guidelines in USAEC Regulatory Guide 1.3.

Uranium is not specifically considered, except incidentally when in
combination with plutonium, because the radiological considerations of "
uranium are overshadowed by those of plutonium. The plutonium to be

processed in the plant has an isotopic composition typified by a Connecticut
Yankee Reactor type(gs) fuel assembly discharged at about 35,000 MWd/MT.
This is a conservative estimate of the average isotopic mixture which will
be experienced during fabrication in the next decade and beyond. The higher
exposure plutonium represents the greatest radiological hazard; the "refer-

ence mixture" maximizes the consequences of the postulated plutonium source
terms.

Inhalation of plutonium aerosols and subsequent deposition in the
critical organs is the most important exposure pathway to man. The criti-

cal organs for plutonium are the bone for soluble compounds and the lung ~
for insolubie compounds.

Dose calculations for material deposited in the critical organs are
made using parameters recommended by International Commission on Radiological
Protection Publication 2 and Publication 19. Total dose commitments for the
Tung and 50-year dose commitment for the bone are given for acute and con-
tinuous releases of the individual isotopes as well as the reference mixture.
Comparisons are made between the ICRP Publication 2 Tung model and the ICRP
Publication 19 model (Task Group Lung Model, TGLM) .

In the final analysis, an attemot was made to quantify the risks a
plutonium fuel fabrication facility imposes on the environment. Because of

1imited information on occurrences and failure rates, the results developed
in this study should be viewed as preliminary.

The 50-year dose to the critical organs of an individual at 1000 meters
from the facility was estimated for the 5 ug annual release rate of the mix-
ture of plutonium and americium. Using the ICRP Publication 2 lung model



and Calculated Annual Maximum Sector (CAMS) atmospheric dispersion model,
the 50-year dose to the lung (insoluble) and to the bone (soluble) from
inhalation of the mixture continuously released at ground level is 0.06
mrem and 4 mrem, respectively. These values are about 0.006% and 0.4%,
respectively, of the limits proposed in this report for routine plant
emissions. |

Exposures that could result from acute inhalation following accidents
were estimated for an individual at 1000 meters from the facility. The
basic data used was from the ICRP Publication 2 Tung Model and the USAEC
Regulatory Guide 1.3 for atmospheric dispersion (8 hr curve), dose commit-
ment to the lung (insoluble) and the 50-year dose commitment to the bone
(soluble) from acute inhalation following a ground level release of 1072 g
of the reference mixture is 0.06 rem and 9.4 rem, respectively. Since the
probability of releasing this amount of material is estimated to be 10'2/
year (insoluble) and 10'3/year (soluble), the risk for this type of acci-
dent is about 0.6 mrem to the lung and 9.4 mrem to the bone. The total
risk that the facility imposes on the environs is expressed as a summation
of the product of the consequences and the probability of the release for
each credible accident and for normal operation. For the accidents and
normal operation discussed in this report, the annual "dose commitment"
risk to an individual at 1000 meters from the facility is estimated to be
less than 16 mrem to the bone, 1.5 mrem to the lung, 1.7 mrem to the ‘
thyroid, and 0.4 mrem to the whole body. It is expected that the remaining
spectrum of accidents will not significantly increase these values. The
analysis clearly indicates that the dose to the bone is the major considera-

tion in evaluating the environmental impact of a plutonium fuels fabrication
facility.

Limits are proposed for plutonium surface contamination and for the
annual dose rate to the general population from the continuous release of
plutonium from a fabrication plant. An area was judged to be "contaminated"
with plutonium if the activity exceeded 10 nCi/mZ. It is proposed that the
50-year dose commitment to the lung and bone of the average individual in

the population should not exceed 0.85 rem and 1 rem, respectively, for
routine plant emissions.



s T8 B

III. SCOPE

Although siting guides are needed for all of the facilities connected
with the fuel cycle, this report deals only with the parameters germane to
the siting of mixed oxide fuel fabrication plants. Extension of this study
to uranium and thorium fuel fabrication plants or fuel reprocessing facili-
ties would be relatively simple since much of the effort would overlap.

The effects of effluent releases resulting from in-plant accidents as
well as normal operation are considered. Both radioactive and nonradio-

active effluents are reviewed, with the emphasis placed on plutonium as
the most 1imiting consideration in plant siting.

Proposed plutonium-containing fuels include: oxides, carbides,:
nitrides, carbonitrides, borides, sulfides, metal and various alloys. Each

‘of these involves different preparation techniques and different safety

characteristics. The fuel fabrication plant selected for this study is a
production facility manufacturing power reactor fuel 10 to 15 years in the
future. Existing fuel fabrication facilities of the "job shop" type
should be able to handle the relatively minimal demand for the experimental
assemblies for power reactors and the special fuel for R&D reactors.
However, portions of this study wiil be of value in siting considerations
for any type of plutonium fuel fabrication plant.

Fuel management experts predict that plutonium fuels for LWR's and
FBR's will, for the next decade, be essentially in the form of mixed
plutonium-uranium oxides. Routine use of carbide fuels will occur at some
later time. Plutonium fuel requirements for HTGR's in the form of PuOZ-ThO2
or PuC-ThC, will be minimal for at least the next decade. Credibility
for these predictions of plutonium usage is illustrated in Table 1 by the

number of United States commercial fuel fabricators capable of fabricating
platonium fuels. )

Based on the projected utilization of plutonium in the form of mixed
oxide, the focus of this study has been on facjlities and processes which



TABLE 1. U.S. Commercial Fuel Fabricators
with Plutonium Capabilities

Atomics International

Babcock & Wilcox

Exxon Nuclear-

General Electric

Gulf United Nuclear

Kerr-McGee

Nuclear Fuel Services

numec () |

Westinghouse

e s e & e = .

a. Owned by Babcock & Wilcox.

are designed to fabricate mixed oxide fuels for LWR's and FBR's. Because
of the highly competitive nature of the fuel fabrication industry, innova-
tions are continually being made in mixed oxide fuel fabrication. There
are no "standard" techniques as such. However, certain techniques do

predominate so that alternative methods currently employed have minimal
effect on the source terms.



IV. FACILITY AND OPERATIONAL PARAMETERS AFFECTING
THE POTENTIAL MAGNITUDE OF RELEASES

A. MATERIAL AND PROCESS PARAMETERS

Fuel fabrication license abp11cations, federal regulations, and the
open literature were reviewed to characterize the mixed oxide fuel fabrica-
tion facility. With the assistance of personnel experienced in fuels
research and operations, the process information was projected to identify
the quantities and characteristics of fuel material expected for plants of
the future. Uranium was not specifically considered in the study, except
incidentally when in combination with plutonium, because the hazards of
natural or depleted uranium are overshadowed by those of plutonium.

1. Plant Product and Design Capacity

The postulated plant manufactures Pu02-U02 fuel for light water reac-
tors (LWR's). The plant design capacity is 1 MT of fuel per day.

2. Content of Plutonium in the Fuel

The LWR fuel is assumed to contain 2 to 4 wt% PuO2 in natural or
depleted UOZ' Since the LWR fuel process 1ine, with some modifications,
can also be used for fabricaticn of fast breeder reactor (FBR) fuels, the
character of these fuels are also examined. FBR is assumed to contain
8 to 30 wt% Pqu in natural or depleted UOZ’

3. Plutonium Isctopic Composition

The majority of the plutonium to be used in fuel fabrication in the
next 10 to 15 years will come from processing of spent uranium fuel from
LWR's. Isotopic compositions will range from approximately 95 wt% 239Pu,

5 wt% 240Pu up to that resulting from 30,000 to 35,000 MWd/MT exposure in
an LWR,

Plutonium obtained from a processing plant will have a range of iso-
topic compositions, a function of the specific power production of the
fuel material and the neutronic characteristics of the reactor system to



which the fuel was exposed. As the fuel exposure increases, the percentage
of the higher isotopes of plutonium increase. Because the relative quantity
of 24]Pu increases with fuel exposure, the specific activity and therefore

the radiological hazard of a unit quantity of plutonium increase with fuel
exposure.

For the dose calculation, a specific isotopic distribution of plu-
tonium, chosen as the "reference mixture," was obtained from a Connecticut
Yankee Reactor type fuel sample discharged at about 35,000 de/MT.(]) This
is above the isotopic mixture for the plutonium presently being processed
and thus is a conservative estimate of theAisotopic mixture which will be
experienced during fabrication in the next decade and beyond.

Bone and lung dose curves have been included (in Appendix B) for spe-
cific unit releases of plutonium isotopes, i.e., bone dose per gram of
238Pu released, in addition to the curves for the reference mixture (in
Section VI), i.e., bone dose per gram of Pu released. These isotopic
curves were included for those who wish to determine doses for other
isotopic compositions of plutonium. Contributions of 236Pu to the total
dose were not included in these calculations.

The isotopic composition of the reference mixture of plutonium is
shown in Table 2.

TABLE 2. Reference Mixture of Plutonium

Isotope wt%
236p, 7.3 x 1078
238p,, 1.9
239, 63.3
240p,, 19.0
241p, 12.0
242Pu 3.8

The total quantities of plutonium and its isotopic composition that
will be available for fabrication into reactor fuel, including recycle, has
been calculated for the years.1972 through 1985 inclusive for the LWR indus-
try (Appendix C): The plutonium will also contain some 281 (from the

10



A third possibility would be to employ totally remote, heavily
shielded fabrication operations. If this method is used, personnel
exposure considerations would have little effect on process design.

2) Eauipment Limitations (Capacity and Reliability). Equipment
capacity Timitations could 1limit the quantity of fuel processed in a par-
ticular enclosure (e.g., if the largest sintering furnace available has a
capacity of 1/6 ton of fuel per day, then six furnaces would be required).
This would reduce the amount of material which is available for release in

a furnace accident by a factor of six over what it would be with a 1
ton/day furnace.

Equipment reliability considerations affect the quantity of plutonium
available for release in an accident. A fabricator may wish to protect his
plant from complete production stoppage in the event of equipment failure
by using, for example, four 1/4 ton/day capacity pellet presses in four
different gloveboxes rather than one 1 ton/day press. In the event of

a press failure, output would only drop to 3/4 ton/day rather than to
zero.

3) Product Uniformity Considerations. The need to produce large
quantities of fuel (LWR cores contain 22 to 44 MT of fuel) with uniform
characteristics makes handling large quantities of fuel in certain fabri-
cation operations desirable. Such operations include homogenization of
plutonium nitrate solution to obtain isotopic uniformity and blending of
UOZ-PUO2 to obtain large batches with uniform plutonium content and powder
characteristics. Such operations would probably be conducted with the maxi-

mum amount of material permitted by criticality safety, radiation exposure,
and equipment design considerations.

b. Process and Product Varijations

An alternate process to mechanically blending Pqu and UO2 powder 1is
coprecipitation. In the coprecipitation process, plutonium nitrate and
uranium nitrate solutions are blended and ammonium hydroxide is added to
coprecipitate plutonium hydroxide and ammonium diuranate. The precipitate
is then dried and reduced and calcined in an atmosphere containing 6 to 15

15



vol% H2 in N2 to yield U02-Pu02. The remainder of the fuel fabrication pro-
cess is identical to the model process steps that follow powder blending.
Use of the coprecipitation process rather than the mechanical blending pro-
cess should have little effect on the accident source terms. However, it
does eliminate PuO2 powder treatment, identified as the one step represent-
ing the greatest potential source of releasable plutonium. Elimination of

this step would negate this threat and could reduce the normal operation
source term.

An alternative to loading elements with pelletized fuel is vibratory
compaction. In this process, UOZ-PuO2 powder is poured into the fuel tubes
and compacted by vibration. (Typically, less than 10% of the PuO2 feed par-
ticles used in this process are less than 10 u.) Other vibrational com-
paction processing steps are similar to those of the model process which
precede pellet pressing and follow fuel rod 1oading} It appears that the
vibrational compaction process will have minimal effect on the magnitude
of routine or accident source terms; however, more detailed analysis could
reveal effects not currently envisioned.

c. FBR Fuel Fabrication

Because of the similarities of the fuel materials, a fabrication plant
for LWR plutonium recycle fuel can, with minimal changes, be converted for
fabrication of FBR fuels (possibly desirable as the FBR fuel market develops
in the 1980's and 1990's). The principal difference in the fuel materials
is that the FBR plutonium enrichment would be higher (8 to 30 wt% PuO2 in

natural or depleted UOZ) and the FBR fuel pellets would be much smaller
(+0.25 in. diam).

If the LWR UOZ-PUO2 fuel fabrication plant were converted for 1/6
MT/day FBR (75% o, - 25% Pu02) fuel fabrication, the plant plutonium
inventory would be approximately the same, but criticality considerations
would force reduction in the amount of plutonium handled in one batch.
Therefore, assuming the same facility design features, the accident and
routine source terms for 1/6 MT/day FBR fuel fabrication should be no

greater and, in some mixed oxide processing steps, less than for 1 MT/day
LWR U02-Pu02 fuel fabrication.

16
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processing 1ine is presented in Appendix A. The chemical form, physical
form, and mass of plutonium in the various areas of the plant have been

included in the description since they are important in determining release
parameters.

7. Additiaonal Considerations

a. Variations in Potential Release Inventory

For in-plant accidents (e.g., fire, explosion) the potential release
inventory is dependent on the inventory in the component (e.g., furnace,.
glovebox, process area) in which the accident occurs. Several additional
considerations are given in the following sections that could result in an
in-process inventory size and distribution different from that assumed in
the reference plant. As an example of the potential effect of these con-
siderations, a conceptual study by Merker et a1.,(4) of a 1 MT/day PuOZ-UO
fuel fabrication plant describes a 1ine that operates with less than 2 kg
of plutonium at each processing station. The low station inventory is

achieved by use of multiple, identical stations and semi-continuous inflow
outflow of material on conveyors.

2

Considerations which could affect the in-process inventory include:

1) Chronic Radiation Exposure of QOperating Personnel. The relatively
high neutron and gamma radiation levels from high exposure plutonium could
influence process changes in order to reduce the chronic radiation exposure
of operating personne].(s) These changes could take several forms. One
would be shielding of the gloveboxes and reduction of the quantity of plu-
tonium at the station. This would require an increase in the number of
stations and/or a continuous inflow-outflow of material at the station in
order to prevent the accumulation of large quantities of plutonium. If
these stations are isolated from one another by some barrier, the potential
release inventory for glovebox scale accidents could be reduced.

Another possibility would be to use the above strategy for some opera-
tions, but to (heavily) shield others such that the criticality considera-

tions, rather than personnel exposure, 1imit the quantity of plutonium used
in those select operations.

14



241 241

Pu). Approximately 5% of the Pu
will decay to 24]Am in 1 year. One year was chosen as representative of the
elapsed time between fuel processing and use in a fuel fabrication plant.

beta decay of the 13 year half-life

4. Plutonium Inventory

For a plant producing 1 MT of LWR fuel per day, the total plant
plutonium inventory will be of the order of 1000 to 3000 kg.

5. Desian Limitations Impbosed by Criticality Safety Considerations

One consideration that will limit the amount of plutonium in a process
area is criticality. Criticality safety considerations will either limit
the plutonium to a safe mass under specified conditions or the mass will be
effectively unlimited (e.g., if a plutonium solution is contained in a
cylinder whose diameter is less than the minimum critical diameter, then
the cylinder length is not limited and the cylinder can contain an infinite
amount of material). Safe masses of plutonium and mixed plutonium-uranium
are given in Table 3. Because of its hygroscopic nature and the possibility
of the addition of binders in processing, the reduction of the safe masses
of Pqu is shown for water uniformly distributed in the powder and the
pellets. Values for 1 wt% and 5 wt?% water are given.

6. Fuel Fabrication Process

a. General Description

(1) Fuel Preparation. The plutonium is assumed to be received in the
form of plutonium nitrate solutions that must be converted to PuOZ. However,
the plutonium may be receijved in the form of PuO2 which would allow
elimination of the conversion steps.

The standard techniques for plutonium fuel preparation are: 1) con-
version of Pu(NO3)4 to Pu02, followed by mechanical mixing with UO2 to
obtain Pqu-UO2 powder and 2) coprecipitation of U and Pu from the nitrate,
followed by reduction to Pu02—U02 powder. The Sol Gel technique, which is
a special case of precipitation, shows promise but has been demonstrated
only for small batch fuel preparation. Since to scale up this process
involves unknown difficulty, it has not been considered in this analysis.

N



TABLE 3. Safe Masses in Plutonium
Fuel Fabrication(a,b,c)

Pud, FBR Fuelld) LWR Recycle Fuel'®)

Pu Mass ggz-pu02 Hass  Pu Mass QQZ-PUOZ Mass  Pu Mass
Ory Powder 11.3 kg 115 kg 31.5 kg >3600 kg >126 kg
Ory Pellets 4.86 kg 43 kg 11.7 kg >3600 kg >126 kg
Powder with 1 wt% water 102 kg 28 kg >2300 kg >81 kg
Powder with 5 wtf water 66 kg 18 kg >338 kg >11.9 kg
Pellets with 1 wti water 39.5 kg 10.8 kg 2300 kg 81 kg
Pellets with 5 wti water 32 kg 8.8 kg 338 kg 11.9 kg
Optimumly Moderated Systems 230 g 1.02 kg 279 g 11.75 kg 413 g

a. A safe mass or batch is <45% of a fully water reflected critical mass.

b. Plutonium is assumed to _be 100% 239Pu. The presence of 240Pu will increase the safe

masses {e.g., 20 wt% 240py will more than double the safe mass of optimumly moderated
LWR recycle fuel).

¢c. Powder density = 5.6 g/cm3, pellets at theoretical density.
d. Assumed to be 31 wt% PuO2 - 69 wt% U( )02.

nat
o - o
e. Assumed to be 4 wt% PuO2 96 wth U(nat)OZ'

(2) Fuel Shape Fabrication. Pelletization is the fuel shape fabri-
cation technique currently used almost exclusively for power reactor fuel.
Although vibratory compaction, a developed fuel loading technique, is

currently receiving only limited use, it does have advantages that may
result in more extensive use in the future.(2’3)

(3) Scrap Recovery. Whenever possible, oxide scrap will be recycled
through the process without chemical processing. For scrap and waste where

this is not possible, a typical recovery process is leaching, or dissolution,
followed by reduction and ion exchange yielding Pu(N03)4.

b. Reference Process

In order to allow detailed investigation in the study, a specific pro-
cess, (called the "reference process,") was chosen for examination. It
includes conversion of plutonium nitrate to Pu02, followed by pelletizing
of the mechanically mixed Pu02-U02. A flow diagram for the reference pro-
cess is given in Figure 1. A tabular description of the characterized
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For 1 MT/day FBR fuel fabrication, the routine source term could be

up to a factor of approximately six higher than for equivalent capacity LWR
U02-Pu02 fuel fabrication. Likewise, the source term from a major facility
could be higher due to the larger plutonium inventory required. However,
the quantity released could be limited by physical phenomena such as quantity
of particles which can be supported by a volume of air. For an accident
involving only one batch of fuel material, the FBR fuel fabrication source
term should be no greater than for LWR UOZ—PUO2 fuel fabrication.

B. FACILITY

There are several facility design and operational features including
the process confinement system, control of process inventory, and building
integrity that influence or limit the potential for release of plutonium
from a fuel fabrication plant. The process confinement system, designated
as the primary barrier in this study, includes tanks and piping in the wet
process areas, the gloveboxes and associated exhaust systems in the powder
steps of the process, and the cladding after encapsulation of the sintered
fuel pellets. Any plutonium facility requires an erfective and reliable
primary confinement system, i{ only for the protection of operating person-
nel. This required system plays an important rcle in minimizing release cf
material to the environment.

A second facility design feature (designated as the final barrier)
which has significant bearing on the potential release of material is the

integrity of the building structure and the associated building exhaust
system.

Minimizing the fuel inventory which is at risk is another design
feature of this facility. It includes decoupling various steps in the pro-
cess relative to a given accident mechanism either by isolation by distance
or barriers or by employing parallel production lines to minimize the
normal process inventory. In some facilities, similar processes are con-
fined within separate rooms or areas which provide an additional factor in
controlling the release of radicactive material. This design feature is
referred to as a secondary barrier.
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Elaboration of some of the primary and final design features follow.

1. The Primary Barrier

For purposes of this study, the tankage and piping system is assumed
to have sufficient integrity to assure that the system is capable of with-
standing moderate stress above normal requirements without rupture. Further,
all points of potential leakage (e.g., flanges and valves), are contained
within enclosures to prevent spread of contamination to the room in the
event of minor leaks that may be expected to occur periodically. While
the contents of the system may represent a large inventory for dispersal
in a severe accident involving catastrophic failure of the vessels or

piping, its contribution to the normal operations source term is expected
to be very small.

A11 powder operations are assumed to be carried out in discrete glove-
boxes or glovebox systems that have sufficient strength to withstand opera-
tional pressure without structural failure. The gloves represent the
principal weakness in the primary confinement barrier since they are subject
to attack by chemical agents used in the glovebox, fo physical damage from
abrasion or cutting or puncture, and since they will TikeTy fail in case of
an explosion or pressurization within the glovebox. Hood gloves will
periodically fail; however, only trace contamination will normally be
observed outside the hood. In the event of a fire or explosion within the

glovebox system, substantial quantities of plutonium could be released from
this barrier.

The powder operations normally are carried out in air within a glove-
box that has either a single pass or recirculating air system. Because of
the possibility of propagating fumes throughout the system, it is assumed
that air in a glovebox is received through a HEPA filter and exhausted
through another HEPA filter to an exhaust system. The HEPA filters at each
glovebox exhaust are highly desirable in that they minimize the accumulation
of plutonium in the exhaust duct system.

Once filtered glovebox air may be routed through additional filters
prior to release from the building, or may be combined with the general
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room exhaust stream prior to release through the final building filters.
Glovebox exhaust air typically is filtered through two or three HEPA filters
before release to the atmosphere. The integrity of the glovebox system(s)
and associated exhaust filter system(s) throughout the powder processing

stages is clearly a major consideration in 1imiting the release from normal
operation.

2. The Final Barrier

The final barrier is assumed to be a structure of sufficient strength
to withstand severe stress (such as earthquake, tornado, intense fire or
process explosion). It is further assumed that all building exhaust air is
released to the environs through a building final filter system capable of
withstanding the same severe stresses as the building.

The number of HEPA filters in series required in the building final
filter system is not generally agreed upon; some facilities operate with
one stage, some with two, and in one case five stages were deemed neces-
sary.(s) This apparent disagreement stems largely from the fact that while
the capability of a single stage is well known, the benefit to be derived
from additional stages of filtration has not been well established. One
extreme position would be that if one HEPA filter is demonstrated to be
99.95% effective by cold DOP test(7) and theretore has a transmission fac-

tor of 5 x 10'4, then two HEPA filters in series will have a transmission

factor of (5 x 10'4) x (5 x 10'4) = 2.5 x 1077. The alternate extreme view

would be that the particulates that can pass through the first filter have
demonstrated their capability for passing through a HEPA filter and there-
fore will continue to do so, thus a two filter combined transmission factor
is 5 x 10'4. The truth probably lies somewhere between. Based on AEC HEPA
filter guide lines as referenced in Preliminary Safety Analysis Report for
the Plutonium Recovery and Waste Treatment Facility at the Rocky F1ats,(8)
the first stage is assumed to be 99.9% effective and all successive stages
99.8% effective. Thus the combined transmission factor for two stages

would be (1 x 10'3) x (2 x 10'3) =2 x 1078,
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In the practical case, the second stage at least filters that portion
of the exhaust stream that bypassed the first filter because of seal leaks
that may periodically develop or during changing of the first filter. Two
stages of building exhaust stream filtration are frequently provided for
this reason alone. During approximately 25 years of operation of the
Hanford plant, no in-service HEPA failures have been identified. Filter
changes are routinely required because of filter loading.

One engineering study of building filter capabilities determined, on
the basis of actual measurements made on four stages of HEPA filters, that
four stages are required to achieve a transmission factor of 1 x 'IO'7 (9)

Based largely on this engineering study, it will be assumed that, in practice,
the following benefit may be expected to be achieved by multiple filter banks.

Removal Transmission Factors

Efficiency Specific Aggregate
First Stage 99.9% 1x 1073 1x 1073
Second Stage 99 1x 1072 1 x 107
Third Stage 943 6 x 1072 6 x 1077
Fourth Stage 83% 1.7 x 107 1.0 x 1077

As will be discussed further in Section VII, the material present in the
intact gloveboxes or within vented piping systems was assumed to be sepa-
rated from the plant environs by three stages of HEPA filters, and material
elsewhere within the building, by two stages of HEPA filters as follows:

The glovebox air filtration system:

Overall Efficiency (3 HEPA) 99.99994%
Aggregate Transmission Factor* 6 x 1077

The room air filtration system:

Overall Efficiency (2 HEPA) 99.999%

Aggregate Transmission Factor* 1 x 107°

*Aggregate Transmission Factor is the ratio of the

grams of material transmitted to the grams impinging
on the first stage.
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gﬁ. The foregoing values have been shown to be conservative by more recent
data obtained under latoratory conditions. Although each filter reduces
the average particle size, efficiency of the next filter remains above

’ 99.9%. The minimum aggregate transmissjon factor obtained under laboratory

conditicns with Pqu aerosols was 1.0 x 10'9 for two steps of HEPA filtra-

tion. A faciiity which has a properly installed and tested HEPA filtration

system and can maintain integrity of the final confinement system will

release only minor amounts of particulate materials to the environment.

A characteristic of filter media which makes the 6.0 x 10'7 and
1.0 x 10'5 transmission factors more conservative (higher than actual) is
the improved efficiency with loading. Although little, if any, data are
available on the increased efficiency due to dust loading, one observation
showed that approximately 250 g of dust with an aerodynamic equivalent diame-
ter (AED) of 2.6 um resulted in a 3 in. pressure drop for a 12 in. by 12 in. by
6 in. deep fi]ter.(10)

Although a pressure drop of 3 in. is not excessive
- in some installations, when exceeded it would call for a filter change. The
efficiency is probably significantly higher at this point in the life of
ﬁl’ the filter than for the newly installed filter.

In an installation requiring 100 HEPA filters (100,000 cfm) each of
which were loaded with plutonium to reach a pressure drop of 3 in. of water,
the total loading would be of the order of 200 kg of Pu in the filter bank,
a rather ridiculously large amount. Even with this unrealistic assumption,
the amount of plutonium which would have penetrated the filter up to that
! , point would have been no more than about 2 g (2000 x 1.0 x 10'5 x 100 fil-

\ ters). Evidently there is a realistic upper boundary to the amount of fuel

material that can pass a HEPA filter. Although without total support, this
g _ example plus experience apparently justify an assumption that about 1 to 5 g
' is the maximum release which can be postulated from the most severe in-plant
accident that does not compromise either the building or the two stages of-
HEPA filtration.

Evidence that such a self-reqgulating mechanism is at work is obtained
from examination of the releases measured from a wide variety of plutonium
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handling facilities, characteristically equipped with two or three stages
of HEPA filters between the gloveboxes and the environs. Reported releases
at AEC installations for 1971(1]) (with one notable exception which is not
a mixed oxide plant) are in the range of 1 to 75 uCi/year.

For a nominal flow rate of 105 cfm, the 75 uCi value is equivalent
to an average release concentration of 5.0 x 10'14 uCi/cm3. The reporting
of "less than" release values of 1.0 x 10'15 uCi/cm3, because of insuffi-
cient analytical sensitivity, is often misleading in analyzing plant
emissions. Similar "less than" emission rates are reported for the com-
mercial mixed oxide fuel fabrication plants. Therefore, within the present
plutonium analytical capabilities of the industry, the apparent concentra-
tions and annual release rates are similar for a large number of plutonium

installations involving a wide variety of chemical and physical processes
and significant differences in throughput.

3. Facility Model

It is assumed that prudent design considerations as well as regulatory
requirements will result in the design of a facility such that the structure
and the final filter system will maintain their integrity against the action
of fires and natural phenomenon (earthquakes, tornadoes, floods, etc.). For
the purpose of this study it is assumed that the facility design criteria
will be comparable to criteria used in the design of reactors and for cer-
tain new AEC plutonium faci]ities.(]z) In characterizing the reference
facility, the design features which could have significant effect on the
normal operation and/or accident source terms were examined. The following
assumptions were made about these features for the plant "model."

a. Earthauake

The facility will be designed such that shutdown systems of the
facility will remain operational during the maximum possible acceleration
that could occur at the site. Additionally, the facility is designed such
that those elements remain functional that are required for continued safe

operation during the maximum probable acceleration that could occur at the
site.
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b. Tornado

Sections of the facility as defined in the Minimum Oesign Criteria for
New Plutonium Faci]ities(]z) will be hardened to withstand the effacts of
the AEC Regulatory Model Tornado.(13)

c. Flood

The facility either is located such that water from the Probable
Maximum Flood (PMF,) which is the most severe flood reasonably possible
at the facility site, would not reach the facility, or the facility is
afforded the necessary protection in the form of dikes, diversion channels,
etc., to remain unaffected by the water from the f]ood.(]4)

d. Fire Protection

The facility design includes the necessary alarms and/or equipment to
prevent, suppress, or contain a fire. In at least one faci]ity(15) the
filters are required to withstand 180°F continuously and 700°F for 5 min.
Several tests have been conducted on the effects of elevated temperatures
on high efficiency fi]ters.(]5’16’17’]8) These tests indicate that filters
made according to AEC minimum specifications will withstand temperatures of
700°F for 5 minutes. In the same faciiity the glovebox system final exhaust
filter bank is to be protected by a minimum of a scrubber which acts as a
large heat sink, a cooling chamber which cools by deluge spray and a demister
together with the necessary heat detectors and alarms. The room air system
final exhaust filter bank will be protected by a minimum of a spark arrester,

a cooling chamber and a demister together with the necessary heat detectors
and alarms.

The design of the process and the process equipment are extremely impor-
tant in defining the protection necessary to assure the integrity of the
building and the final filter.

e. Criticality

The facility is designed to remain subcritical under all operating
circumstances. This is assured by either mass control of the fissile

material (double batch principle) or by engineered safety features. Safe
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geometry, backflow protection, poisoned systems, etc., are inciuded in the
design whenever feasible to assure safety with a minimum of administrative
controls. Rapid pressurization of a hood or enclosure as a result of a
criticality accident could be sufficient to breach the primary barrier. It
is not credible that this force would compromise the final barrier, the
building structure or the final filter system. : | _ h

The generation of a fire as a result of the energy released during a E
criticality event in the reference facility is not considered credible.
Criticality accidents are most likely to be initiated in solutions. All
of the criticality accidénts that have occurred in plutonium recovery sys-
tems have involved solution.

f. Liquid Waste

This facility is assumed to have three separate liquid waste systems
considered in facility design. These include systems for contaminated wastes,
clean process wastes, and sanitary wastes. Potentially contaminated wastes
normally are collected at the point where they are generated or in a
hold-up tank. It is assumed that there is no continuous liquid effluent
flow from areas of the plant where there is potential for liquid effluents
becoming contaminated with plutonium. Thus, with this type of passive system,
accidental or routine release of plutonium is extremely Tow.

The sanitary sewer system is maintained separate from the process
system with automatic sampling provided for the process system. Thus,
this system should not contribute to environmental contamination.

Areas where water from fire fighting could become contaminated are

assumed to be equipped so that the potentially contaminated water is pre-
vented from reaching the environs.
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V. ENVIRONMENTAL CONSIDERATIONS AFFECTING CONSEQUENCES OF RELEASES

A. ATMOSPHERIC DISPERSION

1. Normal Operation

The Atomic Energy Commission has provided guidance for estimating
the atmospheric dispersion of radionuclides accidentally released from
nuclear power p1ants.(19’20) Similar guidance is not currently available
from routine releases. A method is proposed for the purposeé of evaluating
long-term routine releases from normal plant operations. Two conditjohs
were imposed on the method: (1) it should yield conservative estimates,
i.e. overestimate the average ground level air concentrations, and (2) it
should reflect realistic meteorclogical and diffusion conditions.

The long-term sector average air concentration at ground level, ¥,

of radioactive material diffused from a continuous point source is given
21) :
by:(

1/2 .
§=(3) Q000" ¢ (n/20)

where:

X = long-term sector average air concentration at ground level,
uCi/cm3

f = percent of frequency with which wind blows in a sector during a
specified stability at a given speed, %

Q” = average rate of release from source, Ci/sec

a, = standard deviation of crosswind vertical dispersion of air
concentration in cloud, m

p = average wind speed at height of release, m/sec
= height of release, m

u,
h
w = arc length of sector, m w = 2mx/n
x = downwind distance, m

n

= number of sectors contained in 360 degrees

Note: values for f, Q7, a, and u, are long-term average values.

25



In this study, a version of RACER(ZZ) modified for annual releases,(23)
was used in the calculation of annual average air concentrations for a

22.5° sector, normalized to an average annual release. On-site micro-

meteorological data from nuciear power plant environmental reports for

26 sites were selected to calculate normalized ground level average air y
concentrations for both ground level and 100 meter release heights.

Calculations of the X/Q~ values with the data from each site were E
performed in a manner to obtain the maximum possible values. The calcula-
tional method went further than just using the sector with the greatest
%/Q° value, it maximized ¥/Q” in each step by using the joint frequency of
occurrence of wind speed and direction data, separated into stability
classes. Table 4 is representative of data from one of the sites for the
stable class. The maximum wind occurrence values for each wind speed
group were found as shown by the circled numbers in Table 4. These maximum
occurrence values were combined to create a hypothetical maximum sector for
this stability class. The identical process of selecting the maximum occur-
rence values was used for each of the other stability classes for the site. '
Then, an average X/Q” value was calculated as a function of distance based (
on the hypothetical maximum sector using RACER. This complete process was
repeated for each of the sites. After the X/Q” values for all of the sites
were plotted as a function of distance, the maximum values were fitted to
form an upper Timit for both the ground level and 100 meter release heights.

These curves are referred to as the calculatad annual maximum sector curves
(cAMs). (Appendix D)

The effect of a change in the distribution of stability classes result-
ing from this procedure was investigated and found to lead to a slight
tendency to emphasize the effects of stable conditions. As a resuilt, the
CAMS curves tend to be siightly more conservative at greater distances.

For comparison, the on-site meteorological data from the reactor sites
were also used to calculate mean values of sector average annual air con-
centrations. In this instance, the frequency distributions within each
stability class and for each wind speed class were summed and then divided
by sixteen. This results in a mean frequency distribution for a 22.5°
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Sample Data Sheet for Maximum Sector Derivation

TABLE 4.

ANNUAL  (3/4/63-3/6/64)
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1455 HRS THIS PAGE (26.4 PCT)
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sector. The mean meteorological condition for all of the sectors around a
facility is represented by the mean sector value. Normalized average air
concentrations were then calculated as a function of distance. The aver-
ages of these mean curves for all sites are referred to as the mean sector
curves. Figures 2 and 3 contain the CAMS and mean sector curves of ¥/Q°

as a function of distance for all sites for the ground level and 100 meter
releases, respectively.

The CAMS curves were developed to be used as initial estimates of the
annual average X/Q~ values that might occur at any site. Comparisons with
independently calculated ¥/Q~ va1ues(24) has shown that the CAMS curves may

be used as realistic but conservative estimates of ¥x/Q~ in the absence of
actual site climatological data.

It is necessary to consider the applicability of meteorclogical data
derived from nuclear power plant sites to a site for a plutonium fuel fab-
rication plant. The results can only be as good as the similarity of the
sites. Moreover, plutonium fuel plants may be located under different
siting criteria, and may well have different Tocal topographical features.
As noted earlier, the attempt to divide diffusion regimes by apparent local
topographical differences showed that similar variations occurred in all
groups. There were nearly equivalent extremes in all groups, suggesting
that whatever makes a site "good” or "bad" cannot be expressed simply in
terms of apparent topographical differences.

Although the most conservative sector (CAMS) has been used in this
study, it is desirable to give credit for local site characteristics in
specific applications. Conversely, it should be recognized that even
though CAMS has been shown to be conservative in this study, it is not

expected, in a statistical sense, that the CAMS curves will enclose the
population of ¥/Q” values.

In order to properly interpret the X/Q” values calculated for the
extreme distances presented herein, it must be understood that an uppar
1imit has not been placed on vertical diffusion. Such a limit does
naturally occur and is duscussed by Ho]zworth.(zs) For the United States

28



1073 T I |
GROUND LEVEL RELEASE
1974 —
M
- MAXIMUM SECTOR (CAMS)
<
—— ‘5 L —
S 10
L
[Ve]
&
[an]
—
(@)
= 1070 —
=
~
1>
, MEA: SECTOR —
1077 — —
. | | I
107" 2 3 4 5 6
10 10 10 10 10

DISTAHCE (#)

FIGURE 2. Maximum (CAMS) and Mean %/Q° Curves for Ground Level Releases )

29



(/0" )sECTOR: (SEC/MB)

10

—
o

—
o

Release (100 meters)

30

I I
1C0 M RELEASE
MAXIMUM SECTOR (CAMS)
-7 —1
MEAN SECTOR/
-8 —
p | |
102 103 10% 10
DISTANCE (M)
FIGURE 3. Maximum (CAMS) and Mean ¥/Q” Curves for an Elevated




™ 3

this 1limit is around 1000 meters. When no limit is placed on vertical
diffusion, estimates of x/Q“ are affected at distances beycnd 6 x 103
meters. These values will be underestimated less than an order of
magnitude at 105 meters. Allowance may be made for the mixing depth in
any particular region by use of maps published by Holzworth.

The above method and the CAMS curves are not designed to replace in
any way the need for on-site meteorological data collection programs.
These are only for initial estimates for an undefined site for use in
plant design. It is anticipated that once a particular site is chosen,
on-site data will be collected and used to make a more accurate assessment

of the diffusion climatology both for the routine as well as accidental
release calculations.

2. Accidents

The method for estimating atmospheric dispersion of an accidental
release must entertain the possibility that the release may nccur during
any diffusion regime. This is because releases resulting from accidents
are inherently of short duration (a few minutes, up to a day in length)
and random with respect to timing. A method for estimating the atmospheric
dispersion of accidental releases from nuclear power plants is presented
in USAEC Regulatory Guide 1.3. The enveloped maximum curve method dis-
cussed in the Guides should apply equally well to plutonium fuel plants.
The method is clearly explained in the safety quides, and is in wide
enough usage that no further detail on the method will be presented here.
[t should be recognized, however, that the climatological model employed
in the Regulatory Guide estimates less dilution and therefore is more
conservative than the previously discussed CAMS model for routine releases.

3. Effects of Dry Deposition, Scavenging, and Resuspension on Accidental
and Normal Operation Release Consequences

Dry deposition, scavenging, and resuspension are important considera-
tions in the evaluation of the consequences from accidental and normal
operating releases. First, these factors, with exception of resuspension,
reduce the immediate atmospheric concentration of plutonjum. Second, some
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plutonium will deposit on the ground where recovery or containment may be
passible. Third, an accurate prediction of atmospheric air concentrations
following an accident will require consideration of these mechanisms. The
atmospheric dispersion curves for normal operation (CAMS) shown in Figure 2

do not separately consider the effects of these three mechanisms; deposi-
tion, scavenging, and resuspension.

The deposition velocity of plutonium particles cannot be specified
exactly because it will vary depending on the size distribution of the
particles. the nature of the surface on which deposition occurs, the wind
speed, and other meteorological variables. In addition, the size distri-
bution of the particles with which the plutonium is associated can be
expected to. change downwind as a result of a number of natural processes.
For a particular situation, once a deposition velocity is known, an esti-

mate may be obtained by use of the methods recommended in Meteorology and
Atomic Energy (1968).(21)

Inspection of this method reveals that an order of magnitude change
either way from the example deposition veclocity of 1.0 cm/sec results in
a drastic change in deposition. The deposition velocity for plutonium
particles with an average diameter of 0.3 um is 0.01 to 0.20 cm/sec for
wind speeds of 2 m/sec to 13 m/sec.(zs) This particle size has the great-
est fractional penetration through a HEPA filter and hence has been
assumed to be applicable to the normal operation release as well as the
accident release, assuming the HEPA filter remains intact. The value of
the deposition velocity will also depend on the nature of the release,
in that different size distributions may be generated. For an uncontained
fire, Mishima determined the size of airborne particles from the oxidation
of metallic plutonium was about 4.2 um with no particles greater than
8 um detected.(27) If other nonradioactive particles are produced at
the same time, such as during a fire, a combination of particles can be
expected. Higher deposition velocities would be applicable for such a
release. However, as long as the HEPA filters are intact, the size distri-
bution will be mostly a function of the properties of the exhaust system.
Laboratory measurements suggest the size will be around 0.3 um as assumed
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earlier. However, this value is open to some question based on experi-
mental evidence. Actual measurements at a plutonium fuel plant showed

the radioactive particles downstream from HEPA filters were an order of
magnitude greater in size.(zg) This in turn would result in increased

deposition velocities and increased importance of dry deposition.

The range of maximum deposition on ground level surfaces near the
plant perimeter may be estimated using the ground level CAMS curves and a
reasonable deposition velocity for the released particles of 0.05 cm/sec

at 300 meters., An annual release of y grams produces maximum annual
deposition rates of y x 9 x 1078 g/mz.

Deposition rates for an accident will have to be calculated on a case
by case basis, taking into account the actual situation. The possible

cases include nearly complete deposition within a fairly short range up
to almost no deposition at all.

More stable atmospheric conditions, although having a lower deposition
velocity, generally have higher actual deposition as a result of the
dominating effect of higher air concentrations under stable conditions.

An onsite measurement of atmospheric stability will be required as one of
the inputs if the deposition from an accidental release is to be calculated.
The magnitude of the change in deposition between a very unstable case and
a very stable case is about a factor of two, at 103 meters.

A similar estimate may be made for the accident case using the curves
from Safety Guides 3 and 4. For an accidental release the maximum ground
level deposition at 300 meters may be expected to be in the range of

y x3x 10'6 and y~ x 6 x 10'5 g/mz/hour where y~ is the accidental
release rate in grams per hour.

At any prospective site, the potential for scavenging by precipitation
should be considered. Assuming a uniform distribution of precipitation #n
the region, the maximum deposition from routine releases should occur at
or in the immediate vicinity of the site. The washout coefficient is
defined as the constant of the time-dependent exponential decay

X = X, exp(-At)
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where x is the air concentration at time t, %o is the initial air
concentration, and A is the washout coefficient.(zg)

Experimental and theoretical evidence has shown the washout coeffi-
cient is about 107% to 1073 sec”! for uranium particles that have
medjan mass diameter of between 6 um and 15 um, respective]y.(3o) This
implies that for a five minute rainfall, between 26% and 3% of a plant
release would be deposited within 1500 meters of the plant assuming a
5 m/sec wind speed. The variation is primarily the result of different
rainfall rates; the washout coefficient is approximately proportional to
the rainfall rate. The main effect of the wind speed is in the dispersion
of the release. The washout rate is also a function of the particle size.
Theoretical models based on inertial effects alone predict smaller washout
coefficients for smaller particles. Slinn has provided a theory that
predicts higher washout coefficients for smaller particle sizes.(3o’3])
Further research is needed in this area to develop the theory and data

for prediction of the potential effects of scavenging at a site based on
precipitation climatology.

Any material that is deposited on a surface can pe resuspended to the
atmosphere by natural processes. Most experiments have been primarily
concerned with resuspended particles over a contaminated area. The

problem of downwind concentrations with nonradioactive materials have been
considered by Sehme].(32)

Resuspension rates for material deposited on the ground are time
dependent and tend to decrease with increasing time after initial
deposition. Local conditions can be expected to strongly affect the rate;
rainfall, winds, and surface characteristics being predominant. The exact
relationships are not well enough understood at this time to account for
these effects. The nature of the process, as presently understood,
suggests that initially the resuspension may be relatively high, but then
becomes smaller as the particles weather into the soil. This suggests

that a long-term buildup can be reasonably expected, but at some rate less
than the deposit rate.
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It has been assumed that the amount of material available
for resusovension decreases with a half-life of 30 to 45 days.
Therefore the level of "surface" contamination Q(g/mz) will eventually
come to equilibrium if the contamination is deposited on the surface over
an extended period of time at a specified Rate P (g/m2 per year) in
accordance with the following relationship.

Q(g/mz) - P(Q/ngyear)
0.693

t1/2 (years)

The amount of material that is resuspended is given in terms of a
resuspension factor, K, with units of m'].

K = airborne concentration (units/m33

surface concentration (units/mz)

In a review of suspension factors obtained by a 1iterature search,
Mishima‘3%) tabulated measurements ranging from 1073 n! to about
10’6 m'] for several materials under different conditions with various
degrees of physical activity in the area. Stewart(35) concludes that
under quiescent outdoor conditions a factor of 10-6 m-] is reasonable,
and under conditions of moderate physical activity in the area a factor
of about 10'5 m'1 would be appropriate, a further discussion of resus-
pension may be found in Appendix A.

The importance of resuspension in the exposure of the public may be
estimated for the reference plant. Using the ¥x/Q~ from Figure 2 of
1.8 x 10'4 sec/m3 at 300 meters from the point of release a deposition
velocity of 0.05 cm/sec (5 x 10'4 m/sec) appropriate to a windspeed of

about 3 m/sec, and an annual release rate of 5 mg/year, a depletion rate
may be obtained: '

1.8 x 107% sec/m® x 5 x 107™* m/sec x 5 x 1078 g/yr = 4.5 x 10713 9-é-per year.
m
over a period of years, assuming a fixation half-1ife of 30 days

(0.082 years) the surface contamination level will come to equilibrium at
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4.5 x 107% g

m ]year =5.3%107% g/mz.

0.693 year™

If the half-1ife is taken to be 45 days, the equilibrium surface contamina-

tion level would be 8 x 1071 g/m2.

For mixture number III described in Table 23 Section X, with an alpha
specific activity of 4 x 10'] a Ci/g, this is 20 fCia per square meter, or

a factor of 2 x 10'6 below the "contaminated area" decision level proposed

in Fiqure 33.

Using resuspension factors of 10'6 m'] for quiescent conditions, and

10'S m'I for moderate physical activity conditions, airborne concentrations
from resuspension would be 5.3 x 10-20 g/m3 and 5.3 x 10']9 g/m3 respectively.
For mixture III this would be equivalent to 7.5 x 10']9 uCi/cm3 under quies-
cent conditions and 7.5 x 10']8 uCi/cm3 under moderate activity conditions.

B.  PLUTONIUM PATHWAYS

Exposure transport routes to man were developed for plutonium as a
means of locating points of expected long-term contaminant accumulations
and points of population - contaminant interfaces.(BG) Since the plutonium
content is clearly limiting based on relative hazard of the two materials,
(Pu and U), only plutonium exposure routes were considered. The more
important plutonium pathways are shown in Figure 4.

Media appearing inside the diamond shapes on the figure are those
commonly sampled in environmental surveillance programs. Individual dis-
crimination factors (IDF) defined as the recipient to donor concentration
ratio or as the fraction of incident contaminant retained by recipients
are provided for each medium-to-medium transfer 1ink. Identification of
the predominant exposure pathways was made by propagating the IDFs into
combined discrimination factors (CDF) for each recognized potential trans-
port route from effluent release to human exposure. A CDF is defined as
the product of all of the IDFs in an exposure pathway.
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Discrimination factors which were not available from the literature
were inferred by comparison as shown in Table 5. Two assumptions were made
based on similar transport routes (noted in Table 5).. The first assumption
was that bottom-feeding aquatic animals exhibit the same IDF toward their
sources of nourishment as do plant-feeding aquatic animals. Additionally,
the irrigation water-soil-land plant pathway and the sediment-aquatic plant
pathway were assumed to have the same IDF. Based on work by Langham,(37)
an I0F of 2 x 107° was assigned to most animal ingestion processes, 1072
for surface contamination mechanisms, and 10'] for food processing. Other
inferences indicated in Table 5 are based on work by So]dat(4]) and
Noshkin.(39) Exposure routes with CDF's less than 10‘]5 were considered
insignificant and are not shown on the diagram. Four transport routes
have CDF's greater than 10_5; these are indicated by heavy lines on the
figure. The greatest CDF's for both 1iquid and gaseous effluent exposure
pathways are indicated at the right of the figure.

TABLE 5. Discrimination Factors for Plutonium Pathways

Water » Aquatic Plants -+ Aquatic Animals = 10 (38)

Water -+ Aquatic Plant =103 (39)
Aquatic Plants - Aquatic Animals = 1072

Sand and Sediment -+ Aquatic Animals = 10-2 (Assumption #1)

Water -+ Sand and Sediment -+ Aquatic Animals = 300 (38)

Water -+ Sand and Sediment =3 x 104

Irrigation Water + Soil + Land Plants =4 X107 (37)

Sand and Sediment - Aquatic Plants =4 x 10-5 (Assumption #2)

Soil - Land Plants =2 x 1073 (38)

Irrigation Water -+ Soil -2 x1072

Air > Man = 0.25 (40)

Soil + Air =+ Man = 0.25 x 107

Soil + Air -+ Land Animals = 0.25 x 107

Air + Land Animals = 0.25
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The relative importance of each critical pathway was deduced by
weighing the CDF for each route with quantities related to (a) the relative
amounts of credible contaminants available to that pathway via environmental
release of process materials and (b) the relative extent to which members of
each route are used by human populations. By this process, the most impor-
tant exposure pathway identified is inhalation of airborne plutonium.

The domestic water and aquatic animal pathways are at least four orders of
magnitude iess significant.

Tables 6, 7 and 8 1ist the radiation dose rates (mrad/sec) received
by certain aquatic organisms and their predators from exposure to a uﬁit
water concentration (g/m3) of the mixtures of transuranic nuclides specified
by L. G. Faust as available for fuel manufacturing in the years 1975, 1980
and 1985 (Appendix C). These dose rates can be interpreted in terms of
integrated dose per unit of "exposure" (mrad per g-sec/m3) from a short-
term accident situation, provided one is willing to make the highly: con-
servative assumption that there is an instantaneous equilibrium between
the water concentration, the organisms' diet and the organism itself.
Because of the time lag in transfer through the trophic levels the body
burdens of the organisms and the resulting doses will be less for short
term exposure than estimated via the above method.

The formula and computer code CRITR used for these calculations has
been described in an AEC report BNNL-1754.(41) Basically, the program
first converts aqueous effluent release rates to water concentration (by
applying mixing ratios to flow data) and then to concentration in the
organism (by applying bioaccumulation factors) and finally to dose rate
(utilizing effective energies per disintegration of the nuclide in the size
of organism of interest) through Equation 1 below.

i

(D'R')i 18.7 C; Ei :

18.7 W, (By)s Ey (1)
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TABLE 6. Estimated Dose Rates to "Agquatic" Organisms
from Transuranium Nuclides in Water

[mrad/sec per (g of mixture) / (m3 of water)]*

Summary

. Fresh Water Salt Water

Organism —_— 2all Water
1975 1980 1985 197 1980 1985

Fish 5.2 6.9 7.4 4.8 6.4 6.8
Invertebrates 180 230 250 260 350 370
Algae 770 990 1100 1300 1700 1800
Muskrat 2.2 2.7 2.9 2.9 3.7 4.0
Heran 0.017 0.021 0.023 0.016 0.020 0.022

* or mrad per (g sec/m3) assuming instantaneous equilibrium between
organisms and water.

TABLE 7. Percent of Doses to Agquatic Organisms
Contributed by Pu Isotopes*

Fresh Water Salt Water
Organism 1975 1980 1985 1975 1980 1985
Fish 54 57 57 50 54 53
Invertebrates 45 49 48 62 66 65
Algae 37 40 40 62 66 65
Muskrat 18 20 20 39 42 42
Heron 31 34 33 28 31 30

* The remainder of the dose is due to 241Am.
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TABLE 8. Percent of Pu Dose Contributed by Individual
Isotopes (A11 Organisms, Fresh or Salt Water)

Muclide 1975 1980 1985
238, 62 72 74
239, 15 9.2 8.4
280p, 19 15 14
241p, | 4.0 3.5 3.6
2425, » 0.0035 0.050 0.072

* For example the dose to fresh water fish from 238, in the 1975 mixture
is (5.2 mrad) x (0.62) x (0.54) = 1.7 mrad

where-(D.R.)i the dose rate to an organism from a deposition of

nuclide i (mrad/yr)

Ci = the concentration of nuclide i in the organism

(pCi/kg)
E; = the effective energy per disintegration of nuclide i

in the particular size of organism involved (MeV/dis)
wi = the concentration of nuclide 1 in the water (pCi/liter)
(BA)i = the bioaccumulation factor for nuclide i from water

to the organism (pCi/kg per pCi/liter)

For the calculation of dose to predators, the concentration in diet is cal-
culated from W and BA and then the radionuclide intake rate is estimated.
The accumulated body burden and dose rate is then calculated as ICRP cal-
culates dose rate to man, except the appropriate values for mass and
effective decay energy are substituted. Since little orAno data on frac-
tional uptake and effective half-l1ife in these organisms are available,
standard man values are assumed for these two parameters. In all instances
the dose is calculated in rads because the factors of DF and QF are not
applicable to organisms other than man.
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C. CHEMICAL EMISSIONS

A review of the processes which will be used in a mixed oxide facility
indicates that the main chemical contaminants will be compounds of fluorine
and nitrogen. Although chemicals used in the process will appear in both
1iquid and gaseous streams, attention is given exclusively to the airborne
particles and gases. Liquid streams must meet stringent Federal and State
release 1imits and Ticense applicants will be required to obtain discharge
permits if discharges are to natural water bodies. The principle of
“zero" release will be followed to such a degree that evaporation and
recycling will virtually eliminate liquid waste streams beyond the confines
of the plant perimeter. Some gases and airborne particulate material will
be available for inadvertent and routine releases. Sources, characteristics
and standards for anticipated chemical contaminants are described below.

1. Fluorine Compounds

A potential exists for emissions of gaseous and particulate fluorine
compounds from nuclear fuel fabrication plants. The primary source of
fluorine is the starting compound UF6 which is converted to uranium oxide.
One process used is to hydrolyze the LlF6 in water and precipitate ammonium
diuranate, which is then separated, dried and calcined to the oxide. This
conversion is shown in the following equations:

4

UFg + 2H,Q—UO,F, + 4HF (1)

2U02F2 + 6NH40H-——-(NH4)ZU207++ 4NH4F + 3H20 (2)

A

+ + 3H.04 3
(NH),Up0; + Hy 200, + 2NH§ s (3)

A large fraction of the fluoride ion will remain in the aqueous waste
streams. During the calcining process, gaseous compounds of fluorine and
inorganic fluoride particles will be evolved in relatively small amounts.

A11 processes giving rise to gaseous fluorine compounds will be

required to have efficient caustic scrubbers or other highly efficient
methods for removing HF.
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Particles generated from sprays, sintering, grinding, etc., will be
filtered through two high efficiency filters. If caustic scrubbers are
not efficient and high fluorine concentrations reach HEPA filters, severe
degradation of the filters may result. However, there appears to be a
1imit to the concentrations of fluorine that can exist in the exhaust
system due to the chemical reactivity of fluorine with the structural
material. Perspective can be gained for the significance of fluorides that
could be released by accounting in a realistic manner for the attenuation
of fluoride through the process. Exact partitioning between solid-Tiquid
and solid-gas is not known for the processes, but good approximations are
possible. If a plant of 1 MT (2206 1b) of UO2 per day is assumed, the
starting UF6 will be 2875 1b of which 929 1b is fluorine.

It is reasonable that no more than 10% will remain with the solid
product, and the remainder will appear in the waste water. The calcining
can be counted on to remove all except traces of the fluoride. The
fluorides passing into a scrubber will thus be about 90 1b/day. Assum—
ing that all the fluoride is a gas and the scrubber efficiency is >99%,

about (0.01) (90) = 0.9 1b of fluoride (HF) per day will penetrate the
scrubber.

A uniform release rate of 0.9 1b per day (410 g per day) from a 30 m
stack would produce a ground concentration of about 1.5 x 10'7 g/m3 if a
5 m/sec wind and slightly unstable air stability are assumed. In reference
to fluoride standards to be discussed, it is not likely that fluoride levels
released from the reference plant would be of great concern. There may be
occasional episodes during off-standard oparations which may momentarily
increase levels.

Fluoride is an accumulative toxicant, and vegetation injury can be
associated with accumulation over a long period. Ouring chronic exposures,
fluoride is gradually absorbed, transported, and concentrated in the tips )
and margins of the leaves. The amount of fluoride accumulated, and the
extent of injury to the plant, is determined not only by fluoride concen=
tration and exposure duration, but also species sensitivity, absorption
capacity and plant maturity, as well as climatic and environmental factors
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such as temperature, humidity, light intensity, precipitation, and soil
type.(42) Injury to plants apparently depends also on the rate of fluoride
absorption by the tissues. Severe defoliation and other damage occurs in
plants when tissue fluoride concentrations rapidly accrue. If the same

concentrations were accumulated over an extended period, little or no effect
would be induced.

Flora are frequently categorized into three classes as to sensitivity
to atmospheric fluoride or tissue concentrations: as susceptible, inter-
mediate, and tolerant species; although it is recognized that differences
in tolerance by individual species within each grouping is great and dependent
on the variables previously described. In a review(43) of the current
information on the concentrations in air of gaseous fluoride causing foliar
markings, threshold levels were described as: (1) 3-4 ug/m3 for the most
susceptible species and 10 ug/m3 or higher for species of intermediate
susceptibility, for exposures of one day; and (2) for exposure periods
longer than a month, about 0.5 ug/m3 for the most susceptible and between
1-3 ug/m” for some intermediate species. [t was also noted that although
the relationship of accumulated foliar fluoride to the occurrence of lesions
is complex, susceptible plant species show foliar lesions when tissue
fluoride concentrations range from 20-15C ppm. The Washington State Air-
borne Fluoride Standards shown in Table 9 appear to be consistent with the
experimental data and the concentrations cited as protective for most plant
species,(44’45) although it has been noted that unique circumstances may
exist in which the values may be either over- or under-protective.(46)

In summary, the considerations that need to be giVen in terms of
important pathways are the effects of fluorides on animals via feed crops
such as alfalfa, for which limits are listed in Table 10, and the growing of
certain ornamental plants such as evergreens and gladioli for commercial
use where fluorides have a detrimental effect. It appears certain that
controls can be imposed to meet a restrictive limit on fluoride releases.

44



WD T R, L

TABLE 9. State of Washington Ambient Air Fluoride Standards

Gaseous fluorides in the ambient air calculated as HF at
the standard conditions shall not exceed:

o 3.7 ug/m3 average for any 12 consecutive hours;

e 2.9 ug/m3 average for any 24 consecutive hours;

o 1.7 ug/m3 average for any 7 consecutive days;

e (.84 pg/m3 average for any 30 consecutive days;

e 0.5 pg/m3 average for the period March 1 through
October 31 of any year

TABLE 10. Washington State Fluoride Standards(44)

Fluoride content of dry forage shall not exceed:

e 40 ppm fluoride ions (averaged over a month), each month for a
period of 12 consecutive months.

e 60 ppm fluoride ions for more than two consecutive months.
e 30 ppm once in any two consecutive months.

Ory forage to be so]d shall not exceed 40 ppm fluoride ions.

If dry forage is used anly part of the year, the fluoride content of
the dry forage may be average over a 12 month period so that the rate
is no more than 40 ppm per month.

2. Nitrogen Compounds

Two constituents evolved in the process are ammonia, NH3, and nitrogen
dioxide,'NOZ.

a. Ammonia

Ammonium hydroxide is used to convert the hydrolyzed UF6 to
ammonium diuranate according to Equation (2). Reaction vessel vents will
carry away ammonia from this system. Larger quantities of ammonia will
be generated from the subsequent thermal reduction of the ammonium salt
as shown by equation (3). Ammonia is a very soluble gas and should be
readily removed by a scrubber to innocuous Tevels. Estimates of ammonia
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evolution can be made to support this conclusion. The ammonia to be dis-
posed for the 1 MT of fuel per day reference plant will be about 270 1b
per day. If 99% is removed by a scrubber, about 2.7 1b/day would

appear in the airborne effluents. The resulting maximum downwind concen-
tration near the ground would be about 0.4 ug/m3, if uniform release is
assumed. The Threshold Limit Value is 35 mg/m3, five orders of magnitude
greater than that estimated to be present with the assumptions used.

- Ammonia is in the ambient air primarily due to decaying organic
material, and the use of fertilizers. Junge cites research to show that
~ambient air contains from a fraction of a ug per m3 to 14 ug/m3.(47) Other
work has shown that ammonia in rain represents about 60% of the total

nitrogen present. Ammonia and nitrates were collected in rain at the

monthly rate of 5.8 1b per acre.(48) Ammonia is used widely as a fertilizer

and it seems highly unlikely that the anticipated concentrations would
have any environmental effects above those from ammonia already present.

b. Nitrogen Oxides

In the conversion of plutonium nitrate to plutonium oxalate, nitric
acid is formed per equation (4):

Pu(N03)4 + 2H2C204———"4HN03.+ Pu(C204)2+ (4)

The precipitated plutonium oxalate is removed, carrying a small
quantity of nitric acid. The oxalate is calcined in a stream of hydrogen,
yielding Pu02, co, CO2 and NOy from the carry-over of acid.

A :
Pu(C204)2 Hz PuO2 + 200+ + 2C02+ (5)

A
2HN03 No)f( + Hzo (6)

The evolution of nitrogen oxides from calcining Pu(NO3)4 to the
oxide can be shown to be an almost inconsequential release. For the refer
ence plant producing a UO2 - 4% Pqu fuel, about 44 1b of plutonium or
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about 108 1b of Pu(NO3)4 will be calcined daily. The NO2 evolved would be
about 7 1b/day. If this were released uniformly in a 5 m/sec wind, under
sligntly unstable meteorological conditions, the downwind concentration
would be about 1.1 x 1073 mg/ma. The national ambient air standard for

NO2 is 0.1 mg/m3, or two orders of magnitude greater than that estimated.(49)
The Threshold Limit Value is 9 mg/m3.(5°) Conversion to oxide will likely

be a batch operation, rather than a continuous one; hence, higher concentra-
tions could be experienced over a shorter time period, but it is extremely
unlikely that nitrogen dioxide concentrations will be of any concern. No
credit was taken for reduction of the source by scrubbing. The scale of

the operation is such that a compact water scrubber could achieve a factor
of 10 lower release.

3. Accident Considerations - Toxic Chemicals

A few toxic chemicals are used in the fuel fabrication process. These
are the usual industrial chemicals for which standard safe handling pro-
cedures should greatly limit the potential for accidental release. An
applicant for a license to operate a fuel fabrication plant would be required
to address the impact of accidents involving these materials on the plant
and the environment. The chemicals identified which would be of concern
are the following:

a. Uranium Hexafluoride, UFg

Although a radioactive material, UF6 shou]d also be regarded as a
volatile, toxic chemical which could be released in a serious accident such
as a gasoline fire following a break in the container. Such release might
occur in an involvement of a UF6 carrier with a gasoline tanker truck.

UF6 is a white solid at temperatures below 133.5°F and at atmospheric
pressure sublimes at temperatures above this. Under pressure and at
temperatures above 147°F, UF6 is a clear liquid. When released to the air, .
UF6 is converted quickly to uranyl fluoride, UOZFZ’ and HF gas. A fine
smoke is produced on release of UF6 to the atmosphere. Uranium compounds
such as U02F2 are toxic to the kidneys when inhaled or ingested, and the
chemical toxicity is more important than the toxicity due to radicactive
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constituents, up to an enrichment of about 10%.(50) The Threshold Limit
Value for uranium is 0.2 mg/m3 as uranium, and for fluorides is 2.5 mg/m3
as fluorine. " These values represent the 40 hour time weighted average
concentrations to which personnel may be repeatedly exposed day after day
without adverse effect. The values appropriate to the accident case are
those obtained by multiplying the TLV by the appropriate excursion factors,

3 for uranium and 2 for fluorides. The excursion TLV values are therefore
0.6 mg/m3 for uranium and 5 mg/m3 for fluorides.

Accidents which could result in significant reieases of_UF6 will

involve rapid container failure while the UF6 is in 1iquid form. Because

the handling systems are pressurized and the UF6 is in liquid form, a
cylinder failure during transfer operations would result in a liquid spill
or forceful injection to the air and surroundings. A significant external
force would be required to bring about breaching of a container, and must
be regarded as a very low probability event since no events of this kind
have occurred in over 20 years of experience with shipping and processing
UF6 in thousands of cy1inders.(51)

The rate of release from a serious accident involving UF6 cannot be
determined with any confidence because of lack of examples. The downwind
airborne concentration at ground level can be estimated as shown in Tablell

for a release of 1 g/sec, which probably would be within a factor of 10 of
a serijous accident release rate.

TABLE11. Dispersion Characteristics of a Ground
Release Plume Centerline

Distance AXU/Q(51)
Downwind A B C D E F

Meters  Stability Stability Stability Stability Stability Stability
100 8.5x10% 6x10° 4x10° 8.2x10° 5x107% 3.3x107°
1000 2.5x10° 1.9x10™% s5x10* 1.5x10% 3x10* 7x10t
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If a 5 m/sec wind and the stability class with the lowest dilution
factors (Class F) are assumed, a 1 g/sec release will result in a center-
line ground concentration of about 7 mg/m3 at 100 meters, and 0.15 mg/m3
at 1000 meters. The excursion TLVYs of 0.6 mg/m3 of uranium and S mg/m3 of
fluoride would be exceeded at 100 meters but not at 1000 meters, at a
release rate of 1 g/sec.

These estimates are made to suggest the levels of release which may be
of concern in an accident invoiving the UFS' Further definition of the

hypothetical accident and the meteorological situation prevailing would be
necessary in a detailed site selection study.

b. Ammonia, NH3

Ammonia can be used in large amounts as a source of hydrogen for the
conversion step to prepare uranium dioxide (see equation 3). Many large
cylinders of liquid ammonia would be available and subject to the same
potential accidents as for the UF6 containers. Ammonia is a gas at ordinary
temperatures and would disperse rather quickly. Applying the same release
assumption of 1 g/sec released, results in a downwind ground level concen-
tration of 7 mg/m3 at 100 meters. The excursion TLV factor for ammonia is
27 mg/m~ or about four times the indicated concentrations. Good industrial

safety practices should virtually eliminate the possibility of a serious
ammonia release.

¢. Other Acids, Chemicals

Small amounts of nitric acid, hydrochloric acid, and ordinary chemicals

are used routinely. These should not pose a problem from accidental release
into the environment due to their low volumes.
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VI. DOSE CALCULATIONS

The behavior of material released from a plutonium fuels fabrication
facility has been discussed in the previous section. Environmental

consequences of atmospheric emissions from normal plant operation were

. examined using dispersion characteristics for a calculated annual maximum

sector (CAMS).(SZ) Atmospheric dispersion following accidental releases

was assumed to be the same as that postulated in USAEC Regulatory Guide 1.3.

Doses were estimated from the 8 hour release curves for the accidents
postulated in this report.

As concluded in a previous section on pathways, inhalation of the air-
borne plutonium is the most important exposure pathway for plutonium
releases from a fuels fabrication facility. The organs of interest for
this pathway are the bone for soluble plutonium and both lung and bone for
insoluble plutonium.

A. DOSE MCDELS

Two lung models have been recommended by the ICRP. The initial lung
model, recommended in ICRP Publication 2 and hereinafter referred to as the
ILM, treats the inhaled material as either soluble or insoluble. When the
material inhaled is soluble, then the uptake by other organs is assumed to
be essentially instantaneous. The more sophisticated lung model, recently
recommended in ICRP Publication 19 and hereinafter referred to as the TGLM,
treats the inhaled material in a more compiex way. The derived equations
for estimating the dose to organs other than the lung are considerably more
complex than those for the ILM. A computer program has been developed for
calculating the dose to Tung and other organs using the TGLM(53) and the
results are compared with those obtained using the ILM. The reader is
referred to the reference document for a detailed discussion of the TGLM -
computer program. .

Two equations for calculating the dose to organs of interest via inhala-
tion are presented for the emissions postulated from the reference facility;
a continuous intake equation for normal operation and an equation for intake



over a short time interval for accidents. They are generally formulated

to permit dose estimates for various model parameters and at different dis-

tances from the point of release. Relevant parameters in the dose models

are particle size, inhalation time, human ventilation rate, chemical form,

fractional uptake by the organ of interest, and the effective half-life of

the deposited material. Additionally, the dose to the organ of interest

from plutonium deposited in the organ is highly dependent on the isotopic
composition. The isotopic composition of the plutonium assumed for the

reference facility and the dose parameters used in this analysis are shown
in Table 1i2.

The dose to the Tungs and bones were calculated using two models which

have been recommended by ICRP.(54’55) In Tieu of detailed information, the

following release parameters have been assumed:

e The particle size for all the released material was assumed to be in
the respirable range.

e The inhaled material was assumed to be soluble when estimating the dose

to the bone and insoluble when estimating the dose to the lung.

The time of inhalation was assumed to be the same as the duration of
release.

1. Normal Operation Model

The 50 year dose to organs of interest via inhalation using the ILM
from a continuous atmospheric release of a radionuclide is given by:

D = f k (P/X,) {ket-D-exp(-Aet)]}

P =8 0Q (¥/0)0°

D = B(f k)(Q7/x,) (x/Q") {xet-U -&‘-Xp(-ket)]}m6
where: |

D - dose to organ of interest delivered over time t, rem
fa - fractional uptake, via inhalation, by organ of interest
k

)

dose conversion factor in rem per uCi in organ of interest
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P - inhalation rate, uCi/d
Ae - effective elimination rate constant, d']
A= A+ A
e b _'I
A - radiocactive decay constant, d
Ab - biolagical elimination rate constant, d']
t - duration of release/exposure, d
B - ventilation rate for standard man, m3/d [20m3/d (24 hour average
rate)]
Q° - atmospheric release rate, Ci/sec
T _ . . 3 .
¥x/Q° - sector average dilution rate at ground level; sec/m” as defined
in Section V-A.
TABLE 12. Dose Parameters Used in Calculation Models
Dose Conversion Factor(b)
) rem
Activity Reference!'? Activity Activity r (c) (uL\ ) LUNG
Half Life, Ci/g Mixture, Ci/q in Mix -EE¥-1 .
suclide Yr. of Nuclide Wt of Hix (i), 1Y JBONE [Lp ) ToLm ()
0y-236 2.85 550 7.3x10°%  a.0x107°  2.9x107°
Pu-238 37.8 17.5 1.9 0.33 2.4 750 500 2100
Pu-239 2.-‘.4x104 3.0616 €3. 0.039 0.28 720 470 2000
Pu-243 6.54x103 3.2 19. 0.043 2.31 720 475 2000
Pu-241 15. 113 12. 13.6 97. 37 0.47 1.8
Pu-242 3.87x105 0.00391 3.8 0.€0015 0.001 670 " 450 1900
Am-241 433. 3.25 0.60 0.020 0.14 750 500 2100
Reference
Mixture : 14, (.,4) 59 16 &7
0.43 (. only)

For material deposited in argan of interest.
ICRP Pub 2.
ICRP Pub 19.

anoa
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2. Accident Model

The dose to the organ of interest via inhalation again using the ILM,
from a radionuclide accidently released to the atmosphere is given by:

D = fasz<{[1-exp(-Xet)]}
= bQ"T(E/Q) = bQ(E/Q)

D = b(f_k)Q(E/Q) {EI-exp(-ket)]}

where:

- dose to organ of interest delivered over time t, rem
a fractional uptake, via inhalation by organ of interest

- O
1

k - dose conversion factor for organ of interest, rem per uCi in organ
PS - quantity inhaled, uCi

Ae - effective elimination rate constant, d-!

t - dose time, d

b - ventilation rate for standard man, cm3/sec

b = 350 cm3/sec (8 hour working rates)

= 230 cm3/sec (24 hour daily rate)
Q” - atmospheric release rate, Ci/sec
T - duration of release exposure, sec
Q - quantity released, Ci

E/Q - time integrated a1r concentration normalized to gquantity
released, Ci- sec/m per Ci

E_ 1 12702 12,5 2
Q" mE, Pl s, )]

B. NORMALIZED DOSE CURVES

The dose to the organ of interest per unit mass of radionuclide or
reference mixture released was estimated by combining dose and atmospheric
dispersion models for both continuous and short duration releases. Dose
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calculations for the lung and bone were made using both ICRP recommended

lung models: the ILM and TGLM. The CAMS curves were used for an estimate of
the atmospheric dispersion for the normal operation releases and Regulatory
Guide 1.3 was used for the accident releases. When dealing with a specific
site, meteorological data for that site should be used.

1. Normal Operation Releases Curve

The 50-year doses to the bone and lung from continuous emission from
the reference facility using the ILM and the TGLM are shown in Figures 5
through 8. Release heights corresponding to ground level and 100 meter

release are illustrated. The curves are normalized to a constant release
rate of 1 p gram of reference mixture per year.

2. Accident Release Curves

A comparison is made between the dose estimates for the bone and the
lung using the ICRP recommended Tung models for short duration releases at
ground level. Only the 8 hour release curves are shown but the relationship
remains about the same for the other release times. Figures 9 and 10 show
the difference between the dose estimate using the two lung models for the
bone and the lung, respectively. The treatment of soluble and insoluble
material by the two lung models can be seen by examining the two figures.

No curve is shown in Figure 10 for the dose commitment to the Tung from
inhalation of the reference mixture in soluble form. The ILM has no pro-
visions for estimating the lung dose from soluble material. The remainder

of the accident release curves, both for the bone and the lung, were
developed using the ILM. '
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The 50-year dose to bone following an accidental atmospheric release
was calculated as a function of distance for a one gram release of each
radionuclide in the reference mixture. The calculation assuﬁes inhalation
exposure at ground level for release heights of ground level and 100 meters.
The calculations were made for four release times. The 50 year bone dose
commitment for acute inhalation following ground level releases are shown
in Figures B-1 through B-5 (Appendix B) for each radionuclide. A similar
curve is shown for the reference mixture in Figure 11. The 50 year bone
dose commitments for the 100 meter releases of the individual radionuclides
are shown in Figures B-6 through B-10 (Appendix B). Figure 12 shows the
commitment for the reference mixture when released at a height of 100 meters.

The accumulation of dose with time for each of the isotopes of the
reference mixture following acute inhalation and subsequent deposition in
the bone is illustrated on Figure 13. The fiqure demonstrates that the
bulk of the dose from the mixture used in this study both initially and
after 50 years, is due to 238Pu and 24]Pu. The dose contribution from
2425, is negligible.

Similar calculations were made for the dose to the lung. Based on the
lung model recommended by ICRP in its Publication 2, the dose to the lung
from insoluble plutonium is delivered in about @ two year period following
acute inhalation. Figures B-11 through 8-15 (Appendix B) display the dose
commitment per gram of each of the radionuclides released at ground level.
The dose commitment for a ground level release of one gram of the reference
mixture is shown in Figure 14. Similar dose curves for the lung are shown
in Figures B-16 through B-20 (Appendix B) for 100 meter releases of each
radionuclide. The dose commitment to the lung following a 100 meter release
of one gram of the reference mixture is shown in Figure 15.
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VII. SOURCE TERMS

In order to evaluate the risk to individuals in the environs of a
fabrication plant, releases from normal operation and for various acci-
dents have been estimated. The source term from normal operation results
from having material in process. Theoretically small quantities of pluto-
nium can, without equipment or operator error, find its way out of the
confined systems into the plant environs. This type of release would be
nearly continuous. Normally, the release would be marginally detectable
in the environs. However, due to its high probability of occurrence, its
consequences and subsequent environmental risk must be evaluated relative
to less frequent source terms resulting from accidents.

Postulated accidents have been characterized according to consequences
and probability or estimated frequency of occurrence. The accidents range
from those with trivial off-site consequences to those which could cause
significant off-site consequences. The assignment of occurrence rates for
accidents resulting from equipment malfunction or operator error in fuel
fabrication facilities is difficult due to lack of statistics. The
limited statistics are a result of the relatively small number of these
types of plants and their excellent safety records. However, accident
data from non-nuclear facilities have been assembled in an effort to
extrapolate to a plutonium plant. Due to the special emphasis on safety
at fuel facilities, it is expected that these data will be conservative by
at least an order of magnitude. In addition, general statements can be
made about the occurrence frequency of accidents.

e Accidents resulting in trivial offsite consequences will occur more
frequently than those resulting in significant offsite consequences.

e Accidents will occur more frequently in non-routine operation than
routine operations. . -

e Accidents will occur less frequently where safety is achieved by
engineered features rather than administrative controls.
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A.  NORMAL QPERATION

The general process for plant operation along with the expected quan-
tities and the physical and chemical forms of the fuel material in each
step have been defined for the reference plant. In order to estimate the
source term for normal plant operation, parameters related to the mobility,
dispersion and deposition of plutonium compounds have been reviewed. Pri-
mary variables include particle size, physical and chemical form of uncon-
tained material, air flow within the enclosure or glove box, and temper-
ature of the environment. Other considerations relating primarily to
operational practices include batch size, the form of containment within
the enclosure, the uncontained time within the enclosure, and the degree
of physical activity during the process step.

In estimating the source term from normal operation, a summation of
the individual source terms from the various process steps may grossly
overstate the real case. Due to the inherently conservative approach taken
in characterizing the process parameters, the source term for each process
step would be overestimated. Additional conservatism would be interjected
since a simple summation of individual source terms would assume that all
of the process steps occur simultaneously. Because of these considerations,
the calculated annual source term for normal operation would have to be
viewed as a maximum value rather than an expected average.

In order to interject realism into determining the source term for
normal operation, measured releases from existing plutonium fuel fabrica-
tion plants have been reviewed. Assuming further development, standardiza-
tion, and implementation of sound design criteria and improved operating
practices, it is reasonable to assume that the releases from future fabri-

cation will be less than from the plants of the past. This being the case,
the source term used in the analysis for the normal operation case should

be the one projected from industry experience rather than an individual
process analysis.

Plutonium release rates from various fuel fabrication facilities
making oxide fuels were examined. No consistency or trend was observed
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between total plutonium released and fuel throughﬁut. One of the major
limitations of this approach was that the majority of the release results
; were "less than" the detection sensitivity of the methods employed at the
facilities. It was considered that the release rate may not be highly

sensitive to the plutonium throughput, but may only be dependent on the
quantity of material maintained in process and the degree of activity in each

step. This being the case, it was concluded that the emission rates from

-a 1 MT of fuel per day facility may be similar to the emission rates of
much smaller facilities. In this light, a consistency in the release from
present plutonium oxide and mixed oxide facilities was noted. This consis-
tency may be attributed to the filter loading phenomenon previously dis-
cussed and/or to the inability of the present monitoring methods to discern
a difference. The release rate for normal operation from the reference

facility has been inferred to be less than 5 pg of plutonium/year. This
is consistent with previous work.(56)

The source term is therefore: Quantity - § ug/yr., Particle Size -
‘i’ all in respirable range, Chemical Form - insoluble in body fluids,*
Height of Release - ground level, Duration of Release - contiruous.

B.  ACCIDENTS

The accidents have been characterized in general terms in order to
develop an envelope of conditions that could occur in real plant situations.
Little emphasis has been placed on the actual sequence of the events during
the accident, since these are characteristics of specific plant and process
design features. The consequence or resultant exposures are theoretical and
should not necessarily be expected as a result of plant operation. This is
true because of the statistical nature of these types of events and because
of the conservatism applied to the calculations. In order to place the

* Particle size, however may be small enough that particles behave as
though the material is soluble. Hence, in the bone dose calculation the
material is assumed to be soluble and in the lung dose calculation the
material is assumed to be insoluble.
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risks of releases from these postulated accidents into perspective with the -
effects of normal operation, the calculated effects of the accidents should

be scaled by their estimated frequency of occurrence. The product of

consequence and frequency of occurrence provides an "environmental risk

factor" for each operating function, whether it be normal operation or an "
accident situation.

In examining the various accidents deemed credible in the reference
facility, it became obvious that the environmental effects would be incon-
sequential unless the final containment barrier was compromised. With the
amount of fuel material limited in each process area, the typical opera-
tionally induced accidents resuited only in inconvenient in-plant condi-
tions with negligible environmental effects. For this reason, the conse-
quences of accidents coincident with the postulated partial failure of the
final filtration system have been examined. Probabilities for these filter
failures have been assigned to allow comparative analysis.

Accidents are unique occurrences. Their consequences depend for the
most part, upon the sequence of events leading to and following the initial
malfunction and to the amount and character of fuel material initially
present. For this reason, not every conceivable accident can be discussed.
Efforts were concentrated on analyzing the accidents and their parameters
in the process areas having the potential for the greatest environmental
consequences. Criteria for selection of these accidents were: amount of
plutonium present, fraction of plutonium particles in the respirable range,
difficulty generating plutonium aerosols, probability of occurrence and
exposure by other means (e.g., criticality). Based on this set of criteria,
it was obvious that the attention should be focused on four process areas
or steps 1in the fabrication process. These areas are fuel storage, con-
version, powder treatment, and scrap recovery. In the other areas, the
fuel material is not easily dispersible, it is diluted by UO2 and/or con-
tained, was present only in small quantities or the majority of the par-
ticles are not in the respirable range. A large quantity of dispersible
plutonium is in the homogenization tank during blending of the nitrate
solution. This solution, which is mixed in criticality safe, interconnect- )
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ing tanks, will typically be 1000 liters or greater. For the reference
facility, this blending operation occurs in an area with a high degree of
protection or a hardened facility like a vault.

Source terms were developed for the following types of accidents:
criticality, explosion, localized fire, glovebox damage and major facility
fire.

1. Criticality Accident

One of the major safety considerations in a fuel fabrication plant is
criticality. The occurrence of a criticality event can have severe in-
plant consequences if process shielding and emergency procedures are not
adequate. To date four nuclear excursions have occurred in United States

(57) None have occurred

fuel fabrication and scrap recovery facilities.
since 1964. A1l of these involved fissile solutions entering "unsafe"
containers. Although there has never been any significant environmental
consequences resulting from this type of accident, the considerations in
evaluating the environmental effect of nuclear excursions are still

examined.

“Since an accident is a unique event, it is impossible to conceive
a priori the exact mechanism(s) which could cause it or to relate the
exact steps which it will follow. Knowing this in approaching a safety
analysis, it is more important to examine the parameters in criticality
events which have bearing on the final analysis. These parameters include:

¢ The total number of fissions - determines the amount of fission
products generated. '

e The "steady state" power level - defines the radiation exposure rate
and determines the fission product and energy release rate. Probably
a second order effect.

e The "peak power" pulse - defines the initial radiation exposure and
the initial energy release which is primary to terminating the event
and dispersing the radioactive material.

In examining these parameters, one must also consider the potential
exposure pathways in the environment from a criticality event; prompt gamma
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and neutron radiation exposure, external and internal exposure from releasad
fission products, and internal exposure from plutonium released as a result
of the criticality. As an example of a criticality event in the reference
facility, we have assumed a criticality event in an "unsafe" tank of plu-
tonium nitrate. Simplifying assumptions have been made in a conservative
manner for the lack of a specific facility design or process procedure.

In all cases, the assumptions maximize the environmental consequences and
are important only in the mechanism(s) and the rate of terminating the
criticality. For this study, it has been assumed that the event was caused
by exceeding the critical volume by 10 liters during the filling of the

tank and it resulted in 1018 total fissions. Termination of the event was
assumed to be by evaporation and expulsion of the 10 liter excess volume
from the tank. An 8 inch wall of ordinary concrete was assumed. to shield
the plant environs from the direct radiation from the event. An empirical
method for estimating credible number of fissions in a plutonium solution
system is reported in Appendix E.

The dose to an individual from the prompt gamma and neutron radiation
resulting from the criticality accident was examined as a function of dis-
tance from the facility. Table 13 summarizes these calculations. Even
though experimental evidence(ss) does exist which indicates that the neutron
flux decrease can be approximated by the inverse distance to the fourth
power for distances greater than 100 meters, inverse squared formulation
was used. A quality factor of 10 was used for correcting the absorbed

neutron dose to rem.(sg’ 60, 61) The doses in the table have been corrected

for the assumed shielding. Values for fractional transmission through the

shielding wall of 0.17 and 0.22 were used for the neutron and gamma radi-
ation, respective]y.(s])

As a result of the excursion, fission products are formed and a large
amount of energy released. About 85% of the approximate 200 MeV released
per fission is available for heating the solution. The energy input to the
solution provides the power limiting and ultimate terminating mechanism for
the accident. For this accident greater than 6 x 106 calories of heat
energy is initially available to the system. The solution would, more than
1ikely, critically pulse at an "equilibrium" fission rate, until the solu-
tion is below the critical volume.
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TABLE 13. Prompt Gamma and Neutron Dose to an Individual as a Function

of Distance from a Criticality (1020 Fissions)

- Gamma Dose(a) Neutron Dose Total Dose
Distance, m Rem Rem Rem
102 4.6 x 107! 5.5 6
3 -3 -2 22
104 4.6 x 10 5.5x 10 6 x 10
10 4.6 x 107 5.5 x 107 6x 10-4

a. A total fission gamma energy of 5 MeV per fission.

Vaporization of some of the solution during the initial power pulse
could cause a rapid volume expansion or pressurization of sufficient magni-
tude to rupture the glovebox. This is assumed to occur.

The excursion is terminated following the evaporation of the 10 liters
of excess solution. Airborne release fractions for plutonium in nitrate
solution vary widely depending upon temperature and activity of the solution,
the plutonium concentration and air flow over the solution. The heat
energy from the excursion would raise a 1000 liter solution about 15 °F if
the heat were uniformly distributed. However, it was conservatively assumed
that all of the heat was used to create localized boiling, vaporization of
the excess volume, and surface film breakup. A release fraction of 0.2%
was conservatively used for this accident. Work by Mishima et a].(ﬁz)
indicates that as much as 0.18% of the plutonium in a dilute solution was
made airborne during evaporation of approximately 30% of the solution in a
deep form beaker of the solution at a rolling boil. The release fractions

would be in the range of 1072 to 107% for less extreme conditions.

Assuming a solution containing 150 g of Pu per liter, a maximum of
3 g of plutonium could become airborne. The hood filter was assumed to

have plugged releasing everything into the room and out the final filter
system.

The source term for this accident would be: Quantity - 3 = 10°° g
for two HEPA filters and 3 x 10'3 g for one HEPA filter, Particle Size -
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all in respirable rarge, Chemical Form - soluble, Height of Release -
ground level, Duration of Release - less than two hours.

The fission products generated as a result of the criticality event
also offer a dose potential and thus merit a consideration. For this
analysis, simplifying assumptions are made to permit a view of the maximum
condition possible. These assumptions are:

e All of the naoble gases generated are released from the building.

One fourth of the jodine is released. The material is released over
a 10 minute interval.

e The radioactive material was released at ground level and dispersion
was during a Pasquill type F meteorological inversion.

The inventory of fission products generated during the criticality
were calculated using the computer code RIBD(63) and the activity at
selected times after termination of the event is tabulated in Table 14.
Cumulative yields for thermal neutrons were used in determining the activity
of the fission products. The volatile solids and remaining fission products

are not released from the building to any significant extent and therefore
were not considered in the dose calculations.

The total body dose from the passage of the cloud following the
criticality accident was calculated as a function of distance from the
facility using the computer code RACER.(64) Radioactive decay is considered
during the dispersion of the radioactive material. The dose to a 20 g
thyroid from radioactive iodine inhaled during the passing of the cloud was

calculated using a code INDOSE.(GS) The results of these calculations are
summarized in Table 15.

2. Explosions

Several types of explosions are conceivable in this type of facility.
The most commonly examined are explosions in sintering furnaces, autoclaves,
and plutonjum solution tanks. These types of events are highly localized
and will result in damage only to small areas. No explosion can be con-

ceived which would affect the entire facility and result in major damage
to the building.
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TABLE 14. Fission Product Inventory From Criticality Accident

]0]8 Total Fissions (32 Mw-sec) Quantity in Curies

Decay Time

Nuclide Duration of
Classification Event Shutdown 10 min 60 min 2 hr 5 hr 10 hr 1 day
0.5 sec 2.5e6(0) 2 .4£3 2.1€2 1.1€2  5.961  3.2E 1.4E1
Noble Gases 5 min 3.8E4 1.8E3 2.0E2 1.1€2  5.9E1 3.2E] 1.4E1
1 hour 4.0E3 5.3E2 1.5E2 9.9E1 5.4F1 3.1E1 1.4E1
0.5 sec 6.0E5 4.7€2 2.7€2 2.1€2  7.4E1 3.4E1 1.5E1
Halogens 5 min 2.1E4 3.7E2 2.7€2 2.1E2  7.4E1 3.4E) 1.5E1
1 hour 2.1E3 2.8E2 2.5E2 1.862  6.5E1 3.2E] 1.4E1
0.5 sec 9,.0E5 2.3E3 6.7E2 2.4E2 1.8E1 5.8E0 3.3E0
Volatile Solids 5 min 3.4E4 2.0E3 ' 6.4E2 2.3E2  1.8E1 5.8E0 3.3E0
1 hour 4.1E3 1.1€3 4.2E2 1.562  1.4E1 5.6E0 3.3E0
(a) 0.5 sec 1.5E6 1.5E4 2.0E3 7.562 3.3E2 1.8E2 6.4E1
ARFP 5 min 1.1E5 1.2E4 1.9E3 7.362  3.3E2 1.8E2 6.4E1
1 hour 1.6E4 4.7€3 1.2E3 6.062 3.1E2 1.7E2 6.2E1

a. ARFP = A1l remaining fission products
b, 2.5E6 means 2.5 x 106



TABLE 15. Total Body and Thyroid Doses to_an Individual Located ‘
Downwind from a Criticality (1018 Fissions)

Dose, rem
Downwind Distance, m Total Body Thyroid .
102 1.4 1.1 x 10 :
103 3.1 x 1072 2.0 x 107
104 2.2 x 1074 4.3 x 1073 . K

Hydrogen explosions in pellet sintering furnaces have a limited
amount of energy. The damage that could result from this type of event
would Tikewise result in limited consequences. The explosion would prob-
ably be directed out the ends of the furnace. The glove box could be
breached and pellets and possibly a small amount of mixed oxide fines could
be spread around the room. It would be virtually impossible to produce
significant quantities of plutonium particles in the respirable range from
damage to the pellets or dispersion of the fines. This type of accident
would result in an in-plant contamination spread and is a negligible
source term to the environs. \

The rupture of an autoclave wall during operation, could result in
the high speed projection of fuel pins at the building walls or ceiling.
Building design against missile precludes penetration of the structure
from this type of accident. Significant source terms of respirable aero-

sols of plutonium are not credible either within or outside the building
from this type of event.

A chemical explosion involving a plutonium solution could result in
the production of a substantial quantity of airborne plutonium particles.
If the vessel is open, some 1liquid would be pushed out of the vessel and
some plutonium particles in the respirable range would be generated. If
sufficient force is not available to cause extensive film break-up, it
seems probable that most of the 1iquid would impact on and adhere to .
adjacent surfaces. If an explosion is of sufficient magnitude to rupture B
a heavy walled, closed vessel, a considerable number of fine particles
could be generated by the liquid passing through the jagged opening.
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In any case, the number of particles that persist in the air is limited.
Swain and Haberman reviewed data from non-nuclear sources and calculated
that 33 mg plutonium per cubic meter was the maximum airborne concentration
a few minutes after an accident.(sa) Castleman, Horn and Lindauer using an
exploding wire technique to generate very fine particles found concentra-
tions as high as 71 mg plutonium per cubic meter a few minutes after gen-
eration.(67) By calculation, a total of 106 plutonium particles with an
aeradynamic equivalent diameter (AED) of 10 um per cubic centimeter would
result in an airborne concentration of 2 g of ﬁ]utonium per cubic meter.
Considerable care and effort are required to generate monodispersed par-
ticles. Generally particles generated by a single mechanism are log-
normally distributed. Thus, the anticipated weight concentration of 10 um
AED particles would be much lower than that calculated for monodispersed
particles. An upper value of 100 mg Pu per cubic meter for particles in
the respirable range appears reasonable. Because of this upper mass limit
for airborne plutonium particles, the consequences for explosion accidents
appear to be limited by the material that can be maintained in the air and
not by the total volume or mass initially involved. An explosion will, of
course, splatter the solution on the wall and floor which may later become -
airborne as it dries. This is expected to be a small contribution to the
overall source term because of the small release fraction from this condi-
tion without considering that corrective action will be implemented to
contain the contamination spread.

The room in which the explosion occurs is assumed to have a volume of
104 cubic meters. At a maximum airborne concentration of 100 mg plutonium
per cubic meter of air, the total amount of airborne plutonium which could
be sustained in the room following the explasion would be about 1000 g.

The source term from this type of accident is: Quantity - 10-2 g for
two HEPA filters and 1 g for one HEPA filter, Particle Size -all in .

respirable range, Chemical Form - soluble, Height of Release - ground level,

Duration of Release - less than 2 hours (an exponential purge rate).
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3. Local Fire

The occurrence of a fire near the nitrate blending tanks represents
one of the greatest potentials for release of plutonium. Airborne releases
from fire around a blending tank can be envisioned in several ways depend-
ing on whether the tanks are vented or closed. If the blending vessel is
a vented container, the fire could heat the liquid and cause it to boil.
Boiling a dilute plutonium nitrate solution until a 90% volume reduction
is attained could result in an airborne release no greater than 0.2%.(62)
Fractional releases from concentrated solutions could be higher. After a
_ substantial quantity of liquid is Tost, the liquid thickens and vapor
trapped under the surface tends to throw solids into the air. The salt
content would be high and the tendency would be for the majority of material
to form a coarse cake which is sintered to the surface of the vessel. Less
than 0.5% of a uranium nitrate solution (applicable to plutonium) as a thin
film on a stainless steel surface involved in a gasoline fire was made air-
borne by air at a nominal velocity of 2.5 mph passing over the surface.(ss)
Approximately 80% of the uranium aerosol was in the respirable size range.

A smaller fraction is anticipated under the accident conditions due to the
lack of airflow and depth of the vessel.

If the blending tank is a closed vessel, fire in the area around the
vessel would result in pressurization of the vessel. Pressurization of the
vessel could result in an airborne release in several ways. The pressure
within the vessel could cause the nitrate solution to be jetted from various
openings. If the opening is large, some small particles could be formed by
film break-up along the edges of the stream with subsequent evaporation of
the 1iquid to form particles. In this case, the fractional release is
small. Small particles also could be formed by forcing the Tiquid through
small openings, however, high pressures are required. A 10 pm AED PuO2
particle is formed by a 41 um drop of nitrate solution of 150 g plutonium/
liter concentration. Each particle contains approximately 2 x 10']0 g Pu.
To generate an airborne concentration of 20 mg/m3, 108 partic]es/m3 of air
of this size would be necessary. The number of holes required to produce
this number of particles in a short period of time is large and it is not
Tikely that such a condition could exist.
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If the pressure is high enough, the vessel could rupture. If the
rupture occurred above the 1iquid level some plutonium would become airborne
but not a significant quantity. If-thé rupture occurs near the bottom of
the tank and is large, a large stream of solution would pour onto the floor
and extinguish part or all of the fire. If the fire is extinguished the
fractional airborne release is low -- less than 0.003%.(62) If the fire

continues and dries the'nitrate solutiaon, the airborne release could bhe as
high as 0.5%.

For the source term calculation, it was assumed that there were 150 kg
of plutonium as a nitrate in 1000 liters blending solution. If the blend-
ing tank is vented, a fire that boils the vessel dry could release as much
as 0.7% of the plutonium present - 1.5 x 105 g x 0.007 = 1050 g plutonium
into the available air space. If the vessel is closed and is ruptured by
the internal pressure, the nitrate would spill on the floor and be dried
by the fire. Fractional airborne release could be as high as 0.5% -

1.5 x 10° g x 0.005 = 750 g plutonium into the available air space. An
internal detonation could generate a large quantity of fine droplets into
the available air space if it were of sufficient magnitude to rupture the
vessel. For a maximum release, a conservative estimate would assume an
jnstantaneous uniform air concentration. The airborne concentration would
be approximately 100 mg p1uton1‘um/m3 of air for a few minutes.

Using 1050 g of airborne plutonium as the release to the building,
source terms were calculated for the fire accident.

The source terms would be: Quantity - 1.1 x 10-2 g for two HEPA
filters and 1.1 g for one HEPA filter, Particle Size - 80% in respirable
range, Chemical Form - insoluble, Height of Release - ground level, Dura-
tion of Release ~ less than two hours.

4, Glovebox Damage -

An accident involving the loss of primary barrier has been examined
for the powder treatment areas. The sized PuO2 powder prior to the UO2
blending represents one of the greatest sources of respirable plutonium
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in a fabrication facility. For this reason, an accident has been explored
to focus attention on some of the characteristics of this material.

It was assumed that mechanical damage occurs in the area of the PuQ
powder line rupturing the glovebox and breaking an adjacent compressed
air line. The line sags and directs a jet of air into an open container
holding the PuO2 powder. It is also assumed that the material is awaiting
blending and involves the entire batch 1imit of 11.3 kg of Pu. Under such
conditions, greater than 50% of the powder could be made airborne. Mishima,
et al, found that 60 to 70% of relatively coarse oxalate powder (Median
Mass Diameter of 50 m) could be made airborne by air-drawn tangentially
across the powder.(sg) Royster and Fish found approximately 80% of 5 um
particles will be made airborne from a stainless steel surface by air at
a velocity of greater than 60 m per sec impinging on the surface at various
ang]es.(70) Most of the plutonium powder for the operation is assumed to
be in the respirable range (a Pu0, sphere less than 3.3 um). Deagglomer-
ating a powder composed of such fine particles is not a trivial task. But
making a "conservative" assumption that the material airborne is deagglom-
erated and uniformly distributed in a room of 104 cubic meters, the maxi-
mum amount of plutonium which could be made instantaneously airborne in
the room would be 1000 g. Continuously applying the jet of air on the
powder over an extended period would, of course, put more plutonium in the
air but it is expected that the situation would be corrected immediately.

2

The glovebox filter is assumed to plug causing all flow of material to
be out of the glovebox, thereby bypassing the hood filter system.

The source term for this accident situation ﬁould be: Quantity -
1025 for two HEPA filters and 1g for one HEPA filter, Particle Size -
all in respirable range, Chemical Form - insoluble, Height of Release -
ground level, Durationm of Release - less than two hours (an exponential
purge rate).

5. Major Facility Fire

It would require a major disaster to breach facility confinement and
release unfiltered plutonium to the environs. There are only a few accidents
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in this “"plant disaster" class that can theoretically produce damage of
sufficient magnitude to compromise the final confinement barriers. Specific
plants will, as a minimum, be structurally designed and built to satisfy
criteria relative to earthquakes and tornadoes. However, finite possibil-
jties exist that the facility could be stressed by forces beyond those used
for design. Major facility fires also seem incredible in buildings where
combustibles are limited, but experience indicates they can occur. In
summary, plant disaster accidents that can cause major facility damage are
not "incredible" but highly improbable.

The bulk of plutonium in the facility will be in storage in a hardened
area like a vault. For the reference facility, only a few hundred kg of
plutonium will be in-process, with about one-half in dispersible form.

A plant fire that could cause catastrophic breaching of the final
barrier could not be conceived. With the expected concrete construction
of a facility of this type, the Tow fire loading, and the expected air-
tight nature, total burning is incredible. For analysis, the final barrier
was assumed to remain intact after a facility fire involving the glove-
boxes and other combustibles in process and the deluge system was assumed
to remain operable. It was estimated that less than 1% of the in-process

dispersible inventory could become airborne within the facility.

Assuming two stages of filtration the source term would be: Quantity-
1072 g, Particle Size - all in respirable range, Chemieal Form - insoluble,
Height of Release - elevated, Duration of Release - extended (greater than

two hours and less than eight hours).

6. Qther Accident Considerations

From the previous accident discussions, it should be obvious that
there are many other accidents that can be hypothesized for a fuel fabri-
cation facility. However, for lack of specific design details in the
reference facility, the accidents focused on the process areas and opera-
tions offering the greatest potential environmental consequences. Less
dramatic events such as small liquid or powder spills and ruptured drybox
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gloves occur more frequently than the accident cases examined, but the
environmental consequences would be insignificant and the considerations
would be far less instructive. For this reason, additional information
relating to the generation of plutonium aerosols for other accident con-
ditions has been included in Table 16 and in Appendix F. The release values
in the table were selected as maximum values from the data available, with
rounding toward the highest values found. Judicious application of release
fractions should include a careful review of the conditions under which the
release values were obtained. Postulated accidents may not conform well to
the experimental conditions; hence, the analysis must recognize discrepan-
cies between postulated and experimental circumstances. Abstracts of most
of the technical reports relating to plutonium releases are presented in
Appendix F. The reader charged with the responsibility of assessing
accident consequences should be thoroughly familiar with the details of

the experimental measurements described in the original documents.
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TABLE 16.

Summary of Experimentally Determined and Estimated Airborne

Release Fractions of Plutonium Under Various Thermal and
Aerodynamic Stresses

Fire

Metal -

Dioxide
Powder -

Oxalate
Powder -

Fluoride
Powder -

Nitrate
Solution -

Explosion

Stress Imposed

Ignited airflow less than 100 cm/sec

(2.2 mph)

Partial disruption of molten metal,

airflow greater than 100 cm/sec

Airflow less than 100 cm/sesz
Airflow 100 cm/sec
Airflow greater than 100 cm/sec

Involved with flammable material
natural convection

Involved with flammable material
forced draft

Airflow less than 100 cm/sec
Airflow less than 100 cm/sec

Airflow less than 100 cm/sec
Airflow greater than 100 cm/sec

Gasoline fire, stainless steel
surface, 20 mph

Involved with flammables, natural
convection

Involved with flammables, forced
draft

% of Source
Initially Airborne

0.01(a)

1.0(@)

0.5

1.5
15

0.05

40

1.0
0.1
0.5
1.0

10

0.2

Any explosive mechanism of sufficient magnitude to completely destroy
the integrity of the containment is assumed to make airborne all the
source material directly involved or fill the available air space

with an aerosoi which has a mass concentration of 100 mg Pu/cm3 after

10 minutes.

Other

If air at a velocity of greater than 10 mph is directed upon or through
a finely divided powder (particles less than 50 microns AED), 100% of
the powder is assumed airborne.
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VIII. PROBABILITY OF RELEASES

There are two kinds of releases, chronic and accidental. The chronic
releases occur as a result of normal operation. These releases are kept
"as low as practicable" by using the highest design standards and then per-
forming a periodic inspection and maintenance program. The accidental
releases are normally produced by a sequence of events which ultimately
result in a release. Delineation of events before, during and after an
accidental release inevitably disclose that prior to the system breakdown,
with its resultant release, there occurred a chain of events in which a
series or combination of system component failures or deficiencies led to
a release. These accidental releases are usually not the result of a single
event. A1l too frequently, man-machine interactions are important contributors
to the accident chain. The causal relationships can be obtained from
operating data if sufficient facts about the accident situations are
reassembled. A fault tree analysis technique is the best safety analysis
tool for showing these causal relationships.

The following subsections describe the failure modes for both the con-
tainment building and the internal equipment. The failure probabilities
for the containment structure will be based on the potential for major
natural disasters such as tornadoes, earthquakes, fires and meteor strikes.
The equipment failure data will be based on the personal experience of the
authors of this report, failure data for similar equipment in related

industries, and also from data tabulated by the Nuclear Safety Information
Center.

A. PROBABILITY OF MAJOR EVENTS WHICH COULD BREACH CONTAINMENT

The accidents which could result in a breach of the containment are
shown in Table 17. The basis for each of the numbers will be given in
separate paragraphs which follow.

1. Tornado

The probability of a tornado striking a facility has been ?ﬁpsidered
in nuclear facility safety analysis reports. Articles by Doan )and
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TABLE 17. Frequencies of Major Accidents

Probable Frequency Of

Event Occurrence Per Plant - Year Range
Tornado 6 x 1074 ax103 - 6x1070
Earthquake

Intensity IX 2 x 107 I R
Airplane Impact 107 ]0-4 -10°®
Meteori tes 10710 1077 - 107"
Flood 1074 w0
Fire 2 x 107 ax107% - ax107°

Dunlap and wirdner(72) summarize the analyses carried out for these

facilities. Doan states that the worst site, in Oklahoma, has a probability
of a strike in any year of 3.62 x 10'3. The probability of a tornado in
the western United States, based on a study by Smith and Mirabella 73 is
1.3 x 10'6/year. A1l locations in the U.S. fall within that range. The
average for the contiguous 48 states is 6.0 x 10’4 strikes/year. Doan
states that "severe tornadoes of design proportions have a probability of
occurrence about two decades below the above figures."

Dunlap and Weidner discuss tornado driven missiles considered in nuclear
power plant design for the midwest. They are:

(1) A4 in. x 12 in. x 12 ft long wood plank weighing 108 1b traveling on

end at 300 mph and striking any place on the sides of the reactor
building.

(2) A 3 in. diameter schedule 40 pipe 10 ft long traveling on end at 100
mph striking any place over the full height of the structure.
(3) A passenger car weighing 4000 1b traveling on end at 50 mph with a

contact area of 20 ft“ and at a height not more than 25 ft above ground
level.
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In the western states, the missile velocities are ratioed down by the

factor of 200/300 since the highest expected velocity is 200 mph for that
region. ' :

In addition to the missiles, the passing of a tornado gives rise to an
atmospheric pressure fluctuation which must be considered in any design.
The lower pressure is expected to last for 3 seconds and then recover to
normal atmospheric pressure in the next 3 seconds. For the midwest a
pressure transient of 3 psi in 3 seconds is consistent with the 300 mph
design basis tornado. In the western U.S. the maximum pressure drop is
expected to be 1.5 psi and the rate of fluctuation is expected to be below
0.4 psi/second.(73) Thus it would take about 4 seconds for the decrease
of 1.5 to occur in the west.

In the analysis it is important to consider the cumulative effect of
the pressure fluctuations, the missiles and the vortex on the plant struc-
tures. If the internal building pressure adjusts to the pressure fluctu-
ation, then the effect of the pressure fluctuation on equipment such as
gloveboxes should be considered.

2. Aircraft Impact

Another missile source is an aircraft impact into the side of the
facility. Chelapati, Kennedy and Wa11(74) analyzed the aircraft hazard
for nuclear power plants. They determined that the probability of a
strike per year varied from 1.4 x 10‘5 for distances greater than 5 miles
from an airport to 3.4 x 10'5 for distances less than 5 miles from the
airport. No variation in the number of flights over a given region were

considered in their analyses. Thus the hazard could vary by at least a
factor of 100 about this mean.

Chelapati et al., looked at the thickness of concrete required to
prevent penetration of the barrier. If the barrier was reinforced con-
crete 1 ft thick, approximately 1/3 of all crashes will produce missiles
which can penetrate the barrier. Most airplane crashes result in fire
of varying duration. The addition of fire can add to the severity of the
event.
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3. Fire

Fire data were derived from statistics of the chemical industry.
Although the plutonium fuel fabrication industry has many operations which
are more nearly 1light manufacturing in nature, the sérap recovery,
co-precipitation, and powder blending operations have a great deal of
similarity to common chemical processes.

Hence, the use of fire data from the chemical industry can be justified
even though it may be conservative. Major fires in the chemical industry
for the years 1966-70 were 25.(75) It was assumed that the population from
which this statistic was derived was the entire number of plants listed
under Chemical Industry (SIC #28) which is given in the 1967 industrial
census as 11,799.(76) This results in a probability of 4-x 10'4 major
fires per plant per year. Recognizing the difference in industry charac-
teristics, a lTower range value of 2 x 10'4 was arbitrarily assigned.

4. Earthquake

The risk from seismic events is very dependent on the geographic
location of a particular facility. The region west of the Rockies is
considered to have much greater seismicity than the rest of the country.
California in particular has very high seismicity because of the numerous
active faults in the state. A]germissen(77) has estimated the seismic
risk in the various regions of the country. Gutenberg and Richter(78)
have summarized the seismicity of the entire earth for the 1904-1952 time
period. Of particular interest to this study are reports by G. A.
Bo]]inger(79) and a book by wiegel.(so) The Bollinger article discusses
the historical and recent seismic activity in South Carolina. In this
article Bollinger states "the great Charleston, South Carolina earthquake
of August 31, 1886 provides an example of a major United State earthquake
outside the Pacific coast region. No prior severe shocks were known to
have occurred in this region since its settlement by the English in 1670.
Because of this long aseismic history, the 1886 event is often cited as
an example that no region is completely safe from earthquake hazard.' The
estimated magnitude of this earthquake was 7.7 on the Richter scale.
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On the Modified Mercalli scale this earthquake had a maximum intensity
of X and a region of about 3,000 square miles experienced damage in excess
of IX on the Modified Mercalli scale. 1In this 3,000 square miles, buildings
were shifted off foundations, cracked, thrown out of plumb, ground was
cracked and underground pipes broken. For purposes of this report the
risk calculation will use an intensity of IX to calculate the probability
of an earthquake striking a fabrication plant. The use of this intensity
is not meant to indicate that the earthquake will result in a release, it
was used as a point of reference. More severe earthquakes will have a
Tower probability of occurrence and thus less seismic risk.

Bollinger shows that the probabjlity of an earthquake striking a region
of 3,000 square miles along the east coast is about 0.005/year. Assuming
the east coast consists of 106 square miles, then the risk of an earthquake

at any point on the east coast is approximately 0.005 X63000 . Thus the

probability of an earthquake at some generic eastern site would be approxi-
mately 2 x 10'5/year.

In California, the probability of a Richter magnitude 7.5 earthquake
is 0.076/year.(80) This would result in an intensity of greater than IX
on the Modified Mercalli scale over about 2,000 square miles. The probability
of an earthquake with a magnitude greater than 8.0 is 0.021 and 6,000
square miles can be expected to experience heavy damage. The probability
of a magnitude 8.5 earthquake is estimated to be 0.006/year. Approxi-
mately 14,000 square miles can be expected to experience heavy damage from
this earthquake. Thus the probability of an earthquake striking a random
point in California (150,000 square miles) is:

_ 0.006 x 14,000 + (0.015)(6,000) + 0.055(2,000)
150,000

0.002/year.

It should be recognized that some areas, particularly along faults, experi-

ence a higher probability than being involved in a severe earthquake once
every 500 years.

ELy
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5. Meteorites

As part of the space effort, significant research has been done on
the probability of meteorites impacting the earth. Gera and Jacobs(sl)
summarized current knowledge on the subject and concluded that the proba-
bility of a 2 x 107 kg meteorite impacting an area is ]0'2/km2-yr. The
frequency of falls is inversely proportional to the weight of meteors, and
for a 2,000 kg meteor, the prabability is 10-8/km2-yr. This meteorite with
an impact velocity of approximately 4,500 ft/sec.with a resulting crater of
over 3 ft~ area, would certainly be capable of penetrating a containment
structure. However, the fabrication plant does not occupy a square km but

occupies about 1 acre of land. Thus the probability of a meteor striking
the fabrication plant is about 4 x 10']0/yr.

6. Flood

Most fabrication plants are designed to be above the Probable Maximum
Flood (PMF). If the facility were innundated, the greatest danger would be

from water seepage. The consequence of such seepage was not investigated
in this report.

B. RELEASE PROBABILITY FROM IN-PLANT ACCIDENTS

1. Data Sources

Although plutonium fabrication experience is limited, certain amounts
of operating data are available. Experimental plutonium bearing fuel
elements have been manufactured at Pacific Northwest Laboratories and
Argonne National Laboratory for the past 15 years. The handling of plu-
tonium for weapons work at Pacific Northwest Laboratories, Rocky Flats,
Mound Laboratory and Los Alamos also has yielded invaluable experience on
the handling and control of plutonium. Similarly, there has been a signi-
ficant amount of experimental chemistry conducted in gloveboxes at all of
the laboratories. While this work involves equipment somewhat different
from that used in fuel fabrication, the handling of hazardous radioisotopes
in various chemical regimes contributes valuable data for safety analyses.
Although statistics.from these operations. are probably directly applicable,
it should be noted that they were compiled in many cases in experimental

92



rather than industrial facijlities. The very nature of this experimental
work leads to a comparatively high accident rate.

Other sources of information have been the Safety Related Occurrences
in Nuclear Faci]ities.(gz) The data in this publication are most applicable
to the problem at hand. Unfortunately, this is of limited use in its
present form. The classification of the accidents reported is not directly
applicable and 1ittle or no work has been done on reduction of the data to
accident frequency. In 1967, a Reliability and Maintainability Data-

Source Guide was prepared for the U. S. Naval Applied Science Laboratory,
Brooklyn, New York.(83) The guide lists twenty-three Government reliability
and maintainability data sources and over ninety-five sources of technical
and scientific information for related engineering data. A preliminary
review of one of the more promising reliability and maintainability data
sources (FARADA PROGRAM) indicated that the data had been reduced to
directly usable form, namely, failure rates per kinds of equipment based

on operating experience.(84) The Failure Rate Data (FARADA) information

is compiled into loose-leaf handbooks (SP-63-470) of five volumes, which

are now updated quarterly. These data have some value in the study even

though it is oriented entirely to the Army, Navy, Air Force, and NASA.

In summary, it is better to have some data, used judiciously, than
none. It should be emphasized that there is no substitute for operating
statistics. If preliminary analysis based on limited or inferred data are
reexamined with time, they have positive benefits. If they are "cast in

concrete” and the limited nature of their origins forgotten, they have
dubious value. ’

2. Equipment Fajlure Rates and Accident Frequencies

In most cases, the failure of a single piece of equipment will not .
result in an uncontrolled release of plutonium to the environs. However,
equipment failures or accidents involving resin columns, gloveboxes,
criticality, and sintering furnaces, could, by themselves, result in
small release through the normal building exhaust system. In all cases,
the magnitude of accidental releases as well as release from normal
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operation are highly dependent on the efficiency of the building final
filter system. Analysis of the previously discussed failure rate data
source has lead to estimates of failure rates for selected pieces of equip-
ment. Additionally, the reliability of the HEPA filters forvoperating at
quoted or design efficiencies has been developed. This information is
summarized in Table 18 and Table 19. A discussion of the development of

TABLE 18. Estimates of the Occurrence Frequencies and Failure Rates
of Major Equipment

Failures
or Events
Per Year
Resin Co]umns(sz) <0.1
Dry Glovebox Operations(sz) <0.1
Autoc]ave(sz) <0.01
Sintering Furnaces(ss) <0.05
Ventilation Equipment(sz)
Direct Driven Fan Q.01
Belt Driven Fan 0.4
Controls 0.08
Criticality 8.6 x 1073

TABLE 19. Efficiency of a Two Stage Building Exhaust Filter System
Under Various Conditions

Most Probable

Condition Filter Transmission
Filters not tested prior to installation or
in place, 8% of filter operating less than _5(a)
design efficiency 7 x10

Filters tested prior to installation and in
place, routine inspection and replacement -5
program 1 x10

a. Assumes a filter efficiency of 0.95 for the defective filters.
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some of these values follows. The estimated occurrence rate of a c¢ritical-
ity in a fuel plant is also included in Table 18. The basis for this value

is summarized in the text.

a. Resin Columns

Four incidents have been reported resulting in a release of radio-
activity into the facility as a result of thermochemical instabilities in
an ion-exchange processing. Plutonium solutions were involved in three and

a uranium solution in the other.(86)

Thermal transients, if not properly controlled, arise from radiolytic
heating, excessive applied heat, oxidation due to nitration under uncon-
trolled conditions, or heating by strong oxidants. During the excursion,
the column heats, becomes pressurized, and could ruptura to discharge resin
and solution. The accident has been successfully modeled and the operating

(87) Conscien-~

conditions required to avoid the incident are well known.
tiously applied administrative controls, reliable monitoring equipment and

adequate safety features would presumably successfully control the process.

There would still exist some finite probability of a simultaneous
breakdown of the administrative controls (operator inattention, etc.),
monitoring équipment fajlure (thermocoupies and amplifiers) and inoperative
safety devices (rupture disks or check valves). If failure rate data can
be obtained or projected from gperating history on equipment in related
operations, and the contribution from operator error adequately eva]uatedgag)

the frequency of a resin column fire and explosion can be deve]oped.

(89)

Prior work, assuming that the column inventory was about 1400 grams

~and that the glovebox ruptured postulated that the resulting plutonium

release through the filters to the stack is about 0.00003 g (30 ug) for
this incident.

b. Glovebox Explosions .

Since 1967, four glovebox explosions or fires have been reported in
which significant amounts of materials were released. One involved a hood,
another an explosion in a vacuum dry box, a third was a glovebox
explosion and fire involving 238Pu and the fourth was the Rocky Flats
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plutonium facility fire. The last involved plutonium metal and is not ..p
representative of a process in a fuel fabrication plant.

The safety problem from a glovebox explosion and fire again would
be expulsion of plutonium compounds into the work area and possible carrying
out of plutonium through the exhaust system to the environs.

There are several passive and active safety actions used in the plant

to prevent glovebox fires and contain them. Normal operating procedures
would specify that:

e Flammable solvents with flash points below 140 °F be not
permitted inside the boxes.

e Inert atmospheres be used in boxes where heat is present.

e Trash (such as wipes) be kept to a minimum inside boxes and
stored in covered metal containers,

PuU2 and UO2 not actually in process inside the gloveboxes be
kept inside metal containers.

® The dry operation involves Pu02 and UO2 which are not -
flammabie materials.

Well-designed gloveboxes contain heat detectors and fire extinguishers
mounted inside the boxes with devices for automatically initiated fire
suppression. Filters are preceded by fiberglass prefilters, and the final
filter bank is protected from hot or burning debris automatically by a
temperature activated deluge system.

The probability of a glovebox explosion and fife is low, but again a
finite and a tentative number has been assigned based on available infor-
mation. The accidents analyzed in this study involving a fire and an
explosion in a glovebox are extreme examples of this type of accident.

It is expected that these types of accidents would have a probability of
occurrence at least a factor of 100 less than the listed value in Table 15.

c. Sintering Furnace

Published operating failure rate data (explosions) were not available
for sintering furnaces although it appears that the numbers of sintering
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furnaces in fuels fabrication facilities are available. A major vendor
for example, has 30 units in service at uranium plants and one at a

plutonium facility and four vendors furnish over 95% of the large units
commercially in use.

Accidents have occurred at sintering furnaces resulting from detona-
tions of expiosive mixtures of oxygen from air and hydrogen, the reducing
gas. The explosive mixtures develop usually from:

e Incomplete removal of air (oxygen) from a cold furnace at

startup before introducing the forming gas containing hydrogen.

In-Teakage of air (oxygen into the furnace during operation
. with the furnace at temperature).

e In-leakage of air (oxygen) in the line exhausting the
forming gas mixture (H2 >12%) without first diluting the
H2 content to less than a non-explosive content (about 5% H2)

Basic safety features on all sintering furnaces include an automatic
nitrogen flush with hydrogen isolation until the flush is complete (timed
out) for furnace startup, and, for protection when the furnace is at
temperature, and automatic transfer from H2 to N2 make-up iT the hydrogen
pressure fails or a power failure develops.

Forming gas mixtures are established in some sintering furnaces
entirely by valving and monitoring individual gas flow streams. The
probability for operator error that would result in the furnace filling
with H2 is finite. When mixing gases automatically at the furnace with
a metering device, orifices have become plugged and the gas mixture can
suddenly revert to 100% HZ' Flow alarms are recommended but apparently

seldom used. Their reduction of the risk is dependent upon their own
reliability.

A reasonable assessment of the potential for an accident in a sinte;-
ing furnace would be estimated from compiling operating experience, if
possible; by applying failure rates to the safety equipment and to con-
trollers; and by assessing the contribution of operating errors.
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d. Criticality

The objective of this section is to estimate the probability of a

criticality accident in fuel fabrication facilities. This probability,

P _, will be estimated as:
ca
A

P = —
ca Qf

whetr e Af Number of criticality accidents in Fuel
Fabrication related plants to date

Quantity of fuel processed through Fuel
Fabrication related plants to date

Q
The number of criticality accidents to date is fggg:(go) These

accidents have all occurred in operating facilities in the United States
from activities that could be related to fuel fabrication if the scrap
recovery operation is included, as all four occurred during scrap recovery.
Two involved plutonium, two highly enriched uranium, and all four occurred
during wet chemistry operations. No criticality accident has occurred in
the United States during the processing of dry material and no criticality
incident has occurred in the processing of wet or dry material of low

enrichment. The Tlocations, dates, and personnel exposures resulting from
these accidents are summarized in Table 2C.

Four accidents in 25 years is obviously very limited experience and
does not give a comprehensive picture of the ways criticality accidents
can occur. A more proper appraisal perhaps would be to include "near-
misses"; but quantitative information of this type is not available.
Nonetheless, if all facilities similar to those in which the above acci-
dents have occurred are included in the assessment of Q, the probability
estimate should be valid for the intent of this study.

The scope of the probability estimate thus includes facilities that
process, fabricate, recover, or otherwise handle non-irradiated plutonium,
slightly enriched uranium, and fully enriched uranium. Fuel reprocessing

facilities and facilities for processing U-233 and Pu-238 are not included
at this time.
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TABLE 20.

Summary of Criticality Accidents Included in This Study

Fissile Form of Personnel
Material Fissile Exposures,
Location Date Involved Material Deaths Rem
v-12 plant  6/58  U(93)®)  solution @ 461 298
428 86
413 86
341 29
LASL 12/58 Plutonium  Solution 1 12,000
134
53
Hanford 4/62 Plutonium Solution 0 110
43
19
UNC 7/64 U (93) Solution ] 10,000
80
80

a. U(93) means uranium whose 235-U enrichment is 93 wt%.

The choice of "plant years" for Q is recognized as not the best basis,
but it is the only basis that could be estimated quantitatively at this
time. A better basis would be total fuel throughput, with allowance for
differences in the fuel forms and fuel reactivities processed. Such figures
of fuel processed through USAEC plants, of course, are not available. So a
different basis must be used. Consideration was given to plant floor area,
number of employees, plant design capacity and simply years of operation,
for the basis. These figures, too, are difficult to obtain and lead to
various degrees of inaccuracy. Consequently, for the purposes of the present

study, it was decided to use "plant years" for the probability estimate.

The "number of plant years" of operation to the present is estimated to
be 432. This estimate was obtained by summing plants' years of operations
since 1942, as shown on Table 21.(9] -94)

Imbatances in production rates should be partially compensated by the
large number of small scale plants that are included in the tally. It is
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recognized that some of the dates may be off by a few years; but overall,
the estimate is considerably better than a guess. Improvement of the

accuracy of this information will be the subject of a later study.

TABLE 21. Estimate of Plant-Years of Production Since 1942
Involving Uranium and Plutonium Fuel Fabrication

Estimated Estimated

Plant Dates Plant Years
Hanford 1944-1973 29
Savannah River Laboratory 1954-1973 19
Los Alamos Scientific Laboratory 1943-1973 30
National Lead Company of Ghio 1944-1973 29
Qak Ridge National Laboratory 1943-1973 30
Lawrence Radiation Laboratory 1949-1973 24
Argonne National Laboratory 1949-1973 24
Aerojet General Nuclear 1955-1970 15
Atomics International 1955-1973 18
Babcock & Wilcox 1957-1973 16
Clevite Research Corporation 1957-1969 12
Combustion Engineering 1955-1973 18
Curtiss-Wright Davison 1955-1973 10
Gulf General Atomics 1958-1973 15
General Electric 1955-1973 18
Gulf United Nuclear 1971-1973 2
M & C Nuclear, Incorporated 1961-1965 4
Exxon 1971-1973 2
Mallinckrodt Nuclear Corporation 1960-1970 10
Martin Company 1960-1970 10
Kerr-McGee 1969-1973 4
National Carbon Company 1960-1965 5
National Lead Company 1962-1973 11
Engelhard Industries, Incorporated 1957-1970 13
Nuclear Development Corporation of

America 1957-1968 11
Nuclear Materials and Equipment

Corporation 1960-1971 11
Sylvania-Corning Nuclear Corporation 1960-1968 8
Westinghouse Electric Corporation 1955-1973 18
United Nuclear 1957-1973 _16

432
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From the foregoing, the probability of a criticality accident in

uranium and plutonium fuel fabrication facilities is estimated to be as

follows:
P = 4 criticality accidents
f 432 plant years
P =g x 10-3 Criticality accidents
f plant year

This probability estimate can undoubtedly be further improved by
considering greater production detail. Improvements that could be con-
sidered at a future date are as follows:

e QObtain more accurate dates of plant startups
Make allowance for reactivity of fuels processed.
Obtain a better basis for quantities of fuel produced to date.

¢ Consider types of fuel operations - wet versus dry.

e. High Efficiency Filter (HEPA)

In fuel fabrication facilities, the filter in the glovebtox and build-
ing exhaust systems provide the final protection between the building
process air and the environment. For this reason it is very important that
the filters be within the design specifications. On the average, 3% to 6%

of the HEPA are defective upon receipt from the vendor with the percentage
(95, 96) Filters

of rejects on some shipments being significantly higher.
are judged defective for excessive penetration, filter medium'failure,

frame failure, gasket failure, and damage during shipment. Recent tests on
13,000 filters showed that rejections due to these defects occurred in the
ratio 3.2:4.0:2.3:1.0:7.3. About 35% to 45% of the defective filters have

filter efficiencies less than design specifications.(gé) The efficiency
for the filters judged to be defective due to excessive penetration is in.

the 95% to 99% range. (75
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Failures during installation due to improper seating or careless
handling seem to occur at somewhat lower percentages, namely about 1 to
2%.(97) Hence, if testing isn't done prior to or following installation,

4 to 8% of all HEPA filters installed will Teak and be significantly less
efficient than the design value.

Failures of the filters while they are in service are a function of
their environment. Continuous monitoring of the pressure drop across the
filters should be coupled with a routine filter replacement program to insure
a reliable filter system. The practice of such quality assurance procedures

by AEC contractors over the past 25 years has made in-service HEPA failure
an almost unheard of phenomenon.

Because of these statistical defects, a fuel fabrication facility

should have a pre-installation program for examining the HEPA filters to
assure they meet design specifications.

3. Operating Data Obtained from National Safety Information Center

The National Safety Information Center (NSIC) organizes in several
ways the incidents that are reported to the AEC by facility licensees.
The reporting requirements for facility licensees are described in Parts
20, 40, 50, 70 and 73 of Titie 10 of the Code of Federal Regulations.
Information from reports of abnormal occurrences or unusual events pro-
vided most of the source material in the compilations developed by NSIC.
Despite the extensive cataloging and organization of the information,
more information about each occurrence seems necessary to contribute to
a study on risk using frequencies of accidents, failure rates of equipment,.
contributions by design inadequacies and the 1ike. However, several infor-
mative comparisons are possible using the data as indicated in the follow-

ing tabulations. A summary of the reported occurrences is shown in
Table 22.

To be properly applicable in accident reviews, each of the -personnel
exposure incidents, for example, should be reviewed to determine the actual
operational step of the fabrication process in which it occurred. This
should be repeated for each of the other three categories.
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TABLE 22. Occurrence Frequencies

No. for Est.Frequency,(a)
1970-71 Ava/yr No./plant/yr

e Personnel Exposure(b) 52 26 3.2

e (Contamination in the Work Areas 10 3 0.6

e .Local Fire 3 1.5 0.2

e (Contamination Qutside Work Area 2 1 0.1

a. In order to normalize to a one metric ton per day plant, existing
facilities were weighted as shown: General Electric (3), Westing-
house (2), Babcock & Wilcox (1/2), Combustion Engineering (1/2),
Numec (1 1/2), Kerr-McGee (1), Gulf (1), Nuclear Fuel Services (1 1/2).

b. Personnel Exposure reports involved those occurrences required by
10 CFR 20 Sect. 405.

For purposes of demonstration, totals on incidents for each of the
categories were averaged from these plants for the last two years'that
this information was published; namely, 1970 and 1971, and they are shown
in column two. From strictly conjecture and only for the purposes of
illustration, it was suggested that in total, the averages were approxi-
mately equal in output to eight fuel fabrication plants of one tonne per
day capacity. This was used to develop the estimated frequency; number
per plant per year.

The same data has been organized as to the cause of release in
Table 23.

TABLE 23. Occurrence Causes

No. for Est. Frequency,
1970-71 Avg/yr No./plant/yr
e Equipment Failure 24 12 1.5
o (QOperating Error 17 8.5 1.1
e Administrative Control 12 6 0.75
e Design Error 10 5 0.62
e Maintenance Error 4 2 0.25
s Installation Error 0 0 --
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Again, detailed information as to kinds of equipment that failed and
at which work stations must be sought out for proper analysis. These data

were extracted from the abstracts summarizing incidents only from plants
involved in fuel fabrication.

The following table, using slightly different categories than above,
was gathered from the same sources, and occurrences from related industries,
primarily the preparation of radioactive pharmaceuticals, were included.
Information was usually not available in the abstract to determine much
about each occurrence. Therefore, the incidents at this time are categor-
ized only in general terms in Table 24.

TABLE 24. Occurrence Frequencies for Fuel Fabrication Plants Plus
Related Industry

Est. Frequency

Event 70 yaAR Avg/yr No./Plant/Yr
Spilils 6 19 13 1.3
Failure of Glovebox or Hood 23 18 20 2.0
Exceeded Design Limitations 10 13 12 1.2

If one knew what the related industries, in total, contributed to the
statistics, accident occurrence rates could be developed considering a
wider base which includes the related industries. Arbitrarily assuming
that the activities of the pharmaceutical houses and related industry
included above were equivalent to 2 additional fuel fabrication plants,
accident occurrence frequencies have been estimated. To repeat, to com-
pile a meaningful study of accident frequencies, the records from which
the data above were summarized must be reviewed in detail. From this, an
accident frequency rate per powder handling glovebox per year or per scrap
recovery glovebox per year, can be developed. This is the kind of compila- )
tion needed to develop useful concepts of risks for the generic one MT/day

duel fabrication plant. It appears that records may be available to obtain

it if additional effort is expended.
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[X. ASSESSMENT OF ENVIRONMENTAL RISK

Individuals Tiving in the environs of a plutonium fuels fabrication
facility will be exposed to emissions from normal plant operation and
those resulting from accidents. Since accidental releases are normally
of greater magnitude and occur infrequently, they must .be placed in per-
spective with releases from normal operation before their relative risk
can be assessed. (ne method of doing this is to take the insurance man's
approach by weighting the estimated consequence of a release by its fre-
quency of occurrence. The output of this approach is commonly referred
to as "risk". When this is done, all release modes can be directly com-
pared and the total risk of the plant quantitatively assessed.

In making such a risk assessment, one must conduct a comprehensive
safety analysis. This analysis must include estimates of the magnitude
of credible release modes; both from accidents and normal operation. A
typical logic diagram for an analysis of this type for a fuels fabrication
facility is shown in Figure 16. Potential release modes are input into
the Facility "Model" which is characterized by material and process para-
meters and building design criterja. The magnitude of the inplant release
and the facility design characteristics defines the quantity of material
released. The released material is dispersed and acted upon in the plant
surroundings in a manner predicted by the Environmental "Model". Differ-
ent atmospheric dispersion models should be used for continuous and short
duration releases. Estimates of the dose to the organs of interest for
an individual exposed to the dispersed material are made using the Dose

"Model". The results of these dose calculatijons are referred to as the
"consequences of a release".

Coupling this output with the probably of the release, one gets a pre-
diction of the environmental risk of that particular release mode. A )
summation of the "risk" of all credible releases, both from normal opera-
tion and from accidents, provide a measure of the total imposed risk of

the facility. An analysis such as this permits direct risk comparison of
dissimilar facilities.
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L% ) A summary of the risk analysis for the reference facility is presented

in Table 25. The risk for all of the release modes discussed in this report
have been gquantified in the final column called, "Annual Dose Commitment

_ Risk." This column shows the annual risk of incurring appropriate dose commit-
ments to the noted critical organs. Unlike a reactor where "Annual Risk" is
used as an index, risk for a plutonium facility must be assessed on a "Dose

% . Commitment" basis. This is because the dose to the critical organs from

| deposited plutonium is delivered over a long period of time and therefore

cannot be adequately expressed on an annual dose "received" basis as in the

case of a reactor facility.

For releases for normal operation and accidents discussed in this
report, the annual dose commitment risk to an individual 1,000 meters
from the facility is estimated to be less than 16 mrem to the bone, 1.5
mrem to the lung, 1.7 mrem to the thyroid, and 0.4 mrem to the whole body.
It is expected that the remaining spectrum of accidents will not signifi-
cantly increase these values.

qa’ For this facility, the analysis clearly indicates that the dose to

the bone js the major consideration in evaluating the environmental impact
of a plutonjum fuels facility. Based on the results shown in Table 25,

the largest annual dose commitment to an individual in the environs
results from an accident involving plutonium in a soluble form. Therefore,
special emphasis should be directed toward refining the probability of such
releases and, as necessary, provide additional engineered safety features
and administrative control for operations involving plutonium in this chem-
jcal form. Additionally, if a criticality accident of greater magnitude
can be deemed credible, the thyroid dose from radioactive iodine becomes a
significant factor. The removal effectiveness of iodine for the facility
filter system should be reviewed to determine if credit can be taken for
jodine removal in the safety analysis. If this is found inadequate, con- ~

sideration should be given to the addition of filters containing iodine
removal media.

In summary, this report provides a comprehensive view of the techno-
logical considerations germane in analyzing the safety of a plutonium fuel
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TABLE 25.

Annual Risk of an Individual in the Environs
of a Plutonium Fuels Fabrication Facility

Annual "Dose

Radioactive Critical Dose at 10 Probability of Commitment"
Condition Source Term, g Contaminant Organ meter, mrem Release, yr-1  Risk, mrem(e)
Normal Operation 5 x 10°° és)(a) Pu Mix(b) bone. 4750 yr(d) ] 4.0
I) lung 0.06/50 yr 1 0.06
Criticality 3 x 10-5 (s) Pu Mix bone 28/50 yr 8.6 x 10-3 0.24
. direct radiation whole body 16 8.6 x 10-3 0.14
Noble gases and whole body 31 8.6 x 10-3 0.27
Halogens
iodine thyroid 200 8.6 x 10-3 1.7
Explosion 10-2 (S) Pu Mix bone 9400/50 yr 110-3 9.4
Fire 1.1 x 102 (1) Pu Mix lung 7072 yr <10-2 <0.70
bone 700/50 yr <102 <7.0
Glovebox Damage 10-2 (1) Pu Mix lung 60/2 yr <10-2 <0.60
' bone 600/50 yr <10-2 <6.0
Facility Fire 10-2 (1) Pu Mix lung 60/2 yr 2 x 10-4 0.01
bone 600/50 yr 2 x 10-4 0.12
Resin Column Fire 3 x 1075 (S) Pu Mix bone 28/50 yr <1 x 10-} <2.8
Normal Operation TOTALS: Bone 4.0 mrem
) Lung 0.6 mrem
Accident TOTALS: Bone <25
Lung <1.3
Thyroid 1.7 mrem

. I = insoluble, S = soluble.
Pu Mix = reference mixture.of plutonium and americium.

a
b.
c. Estimated using the ICRP Pub 2 lung model (ILM).
d
e

4/50 yr means that the 4 mrem is delivered to the bone over a period of 50 yr.
This could be instantaneously

: The probable dose to which an individual is annually committed to receive.
received or it could be delivered over an extended period as in the case of the bone and lung.

Whole Body 0.41 mrem




fabrication facility. Additionally, it quantifies the risk for the fuel

fabrication operations and more importantly, identifies the areas where

special safety emphasis should be placed. Effort should continue toward

developing improved safety procedures and refining the release probabil-
ities for operations involving the greatest risk.
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APPENDIX A
PLUTONTUM FUEL PROCESSING AREAS IN REFERENCE PLANT

PROCESS AREA T - FUEL STORAGE

Typical Operations:

Inventory:

Chemical Forms:

Physical Forms:

Comments:

Plutonium and mixed plutonium-uranium in various forms is stored. Plutonium
nitrate solutions are blended in large volume vessels to achieve isotopic

uniformity.
1000-3000 kg Pu <5000 kg U (mixed with 4 wt% Pu)

Pu (N03)4, soluble
PuOZ, insoluble
Pul —UOZ, insoluble

2
Small quantities of miscellaneous soluble Pu compounds

powders, dispersible, particle size 0.1-80 um

Pu0

2
Pu02-U02 powders, dispersible, particle size 0.1-1400 ym
PuOZ—UO2 pellets, essentially nondispersible

Solutions (primarily nitrate) containing soluble Pu, dispersible
Slurries containing insoluble Pu, dispersible
Pu02-U02 fuel rods and elements, nondispersible

1. The homogenization tank, or innerconnected tanks, for blending the
plutonium nitrate solution will typically have a volume of 1000 liters
or greater. This tank or tanks will be of heavy wall construction
which will provide a high degree of protection for the contents.



¢y

2. The quantitative division of the plutonium between the various chemical
and physical forms will vary in time.

3. A1l of the plutonium in the plant, except for the in-process inventory
of the order of a few hundred kilograms of p]utonidm, will be in the
fuel storage area. Typically, about half of the in-process inventory
of plutonium will be in the dispersible forms of solutions, slurries
and powders; the remainder will be in the form of pellets or encapsulated
rods. The decontaminated rod and fuel element storage will be separated
from other storage to avoid contamination. |

4. The uranium storage area will be separate from the plutonium and mixed
plutonium-uranium storage area. Typical uranium forms will be UFG; UOZ’
UO3, U02(N03)2 and U308 (yellowcake). The typical maximum uranium
inventory will be 104- 10° kg.

PROCESS AREA IT - CONVERSION

Typical Operations:

Inventory:

Chemical Forms:

Plutonium nitrate solution is precipitated as Pu (IV) oxalate by the addition
of oxalic acid. Hydrogen peroxide is sometimes added in this step for
valence adjustment of the plutonium. The Pu oxalate is filtered, dried, and
calcined to Pu02 at a temperature of 650-850°C. The PuO2 powder from the
calciner has particle sizes ranging from 0.3 to 80 um. The larger particles
are loosely bound agglomerates. Approximately 95% of the particles are
larger than 1 um and the average particle size is 6-10 um.

50 kg Pu

Pu oxalate, soluble
Pu02, insoluble
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Physical Forns:

Comments:

Pu oxalate slurry and wet powder, dispersible

dry Pu02 powder, dispersible

A1l operations will be conducted in equipment that is critically safe by
geometry. Therefore the inventory is limited by process throughput require-
ments rather than by criticality safety considerations.

PROCESS AREA 111 - POWDER TREATMENT

Typical Operations:

Inventory:

Chemical Forms:

Physical Forms:

Comments:

The calcined PuO2 powder is crushed and screened to obtain particles of a
few micrometers and then blended with UO2 povider. The blended Pu02-UO2 is
milled, agglomerated (either by dry compaction or binder addition), and
granulated to 14-180 mesh (85-1400 um) granules to produce a free flowing
feed powder for the pellet press. The powder is cold pressed to yield
green pellets (0.3-0.5 inch diameter) of 40-55% of the theoretical density.

50 kg Pu (total) 11.3 kg Pu (per batch)
After blending the Pu is mixed (4 wt% Pu02-96 wt¥ UOZ) with UO2

Pu02, insoluble
UOZ’ insoluble

PuO2 powder, dispersible
UO2 powder, dispersible
Pul —UO2 powder, dispersible

2

Green Pu02-U02 pellets, not easily diépersed

These batch-type operations will be conducted dry or with a controlled degree
of moderation because optimally moderated criticality safety limits are too
restrictive on batch size. A large batch size is especially desirable in
blending operations  to assure uniform powder characteristics.
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PROCESS AREA TV - PELLET TREATMENT

Typical Operations:

Inventory:

Chemical Forms:

Physical Forms:

Comments:

PROCESS AREA V - PELLET

The green pellets are sintered at 1500-1700 °C in a reducing atmosphere
(6-15 wt% hydrogen in nitrogen). If an organic binder was used, this
operation may be preceded by presintering. The sintered pellets are center-
less ground (up to 2-4% of the material is removed) to a specified diameter,
washed, dried and outgassed (at ~600-800 °C in high vacuum).

1700 kg Pu02-U02 (60 kg Pu) in pellets

1.6 kg Pu in solution or slurry

Pu02-U02, insoluble

Pu02-UO2 green (not easily dispersed) and sintered (essentially nondispersible)

pellets
Pqu-UO2 powder in solution or slurry, dispersible

The centerless grinding operation yields Pu02-U02 dust or slurry depending
on whether the operation is performed wet (the usual case) or dry. The
washing operation yields a Pu02—U02 solution or slurry.

LOADING AND FUEL ROD ENCAPSULATION

Typical Operations:

Inventory:
Chemical Forms:

Physical Forms:

The out-gassed Pu02-U02 pellets are loaded into fuel rods. The rods are then
welded closed and decontaminated.

850 kg PuOZ-UO2 (30 kg Pu)

Pqu—UOZ,.insolub]e

Sintered Pqu-UO2 pellets, essentially nondispersible
Fuel rods containing sintered Pqu-UO2 pellets, nondispersible
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APPENDIX B
ISOTOPE DOSE CURVES
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APPENDIX C

PLUTONIUM ISQTOPIC COMPOSITIONS AND
ASSOCIATED "“SURFACE" DOSE RATES

PLUTONIUM ISOTOPIC COMPOSITIONS

The total quantities and the isotopic composition of the plutonium
that the LWR industry will produce has been calculated. The ca1cu1ation(1)
includes the effects of varying exposure and of original enrichment as well
as plutonium recycle so that the results are tabulated as "net plutonium
available for recycle." The results are included in Tables C-1 through 3.

From the data presented in Table 2, the year 1980 was chosen as the

"reference plutonium" because the 238Pu and 24]Pu content of the plutonium

would be approaching maximum concentrations. Alsa, the 236Pu appears to be
at a maximum at that time but is still such a minor fraction of the total
that it is negligible. The compositions given in Table 2 are the averages

of the industry as known today and are subject to change. These changes

could be brought about by planned plant startups, additions to or cancella- -

tions of existing plant orders, better fuel and/or mode of operation. In

addition, since the isotopic compositions are average, the exact composition
given in the table will probably never be encountered.

DOSES AND DOSE RATES

To determine the radiotoxicity of any isotopic composition of pluto-
nium, one must know the time since last chemical separation and resultant
in-growth of 24]Pu daughters, namely 237U and 24]Am. For the purposes of
this study two years are assumed to have elapsed. Using the two-year age,
the compositions for the years of 1975, 1980 and 1985, and bone as the .

reference organ, the one-year doses are given in Table C-4.

The photon "surface" dose rate from the same year's material and 2 years
since chemical separation is given in Table C-5.
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TABLE C-2. Average Composition of Pu Available for Fabrication
(weight fraction)

Year Pu-236  Pu-238 Pu-239 Pu-240 Py-241  Py-242
1972 6.3x10°% 0.012  0.643 0.210  0.105  0.029
1973 6.0x10™°  0.010  0.666  0.206  0.093  0.024
1974  5.2x10°° 0.008  0.675  0.207  0.087  0.023
1975  5.0x10"® 0.009  0.656  0.218  0.090  0.027
1976  5.5x10"°  0.011- 0.624  0.229  0.100  0.036
1977 5.6x10"°  0.011  0.621  0.231  0.101  0.036
1978 6.1x10™°  0.012  0.615 0.232  0.103  0.038
1979  7.0x10°% 0.014 0.594 0.238  0.110  0.044
1980  7.3x107°  0.015  0.581  0.241  0.114  0.049
1981  7.0x10°% 0.015  0.577 0.242  0.115  0.051
1982 6.7x10°% 0.016 0.566 0.243  0.118  0.057
1983  6.5x10°° 0.016  0.555  0.245  0.120  0.063
1984 6.4x10"°  0.016  0.550 0.246  0.122  0.066
1985  6.5x10°°  0.016  0.547  0.247  0.122  0.067
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TABLE C-4. Total Doses, mrem/pCi Pu

Relative Hazard

1980=]
Year Inhalation Ingestion Inhalation
1975  1.96 x 10°%  4.84 x 1078 0.7
1980 2.76 x 1072 4.77 x 10°° 1

1985 2.9 x 1072  7.12x 10°° 1.05

TABLE C-5. Photon Surface Dose Rate

Year Dose Rate, Rad/hr
1975 8.1
1980 10.6
1985 11.3

The mixed oxide photon surface dose rate, natural uranium, is given in
Figure C-1 as a function of PuO2 enrichment. "Surface" indicates that the
plutonium is contained or shielded by 50 mg/cm2 thickness of plastic or
some other low density material and the thickness of the source is > 1 cm
thick. The neutron dose rate is not nearly as straightforward.

To calculate the neutron dose rate of the reference material (as Pu02)
a geometry and mass must be assumed. The geometry assumed correponds to a
standard 6M shipping container with an ID of about 13 cm. The mass of
plutonium which can be shipped in a standard container is limited by a
10 watt heat generation rate,(z) which for the reference material is about
0.9 kg of Pu02. For a container with an /D of 1 and a Pu0_, mass of 0.9 kg,

2
the neutron dose rate at the surface and the mid-plane of the container will
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be about 450 mrem/hr. Table C-6 summarizes the total surface dose rates.
The neutron contribution in the MO2 has not been evaluated because of
uncertanties in masses, dimensions and densities of the MOZ'

TABLE C-6. Total Surface Dose Rates

Year ~ Photon, rad/hr Neutron, rem/hr Total, rem/hr

1975 8.1 0.34 8.4

1980 10.6 0.45 11.1

1985 11.3 0.49 11.8
REFERENCES

1. Deonigi, D. E., "Battelle Power Generation System, (BAPOGS) Data File,
9/1973.

2. 49CFR Transportation, Parts 100 to 199, Rev. 10/1/1973.
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APPENDIX D

DERIVATION OF THE CALCULATED ANNUAL
MAXIMUM SECTOR CURVES

INTRODUCTION

It is not generally economically practical to design nuclear facilities,
including mixed oxide reprocessing plants, to operate without routine re-
leases of radioactive gases or fine particulates to the atmosphere. There-
fore, an estimate of downwind air concentrations is needed to evaluate the
environmental impact of a proposed facility. In the initial stages of plan-
ning, the diffusion climatology may be unknown due to either lack of
measurement at the exact site or lack of knowledge regarding the eventual
location of the site. Hence, an estimate of the expected atmospheric
dispersion from a "typical site" is needed.

The approach taken here makes use of available data from existing U.S.
reactor sites. Maximum and average sector concentration curves as a func-
tion of distance derived from these data are representative of a variety of
possible types of sites: river, lake, ocean and desert.

DATA

Twenty-six sites were used in the final analysis. Table D-1 contains
the names of the sites along with additional information including the
general type of location, height of wind measurements and the number of years
of data. Other sites were eliminated for a variety of reasons, including
incomplete data, questionable periods of data, and questionable instrument
calibrations. Comments and recommendations on the appropriateness and accu-
racy of these data were given by the USAEC Division of Regulatory.

METHOD

The bivariate-normal model for atmospheric diffusion predicts the long-
term sector average air concentration in a specified direction to be:

D.1



TABLE D-1. Reactor Sites Whose Micrometeorcological Data Were Used

Wind Speed
Measurement Number
Heights Years
Site Location (ft.) Of Data

Arkansas Rivershore 40 1
Arnold Rivershore 35, 165 1
Bailly Lakeshore 60, 150 1
Beaver Valley Rivershore 50, 150 1
Browns Ferry Rivershore 300 1.9
Brunswick Seacoast 33, 350 1
Cook Lakeshore 30, 200 1
Cooper Rivershore 318 1
Davis-Besse Lakeshore 100 1
Ginna Lakeshore 50 2
Hanford 2 Rivershore 200 6.5
Hatch Rivershore 75, 150 1
Humbolt Bay Seacoast 250 2
Indian Point Rivershare 100 1
Main Yankee Seacoast 149 1
McGuire Rivershore 131 1
Monticello Rivershore 140 NA
Nine Mile Point Lakeshore 31, 203 2
Oconee Rivershore 150 2
Peach Bottom Rivershore 30, 320 3
Pilgrim Seacoast 300 1
Prairie Island Rivershore 40 1
San Onofre Seacoast 54 NA
Turkey Point © Seacoast 30 1
Watts Bar Rivershore 30, 130 1
Zion Lakeshore 35 1
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Koon = (2m) V2 ZZ(G)

2 2 .
-h%/2(c.) ¢
(“h j W 0 L °z J] (1)

J
where:
X e long-term sector average air concentration at .
ground level in a specified direction, uCi/cm3
Q' e average release rate from source, Ci/sec

f. . e fraction of time wind blows in sector during a
i specified stability j, at a given speed i

(0,). e standard deviation of crosswind vertical dispersion

of air concentration in cloud during stability
condition j, m

(uh)i e average wind speed in wind speed interval i at
height of release, m/sec

h ¢ height of release, m
W e arc width of sector, m.(w = 2mwx/n)
X e downwind distance, m

n e number of sectors contained in 360 degrees (16 used
in present study). '

NOTE: Values for fi,j" Q', (cz)j, and (ah)i are long-term average values

and the Pasquill-Gifford curves were used to evaluate the dispersion

parameter o,
The data for each site are first organized into stability class

groupings (unstable, neutral, stable, very stable). Then for each

stability class the persistences of the winds in each sector are given

for individual wind speed classes. An illustrative example of this break-

down of data is shown in Table D-2 for one site. The values contained in
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"TABLE D-2. Wind Rose Freguency Percentage, Browns Ferry Nuclear
’ Plant (February 11, 1967 to December 31, 1968)

Unstable Atmospheric Stability

Wind Wind Frequency (%) for Wind Speeds (mph)
Direction 0-3 4-7 8-12 13-18 19-24 >25
N 0 0.01 0.1 0.28 0
NNE 0 0.07 0.18 0.11 0.01
NE 0.01 0.04 0.12 0.01 0
ENE 0.01 0.02 0.03 0.01 0.01
E 0 0.03 0.04 0 0
ESE 0 0.03 0.08 0.02 0.02
SE 0.0] 0.30 0.46 0.20 0.06 0.01
SSE 0.30 0.34 0.22 0.09 0.01
S 0.02 0.18 0.18 0.09 0.01
SSW 0.01 0.09 0.15 0.15 0.06
SW 0.01 0.07 0.09 0.13 0.03
WSW 0.02 0.16 0.28 0.2 0.04
W 0.02 0.17 0.25 0.24 0.13 0.02
WNW 0.01 0.21 0.58 0.47 0.08
NW 0.02 0.06 0.19 0.14 0.14
NNW 0.01 0.14 0.19 0.07 0.01
Maximum Sector Neutral Atmospheric Stability
Value
Wind Wind Frequency (%) for Wind Speeds (mph)
Direction 0-3 4-7 8-12 13-18 19-24 >25
N 0.08 0.47 0.88 0.81 0.32 0.07
NNE 0.18 0.98 1.17 0.81 0.16 0.01
NE 0.31 1.29 0.66 0.06 - 0 0
ENE 0.16 0.55 0.51 0.1 0.01 0
E 0.11 0.45 0.43 0.23 0.02 0.02
ESE 0.15 0.94 a2 0.83 0.25 0.05
SE 0.18 0.97 1.23 0.88 0.56
SSE 0.22 1.20 1.11 0.82 0.37 0.14
S 0.22 0.92 0.84 0.57 0.23 0.1
SSW 0.18 0.93 0.77 0.65 0.32 0.10
SW 0.22 0.88 0.76 0.61 0.32 0.05
WSW 0.22 1.02 0.83 0.80 0.27 0.04
W 0.19 0.99 0.82 0.56 0.17 0.09
WNW 0.14 0.98 1.12 0.80 0.44 0.19
NW 0.20 0.47 0.85 0.99 @©.79 0.15
NNW 0.14 0.34 0.86 0.47 0.07
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TABLE D-2. (Continued)

Moderately Stable Atmospheric Stability

Wind Wind Frequency (%) for Wind Speeds (mph)
Direction 0-3 4-7 8-12 13-18 19-24 >25
N 0.06 0.14 0.48 0.63 0.16 0
NNE 0.11 0.42 0.88 0.43 0.15 0
NE 0.14 0.84 0.66 0.09 0 0.01
ENE 0.12 0.25 0.34 0.30 0.06 0.01
E 0.07 0.23 0.40 0.25 0.04 0
ESE 0.11° 0.38 0.61 0.68 0.14 0
SE 0.13 0.44 0.94 0.89 (D) 0.07
SSE 0.14 0.51 0.36
S 0.17 0.44 0.84 0.86 , 0.24 0.06
SSW 0.09 0.42 0.64 0.66 0.32 0.06
SW 0.12 0.44 0.63 0.68 0.16 0.05
WSW 0.12 0.37 0.55 0.44 0.07 0.01
W Q.11 0.35 0.50 0.26 0.05 0.03
WNW 0.31 0.45 0.2 0.04 0.01
NW 0.1 0.30 . 0.30 0.39 0.10 0.01
NNW 0.14 0.23 0.40 0.60 0.12 0
Very Stable Atmospheric Stability
Wind Wind Frequency (%) for Wind Speeds (mph)
Direction 0-3 4-7 8-12 13-18 19-24 >25
N 0.07 0.06 0.17 0.30 0.11 0.01
NNE 0.06 0.27 0.34 0.30 0.04 0
NE @19 (@59 0.51 0.14 0 0
ENE 0.08 0.20 0.34 0.48 0.11
E 0.07 0.20 0.40 0.21 0
ESE 0.17 0.47 0.65 - 0.36 0.01 0
SE 0.07 0.48 0.07 0
SSE 0.06 0.43 0.44 0.48 0.03 0
S 0.09 0.21 0.46 0.38 0.05 0
SSW 0.06 0.24 0.36 0.29 0.06 0
SW 0.08 0.14 0.20 0.13 0.03 0
WSW 0.04 0.07 0.15 0.06 0.01 - 0
W 0.04 0.14 0.06 0.04 0.01 0
WNW 0.13 0.09 0.06 0.04 0.01 0
NW 0.12 0.1 0.05 0.02 0.01 0
NNW 0.07 0.08 0.1 0.12 0.05 0



this table for persistence correspond to the values of f in Equation 1.
An average sector concentration is calculated by summing over all these
organized persistences in a sector as expressed by Equation 1.

Hence, the application of Equation 1 to a particular site requires the
joint windspeed and direction frequencies for each stability class, based
on a sufficiently long period so as to be representative of the diffusion
climatology at the site. The wind speed frequency in each stability cate-
gory for each direction is used to partition the total source in a func-
tional manner, i.e., if the wind blows 10% of the time to the north from
the point of release, then 10% of the releases are assumed to travel to the
north. The average annual concentration for a given sector is proportional
to the persistence in the sector; the greater the fraction, the greater the
fraction of the total annual release that is assumed to be in this sector.

The available joint frequency data was inconsistent in another respect,
i.e., the wind speed and direction measurements were not all taken at the
same height above ground. Additionally, these measurements were not always
taken at the height of potential release. Thus, a correction was made for
release height by the following relationship:

up e average wind speed at assumed height of release, m/sec

h e height of assumed release, m

z e height of wind speed and direction measurements, m
Dm e mid-value of standard wind speed interval, m/sec

p e 0.25 for neutral and unstable conditions

p e (.5 for stable conditions.

For a ground level release, h was assumed to be zero in Equation (1)
and 10m in Equation (2).
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The "average sector" was derijved by averaging the overland sector
freqdencies within each stability category for each wind speed interval.
These average frequencies were then used in Equation (1) to calculate the
"average sector" annual ajr concentration. '

MAXIMIZING PROCEDURE

A computational maximizing procedure was adopted for the (%/Q')
calculation at each site.

A calculation where the final value is the summation of a number
of contributions may be maximized by selecting the largest values of each
of the contributions. In the (X/Q’') calculation outlined above, the
average annual (%/Q') contribution for each component of the groupings
in TableAD-Z will depend directly on the persistence values (f). The
estimates of a maximum annual average air concentration for a hypothetical
sector were obtained by electing to use the largest values of the persis-
tences that occurred in each wind speed class within each stability cate-
gory disregarding direction. Hence, the actual procedure was to obtain a
single set of maximum values for the wind speed groups, for each of the
stability classes. That is, the maximum persistence value was taken for
the 0 to 3 mph wind grouping, and then for the 4 to 7 mph, etc., for each
stability category. This set of values represent the maximum persistence
that occurred in each wind category regardless of wind direction, based on
the site's data. The values used in the example given in Table D-2 have
been circled. This procedure will maximize the calculated sector average
annual air concentration by using the maximum persistences that occurred
within the groupings inherent in the calculation.

Additional operations were necessary, depending on the form in which
data were received. Not all data sets had the same wind speed class
intervals. These data were converted to standard intervals by graphical
means. Calm periods were included in the lowest wind speed class and were
assumed to have the same distribution. For average sector values, the calm
periods were equally divided between the sectors. For the maximum sector,
a suitably higher percentage of the calm was used. Stability categories
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were judged to be Pasquili-Class B for unstable, D for neutral, E for
stable, and F for very stable. The values of a, that were used were
based on values given by Pasquill and Gifford.

CALCULATED ANNUAL MAXIMUM SECTOR CURVES

The maximizing procedure was used to calculate a set of maximum sector
curves as a function of distance for each of the twenty-six sites for a
number of heights of release. Then for each release height, the maximum
(%x/Q"') values were taken at each of ten calculational distances to produce
an upper limit curve based on all the sites. The set of curves for the
different release heights is referred to as the CAMS (Calculated AnnuaT
Maximum Sector) curves. They are presented in Table D-3.

The onsite meteorological data from the reactor sites were also used
to calculate mean values of sector average annual air concentrations. In .
this instance, the frequency distributions within each stability class and
for each wind speed for all overland sectors were summed and then divided
by the number of sectors. This result is a mean frequency distribution for
a 22.5° sector. The mean meteorological condition for all of the sectors
around a facility is represented by the mean sector value. Normalized
average air concentrations were then calculated as a function of distance.
The averages of these mean curves for all sites are referred to as the mean
sector curves. A comparison is given in Figures D-1 and D-2 between the
mean curves and CAMS as a function of distance for all sites for 10-meter
and 100-meter, releases, respectively. '

The CAMS curves were developed to be used as initial estimates of the
annual average %/Q' values that might occur at any site. Comparisons with
independently calculated %/Q' values have shown that the CAMS curves may be
used as realistic but conservative estimates of ¥/Q' in the absence of
actual site climatological data..

Although the most conservative sector (CAMS) has been used in this
study, credit should be given for local site characteristics in specific
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TABLE 2. “Maximum Sector” Average Annual
Normalized Air Concentration

(x/Q') as a function of distance

Height (meters)

Distance (m) 0 10 30 50 75 100 125 150

1 x 102 2.86-3* 6.23-5 5.51-7 1.62-10 2.40-17 <<1-20 -- -~

2 X 102 .7.07-4 1.07-4 4.11-6 5.10-7 1.02-8 4.58-11 4.56-14 7.87-18
5 x 102 1.20-4 7.59-5 3.92-6 1.11-6 5.80-7 2.76-7 1.10-7 3.62-8
1 x 103 3.49-5 2.97-5 3.34-6 9.26-7 3.48-7 2.10-7 1.68-7 1.32-7

2 X 103 1.10-5 1.03-5 2.12-6 7.68-7 2.64-7 1.23-7 6.32-8 4.05-8

5 x 103 2.56-6 2.50-6 7.48-7 3.92-7 1.85-7  9.99-8 5.62-8 3.33-8
1 x 104 9.38-7 9.26-7 3.06-7 1.89-7 1.04-7 6.17-8 3.98-8 2.67-8
2 x 104 3.66-7 3.63-7 1.26-7 8.47-8 5.30-8 3.31-8 2.24-8 1.60-8
5 x 104 1.11-7 1.10-7 3.94-8 2.81-8 1.95-8 1.37-8 9.55-9 6.77-9
1 x ]05 4.59-8 4.58-8 1.66-8 1.21-8 8.81-9 6.53—9. 4.83-9 3.57-9
2 x 105 1.80-8 1.79-8 6.71-9 4.99-9 3.76-9 2.91-9 2.27-9 1.77-9
5 x 105 5.46-9 5.46-9 2.07-9 1.57-9 1.22-9 9.86-10 8.08-10 6.65-10
1 x 106 2.23-9 2.23-9 8.54-10 6.52-10 5.15-10 4.25-10 3.57-10 3.03-10

*2.86-3 = 2.86 x 1075
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applications. Conversely, even though CAMS has been shown to be con-
servative in this study, 1t is not expected, in a statistical sense,
that the CAMS curves will enclose the population of all ¥/Q' values.

In order to properly interpret the %/Q' values calculated for the
extreme distances presented herein, it must be understood that an upper
1imit has been placed on vertical diffusion. Such a 1imit does naturally
occur and is discussed by Holzworth. For the United States this limit is
around 1000 meters (2000 m has been used in this study). When no limit is
placed on vertical diffusion, estimates of %/Q' during Type A conditions
are affected at distances beyond 6 x 103 meters. These values will be
underestimated less than an order of magnitude at 105 meters. Allowance

may be made for the mixing depth in any particular region by use of maps
published by Holzworth.

The above method and the CAMS curves are not designed to replace in
any way the need for onsite meteorological data collection programs. They
are only for initial estimates for an undéfined site for use in plant
design. It is anticipated that once a particular site is chosen, onsite
data will be collected and used to make a more accurate assessment of the

diffusion climatology both for the routine as well as accidental release
calculations.

REFERENCES

1. G. C. Holzworth, Mixing Heights, Windspeeds and Potential for Urban

Air Pollution Throughout the Contiquous United States, Environmental
Protection Agency, AP-101, January 1972.
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APPENDIX E

EMPIRICAL METHOD FOR ESTIMATING THE TOTAL NUMBER
QF FISSIONS FROM ACCIDENTAL CRITICALITY
IN URANIUM OR PLUTONIUM SYSTEMS(I)

INTRODUCTION

Each new plant that fabricates, processes, or otherwise handles
fissionable materials undergoes a safety analysis prior to startup. One
part of the safety analysis is to assess the potential consequences of a
postulated worst credible criticality accident. To perform this assessment,
the total energy release~-expressed as "total number of fissions" from the
criticality excursion--must be estimated or assumed.

In a plant where the assumed worst credible criticality accident is
in a fissile solutijon system, the present industry practice is to assume a
pre-established upper limit of 4 x 1019 fissions. This value is based some-
what on the past history of criticality accidents and the fact that the

highest excursion to date resulted in an estimated 4 x 1019 fissions.

This appendix presents the results of a study to develop a model for
predicting the total number of fissions from a criticality excursion in
uranium or plutonium solution systems. Oevelopment of this model has been
made possible by the recent criticality excursion experiments carried out
in France by the Commissariat a 1'Energie Atomique, referred to as the CRAC
experiments.(z) These experiments have provided the first firm basis for
developing an empirical model for predicting the total energy release from
a criticality excursion in a given solution system.

SUMMARY

The criticality accident, as characterized by the model empirically *
derived from the experimental data provided by the CRAC experiments, is
considered to be divided into 1) an initial fission burst followed by
2) a plateau period where the number of fissions/sec., ignoring oscilla-
tions, decreases with increasing time in the plateau.
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The model for the initial burst relates the total fissions in the burst

to a function of the volume (liters) of solution at the time of the burst.
-The empirically derived equation is

- 15, 0.82
Fg = 2.95(10) Vg

The estimated 95% upper confidence level is given by

! 0 (logy] - 1.73)% /2
log(Fg) = 15.47 + 0.82 logVy + 0.23 1.04 + T

This relationship is assumed to hold for the vessel diameter range (11.8 to
31.5 inches) and solution addition rates used in the CRAC experiments.

Although the model developed for predicting the number of fissions in
the initial burst is mainly applicable to highly enriched uranium systems,
it is also applicable to plutonium and slightly enriched uranium systems.
However, the energy release predicted will be conservatively high because

of the presence of 240Pu and 238U, respectively, and other isotopes that

undergo spontaneous fission. With a neutron source added for plutonium
systems the fissions in the initial burst are estimated to be a factor of
two or more lower than predicted by the model. A reduction factor has not
been estimated for slightly enriched uranium.

The model for the number of fissions in the plateau is given by

Fo = 3.2000)'8 1 - £70-155

with the 95% upper confidence level given by

Fy = 4.6 x 107 [£°02 - 1]

where t is the duration of the plateau in seconds and F_ is the number of
fissions in the plateau. The model is developed from an empirically derived

upper envelope fissions/sec plateau time plot and then integrating over the
duration of the plateau (t).

Thus, an estimate of the total number of fissions occurring during a

criticality accident is obtained from FT = FB + Fp, the latter term
generally being the main contributor.
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Application of the model to find the potential energy release from
a criticality accident for use in a plant safety analysis could be accom-
plished by listing the vessels to be considered, estimating a potential
duration for the excursion based on past accidents, caiculating for each
vessel the total number of fissions using the model presented, and then
selecting the highest number of fissions.

To test the model, the conditions of the seven past industrial criti-
cality accidents(z) and three critical mass laboratory accidents were
used to calculate initial burst and total energy release. The model is

conservative in all but one instance.

DISCUSSION

Basic Approach

Even restricting attention to the CRAC experiments, considerable
variation remains in the graphical plots of fissions/sec versus time of
the individual criticality accident. However, the same basic pattern per-
sists. Some empirical fe]ationships, although not based on detailed
physical processes, are useful in predicting the number of fissions for
criticality accidents similar in nature to the CRAC experiments.

The criticality accident is divided into two parts: 1) an initial
fission burst followed by 2) a plateau period where the average fission rate
slowly, monitonically decreases. This is depicted in Figure E.1.

The fission burst at the onset of an accident is an immediate concern
to personnel. Consequences depend on distance, the size of the burst, and
the shielding between personnel and the event. A longer term concern is
constituted by a release of fission products to the environment. The magni-
tude of a release is dependent upon the duration of the criticality, the
fission product inventory (total fissions), and the adequacy of plant
ventilation and filtering systems. )

CRAC Experiments

Development of the model is based on 41 criticality excursion experi-
ments performed with highly enriched uranium at the Commissariat a 1'Energie
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FIGURE E.1. Characteristic Energy Release from a Criticality Excursion
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Atomique, France.(z) A summary is presented in Table E.1. The variables
taken into consideration were as follows:

Vessel Size (Two diameters were used: 11.8 in. ID and 31.5 in. ID)

Neutron Source (Of the 41 experiments, 32 could be classified as .
having no initiating neutron source, four had a source by virtue of
spray neutrons from the previous experiments.)

Volume (Solution volumes at the time of the excursion ranged from
20 2 to 250 2.)

Excess Above Critical Height (Excess solution additions ranged from
4 cm to 185 cm above the critical height.)

Mass (The total uranium involved in the excursions ranged from 1.6 kg
up to 46 kg.)

Solution Addition Rate

Uranium Concentration (Ranged from 21 g U/% to 383 g U/ 2.)
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Development of Initial Burst Model (Source not present)

The first model examines the number of fissions in the initial burst

FB’ and relationship with volume at time of burst VB and rate of solutijon

addition AR'

Ignoring the addition rate for the moment, there is a definite rela-
tionship between volume and fissions in burst (Figure E.2). In Figure E.2,
a cluster of points at VB = 19.7 can be attributed to the presence of a
neutron source during the criticality experiment. At VB = 30 another
cluster of points is not as readily explained. Careful examination, however,
reveals that some of these data points result from experiments with neutron
sources present and that if the solution addition rate is taken into con-
sideration, then the number of fissions in the burst is reduced for these
experiments (as expected).

A second major point of interest is the definite difference in the
experiments conducted in the two different diameter size vessels. The same
‘basic relationship between valume and fissions in the burst remains the

same except for a shift in position. A similar phenomenon occurs in the
relationship between volume at burst and concentration (Figure E.3).

By restricting attention to those experiments with the same vessel
diameter size, and excluding any experiments with an external neutron source,
a spécific empirical model can be derived based on the data contained in
Table E.2. An empirical model of the form

1og(FB) = A+8B 1og(vB)'+ C‘1ogAR

was fit by least squares to give

1og(FB) = 15.36 + 0.72 1og(VB) + 0.20 logAR (Model 1)

or in the terms of the original variables

) 15, 0.72 , 0.20
Fg = 2.29 x 107 Vg A
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