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ABSTRACT ~ '"""_""__*

This paper describes an approach to identifying
source ten* from possible accidents during the
predoaure phase of a high-level nuclear waste
repository. A review of the literature on
repository safety analyses indicated that source
t e n estimation i* In a preliminary stage,
largely baaed on judgement-based scoping analy-
ses*. The approach developed here was to parti-
tion the accident space into domains defined by
certain threshold values of temperature and
impact energy density which may arise in poten-
tial accidents and specify release fractions of
various radionudides, present in the waste
form, in each domain* Along with a more quanti-
tative understanding of accident phenomenology,
this approach should help in achieving a clearer
perspective on scenarios important to preclosure
safety assessments of geologic repositories*

INTRODUCTION - •

In the safety analysis of nuclear facili-
ties, the expression "source term" generally
refers to the quantities of various species of
radiological materials present at (or emanating
from) a particular location (or set of loca-
tions) following an accident. The source term
serves, aa an input to some ancillary analysis,
for example, a consequence assessment which cal-
culates radiological doaes delivered to the
public or the facility workers from the event*
Since these doaes have to be in compliance with
guidelines specified in applicable Nuclear Regu-
latory Commission (NSC) regulations1 or Depart-
ment of Energy (DOE) orders2, the estimation of
source terms for the spectrum of accidents
deemed credible at the facility is a necessary
element in the s&fety analysis. In the case of
facilities which have yet to be constructed,
such as the geologic repository for disposing

*Thia paper is based on work sponsored by the
U.S. Department of Energy. Views expressed in
this paper do not necessarily reflect those of
the Department of Energy.

high level nuclear wastes, the accuracy and
sophistication of source term estimation depends
in part on che level of detail to which the
design effort has progressed, including descrip-
tions of the physical layout, equipment and
operational procedures. Even in a preliminary
analysis, however, it is necessary to have some
perspective on the types of accidents which
could compromise the retention of radiological
materials, in order to be able to screen out
those events which have no significant conse-
quences. As the analysis progresses and atten-
tion is devoted to more significant initiators,
source term estimation should becone sore
. rigorous and be able to potentially locate
deficiencies, if any, in the design. The itera-
' tlve process of safety assessment at each stage
of the design effort should be capable of pro-
ducing a technically defensible risk profile of
the facility which meets the applicable licen-
sing guidelines. At this time, the repository
to be constructed at the candidate site, Yucca
Mountain, Nevada, it in the Conceptual Design
stage. This will be followed by an Advanced
Conceptual Design In 1991 and a final License
Application Design by 1995, according to the
current plans of DOE.

Performance assessments of the repository
are divided into two chronological stages:
(1) the preclosure stage, when the facility is
actually being conatructed and operated to
receive, repackage and emplace the waste, and
(2) the postclosure stage, which follows the
sealing of the underground storage vaults.
(Host of the steps in Che safety assessment of
the preclosure stage of a repository are also
applicable to the MRS, monitored retrieval
storage, facility). DOE initiated a Preclosure
Risk Assessment Methodology (PRAM) program to
support repository preclosure safety analyses
conducted in support of design and operations
assessment, prioritlzatlon of ret<arch and
development, identification of items important
to safety, licensing and public communication.
The risk, categories covered by PRAM are as
follows: radiological risk to the public and
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Che workers from accidents, radiological ris,k
to che public and Che workers from roucine
operations, and non-radiological risk co the
workers fron accidencs. The work reported in
this paper on source term estimation was carried
out it Brookhaven National Laboratory (BNL)
under the ?RAM program.

OVERVIEW OF REPOSITORY FACILITY AND HIGH LEVEL
WASTE

Details of the conceptual design of the
repository in tuff at Yucca Mountain are pro-
vided in the Site Characterization Plan-
Conceptual Design Report (SCP-COR)3 produced by
the Nevada Nuclear Haste Site Investigation
(NNWSI) Project. To summarize very briefly, the
repository consists of a surface facility and a
sub-surface emplacement area. The surface
facility Is. comprised of an access/receiving
area where the waste shipments will be received
and inspected, several hot cells where the waste
will be unloaded, consolidated and repackaged,
and buildings housing support facilities such a»
the radwaste treatment system. The sub-surface
facility will comprise several underground tun-
nel* where the wastes will be emplaced. Unlike
other repository concepts examined earlier, the
transfer of the waste to the sub-surface
emplacement vault at Nevada will not be through
a vertical elevacor shaft but a curving ramp on
which dlescl-powered transporters will operate
to carry the waste packages.

The latest projections of the characteris-
tics and quantities of the high level waste to
be stored In the repository are contained in the
"Integrated Data Bate for 1987: Spent Fuel and
Radioactive Waste Inventories, Projections, and
Characteristics".* Additional detail: on the
radiological properties of the different waste
forma Is' provided in DOE/RW-0184.5 In brief,
high level waste consists of spent fuel rods
from civilian nuclear power plents and (to be)
vitrified high-level waste (VHLW) from: (1) the
commercial reprocessing plant at West Valley,
N.T. and (2) reprocessing operations at DOE/De-
fense reacCor sites. The latter is currently
stored as liquid, sludge, or powder at the indi-
vidual sites.

APPROACH TO THE SOURCE TEEM

Current estimates of the source term in
repository preclosure safety analyses are pre-
liminary and characterized by x high degree of
uncertainty. This is due to two reasons: (1)
lack of quantification of the phenomenology of
potential accidents; at the present stage of the
design, estimates of the key parameters such as
impact energy, temperature, etc. which charac-
terize the conditions experienced by the wastes
during various postulated accidents, are not
available, and (2) paucity of experimental
information on releases of radiological mate-
rials from the waste forms under conditions

appropriate to Che repository environment; nose
of Che data on releases percains to conditions
which are representative of accidencs at Li^hc-
wacer reactors (steam and hydrogen atmospheres)
and its validity under repository conditions is
unclear.

Published studies of repository satecy have
generally resorted co informed judgement for
accident sequence quantification and simple
bounding calculations for estimates of the
source term. For exaaple, several studies have
examined the "hoist drop" accident (relevant to
the vertical elevator shaft design) In which the
elevator car carrying the final emplacement
waste package, housed in a transfer cask, suf-
fers a free fall into the sub-surface area.
Generally, the package Is assumed to reach
terminal velocity. This assumption is conserva-
tive since it maximizes the impact energy.
Beyond this point the analysis becomes
qualitative. Less attention has been paid to
repository accidents involving fires although
these are likely to be aore serious from the
viewpoint of radiological releases.

In the case of waste repositories, the
source term at a particular location, which
could be ln-plant or ex-plant, will depend on:

- the location of the accident
- the quantity of waste material involved
- the inventory of specific species of

radloouclide* in the waste
- the primary release fractions of each

species from the accident
- the retention of specific species by any

engineered barriers enclosing the waste
- the attenuation of different species

along the release path- either due to
natural causes, e.g., gravitational
settling, or to engineered barriers,
e.g., filters.

The approach adopted by PRAM it to model the
source term, defined as the release of specific
species of radlonuclides to the environment, as
a simple equation of the form:

- a * I t * 7(1) * A p * A f

where,

R(i) Is the release of the Ith species of
radionuclides,

a is the quantity of waste, in appropriate
units, Involved in the accident,

I. It the inventory of the ith species per
unit quantity of waste,

F(i) it the primary release fraction of the ith
species in the accident,

A is the attenuation of the release by the
packaging encapsulating the waste,

A, It the attenuation of the release by Che
facility.



The quantity of waste involved in an acci-
dent is specific to a particular location within
the repository. Different quantities of waste
material will be handled in the individual com-
partments and operations during the processes of
unpacking, consolidation, repacking and emplace-
ment. The inventory of various radionuclide
species is determined by the type of uaste
form. In Che case of spent fuel rods, for
example, the major determining factors are the
age of Che fuel from time of discharge and its
burnup. To facilitate the analysis, certain
(conservative) values of these- factors vere
adopted by PRAM; 5-year age, 60000 megawatt-day
per metric tonne of uranium (MWD/MTU) burnup for
PVR fuel and 40000 MWD/MTU for BHR fuel. The
ORIGEN-2 code developed by O«lc Ridge National
Laboratory was recommended to calculate the
Inventory for various values of age and burnup.

PRIMARY RELEASE FRACTION, F(i)

The primary release of a specific radionu-
clide froa the waste following an accident Is to
it* local environment, e.g., the cladding on a
fuel cod. The release depends on the species
and the driving energies characterizing the
accident.conditions. In the repository, mechan-
ical impacts, e.g., drop of a waste package, and
thermal events, e.g., fires leading to elevated
temperature*, are considered to be the most
likely internal initiators. A combination of
mechanical and thermal stress could also occur,
e.g.,. « collision followed by a fire. External
initiators, include seismic events and aircraft
crashes. (While - mechanical and thermal stress
ace very likely to be the most probable causes
of waste package disruption and radionuclide
dispersal, It should be noted that crlticality,
through some yet to be defined scenario-, has not
been excluded so far froa the list of possible
accidents.) In the absence of quantitative
information on accident phenomenology, the
approach adopted to formulate estimates of F(i)
is to partition the accident space Into generic
domains defined by selected thresholds of
mechanical and thermal stress and associate
estimates of release fractions of various
radionuclldes with each of the domain*. A
schematic representation is shown in Figure 1.
E(I) is a aschanical impact energy density
boundary, T(J) is a temperature threshold and
D(I,J) denotes a release domain. Specific
values of F(i) sre associated with each of the
domains. As the accident phenomena are more
concretely quantified, values of relesse
fractions appropriate to the Identified range of
accident conditions can be used to calculate the
source term.

The approach of defining a limited number
of domains in: accident space to characterize
primary release fractions is similar to that
adopted in NUREG/CR-4829,7 a study of spent
fuel transportation accidents. However, the

. boundaries defining the domains for repository
accidents are more arbitrary than chose of
SUREG/CR-4829, since a detailed structural anal-
ysis, of the repository wasce package, including
the transfer cask, during potential accidents,
has not been carried out so far. (The term
"repository waste package" is used here loosely
to describe any engineered barrier enclosing the
waste which may differ from location to location
as the waste moves through the various compart-
ments of the repository; it should not be con-
fused with the term "waste package" as defined
in 10 CFR 60). The approach to establishing the
impact energy and temperature thresholds was to
review the applicable literature on releases,
both experimental and theoretical, and look for
natural thresholds in the release mechanisms,
provided either by experimental data or by
eapirical models, of the various radionuclide
groups. (Table 1 shows Che classification of
different radionuclides into groups for the pur-
pose of identifying release fractions.)

Details of this literature review, which
Includes experlaental data, analytical estimates
and recommendations from earlier studies on
radionuclide releases, are provided in Table B.I
of the draft PRAM Procedures Guide.8 Much of
the information originated froa previous and
ongoing assessments of releases from reactor
accidents and fuel transportation accidents.
Thus, with only a few exceptions, the inforna-

i tlon on release fractions pertains largely to
reactor spent fuel.

Releases Due to Thermal Stress,

In reactor fuel rods, during normal opera-
tion, a portion of the Inventory of fission
products resides in the gap between the fuel
pellets and the cladding and is commonly
referred to as the gap inventory. If the clad
Is breached, a significant fraction of this
inventory can be. released promptly depending on
the accident conditions. For temperatures to
about 1000'C, aa empirical model of the release
of the fission products, noble gases (NG),
cesium (Cs) and iodine (I), consisting of a
prompt "burst" release followed by a slower
"diffusion" release, was proposed by Lorenz.9

Dsta on the gap Inventory of NGs obtained at
room temperature were reported in NUREG/CR-2928,
NUREG/CR-3600, NUREG/CR-4043, and NUREG-0418.
Analytical estiaates of the gap inventory were
reported in WASH-1400 and NUREG-0559. n In
NUREG-0418, an analytical method of predicting
NG release at high burnup was proposed. This
method was applied In NUREG-05^9 to obtain NG
gap releases for a range of reactor fuel types,
burnups, and power racings.

In past safety evaluations, the fraction of
fission gases promptly releasable was generally
assumed to be less than or equal to 0.3. This
value is fairly conservative for burnups in the
range of 30000 KWd/MTU, typical of past and



recent practice* However, there are indications
that future levels of burnup at power plants
will be significantly higher. Larger gap inven-
tories are associated with higher burnup.

The results of NUREC-0559 cover both boil-
ing and pressurized water reactors (BWR and PWR)
and were judged to be the most appropriate
source to estimate the NG gap inventory. Since
the NGs do not react with the cladding, this
inventory is available for prompt release in the
event of a clad breach and constitutes the
release fraction for NGs in the lowest tempera-
ture range. The value recommended for PRAM is
bated on the NUREG-0559 predictions aaaociated
with the highest linear power rating, 15 kU/ft,
and peak burnups of 40000 HWd/MTU for BWR fuel
and 60000 MWd/MTU for FWX fuel. (The latter are
assumed to serve as a basis for estimating NG
gap inventory la spent fuel with the saae burn-
ups on a batch-average basis, conforming to the
recommended values of burnup chosen for PRAM).
Ba*ed on these predictions, a value of 0.5 for
NG gap inventory wa» selected. Although there
are M a l l predicted differences in the NG gap
inventories for different reactor types, the
estimated uncertainty In the value Itself is
significantly larger than the difference. Thus
0.5 can be regarded as the generic value of the
gap inventory (and the release fraction F t n)
for NG in the lowest temperature regime. It is
possible that releases of NG in the lowest
temperature range could be higher if impact
events pulverize the fuel. This would lead to
production of new surface area and rupture of
mlcrobubbles of NG within the fuel. No attempt
seems to have been aadc so far to quantify this
effect.

The lower, range of the temperature thresh-
old has been derived from a series of gap
release ' calculations using the CORSOR code.
One natural breakpoint for this empirical
release model is *t about 1100*C. Isothermal
heating of spent fuel at this temperature for 70
minutes does not cause a significant transient
release of any fission products compared to the
gap release. The heating duration of 70 minutes
is moderately conservative. (For example, the
test conditions specified for fuel shipping
casks In 10 CFR 71.73 are 800*C for 30 minutes.)
Hence, far PRAM accident analyses, llCO'C was
adopted as the lower temperature threshold and
the gap release of NG* below this threshold is
believed to adequately represent the total
release fraction of NGs in this domain.

The CORSOR model has no other natural
breakpoint except that beyond 2000*C there will
be virtually complete release of the NGs in 10
to 20 minutes. To subdivide the temperature
space between 1100 and 2000*C, it is useful to
look beyond the model to anticipated accident
conditions. Since a potential source of thermal
energy In repository accidents could arise from
fires involving transportation fuels, it is

reasonable to consider the time-temperature
relationship associated with transportation
accidents. In NUREG/CR-4829, a temperature
range of 1400 to 2400°F (760 to 1315°C) was
cited for the open burning of hydrocarbon fuels
and durations up to 5 hours were considered.
CORSOR calculations at 1315°C indicate chat
about I, 2, and 10 percent of the remaining NG
inventory will be released for heating durations
of 30, 60, and 300 minutes respectively. While
a duration of 300 minutes may be overly conser-
vative, it leads only to a 10 percent increase
in the NG release fraction, from the value of
0.5 estimated above for the gap release (below
llOQ'C) to 0.55. However, the temperature-tine
boundary of 1315°C for 5 hours is a reasonable
threshold for the release of other fission
products. _ _. „.

The last temperature regime arises from
considerations of extreme accidents. For
example, the possibility that the zlrcaloy clad
on the spent fuel rods could be ignited leading
to a highly exothermic zirconium fire remains
undetermined. Severe reactor accidents have
been modeled extensively, but it does not seem
reasonable to adopt limiting conditions associ-
ated with reactor core-melt accidents. Given
this uncertainty, the choice of a generic
extreme thermal condition is based on considera-
tions of bounding estimates. The limiting tem-
perature of hydrocarbon fires in air was
reported to be 1315*C. In the analysis of reac-
tor core melting and zirconium fires in spent
fuel pools, peak temperatures have been pre-
dicted to exceed 2500*C. The spent fuel
received at the repository will be at least five
years out-of-reactor and the decay heat will
have been reduced considerably. The quantity of
spent fuel in a repository accident, at least in
the surface facility, is likely to be a small
fraction of the amount considered in a core melt
accident. Thus it la very unlikely that the
waste could reach a temperature of 2500*C. What
the peak temperature could be is unknown. To
estimate a generic release fraction for extreme
accidents, the waste is assumed to be lsother-
mally heated at a. temperature of 2000*C for 5
hours. The temperature is intermediate between
1300*C and 2500*C and the duration is the same
as in the previous regime. These values are
viewed as conservative. Under these conditions,
there will be a complete release of the volatile
fission products from the fuel. Thus under
accident conditions where the temperature may
exceed 1315*C, a release fraction of 1.0 was
adopted for NGs.

To establish release fractions for other
fission products under thermally-induced acci-
dents, values derived from sources reviewed in
Ref. 8 were supplemented with calculations made
with the CORSOR code. Below UOO'C, a number of
studies indicate that the volatiles, Cs and I,
group release will be dominated by the gap
rather than the transient release. (These



studies, however, were Halted to fuel with a
lower burnup than that assumed for PRAM).
Lorenz:s aodel for the gap release process
(burst plus diffusion), referred to earlier,
produces a release fraction of 3E-4 to 5E-3 for
Cs and around 5E-4 for 1 at temperatures of
about 35O°C; the coefficients in this model were
empirically estimated from end-of-cycla LWR fuel
elements with burnups in the range of 30000
HWd/HTU. Application of this model to 5-year
out-of-reactor spent fuel rods in the same
temperature range leada to release fractions of
5E-3 for Cs and 1E-2 tot I. An attempt was made
to correct these numbers for higher burnup,
based on S O M limited evidence that the gap
Inventory of Ca and I increases with burnup as
la the case for noble gases, although it is not
evident that the Lorenz model can be extrapo-
lated. This effort led to the assumption that
the total inventory of Cs and I resides in the
gap; however, unlike the NGs, Cs and I are not
gaseous under all conditions* The burst compo-
nent of the korenz model was used to calculate
the fractional release of Cs and I in the lowest
temperature range, baaed on their Inventories
estimated in ORIGEN-2 for 5-year out-of-reactor
spent fuel with the burnups specified earlier.
The contribution due to the diffusion portion of
tfic Loranz model was Ignored since the burst
process contributes about 70 to 80 percent of
the total gap release. The release fractions
estimated by this method are 0.03 for Cs and
0.04 for I. These fractions were adopted as the
Trtl values for Cs and I for temperatures below
IIOO'C.

In the next temperature reglae, IIOO'C < T
< 1315'C, CORSOR predicts a fractional release
of 0.1 for both C* and I due to the transient
release process. Hence the total fractional
releases of Cs and I in this temperature range
are estimated to be 0.13 and 0.14, respective-
ly. The release fraction of tellurium (Te) in
this temperature range, using CORSOR, Is esti-
mated to be 3E-3. The release of Te is affected
by the degree of oxidation of cladding. If more
than 70 percent of the clad is oxidized in the
accident, a release fraction of 0.1 for Te is
more appropriate.

In the highest temperature regime, T >
1315'C, the CORSOR model predicts nearly com-
plete release of Cs, I, and Te for the assumed
conditions, which include complete oxidation of
the clad. Thus these groups are aasigned a re-
lease fraction of 1.0 in this temperature
domain.

For the other radlonuclide groups, which
Include the barium (Ba), ruthenium (Xu),
lanthanum (La), and cerium (Ce) groups, CORSOR
model calculations Indicate that the fractional
releases predicted for all temperature ranges
are, with one exception, lower than the value of
the pre-existing fuel fines residing in the
gap. The fractional value of pre-existing fines

. is estimated at 3E-S, based on the work of
Lorenz who reported the fractional release of
3E-5 of the fuel as particulate via the burst
release mechanism. The exception for the
refractory releases, which exceed the pre-
existing fines, is the Ba group (barium and
strontium) in Che highest temperature range
where CORSOR calculations predict a value of
5E-3. Hence a value of 3E-5 for F was adopted
for the Ru, La, and Ce groups for all tempera-
ture ranges. For the Ba group, F was set equal
to 3E-5 for I < 1315°C, and 5E-3 for T above
1315"C.

The literature review carried out in Ref. 8
revealed a large uncertainty in the release
fractions for tritium and carbon-14. Values
quoted in the literature Include: 0.1 for H 3

(Jardlne12), 0.01 for both H 3 and C 1* (DOE/ET-
0029), 0.012 for H 3 and 0.027 for C 1* (DOE/EIS-
0046F), and 0.1, 0.4, and 0.57 for boch H 3 and
C releases from reactor spent fuel with
burnups ranging from 33000 MUd/MTU to 55000
(PWR) and 55000 (BHR), respectively (DOE/RW-
0035/1). At this time, any choice of F(i) for
these isotopes la arbitrary. A pragmatic (and
conservative) assignment is to place H 3 and C1"*
along with the HG group and assume the same
value of release fractions xs the noble gases.

Table 2 shows the estimated value of Fct,
in the specified temperature ranges for the
various radlonucllde groups defined in Table 1.

There docs not appear to be any experimen-
tal data on the release of fission products or
other redionuclides from "reheated" high-level
vitrified waste. (Data on impact releases from
this waste form are analyzed below.) In gener-

. al, releases from vitrified waste should be much
smaller than releases from spent fuel since much
of the release would have occurred during the
vitrification process itself, i.e., calcination
and glassification. Additionally, the noble gas
inventory would have been effectively removed
3ven earlier during fuel dissolution. Thus it
Is plausible that the spent fuel radlonuclide
release fractions for thermal accidents adopted
are conservative when applied to vitrified
vaste. The values may, in fact, be overly con-
servative; the gap Inventory which contributes
to spent fuel releases at lower temperatures
will be absent from vitrified waste and altera-
tions of the chemical form of some of the vola-
tlles, s.g., the formation of cesium silicates,
are likely to decrease their volatility. In the
absence of relevant data, the adoption of the
spent fuel f^h values for vitrified waste can
be justified on grounds of conservatism-

Releases Due to Mechanical Impacts,

Mechanical Impacts which are likely to
breach the waste package will release the waste
material in the form of particulate which could
then be transported as an aerosol (in the case



of spent fuel, there will be, in addition, the
release of the gap inventory if the clad is
breached), From the standpoint of safety analy-
sis, it is also important to estimate the frac-
tion of parclculate whoae size is in the respi-
rable range, approximately 10 microns or less.
Studies on releases from iapact events were
reviewed in Ref. S. These Included the results
of experiments on inpacts of vitrified material
at velocities of 20 and 40 a/sec (corresponding
to free fall drop heights of about 4.5 and 9 a
respectively), reported by Walker13 which
produced fractional releases of 'partlculate in
the ranges of 2E-5 to 3E-4 and 4E-4 to 3E-3,
respectively. Walker did not recommend a value
or a range of values to use in accident
analyses. However, these values were
recommended in other studies, e.g.. In NUREG/CR-
4303,l*_a study of prcdosure risk for the
basalt repository. Wilaot15 (SAND-80-2124)
reported the consensus of an expert panel which
assessed the risks associated with spent fuel
transportation. The panel argued that although
any impact event would generate a larger
fraction of fuel fines than that reported by
Lorenz for a theraally induced rod burst, the
cladding would retard the release of partlculate
from the fuel. A value of 2E-6 for the frac-
tional release of ;«rticulatc uu assumed; how-
ever, the primary release fraction upon impact
and the retention due to the cladding were not
separately defined. Thi* impact source term has
been used In the regulatory *rea. for example,
the Surry Dry Cask Storage Study.

: During several PRAM meetings, a consensus
developed that the experiments performed by
Jardine and collaborators at Argonne National
Laboratories represented a reasonable basis for
estimating the resplrable fraction of'aerosols
that might be generated during repository iapact
accidents. These experiments consisted of
dropping cylinders of pyrex glass and other
materials from specified heights onto an
unyielding surface and measuring the size and
quantity of the resulting particulates.
Summaries of the glass data and a plot of the
respirahle particulate (<10 microns) fraction
versus impact energy density are contained in
Table B.3 and Figure B.I of R*f. 8. The impact
energy densities covered a range from 0.41 J/cm3
to 140 J/cm3, and the resplrable fraction by
weight ranged from 3E-5 to 3E-2. A staple
bounding equation summarizing this data over the
range from J to 140 J/cm3 is:

where Flap

F - 0.8 log10 E - 3.2

Is the fractional release of
rcsplrable size particulates and E is the energy
density (in J/cm3) incident at the waste. (The
lover limit of frsctional release, In the case
of spent fuel, due to Impacts should not be
assumed to be less than 3E—5, the fractional
value of the pre-existing fines assumed to

density required to form this amount of particu-
late, lower than the range used co derive Che
above equation, the limit is probably academic
for any impact accident of practical concern).

Several k.ey areas or uncertainty in this
estimation of the particulate release tractions
need to be noted. Firstly, the data uere
obtained froa specimens of pristine pyrex,
which is different from the vitrified waste and
spent fuel that will be received at the reposi-
tory* Secondly, there is considerable
uncertainty in prescribing the Incident energy
deposited ia the waste. An attempt can be "--.de
to apply this data to repository impact
accidents by assuming reasonable fall heights
which allow estimation of the total iapact
energy available and arbitrarily assuming a
fractional deposition of this energy to the
waste. However a substantial analytical and
experiaental effort is needed to establish the
fraction of total package energy which would be
deposited In the waste Itself for the range of
anticipated conditions. Thirdly, there is the
purely statistical uncertainty associated with
the pyrex data itself. Additional research is
needed to resolve these uncertainties in the
application of this data to repository safety
analyses.

Releases Due to Combined Thermal and Impact
Accidents

Releases due to combined thermal and impact
events are calculated from a simple convolution
of the thermally-induced releases with the
Impact-generated release fractions. Since the
Impact releases were estimated with a continuous
function, the selection of the impact energy
density thresholds is arbitrary (although the
limits arc based on the experimental data source
mentioned above); for convenience, the thresh-
olds selected are 1 < E <10, 10 < E <100, and
100 < E < 140, where E is in J/ca3. The total
release due to a combined event is given by the
equation :

F t hCi) • IX - Fth(i)] F l B p.

Table 3 provides estimates of the release
fractions F(i), calculted on the basis of this
relation, for the specified ranges of tempera-
ture and iapact energy density. (In Table 3,
where a range of values is quoted for a F(i) in
a particular cell, the lower value of the range
corresponds to a value associated with the lower
end of E for that cell and the upper value to
the higher end of E.)

ATTENUATION DUE TO THE PACKAGE AKD THE FACILITY

As the waste moves through the repository,
one or more packaging components will be pres-
ent, which include fuel cladding (for spent
fuel), canister (for VHUO, waste container,



transfer cask, etc. Each component can be con-
sidered as a barrier which has the potential to
retard the release of radiological material
released.in an accident. If a barrier survives
an accident, the waste would remain localized
within the component. Even if a barrier is
breached, it seem* reasonable, intuitively, to
expect some degree of attenuation.

The attenuation due Lo the packaging, An,
can be defined as the product of factors appro-
priate to each of the components or barriers
present, for example, *

\ " <Acl.d> * <Acont*in.r> * (Ac,.k>-

For an accident involving bare fuel assemblies
(which may occur, for example in one of the hot
cells) ̂~ the first factor on the right hand side
of the above equation would alone define Ap.
For an accident that occurs during emplacement,
Ap would presumably have contributions from
each factor in the equation.

The packaging components which are generic
to the repository are the spent fuel cladding
and the canisters which hold the processed
VHLW. Other components, e.g., the container,
transfer cask, etc. are site specific. It is
not possible, at this time, to estimate their
survlvability in potential repository preclosure
accidents as it is, for example, with a fuel
shipping cask which Is a llcensable item. A
review of various studies in this area reveal*
that attenuation factor* have been estimated
judgementally without detailed analytical or
experimental back up to the estimates; in fact,
a majority of the studies lean to the side of
conservatism by assuming no credit for attenua-
tion by the package. Prototypic testing of
full-scale transportation packages by Sandla
National* Laboratories and simulated waste glass
containers by the Savannah River Laboratory
Indicate that credit can be taken in some
cases. The problem for the repository package
1* how much credit and where it is warranted.
This area generally require* a substantial addi-
tional effort If It 1* to be resolved in a tech-
nically defensible manner. In the interim, only
bounding assumptions appear to be warranted. If
accident quantification and structural analysis
convincingly support survival of the barrier,
complete credit for retention should be given.
Conversely, no credit should be taken where
failure of the barrier is likely. Hence, at
this time, Ap should be assigned bounding
value* of 0 or 1 depending on whether barrier
survival i* likely or not likely.

If radionucllde releaae in a particular
area of the facility occurs following an acci-
dent, the next stage of the analysis addresses
the transport of the released material. With
the exception of the NGs and tritium, other
materials will be releases as particulate, or,

if released in a volatile form at an elevated
temperature, should quickly condense into or
onto particulate as the release migrates from
the accident location. (This is somewhat over-
simplified, as there is uncertainty in the
actual chemical form of the iodine released.)
The question then is mainly one of aerosol
transport.

The range of approaches to this problem is
wide, from a simple approach of using a decon-
tamination factor (DF) to describe the attenua-
tion along the path of the release, to a complex
approach which treats aerosol physics realisti-
cally. The simple application of a DF is only
useful In a very limited context, e.g., HEPA
filtration. If a DF is used to describe the
integral loss of material along the path of
release to the environment (through plateout,
deposition, etc.), one has a simple aeans of
estimating the release to the environment but no
Information on the location of the retained
taterial within the facility. Since conse-
quences to the facility personnel are required
in the safety analysis, the approach selected
must be able to provide both the quantities and
locations of the radiological releases within
the facility.

Among the complex approaches, very detailed
models of aerosol transport, encoded in coaputcr
codes such as CONTAIN, can provide very exten-
sive inforaation, including the temporal and
spatial distribution of released material within
the facility a* well as the release to the
environment. However, many of these codes have
formidable input requirements which would be
difficult to satisfy given the current status of
the repository design, the technical data bases
and the lack of accident parameter quantifica-
tion.

At the present stage of repository safety
assessment, it is clear that a more detailed
treatment than a simple "DF" approach is needed
to estimate the transport of released material
within the facility. However, given the large
uncertainties, the complex aerosol transport
models appear to be too detailed, data and
resource intensive to be useful at this stage of
the design. The use of a simplified, empirical-
ly based transport code Is recommended as a
means of estimating Af. However, it needs to
be pointed out that no code in this field has
been specifically developed for a waste reposi-
tory, and without experience and a verification
effort it is difficult to assert that any par-
ticular transport code is applicable to, and
adequate for, repository accident analysis.

CONCLUSIONS

The above review indicates that a signifi-
cant additional effort is required to narrow
down the uncertainties in the key parameters



which affect Che source Cera In repository
precloiure safety analyses. The first step is
to arrive at a more concrete quantification of
che phenomenology of potential preclosure acci-
dents to gain a better understanding of the
driving energies involved. This depends, in
part, on the level of detail to which the design
effort haa progressed. The approach outlined in
this paper, of specifying radiological release
fractions froa the waste as a function of acci-
dent driving energy, offers a "first-cut"
characterization of the Magnitude of potential
release*. In the context of ,a quantitative
analysis of accident conditiona, it will allow
for a useful interaction between facility
designers and safety analysts in an initial
assessment of scenarios important to safety. A*
pointed out above, there is a large uncertainty
in assigning credit for retention of radionu-
cllde* by the engineered barriers enclosing the
waste during waste handling operation*. This
applies not only to accidents but also to off-
noraal events or anticipated operational occur-
rences. A aors definitive understanding of
retention factors will be necessary both in
assessing public and worker dose as well as In
evaluating procedures laportant to operational
efficiency. Ongoing efforts by DOE and it*
contractors In the PRAM prograa are devoted to
resolving tome of these uncertainties in
preparation for the Advanced Conceptual Design
phase of the repository.
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Group

Table 1 Radionuclide Groups

Elements

Table 2 Release Fractions F,h for the

Radionuclide Groups under Various

Thermal Conditions

NG
I
Cs
Te
Ba
Ru
La
Ce
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I,
Cs,
Te,
Ba,
Ru,
La.
Ce,

Kr,
Br
Rb
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Sr
Rh,
Zr,
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H3,

Se

Pd,
Nd,
Np,

c1*

Mo,
Eu,
A«

Tc
Mb, Pa , Pr , Sm,

-

If

TEMPERATURE RELEASE GROUP
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Table 3 Release Fractions by Radlonuclide Group
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