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ABSTRACT

A performance assessment model for multiple barrier packages
containing unreprocessed spent fuel has been modified and applied to several
package designs. The objective of the study was to develop information to be
used in programmatic decision making concerning engineered barrier package
design and development. The assessment model, "“BARIER", was=developed in
previous tasks of the System Study on Engineered Barriers (SSEB). The new
version discussed in this report contains a refined and expanded corrosion
rate data base which includes pitting, crack growth, and graphitization as
well as bulk corrosion. Corrosion rates for oxic and anoxic conditions at
each of the two temperature ranges are supplied. Other improvements include a
rigorous treatment of radionuclide release after package failure which in-
cludes resistance of damaged barriers and backfill, refined temperature calcu-
Jations that account for convection and radiation, a subroutine to calculate
nuclear gamma radiation field at each barrier surface, refined stress calcula-
tions with reduced conservatism and various coding improvements to improve
running time and core usage. This report also contains discussion of alterna-
tive scenarios to the assumed flooded repository as well as the impact of
water exclusion backfills. The model was used to assess post repository clo-
sure performance for several designs which were all variation of basic designs
from the Spend Unreprocessed Fuel (SURF) program. Many designs were found to
delay the onset of leaching by at least a few hundreds of years in all geolog-
ic media. Long delay times for radionuclide release were found for packages
with a few inches of sorption backfill. Release of uranium, blutonium, and
americium was assessed. ’




1. EXECUTIVE SUMMARY

Tnis study is concerned with the disposal of unreprocessed fuel
elements in salt, shale, basalt, or granite repositories using a system of
-engineered barriers in addition to the geologic media as containment. 1In an
earlier study, a scoping model of barrier performance was developed' and
applied to a representative spectrum of barrier designs (Lester, 1979).
Results of that work suggested additional designs which were evaluated in a
subsequent study (Stula, 1980a). This work represents a continuation of
previous studies and includes more refined model development in addition to
performance evaluation of many barrier package design variations.
 “Performance“ is related to only a maximum individual dose after repository
closure and not to other factors such as waste transportation.

Barrier performance is determined in terms of ‘two main parameters:
time of initial release of radionuclides to the geosphere {leach begin time)
and duration of radionuclide release. Time 1s measured from a zero time sce-
nario when the repository 1s sealed and assumed saturated with water. The
- performance model treats a barrier péckage as a series of layers each consist-
ing of a solid wall(s), filler (or backfill), and a gap between barriers.
Materials and designs for barrier packages are chosen to give a range of cost
and performance. The key concern is to identify where additional barrier cost
yields little increased benefit.

The major performance model refinements performed in this study
include addition of radionuclide release (transport) and radiation field cal-
culation models, improvement of the temperature gradient and stress calcula-
tion models, and expansion of the corrosion rate data base. In addition, the
Jossible effects of alternative repository scenarios and the use of water re-
~pellant backfills on performance are discussed. . All pertinent performance
model theory is provided in this report. ' '

Main barrier package design considerations include the effects of
external geologic crushing forces and corrosive behavior of the associated
high pressure and high temperature brine/water. Evaluation of various general
proposed package design concepts {(Stula, 1980a) showed a design with a cast
solid lead stabilizer to be the most promising. In this design, corrosion




resistance is the most important factor in determining package life since the
voidless package stabilizer is sufficient to withstand geologic crushing
forces. 0f designs investigated which did not wutilize a cast solid
stabilizer, a design with a thick corrosion-resistant hole sleeve gave the
best performance. Results of this previous study indicated that these two
design concepts, or a combination of the two, were most desirable. Thus,
performance calculations in this study are limited to design variations of
these general concepts. However, evaluation of “best" package designs as
determined in previous work is performed in this study with the refined
performance model for comparison.

The perfommance indicates that package lifetimes of at least a few
hundreds of years in all geologies can be achieved. Furthermore, judicious
use of backfills to sorb radionuclides and or exclude water can reduce radio-
nuclide release after barrier failure as well as delay the onset of radionu-
clide releasa. Results indicate that a few inches of backfill thickness are
sufficient to supply the necessary barrier to radionuclide release. Large
backfill thicknesses are. of little advantage as long as sufficient sleeve
thicknesses and/or a cast stabilizer are used. The stress defense contribu-
tion of the backfill is questionable as it contributes very little and never
contributes to stress application if a very "soft" material is used. The key
question with regard to backfills remains whether the backfill materfal will
retain its properties or geometry over long periods of time (over 1000 years).
There is a serious question that a backfill would be intact in an environment
capable of leaching material from a ceramic waste material.

Calculated performance results using the refined BARIER model roughly
correspond to those from the previous model. While corrosion rates in the new
data base tend to be higher than previous values, the stress calculations for
geologic crushing forces are based on real failure rather than ASME code cri-
teria which tend to be very conservative.




2. INTRODUCTION

This report describes the work on engineered barrier performance
assessment performed by Science Applications, Inc. (SAI) for Pacific Northwest
Laboratories (PNL) during the period January 1, 1980 to September 30, 1980. This
“effort under Office of Nuclear Waste Isolation (ONWI) sponsorship was a follow-on
to previous studies from June through December 1979. The objective of the work
was to develop means to evaluate performance of proposed design concepts, assess
the sensitivity of the package ﬁgrformance to specific design parameters and
support evaluation of the incentives for use of various types of packages.
Results of this study are {intended to support decisions by ONWI regarding
engineered barrier development plans. Additional studies at PNL on the results
of releases to the geosphere ‘cOmplement this work and provide additional
decision-making inputs.

The code developed as a part of this work provides a good beginning for
a detailed near-field model which would be part of an integrated repository risk
assessment model. Technology transfer of this work is underway to support
efforts to develop such an integrated model. ,

‘Efforts under this study were 1imited to some specific circumstances.
Nevertheless, the model was developed in a manner which allows expansion into
many other circumstances. A specific 11st of candidate materials was used (see
later section of this report), a limited set of designs was‘assessed based on
previous conceptual studies (Westerman, 1979), four basic water chemistries were
used, specific repository designs based on the GEIS (DOE, 1979) were assumed and
one specific scenario (flooded repository) was assumed. The study was restricted
to PWR spent fuel storage but is easily extended to other waste forms. The
parameters considered were not intended to represent an exhaustive list of
possibilities but rather to be a wide ranging list:of possibilities which provide
2 representative sample for the purpose of understanding conceptual burial
performance parameter sensitivity. Thus, many excellent material choices and
design possibilities have 1ikely not been considered due to deliberate scope
limitation. Barrier package development activities will provide information for
data base expansion as the model i{s incorporated into integrated risk assessment
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models. The code will easily accommodate such changes due to modular design and
methods of data entry.

While the code used was writtan specifically for the DEC-10 system, it
is composed of standard FORTRAN IV and will run on most machines with minor
changes 1n 1{input/output and file control statements. A user manual has been
prepared and issued under separata cover as an interim report (Stula, 1980b).
The report {fs a condensed version of this report and intanded to provide
sufficient code documentation for future users. All of thd {information
pertaining to model theory and development in the interim report i{s contained in
this report.

2.1 PREVIOUS STUDIES

The study described in this report represents a follow-on effort to
previous' studies. The initial work was intended to provide rough assessment to
guide further studies. Experience gained in the ‘initial efforts was used to
determine where improvements should be made to the model and what additional
design concepts should be considered in the follow-on work. The key assumptions,
scenarfo descriptions, and repository designs are the same as reported earlier
(Lester, 1979) (Stula, 1980a). The reader is referred to the referenced
documents for additional details.

Past assessments focused on some design concepts which appeared to
offer 1ifetimes considerably larger than others. Of particular concern was the
problem of package crushing in rock masses where creep was significant (e.g.,
salt and some shales). Concepts employing heavy-walled bore hole sleeves and/or
cast stabilizers around the spent fuel bundle were found to offer good defensas
in high creep geologies. These were further avaluated in this study. Other
promising concepts from the past studies were also included in this follow-on
study. ’




2.2 THE MODIFIED MODEL-OVERVIEW

The barrier performance model used for the calculation discussed in
this report was a modified revision of the model used for previous studies
(Lester, 1979) (Stula, 19802). Extensive modifications have been made. The key
changes were

(] complete overhaul of corrosion rate data base as a result of expanded
literature survey and conversation with various corrosign experts

(] addition of a detailed radionuclide release raté model which accounts
for resistance from damaged barriers, backfill sorption and diffusion
in the backfill

] replacement of ASME code criteria for crushing with a detailed stress
model to assess the time of actual plastic yield of a barrier wall
under external pressure stress

0 refinement of temperature gradient calculation to assess thermal
radiation across clearance gaps :

o _.addition of a detailed calculation of nuclear radiation fields at
package barriers

Figure 2-1 is a simplified block diagram of the improved model. A more-detailed
description and diagram can be found in Section 3.1, General Description.

The current version of the model tends to give failure times which are
similar to the old model. This {s because the reduction 1in wall thickness
requirement due to 1less conservative stress treatment {is offset by higher
corrosfon rates in the data base. The higher corrosion rates result from
consideration of mechanisms other than bulk corrosion such as pitting, crack
growth and'graphitization. Radionuclide releases are much more delayed and
attenuated than in the old model because sophisticated backfill models are
employed which take credit for more sorption and diffusion resistance effects.

Ldrger time increments are used in the improved code which make running
- time comparable to the older version. A study offaccuracy indicated that large
time increments (ten to 100 years) do not significantly affect accuracy within
significant figures. Using the DEC-10 computer, it was found that a single
package design could be run in one geology and water chemistry (oxic and anoxic)
for a few dollars of machine time. This is comparable to experience with the
previous version.
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2.3 SCENARIOS

'The post-repository closure scenario used in this study was the same as
that used 1in previous studies. Like all risk assessment models this one is
scenario specific. The scenario considered is a very stringent case for possible
‘package. failure and near-field release.

At time zero the package containing one 6. Sgyear-old 3.3 percent
enriched, 33,000 MWD/MTHM PWR fuel bundle 1{s assumed to be immersed in the
geologic medium which 1s saturated with water of appropriate chemistry for the
" postulated geologic setting. All calculations are carried out assuming both oxic
and anoxic chemistry. The ground water chemistry is described in Section 3.3.
Sufficient circulation of water is assumed so that there {is no. build-up of
radionuclides 1in the near-field. This is a conservative (i.e.; highest release)
assumption. A1l packages are assumed to experience the same environment and
respond in fdentical fashfon. “ o

The model does not account for upset conditions or sensitization of the
package barriers from previous events or manufacturing-flaws. Probabilities of
such deviation could be dincluded in the model 1in later risk assessment
applications.

Some alternative scenarios are discussed in the next section. While
the model does not actually consider these, the effect on the results of
calculations if they were to be considered is discussed.

2.4 ALTERNATIVE SCENARIOS :

Scenarios other than the saturated near-field scenario could produce
. similar or greater consequences. The following alternative scenarios are
" discussed in this section ' '

¢  moisture in the near-field in 1im1ted quantities with package intact at
time = 0 : ,

] dry environment with later water intrusion (limited and unlimited water
available) =

o direct package intrusion by humans ~

e ‘repository fiooding with- very high velocities and large ~water
availability , '

¢ major disruptive natural event such as volcanism or seismic disturbance

9




2.4.1 Limited Near-Field Moisture
The "BARIER" code is based on some key assumptions which relate to an
unl imited moisture supply. These are

° corrosion proceeds in a manner that would be expectad in systems with
no significant corrosion product build-up or corrosion agent deplation
in the water -

] radionuclides are carried away from the package at sufficient rate to
make a near-zero concentration of radionuclides in the near-field

0 corrosion mechanisms are those expectad in a 1iquid/solid system (no
vapor or gas phasa)

(] the mechanical properties of the backfill are those of a medium
saturatad with wataer

(] radionuclide sorption and water transport in the backfill {s
charactarized by a porous medium saturated with water

In the event that the water supply is 1imited then a vapor phase would
be present, the backfill would not be saturated and the assumptions above would
be invalid.

If such a scenario were assessed the effect on corrosion rates would be
reduction due to build-up of corrosion products and deplietion of corrosion agents
and possible increase due to vapor phase reactions. Data are lacking to allow a
reliable quantitative assessment. It would be expected that corrosion rates
would be equal to or less than those used in the current model since build-up of
products and reduced corrosion agents (2.g., oxygen) would probably be a larger
influence than influences due to introduction of a vapor phase.

- In most instances the backfill mechanical properties are greatly
improved when water contant is reduced from saturation. Thus, the backfill would
offer better defense against crushing in media with high cresep. '

If the backfill were unsaturated then three effects on radionuclide
transport would be expected: (1) reduced sorptién because of reduced surface
area/moisture contact, (2) reduced flow due to reduction of flow paths and
effective moisture conductivity, and (3) reduced discharge rates because of
near-field build-up of radionuclide concentration. Effect (1) tends to 1increase
release rata but (2) and (3) greatly reduce release rate. The net effect would
likely be reduced release rates, larger release time and longer time to {initial
release.

10




The overall  result for this scenario would be expected to compare to
“BARIER" results in that the package would last longer before initial leaching of
the waste and  subsequent release would be more delayed and more spread out in
time. This is not surprising because water is the key to package faflure and
rad{onucl{de transport.

-

2.4.2 Dry Environment with Subsequent Water Intrusion
- The same assumptions as mentioned in Section 2.4.1 are affected and
similar effects on the results would be expected.

‘The dry period would introduce a delay time to faflure with only the
possibility of failure from inadequate design. Experience in archeology shows
that ancient, crude metal objects 1lasted almost d{ndefinitely in a dry
environment. If the package is not adequately designed for forces caused by rock
creep, such forces could result in crushing of the package. The wet period would
then follow and be different from the model only {f the water supply 1s unlimited
as discussed in Section 2.4.1.

2.4.3 ‘Direct Intrusion

Direct jntrusion may consist of many forms 1including resource
extraction, exploration, or repository explofitation. Direct intrusion introduces
mechanisms for damage of the package which are not accounted for {n the model.
Such intrusion could be considered 1in package design 1f reasonable and
probabilistic assessment were made of the resultant releases. No relation
between this scenario and the one calculated by "BARIER" can be drawn.

.4.4 High Velocity Flooding - Large Water Availability

Such a scenario could result from a gross breach of the repository
under influence of a pressure gradient or could result from “pumping" in the
near-field from thermal hydraulic circulation induced by package heat loads.
With regard to.barrier failure, this would appear.no different than the scenario
that the "BARIER" code 1s based on. In terms of radfonuciide release, the
results would be much different. With large circulation rates the backfill would
1ikely be damaged by erosion and contain flow channels or even disappear from the
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system. If such degradation were simulatad the results would be greatly reduced
or zero release attentuation after the package was breached and leaching had
begun. Leaching ratas would then be the same as those observed in {nversion
leach tests previously cited (Katayama, 1980) and the same as those calculated by
the old version of BARIER (Laster, 1979).

Frequently, in discussfions concerning package leéching. a flow scenario
such as depicted in Figure 2-2 is presented. Water flowing past the package in a
flood scenario is seen to penetrate on the upstream side, dissolve'&ateriaI, and
emerge on the downstream side. Hydrodynamically, this {s highly unlikely. If it
is assumed that the package backfill 1s intact then the situation is represented
by flow past a transverse cylinder constructed of a porous solid. Figure 2-3
shows the dimensionless pressure distribution around such a transverse cylinder
for three flow regimes (Schlichting, 1960): poteﬁtial flow, subcritical flow, and
supercritical flow. In the case of very slow flow (creeping flow) the potential
flow profile would be appropriate. As the Raynolds number increases (increasing
velocity) the flux would proceed through subcritical to supercritical. In
potential flow the backside pressure 1s precisely equal to the frontside pressure
(no drag) and there is a low pressure node at the side shoulder. One would then
expect a “backwash" toward the node as depicted in Figure 2-4 {f there {s any
internal circulation. A pure potantial flow with no drag will induce no
"backwash" but a “near-potential” condition would as described. The other flow
regimes are similar with the possibility of some circulation as in Figure 2-2 in
the subcritical region because the mode {s weak and there is some overall
pressure differential. However, the subcritical region will be highly unstable
and subject to boundary layer detachment at the slightast perturbation and go
toward the supercritical profile. Note that while the supercritical profile
shows an overall pressure difference there is a highly pronounced "backwash"
node. While the pressure distributions presented are for flow in a 1large open
space around the package (i.a., fgnoring the geology) it seems likely that the
whole scenario is not plausible unless a large space has opened up (from
catastrophic degradation of the repository as in the casa of dissolving away the
salt).

The BARIER model assumes flow by diffusion only with no "flow through”.
The foregoing discussion indicates that flow-through models are probably
unrealistic.
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2.4.5 Major Natural Disruptive Event

The concept of protection through usea of an engineered package probably
is not compatible with major natural seismic events or repository volcanism. The
only relation of such scenarios to the "BARIER" model which can be discussad is
the effect of seismic activity some distance away which gives attenuated
disturbances to the reposftory. The near-field effect of such a scenario could
be to accelerate degradation by causing vibration damage to the backfill or to
the containment vessels. Such damage is only significant if “water {s also
present. Therefore, this is a modification of the scanario considered in the
code and is a more savere case. Oepending on the severity of the disturbance,
the package mignt be breached at a much earlier time or even immediataly. Damage
to the backfill (cracks, holes, etc.) could reduce the radionuclide retention
properties. The result would be earlier and more sharply peaked release

1€




3. PERFORMANCE MODEL THEORY

In this section details of the physical theory used in the performance
assessment model! are discussed. The theory subsections generally paraliel the
subroutines used in the BARIER code. Each subsection is designed to supply
sufficient detail for clear understanding of the assumptions, model formulation
and conténts of the data base.

3.1 GENERAL DESCRIPTION

The package is viewed as a multi-layered (barrier) assembly which
undergoes a failure process starting with the outermost barrier and proceeding
inward. Each barrier element is ehvisioned as shown in Figure 3-1 and together
the elements form a package concept shown in Figure 3-2. (Note that the number
of parriers may be less than or more than that shown in Figure 3-2). The outer
material (#2) of a barrier is assumed to possess no structural strength and to
act only:as a corrosion protector or radiation shield. The existence of solid
wall(s), fillers or gaps fn a particular design is conveyed to the model by
setting the diameters of each barrier layer to the appropriate value. If a
particular barrier layer does not exist, then the I. D. of that layer is set
equal to the 9. D. The inner barriers are protected from corrosive attack and
from external forces by the outer barriers. As each barrier fails the next inner
barrier s subjected to the water environment 'énd the repository
pressure/temperature conditions.

Figure 3-3 shows how the model assesses the successive failure and
attack of the barriers which lead to 1leaching and radionuclide release after
failure of the last barrier. o

Initially a heat transfer model is \uséd  to'determine the maximum
steady-state temperature that the waste would wattain if the package remained
intact in a repository at its maximum temperaturs. If a temoerature of 63539
(380%C) is attained in the fuel bundle, the package is rejected and no further
calculations are made. If the'temperature'is within limit, the package is then

17
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taken through time increments as shown in Figure 3-3. The temperature of the
outer barrier 1s assassad in the heat transfer model and the nuclear radiation
field is evaluated. Then the corrosion model determines the decrease in barrier
wall thickness for that time increment based on the water chemistry, type of
material, and temperature range. The revised wall thickness 1is checked in a
mechanical stress model which calculates displacement and stresses and checks the
results against failure criteria. If the element does not fail then time {s
incrementead and the oprocess 1{s repeated. Once the barrier-fa{ls the next
innermost barrier is taken through the process until the last barrier fails.
Failure of the last barrier passes control to the waste package releasa model
which includes leaching and transport calculations for specific radionuclides.

Details of the specific models for each of the subroutines i{dentified
above are discussed in the following subsections. Specific package designs
evaluated are discussed in Section 4.0.

3.2 TEMPERATURE CALCULATIONS
There are three temperature calculations performed by BARIER and its
subroutines:

(1) repository surface temperature as a function of time is calculated in
the main program

(2) peak wast2 temperature is calculated in the PXTEMP subroutine

(3) barrier temperature at time of failure is calculatad in the TEMPER
subroutine
Table 3-1 details the areal heat loadings assumed for the reference
waste repository as described in the GEIS (D0E, April 1979). Temperature
calculations performed in the GEIS studies are usad in the 3ARIER code. It is
conservatively assumed that the bulk temperatures arg unchanged by the presence
of water from the flooding scenario. An approximate fit to the time-temperature
curves in the GEIS is made for each of the four geologic media considered. The
repository surface temperature is represented in BARIEZR by

To =Tl + 72 Int t <73 (3.2.1)

T, = T4 t> T3 (3.2.2)

R
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Table 3-1. Thermal Loadings Achieved for the Conceptual
Repositories for Once-Through Fuel Cycle.

Thermal Loading 2t Emplacement Salt | Granite | Shale | 8asalt

PWR _ ;

KW/ can 0.72 0.72 g.72 | 0.72

Hear field local kW/acre 50 130 0 .| 130

Far field average kW/acre 4Q 160 83 180
3%R :

kifcan 0.22 0.22 0.22 0.22

Near field local kW/acre €0 130 §5 130

Far field average ki/acre 40 1 44 10

1G0
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where
T1, T2, T3, T4 = constants for the fit
t = time after emplacement, (yr)

The fit is further conservative in that the temperature 1{s assumed constant
beyond time T4 when therea {s actually a gradual decrease in temperature. Values
of constants used are presaented in Table 3-2.

The PKTEMP subroutine calculates the peak waste temperature expected
during the 1ife of the waste package. A concentric cylinder model is usad which
accounts for heat transfer by conduction and radiation. Exploratory calculations
reavealed that free convection effects are small and that coefficients tand to
approach pure conduction. When the wasta package has gaps between barrier
elements, heat radifation effects are significant and are included in the model.

The peak waste temperature is determined by calcutating tha temperature
differential” across a series of individual barrier heat transfer resistances
while utilizing the maximum repository temperature as the reference tamperature.
An infinite-length concentric cylinder heat transfer equation i{s wusad which
assumes individual barrier resistances as depictad fn Figure 3-1. Each barrier
raesistanca is modeled as having a maximum of four distinct layers across wnich
neat transfer occurs. Thesa {include an inner solid wall, an outer solid wall
(e.g., a corrosion-resistant cladding), a filler or backfill material, and 3 qgao
between barriers. The variable names corresponding to the inner diametsr and
material of asach of these layers are shown in parenthesas in Figure 3-1. These
variables are generally subscripted with the variable [ to distinguish between
individual barriers (I = 1 for the innermost barrier and [ = I3 for the outermost
barrier).

Heat transfer across the first three 1ayqrs of each barrier (rA to r3)
is assumed to occur by conduction only. The following conduction equation is
used in the code

ZK(TA - Ta)
a 3.2.3
L zn(kler) 1n(r2/ri) 1n(r3/r27 ( )
+ +
kAI* k12 k23
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Table 3-2.

Constants For Repository Temperature Calculations.

Geology | T, (°C) | T2, (°Ctyr) | T3, (yr) | T4, (°C)
SALT 122.66 23.60 20.00 1193.00
BASALT 128.80 31.15 io.qdi 200.00
GRANITE | 129.24 29.97 £ 10.00 198.00
SHALE 100. 45 15.00 182.00

30.00
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where
3 = waste heat generation, (Watts)

Al’kIZ,kZB

4 = thermal conductivity of layer, (Watts/in-K)

L = length of waste heat generation surface, (in)

Values of thermal conductivity are assumed constant and taken at the midpoint of
the temperature range considered. Heat transfer across the gap (r3 to ra), if
present, is assumed to occur by both conduction and radiation. Tha following
equations are used for this situation.

T, -1
a 4 _ 4 3 8B 3.2.4
QL = 2m|ryoe(T, Tg) + TV ( )
v k.
. (3.2.5)

where
o = 3.68x10°%, (Wates/in?-%%)
e = effective emissivity, (dimensionless)
ey = emissivity at surface 3, (dimensioniess)

eq emissivity at surface 3, (dimensionless)

k3B = thermal conductivity across gap, (Watts/in-K)

Values of emissivity are assumed constant over the range of temperature
considered.
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The PKTEMP calculations are performed using the logic depicted in the
flowchart shcwn in Figure 3-4. Initially, the maximum repository temperature is
determined. This is followed by determination of the temperature across each
barrier st.rting with the outermost barrier and proceeding inward. For each
barrier, t'2 code first determines if a gap {s present as defined in the model
shown 1in Figure 3-1. If no gap is present, the code skips over the
radiation/conduction heat transfer equation and- sets T3 s Tg. The conduction
equation -calculates T, for the barrier and sets Tg of the next Innermost barrier
equal to TA. This process is repeated until the innermost barrier 1is reached.
If a gap is present in any of the barriers, the code tests for the presence of a
fi1ler (backfill) material in that barrier and chooses the apprbpriate
emissivities for use in the radiation/conductfon heat transfer equation. A
variable P = f(T3,TB) is evaluated in an iterative technique to solve for T3

T. -7 '
3 B -Q/L
z(rB/r3)

38

- -11 4 4
P 2n | 3.68 x 10 r3e(T3 - TB) +

(3.2.6)

An initial T3 s assumed equal to Ty and P is calculated. Ty is then succesively
incremented until P converges giving the desired value of Ty, T, for the barrier
is then solved by the conduction equation. TAr—for “the 1innermost barrier is
assumed to be the peak waste temperature (MAXTMP) for the waste package. A
program 1isting of PKTEMP is provided in Appendix A.

The TEMPER subroutine calculates the temperature40f a barrier at the
time of barrier failure. . Barrier failure is defined as a breakthrough of the
innermost layer (solid wall) of a barrier. TEMPER -nerforms a neat transfer
calculation between the repository surface and the outar bSarrier surface
utilizing a calculated repository temperature and an estimated overall neat
transfer coefficient, TEMPER calculations are pefformed using the logic depicted
- in the flowchart shown in Figure 3-5. '

The program first calculates the repository temperature as a function
of time. The outermost barrier temperature at failure {is then calculated using
the following equation
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. Q/L § 2.7
Te = Thgp(r, a1 * R (3.2.7)

where

Tc = barrier temperature at outer surface, (%)

hgp = estimated overall heat transfer coefficigns between
repository and barrier surface, (Watt/in-"X)

-

Ta =’ca'|cu1ated‘reposﬂ,:ory temperature, (%)
Ar = thickness of inner barrier layer at time of failure, (in)

For ‘each successive barrier, the repository temperature of the
particular geology in question is recalculated and is dependent only upon time.
The accuracy of the heat transfer coefficient estimate is relatively unimportant
fn  that typfcal waste heat generation 1{s such that in the designs studied,
calculated barrier temperatures at failure are nearly equal to the repository
temperature. A listing of the TEMPER subroutiné is provided in Appendix A.

3.3 CORROSION

The CORODE subroutine calculates the thicknesses of the two inner
layers {Figure 3-1) of each barrier as a function of time. 1In each case a
corrosion rate is chosen on the basis of temperature and type of repository water
and 1s utilized to calculate the decreasing thickness of a solid barrier wall.
The model assumes that the corrosion rate is characteristic of full immersion
conditions. The general form of the corrosion equation is as follows

Xy = Xy = R.At | »(3-3-1)

X, = new thickness, (in)
x,-= previous thickness, {in)

Re = corrosion rate, (in/yr)
. At = time increment, (yr)
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The CORODE calculations are performed using the logic depicted in the
flowchart shown in Figure 3-6. The program first tasts for the existence of a
corrosion-resistant coating on the outside of the outermost of the two barrier
layers 1n question (Figure 3-1). If prasent, the coating is dafined in tarms of
time of protection afforded to the surface to be corroded. This length of time
ts specified in the specific {nput data files such that the CORODE corrosion
calculations do not begin until the specified time perfod has alapsed. Once
corrosion {s ready to begin, the program determines the temperaturd and existing
repository water type before choosing the appropriate corrosion rate from the
data file CORRAT. For each pass through CORODE, the outer of the two layers in
question is dacreased in thickness by an amount equal to the corrosion rate times
a time increment (specified in {fnput to main program BARIER). Successive
calculations occur until terminated by zero cladding layer thickness. After
failure of the outer layer, the inner layer is corroded using the appropriate
corrosion rata until it fafls by either zero thickness of excessive extarnal
stress. Once a complete barrier fails, the next innermost barrier is considerad
to be uniformly flooded and the entire process is repeated. In the event of a
barrier with no solid walls to be corroded (e.g., air or helium stabilizer), the
two innermost barrier layers are considered to be zero and CORODE 1{s not
utilized.

The corrosion rata data contained in CORRAT is comprised of eight
separate values for each package material (metals). Four corrosive environments
are considered

(1) Anoxic brine B

(2) Oxic brine B

(3) Anoxic water

(4) Oxic water
over two temperature ranges (25°-100%C, 100°2-250°C). The chemical compositions
of brine 83 and typicil groundwatar are summarized in Taoles 3-3 and 3-4,

respectively. Each cc--:sion rate is assumed constant over its temecerature range
and is taken from the maximum of rates corresponding o specific corrosion
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Table 3-3. Chemical Compostion of WIPP-B Salt Brine*

Compound Concentration (g/1)
NaCl 287.00
Na2504 6.20
Na28407-10H20 0.0160
NaHCO3 0.0140
NaBr 0.5200
XC1 0.0290
KI 0.0130
MgCl, 0.0400
CaClZ-ZHZO 3.30
FeC13 0.0060
SrC12-2H20 0.0330
RbZSO4 0.0016
CsC1 0.0013
Total Dissolved 297.174 g/
PH 6.5

*Braithwaite and Molecke, 1979




Table 3-4. Chemical Composition of Typical
Arid Ground Water*,

Compound Concentration (mg/2)
Sulfate <50 (1-20)
Chloride <100 (2-50)
Bicarbonate <500 (60-400)
Nitrate <10 " (0-1-5)
Sodium <50 (5-47)
Potassium <10 (1-5)
Magnes{um <50 (2-20)
pH 7-9 (6.8-8.5)

*Katayama, 1976
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mechanisms for a particular environment and temperature range. The corrosion
mechanisms considered included uniform corrosion, stress corrosion, pitting, and
graphitization (see Appendix B). The general form of CORRAT is shown in
Table 3-5 and a listing of CORRAT with current data is provided in Appendix E. A
orogram listing of CORODE is provided in Appendix A. Package materials for which
corrosion data are obtained include mild steel, Zircaloy-2, Inconel-600, 304
Stainless Steel, copper, lead, and cast iron.

A degree of uncertainty in the corrosion rate data base &xists because
of the numerous effects of environmental parameters on package corrosion.
Environmental parameters acting upon waste packages vary with the geology of the
repository and can have a major Impact on resultant corrosion rates. For
example, increases in temperature generally increase the corrosion ratas of
metals (Braithwaite, 1979). Also, 1increases in temperature in an open system
cause a depletion in dissolved oxygen in aqueous solutions. This decreasas the
corrosion rate of metals whose rate is controlled by diffusion of oxygen.

The restraining pressure which a waste package is subjected to in a
reposi tory affects the corrosion rate primarily in that {it influences the
physical state of intruding water and the concentration of dissolved gaseous
species. Wasta packages will be exposad to any thermal decomposition products of
the geologic 1isolation formation and any dissolved and gaseous species present.
In general, species in solution which increase the oxidizing power of that
solution increase the corrosion rate.

The tensile stress present in the barrier wall is one of the essential
requirements for stress corrosion cracking. Not all materials are susceptible to
stress corrosion cracking 1in geologic 1isolation conditions. For susceptible
materials, the threshold tensile stress depends strongly on temperature, solution
composition, and the presence of an aqueous phasa. Alloys containing carbon and
chromium can be susceptible to sensitization. For example, sensitization in
stainless steels refers to the thermally induced formation of chromium carbide at
or near grain boundaries (Molecke, 1979). This increasaes the susceptibility of
the alloy to intergranular attack and intérgranu1ar stress corrosion cracking.
Welding, because of the high temperatures involved, often leads to sensitization
and tensile stress in welded regions.

The corrosion rate data base is generally considered to be conservative
in view 9f the procedure usad to choose maximum corrosion rates for eacn set of
temperature and water conditions. In addition, potential effects on corrosion
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Table 3-5. General Form of CORRAT.

NV LRONMENT
MATERIAL

DRINE-ANOXIC

BRINE-OX1C

WATER-AROXIC

WATER-OX1C

25°-100°C

100°-250°C

25°-100°C | 100°-250°C

© 25°-100°C

100*-250°C

25*- 100°C § 100°-150°C

NHild Steel
2ircaloy
Inconel
304 SST
Copﬁer
Lead

Cast Irdn




rates caused by radiation 1levels within the waste package only service to
reinforce the use of a conservative "worst-case" approach in performing the
corrosion calculations.

3.4 BARRIER FAILURE CRITERIA

The STRESS subroutine determines the time when a particular package
barrier fails due to internal or external pressure. Failure of any metal barrier
wall due to external pressure is considered to occur when the wall is in plastic
strain and there is a uniform pressure across the wall ("hydrostatic"). Failure
due to internal pressure is defined as the time when the wall thickness no longer
meets the requirements for hoop stress 1in the AMSE Code, Section VIII,
Division 1. The wall thickness is that portion of the original wall not affacted
by corrosion (including bulk corrosion, pitting, or crack propagation) as
determined in the corrosion subroutine. The subroutine updates two binary flags
BFAIL and WFAIL. [f BFAIL = O then the backfill has "failed*, which means there
is no longer a pressure gradient across the backfill. If WFAIL = 0, then the
solid wall has failed. [f WFAIL or BFAIL = 1, then they are intact, sustaining a
pressure gradient.

In each time increment the wall thickness and temperature of a barrier
are revisad. Then the STRESS subroutine recalculates the new stress distribution
and updates the binary flags BFAIL and WFAIL. The main program acts on the value
of WFAIL to detarmine when the defense shifts to the next inner package barrier.
BFAIL is used by STRESS to determine the nature of the pressure distribution.

The barrier is considered as a bimetallic wall adjacent to a porous
filler (or backfill as depicted in Figure 3-7. The model is based on assumption
of a structural wall, a cladding with no strength attributes, and a structural
backfill. Stress-strain properties of the backfill and structural wall determine
pressure profiles between R° and R1 and Rz and R3.; The pressura is assumed
uniform between R1 and Rz. )

The mechanical properties of backfill materials vary widely depending
on the minerals, particle size and shape distributions, porosity, and moisture
content. It is assumed that the backfill is loaded monotonically by creep of the
geologic media as it acts to closa the borshole.

The yield model used for the backfiil is

Y2 Cy Py = Pog) (3.4.1)
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where

C, = cohesion, (Ksi)

3 s constant slope of the Mohr envelope, (dimensionless)

Pa = absolute value of the mean stress (repository pressure), (Ksi)
Ppore = pore water pressure, (Ksi) -

In this application cohesion 1s neglected. This could be added later if
necessary but is reasonable for most materials in question. For most compacted
soils the Mohr slope falls between 0.6 and 1.2. Ppore = 0 for dry materials and
ranges up to about P/2 based on a ratio of the weight of a water column from the
repository to surface and the weight of the overburden of typical rock. In the
subroutine the yield stress is

Y =8Py - P (3.4.2)

pore)
Generally, the conservative assumption of Ppore =0 {s used. Mote that this
model assumes also that creep is sufficiently rapid that overburden pressure is
applied at time = 0.

The pressure-volume relationship for the backfill is a very non-linear
and highly variable-basad physical characteristic. Any backfill empioyed must
have defined an empirical pressure-volume characteristic. To accommodat2 the
wide range of possibilities, a quadratic data fit is provided in the model using
two ccefficients. A relation between volume before and after compression is

wherea .
Vv :
V¥ 2 2.1 - (3.4.3)

)

V, = original volume, (cm’

Y = volume aftar compression by oressure ?, (cm3)
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and-
PR = AV® + Kv-kz (3.4.4)

where A and K are empirical coefficients. Thus,

. ~A:‘/A§+4KPR

V' o= T (3.4.5)

In the special case where K =0 or K= 0

* PR
Y =z T (3.4.6)

Equatfon (3.4.5) refers to a "soft" backfill which displays a high degree of
volume reduction under small compressive loads. Equation (3.4.6) refers to a
“stiff" backfill with low compaction at high pressure. Typical data (3yerlee,
1967) aives a curve for compacted sand

Pa = 0.4413v+ + 253y+? (3.4.7)
~The instantaneous shear modulus, G', was constructed from the

instantaneous bulk modulus, B', and Poisson's ratio, v, according to non-linear
elastic theory. The bulk modulus is given by

B = -V :;; (3.4.8)
and shear modulus by :
& = %a‘ %:sv (3.4.9)
The Lame' constant is given by
S R (3.4.10)
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Differentiating Equation (3.4.%) and substituting into Equation (3.4.3) gives
8' = A(V* + 1) + 2 KY* (V* + 1) (3.4.11)
Then G' and A' are calculated by Equations (3.4.9) and (3.4.10).

The barrier wall 1is assumed to be constructed of an elastic material
for which the following properties are specified as functions of temperature, T

Yield Stress = Y = Y, + Y,(T) (3.4.12)
Bulk Modulus = 8 = B, + BZ(T) (3.4.13)
Shear Modulus = G = G, + GZ(T) (3.4.14)
The Poisson ratio is calculated by '
v = %(ﬂ” - ZG) (3.4.15)

A stress equilibrium calculation is smployed to calculate the response
of the cylindrical composite at a stressed state as compared with pressures and
dimensions in an unstressaed state. Because changes occur very slowly, it 1is
reasonable to assume equilibrium.

Consider a single cylinder of outside radius R and length z. In
general the stress and strain changes are related by the elastic equations

dgg = (X + 36) g + Aeq + Xe, (3.4.15)
80, = Aeg *+ (A +26) g +. Ae, (3.4.17)
46, = Xeg + ey * (x + 26) g, (3.4.18)
where
Gas 9, 0, = stress componeats, (Ksi)
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e = dU/R = change of radial strain, (in/in)

U = strain, (in)
¢ = change of hoop strain, (in/in)
€, = change in axial strain, (in/in)

Initial equilibrium stress results in no motion

. do® o _ o
pR:-d—g-—i-(cR-oe)Rgo

The final equilibrium stresses must produce no motion

. d
PR =0 = aﬁ'(ag + 4op) + (ag + Ao - Aog)/R

R - %

s o gi'o
pf =0 = o= (oz + Aoz)

For equilibrium (neglecting rotation)

ok = 0= & (acp) + (a0p - 40, )/R

- d (..
pz = 0 = 3;'(u-zy

(3.4.19)

(3.4.20)

(3.4.21)

(3.4.22)

(3.4.23)

(3.4.28)

The corresponding equation for rotation was left out as it is assumed that there

are no torquing forces. Substituting Equations (3.4.16) -

(3.3.13) 1into

d
Equations (3.4.23) and (3.4.26) and noting that €, = dU/R, €5 = U/R and L s g
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then

2 :
(A + 26) :—RLZI' o (umy + £ (%‘F’T ' %) 2 0 (3.4.25)

The solution to Equation (3.4.1) is
U=+
R

which gives

du.._ b
zR=a-§- a-;z-
U,.,b
26 3‘? a+ RZ

where f and g are constants evaluataed from initial conditions.

b from initial conditions

2 2 2 _ g2
- Ro APO - R1 APIZ- ;ez(R1 Ro)
2(A+G)(R1-Ro)
2 .2
26(R%-R% )
10
when
o
APO = P° - P°
and

A = 0
Qpl Pl - Pl

If the initial condition is unstressad then
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(3.4.26)

(3.4.27)

(3.4.28)

Evaluating a and

(3.4.29)

(3.4.30)

(3.4.31)

(3.4.32)




&P, =P, (3.4.33)

and

APl <Py (3.4.34)
For the inner cylinder depicted in Figure 3-7
PR, 2 R ARy
u(Rl) = e | +6 6| "z + G (3.4.35)
and the cladding cylinder
PaR, RS RE
Ry =~ |t g (3.4.36)
: 2 2 .-
PZRZ R3 R3 X ele

'Z(Rz_Rg) N I Tl BT S 1
3

Since the cladding layer 1s of zero strength, P1 = PZ° Substituting ?1 for Pz, P
for Py, and letting e, = ¢', = 0 (constant stress in axial direction), then U(R,)
= u'(RZ) and

z
(3.4.37)
1

"Rst[x—'ﬁ’ * G"J _
R 2

2 Ry Ré RS
| 1 R°)*’T‘T( 2 +'3)
2R7 - RO\X+E " T/ :2(R§- RI\T + 6 ' &

Py = 2 . 2
1 288 - R3)

which gives the interface pressure P1 as a function of the repository pressure ?R
and material properties of backfill and structural wall.
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The pressure on the inner boundary of the backfill determines whether
or not the backfill will remain as an elastic wall or flow plastically. It is
assumed that the outer pressure is the repository prassure. When the inner
pressure falls below a threshold value the backfill yields and flows plastically.
That is, there is a maximum pressura gradient that the backfill will support.
Exceeding this gradient is indicated by a minimum pressuré at the inner boundary
of the backfill since the outar pressure is maintained constant at repository
pressure., Once the minimum {s reached yield is triggered, the backfill flows
olastically and the interface pressure rises to equal the repository pressure.

The backfield yield triggering is given by

PR(I - ﬂ)
P, ¢ ——————
1 2
- n?
R3

(3.4.38)

where

n = f% a8%(1 - v)*© - gu - 2v)¢ (3.4.39)

Note that n becomes imaginary if

1 - 2v ;4.4
8 <l.5 /74— (3.4.40)

If n is imaginary, the backfill will yield plastically for any value of Pl. It
is therefore a minimum condition that the backfill have a 3 and v such that

EERRFo =) (3.4.41)

Typical values for 3 and v have been found in the 1literature and range from
approximately 0.8-1.2 and 0.25-0.35, respectively.
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In the case of wall yield the inside pressure is neglected as it is
very small compared to repository pressure. Thus yielding is controlled by the
pressure at the outside of the wall. The condition for no yield established for
. cylindrical shells is

[ p 2
2 1 2 (3.4.42)
Y& > 4 — (1 - v+ - .
Ro
R
i 1
Thus yield will occur when
1 - (R8/R
P (3.4.42)

Y
sy V0 1/
1=2 Jl - v +y2

Internal pressure stress was based on ASME code requirements. Hoos
stress criteria from ASME Code, Section VIII, Division 1 (ASME, 1977) give

PoR - |
. 00 44
¢ TE-o0.6F,) | (3.4.4¢;

where
wall thickness, (in)

(s}
n

m
L]

joint efficiency for longitudinal séam
(=1 for seamless or full penetration weld)

S = allowable stress for material, (psi) "
'Po = internal pressure, (psi)
R, = inside radius, (in)
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The allowabla strass tables from the code were used to develop a corra2lation for
S as a function of tamperature, T. The subroutine calculates S from

S =81 - S2(T) T>83 (3.4.45)
S = S4 T ¢$3 (3.4.46)

Solving Equation (3.4.43) for P°

= &SE 3.4.47
Py ﬁ;‘:ﬂiﬁ??i ( )

When
p o —S5E (3.4.48)

o? R, + 0.68

then WFAIL 1s set to O, meaningvthe wall has failed.

The STRESS subroutine is called by the main program at each time
increment for each barrier layar. The subroutine detaermines whether the current
barrier under consideration remains intact or fails at that time increment. 4all
thicknass is the current value returned from the corrosion subroutine COROOE.

Figure 3-8 1is a flowchart of the subroutine. The subroutine first
checks to see if axtarnal or internal pressure are of concern. The value of
CREEP 1is then "YES" or "NO". If CREEP = YES then the external routine is usad,
otherwise internal pressure is checked against the code critaria. If external
oressure §s of concern then radii are calculated basad on the latest value of
THICK, the wall thicknass. Presence of a backf{ll is checked. If there is no
backfill then the pressure on the outside of the:wall ("intarfacial” pressure
EPRESS) is set equal to repository pressure REPRES. The next step is to check
for backfill failure. [If the backfill yields then EPRESS = REPRES. If the
backfill has not failed then'calcu1ations are carried out to determine the status
of the backfill. If failure is determined then onca again EPRESS = REPRES. Then
the subroutine calculates stresses on the wall as interfacial pressure EPRESS and
checks for wall yield. WFAIL is set to 1l if the wall is intact or O if failure
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Figure 3-8. STRESS Flowchart.
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is determined. Basad on the value of WFAIL the main program continues with this
barrier or proceeds inward.

3.5 RADIONUCLIDE RELEASE RATES

The radionuclide release model RELEAS calculatas the transport rate of
specific radionuclides through failed enginesred barriers and backfill. The
specific rate of interest is the ralease rate to the geology. The Model is basad
on slab geometry which is a conservative assumption relative to a cylindrical
geometry. The engineered barrier package can consist of many layers of different
materials. At some time after emplacement in the repository the barriers fail,
either by c¢rushing from the 1lithostatic pressure ia the repository or dy
corrosion. In either case, when the barriers fail, it is assumed that water is
available throughout the fuel bundle, barriers, and backfill; and mass transport
by diffusion begins.

The objective of the radionuclide release model 1is to calculate the
release rate based on Fick's second law of diffusion, i.e., no countercurrent
diffusion and no convection of watar. The question of water convection was
discussed in Section 2 under the high water flow rate scenario. The backfill is
assumed to have capacitance in excess of that of a solution. The capacitance is
due to sorption of the species of interest. Resistance to mass transfer is also
assumed to exist because of the remains of the failed barriers. This assumption
is reasonable because thera is a finita distance from the waste to the backfill
face, and the failed barriers represent a physical resistance through a void
fraction available for transport, i.2., a porous barrier. The failed engineerad
barrier is assumed to have no capacitance since the capacitance of the backfill
is much larger.

In the model description that follows the waste resides next to the
backfill slab at x = 2, A zero-capacitance mass transfer resistance is assumed
to Dbe present at x = £, similar in concept to a heat transfer coefficient, and a
mass transfer resistance 1{s assumed to be present at the opackfill-geology
intarface (x=0) that is 1/10 of that at x = 2. The geology is assumed to sweep
away the radionuclides as soon as they arrrive at x = Q0 so that the bdoundary
condition at x = Q is a zero concentration. Note that the results are relatively
insensitive to rasistance at the geology face and often insensitive to failed
barrier resistance (excant for cases with 1ittle cr no backfill).
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Consider a slab of thickness ¢ with the conductance boundary conditions

2

3c o, o ¢

== k&S 0<x <& (3.5.7)
at 3x2

dc : 2
ot hz(c - cz) = 0 at x = ¢ (3.5.2)
dc - (3.5.3)
ax - hoc = 0 at x =0 e
and  ¢(x,0) = 0 (3.5.4)

These equatfons describe the time-dependent diffusion phenomenon with so-called
“radiation" boundary conditions (Carslaw, 1967). Since diffusion is assumed to-
- pe occurring through a porous medfum, the constant ks not the 11quid diffusion
coefficient. '

In considering diffusion through a porous medium, an effective
diffusivity is (Bird, 1965) (Smith, 1970)

-0, & (3.5.5)

where ¢ {s the concentration of the species of interest contained in the liquid
volume only, not the total unit volume including solid. Na is the flux per
actual unit area and De is measured experimentally. The effective diffusivity

for a porous medfum is estimated to be

eD |
0, = Tz ; - (3.5.6)

where € 1s the void volume and 8 {s the tortuosity. Therefore, the effective
diffusivity is defined in terms of 1iquid concentrations.
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Transient diffusion is described by

a%c . ;
D, < = Accumulation (3.5.7)
oX

Since the diffusive flux is based on 1iquid concentration there is accumulation
with no adsorption -

o
Q)
N
(2]
Q
O

"
™

(3.5.8)

N
Q)
(a4

When accumulation by adsorption also occurs, another tarm must be added to
account for it.

The amount of material adsorbed on the solid of the porous medium {s
obtained from information on the equilibrium constant

c. = kdc (3.5.9)

where Cg * grams of species of interest adsorbed on one gram of solid, so that
units are

21 |gms_on solid| | ml of liquid
4 (=] [ gm soiid ] [gm in liquid] (3.5.10)

Henca, kd is reported as al/gm. Mow if 5 is the bulk density of the solid, aC
yields the amount of adsorbed material in equilibrium with the 1iquid
concentration ¢ or

2 -
ac . ac .5.11
De axz (5 + kdp) t (3 5 )



- Therefore,

S A | (3.5.12)

Where -
k = constant in Equation (3.5.1), (cmzlyr)

p = bulk density of the solid, (gm/ml)
kd = distribution constant, (ml1/gm)

- The boundary condition in Equation (3.5.2) contains the conductance h, which fis
derived from

De %% + Hz (C'Cz) =0 at x=¢ (3.5.13)

where it 1s seen that
He .
hy " 5, (3.5.14)

Hy is called a conductance since it multiplies a gradient rather than a flux and
is assumed to be the result of diffusion through a distance 4ax with no
capacitance. Examining a slab for this assumption yields

!

alax) = 0(ac) - (3.5.15)

where q 1s the flux, ax is the slab thickness, 0 is the diffusion coefficient,
and Ac is the concentration difference. Therefore, for the problem considered
here

0
H. = E- (3-5.16)



where D is the diffusivity through the medium 1in 4x which is the corroded
barrier.

The solution to Equation (3.5.1) with the prescribed boundary and
initial conditions is of the form

c(x,t) = wix,t) + u(x) ' (3.5.17)

where u{x) is the steady state solution and is

¢,h
u(x) = EL (x+hi) (3.5.18)
()
1+ h!.(!' + 'h_o')
and the transient solution is
- -]
w{x,t) = :E: A X exp(-kuzt) (3.5.19)
nsl AN n
and
hO {3.5.20)
X, = cos(anx) + a;-sin(anx) :
whare 2 is the n-th positive root of
2———a(h° *hy) (3.5.21)
tan{al) = .5.
a” - h,h

20

and

[€))
[« 1}



23 c.h cos(a ) -2+ >t sin(anz)
2 a, 0
A | T2 ' (3.5.22)
2, .2 a * )
l(an+h°)z+h1 —2——2—"”' +h°s{1+h"(z+h-o)]

A special case of the conditions described by Equations (3.5.1) -
(3.5.4) is considered where the conductances are large, f.e., the resistances are
close to zero. This case is illustrated in Figure 3-9 where line A represents
the steady state solution for hz = ho + «, and 1ine B represents the steady state
solution for hz and h° << » Experience indicates that when "8" approaches "A"
the solution described by Equations (3.5.17) - (3.5.22) converges very slowly and
is 1impractical to evaluate. A solution with fixed boundary conditions should be
used when

Cy -~ C '
J 2 . a>0.8 (3.5.23)
c
L
is satisfied.

The solution with fixed boundary conditions and zéro‘initial condition
is (Carslaw, 1967)

2t < n 2
clx,t) = =% Z (1) sin(mzm) exp[-k("T"-) t] + clf (3.5.24)

From the equations described, the quantity of material transportad
across the boundaries at x = 0 and x = 2 can be caY¥culated during the transient
period. When steady state is attained, the much‘simpler steady state solutions
yield the quantity transported. The time at which steady state 1{s attained is
defined to be when the lead exponential in Equatfon (3.5.19) has decayed to 0.01,
or

Pa s
w
"
S
o

(3.5.25)

x
2
-

or using Equation (3.5.24)
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Figure 3-9. Illustration of Steady State Solution.
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4.6 (3.5.26)
t =
k(fr/L)2

The transport of radionuclides occurs only as long as there is material
remaining in the waste. A materfal balance around the waste for a specific
radionuclide yields

dy .. - (3.5.27)
=) - ny

where y is the quantity of material in the waste at any time t, A is the decay
constant, and f(t) is the rate of transport of materfial out by dfiffusfon as
described by Equations (3.5.17) or (3.5.24). The result for integrating the
linear first order differential Equation (3.5.27) where f(t) is described by
Equation (3.5.17) is:

= B ' K
y(t) = H: %(A—_"J)exp(-k&ﬁt) +-% (3.5.28)
n

A K
+ exp(--)J:)[yo - Hg Z (_—fk "k )--)\&]
- K&

where

<
o
[]

fnftial quantity of material

HO = aH,

area available for transport at x = 3

~
[ ]

~
n

g = H Cele)-c,]

Anxn (x = 2)

Likewise for Equation (3.5.24)
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2
2, exp|-k(Z%) t} _ K
y(t) = -2k 2, z by (3.5.29)

n=1 ne
1

2
+ axp(-it) Yo * 2K Z aM %
-]

n=1

-

where
K = aDec1/£°

In the event thers {s sufficient material at ¢t =0 to attain steady
state, a material balance on the waste for a specific radionuclide yields

dz

dz .5.30
at (3.5.30)

2 Az

where op is the constant rate of material transported out by diffusion.
Intagrating and solving for the time when the quantity of material in the waste

is zerg yields
AZ_+r )
- .i.g,n[ 0 t"] (3.5.21)

Ttr

te

where z, is the quantity of material present when steady state is attained and te
is the time beyond the steady state time raquired for z = 0.

The transport of radionuclides through an adsorbing medium can be
calculated using Equation (3.5.17) for the casa when surface conductances are
present or Equation (3.5.24) for the case of fixed :boundary conditions. The
constant k 1is calculated from Equation (3.5.12) for both £quations (3.5.17) and
(3.5.24). The use of Equation (3.5.17) or {3.5.24) is determined by Eguation
(3.5.23). The steady state times are calculated by Equation (3.5.25) or
(3.5.25). The quantity‘of a specific radionuciide remaining in the wasta at any
time, t, is calculated from Equation (3.5.28) or (3.5.29). In the event ¥y 1s
not large enough to allow steady state transport to be attained, Equation
(3.5.28) or (3.5.29) is solved by trial and error to find the time where y = 2.
If steady state is attained, the additional time requirad for radionuclides in

the waste to attain zero quantity is calculated from Egquation-(2.5.3l1). The
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calculations essentially stop when y = 0, whether this is before or after steady
state. There are no equations derived here for the transport across the x = 0
boundary after y = 0. This “tail” is ignored. Furthermore, radiodecay is not
considered ‘or material in the region 0<x <. For the radionuclides considered,
such as am.ricium-241, ignoring radiodecay does not result in an appreciadle
. error in predicting transport rates as will be shown in the following discussion.
Cases where radiodecay must be considered will be noted. A material balance over
a differential thickness in a slab when radiodecay is considered }ields

2 -
¥ . . 3¢, . (3.5.32)
X
Thus
ii-bc-%EJO (3.5.33)
32° at
where 2 = x/2 and
2 .
L7x8
b = =5~ (3.5.34)

A solution {s available for the case where the radio-dfffusion
parameter, b, 1{is zero as described by Equations {3.5.1) - (3.5.4) and
Equation (3.5.19). The solution to Equation (3.5.33) s (danckwerts, 1951)

t .
c(x»t) = kb ]' e kbt cylust' e’ + e kbt ¢y (xst) (3.5.35)
0 - o

where ¢, (x,t) 1s the b =  solution.
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The above aoquation {is valid for boundary conditions of constant
concentration or "radiation”, but only with a zero initial condition. Applying
Equation (3.5.35) to Equation (3.5.19) yields

c(x,t) = Z A (cos ax + aﬂ sin (a,x)] - (3.5.36)
n=1 n

[b + kal exp [-(b + kaﬁ)t]]

b+ ka§

where A, and o are defined in Equations (3.5.21) and (3.5.22).
. The above equation is inconvenient to use in examining the effects of
" radiodecay, and the same problem examined with fixed boundary conditions rather
than “radiation” is more instructive.

Solving Equation (3.5.33) with

clo,t) = 0 (3.5.37)
c{e,t) = 1 - (3.5.38)
c(x,0) = 0 (3.5.39)

yields

= 2 2
_qin b+ - exp [-(b+15)t]
clz,t) = %Zf—;L- sin A Z [ L — +2 (3.5.40)

n=} b + }.n

whara\ = p=,
n

The steady state solution can be obtained from the above 2quation for t = =, byt
a simpler form is obtained by solving Equation (3.5.33) with 3¢/3t=Q0. 0Joing this
yields

62



o(z) = sinh /b z (3.5.41)
sinh vb

which gives the same results as Equation (3.5.40) for t=e. Equation (3.5.41) is
presented in Figure 3.10 for various values of the radio-diffusion parameter, b.
Figure 3-10 clearly shows that when b <1 the effect of radiodecay on the
diffusion transport rate is negligible. In studying the diffusian transport of
isotopes such as americium-241 with a decay constant, A, of 1.5x10"3 year'l, D=
31.5 cmz/year and § = 4,

b=1.9x 107 22 (3.5.42)

with 1 in centimeters. Hence, in order for b to be <1, ¢ must be 72.5 cm (28
inches) or less. This value of ¢ is considerably larger than any of those used
in the case studies presented in this study and therefore is the Justification
for ignoring radfodecay 1in the diffusion transport calculations. Ignoring
- radiodecay results in a conservatively high computed geological release rate at
the z = 0 boundary.

If shorter-lived radionuclides are of interest, such as cesium-137 with
a A = 0.023 year” -1 , then for b <1, 2 must be 18.5 cm (7.3 1inches) or less in
order to use the b = 0 diffusfon transport equations.

The results presented in Figure 3-10 clearly show how the release rate
at z = 0 is retarded by the effect of residence time in the slab and radiodecay.
The ratio of the transport rate at z = 0 to that at z = 1 is called the retard
factor, Rf, and is calculated from

Rf = 1/cosh +b (3.5.43)

Values of Rf are presented in Table 3-6 for various values of the radio-diffusion
parameter, b. Also tabulated is the approximate number of times the transport
rate at z = 0 {s halved relative to that at z = 1. Hence, for b = 100, the
transport rate at z =0 is 2"13 of that at 2=1. In arder to have b = 100 for
americium-241 with D = 31.5 cmzlyear and § = 4, 1 must be 725 cm or approximately
24 feet.
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Figure 3-10. Steady State Concentraticn Profiles in a Slab
for Values of the Radio-Diffusion Parameter, b.
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Table 3-6.

Retardation of the Transport of Radionuclides
Through & Slab Barrier at Steady State for
Values of the Radio-Diffusion Parameter, b.

-

Radio-Diffusion

Transport Retard

Number of Transport

Parameter Factor Half-Lives Retarded

b Rf n
0 1 -
1 0.65 -

-5 0.2 2.2

20 0.02 5.4

100 - 9x10-5 13

500 ax10-19 3
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The approach to the steady state concentration profiles as a function
qf the radio-diffusion parameter 1is described by Equation (3.5.40). Note b
always appears with xﬁ as b + Aﬁ. Since Xn = nn, for large n, b<<xi. For the
radionuclides examined in this study b is always <<dye

In order to Jjustify using Equation (3.5.40), b should be >1 and
preferably on the order of 10. The evaluation of the serieé in Equation (3.5.40)
is straightforward with a typical result presentad in Fiqure 3-11 for b = 10.
This T{igure shows that the approach to the steady state concent;ition profile
with respect to time is similar to the results for b =0, {.e., the high
frequency Fourier components decay away very rapidly, and when 3>0.1, the
concentration profile {s essentially at steady state.

There are two types of leaching that must be considered when developing
a mathematical description for the purpose of obtaining diffusion coefficients
from data or for predicting futura behavior of leaching systems. The first is
the situation where the soluble substance is in solution within the solid matrix
at the start of the transport. For a semi-infinite slab containing a dissolved

substance in the solution in {ts pores the defining equations are

kc iz(% = -:—g 0 <X <= (3.5.44)
and c(x, 0) = co(x) . (3.5.45)
c(0,t) = 0 (3.5.48)
c{=, t) = c., (3.5.47)
whera

k. = a constant (mass transfer "conductivity")
In the above casea the soluble material is removed as fast as it arrives at the
x = 0 face. In the event the solution at the face is not zero or thera is an
equilibrium condition, the equations are still easily solvad.

The second type of leaching is the case where the soluble substance
exists in the solid matrix as a solid. The soluble substance must he first
dissolved and then diffused out of the solid. Neglecting the transport of
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solvent into the matrix, this leads to a «condition at the soluble
substance-solution interface in the solid that is expressad by

Dd—c = s (at the interf
e 3|.a, s 5 (@ e 1nter‘ace) (3.5.48)
s

where z, is the location of the soluble substance-solution interface and fg is
the apparent density of the soluble substance.

The mathematical solution to the latter type of 1leach problem is
similar to the heat transfer problem where a change of state occurs. There are
some solutions available for the semi-infinite slab but there appear to be no
closed solutions for the important boundary conditions of constant flux. In the
case of cylindrical coordinates there is only one simple exact solution for a
continuous line source of heat. (Carslaw, 1967).

In examining the available leach data'(Katayama, 1976, 1980) for the
radionuclides of interast, it is determined that the latter type of 1leaching s
the type occurring. As a result, it was determined that there is not
straightforsard way to reduce the available data to obtain a diffusivity for the
radionuclides of interest. The only practical way the available leach data could
be used is to specify a boundary condition aeither with a flux or a concentration
as determined by the available data. .

The data are published as a flux basad on availabls spent fuel surface
area. Also available in this published data are solution concentrations which
ware used to obtain the flux data. Therefore, the choice existed to use the data
for a flux or a concentration boundary condition. In this study a concentration
boundary condition was chosen rather than a flux condition because a flux
specification can result in a concentration which is unrealistically large, i.e.,
the solubility 1limit is exceeded and unrealistic rasults can be obtained. The
concantration build-up can occur because mass is not transferraed away fast enough
from the face where the flux is specified. dJnly after the concantration has
increased enough in the immediate vicinity to yield a gradient large enough will
the concentration stabilize. '

Only one of the published reports (Xatayama, 1676) yields sufficient
axperimental detail to obtain concentration information. Thesa data are used ¢o
specify a fixed concentration boundary condition, i.e., not a function of time.
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This {s in contrast to .the published results where the concentration in solution
is quite high 1in the initial experiments. However, the initfal effects do not
last over very many days of leaching. Since the data are to be used to predict
transport rates over hundreds to thousands of years, it is considered justifiable
to use a leach concentration that appears more constant after many 1leaching
solution exposures. Also, because of the nature of the adsorption of the
backfill in the model, any “front-end" effect in concentration 1s quickly
adsorbed. -

It appears that further study of the leaching data, how to use these
data to obtain transport coefficients, and the type of model that can use the
data is warranted. In examining the leaching data it was found that usually less
than one percent of the leachable radionuclides are ever removed from the spent
fuel. In this case all the data should be considered as initial nhenomena, and
extrapolating this {nformation to predict 1leaching behavior where greater
portions are transported 1{is difficult unless the transport orocess is properly
described, i.e., dissolution and diffusion 1n porous media. Also to be
considered 1is the possibility of adsorption occurring on the.‘UO2 matrix which
would alter the defining mathematics. However, without proper problem definition
simple extrapolation of existing data must be used in mathematical models that
describe the transport of radionuclides.

In the radfonuclide release model the release of radionuclides to the
geology {s set to zero at the time the inventory of a radionuclide in the
canister becomes zero. This is equivalent to deleting the tail-off of the band
breakthrough curve as i{llustrated in Figure 3-12 (shaded area). While it is
possible to calculate the tail-off, it {s an 1inordinately time-consuming
calculation and 1is deemed {inappropriate for the purposes of the performance
model. However, the method of calculation is discussed in this section.

When the inventory of the radionuclide of interest reaches zero in the
waste package, the boundary condition at the backfill-can interface is assumed to
become insulated. The equations to solve in this case are

., % (3.5.49)
t Tl
dc 5.5
Ir-he=0 atx=0 (3.5.50)
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ax 0 &t x=2

(3.5.51)

and

v(x,0) = £(x) (3.5.52)

where ;f(x) is the concen_ti-ation profile in the backfﬂl jxhen fhe__ zero-inventory
condition occurs. Hence, f(x) 1{s Equation (3.5.19) for some value of t = to
The solution for Equation (3.5.49) is

= z : 2 2 ~ (3.5.53)
’t -k t-t .
c(x,t) < (m) exp [-k8j(t-t )]
= 0" o ,
Cohy 1. M hol
*2hy+h, 7h (9. + E+ ;g sin sz - _Bj cos 842

2c_h h_ 2 1 . h 1
' - I - —_ 9
= *Zh, +h /h [an cos apd (2' * ho ¥ qz') sin a2

+ Z ,
2 2 2 2 2., 2
- + ho )[g,(qn + hz, ) + hi.] + ho (an +hz )

(a,

2 2 . { Q - S 2 °
* hy (@ - 8 ) (a,cosa t + hy sin a ) (;j cos 342 + hy sin -jl)

> exp (-ko;n2 to)} (B.j cos 8;x + hy sin ij)
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where B.j is the n-th positive root of

h-
tan 82 = 2 (3.5.54)
J

The above aquation does not consider radiodecay and can bdecome slightly more
cumbersome 1if pursued. However, note that Danckwerts' method (Danckwerts, 1951)
used oreviously to examine the effect of radiodecay on diffusion transport is not
applicable to Equations (3.5.49) - (3.5.52) because c¢(x,0) = O.

In order to examine the diffusion transport with radiodecay to the
geology from the backfill after inventory denletion, the following equations with
a fixed boundary condition at x = Q rather than a "radiation® boundary condition
are examined

2

3 ¢ 3C
7" bz -z =0 (3.5.59)
32 ‘ z at .
c(o,t) = 0 (3.5.56)
p .
H%""t) a0 (3.5.57)
c(z,0) = f(z) (3.5.58)

These equations result in a significantly simpler solution form than the
“radiation” case. The solution to the above equations can be obtained by making
the substitution

c(z,t) = e 2t u(z,t) | (3.5.59)
which results in the following 2
du _3u_, (3.5.60)
3t2 3t
u(0o,t) = 0 (3.5.51)

(3.5.62)

i
)

du -
© (1,t)

and u(z,9) =
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The solution can be obtained by conventional methods, and for the case when
steady state is attained in the backfill, f(z) 1{s Equation (3.5.4l). The
solution s

, 2 (-1)" sin a2
c(z.t) Y M —__E_.D.-'exp [-(b-l-knz)t]
sinh +b nel b"’)\n

(3.5.64)

-

where A, = (2n-1) /2. That the t=0 solution is equal to Equation (3.5.41) can
be verified numerically. Also, for b = 0, the solution at t = 0 predicts the
concentration profile for the initial condition f(z) = z.

The radio-diffusion parameter, b, appears in Equation (3.5.64) 1{n the
same manner as before, {.e., b + Aﬁ. For the radionuclides studied in this
study, b«<l which 1s Justification for ignoring b {n the calculated results,

The calculated results for the case of b = 10 are bresented in
Figure 3-13. Note that the concentration profile has essentially attained the
6 = oo value when 8<0.1,

In the event the concentration profile has not attained steady state
when 1inventory depletion occurs, the solution form is somewhat more complicated
because f(z) in Equation (3.5.58) takes the form of Equation (3.5.40). The
solution in this case is

¢ $ fz(n™! 3 ] 5.
c(z,t) = ;2.2 %é;%)T + ()" 2] [(m-n+1]2)(m+n-l/2)] . (3.5.65)
m=

n=l

2 2
b+ -(b+2 )T
.[ Xm exp[ (2‘" m )o]] exp [-(b"_knz)t] .
b+km

|
3

where A = mr and T, is the time at which zero inventory is attained.

Since it appears that essentially zero concentration in the backfill is
attained for the dimensionless time 8 = 0.1, an estimate of "zero" release to the
geology can be obtained for the case of americium-24l for a typical bdackfill.

+ sin Anz
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The parameters used for americium-241 are k = 3.9x10’4 cmzlyr and 2= 30.51 cm,
so that

9 = 0.1 = kt/el (3.5.66)

ort= 2.5x10S years.

A flowchart for the RELEAS subroutine is presented in ﬁjgure 3-14. The
only input required from the main program are three barrier diameters which are
used to calculate hz as defined 1in Equatfon (3.5.2). A 1isting of RELEAS is
provided in Appendix A. :

3.6 RADIONUCLIDE RADIATION FIELDS

The objective of the radiation field subroutine RADCLC is to calculate
the radiation exposure from gamma rays at the outer surface of each package
barrier as a function of time after package emplﬁcemeht. The radiation source in
the model is assumed to be PWR spent fuel with a bdrnup of 33,000 MWd/MT. The
empl acement time is assumed to be 6.5 years after discharge and the burnup is
assumed to be constant over 1100 days. The fuel composition assumed (3.3 percent
enriched) is given in Table 3-7.

Yarious matéria\é are chosen for use in the engineered barriers of a
package design. Compositions and densities of some of these materials are
obtained to estimate -the radiation attenuation characteristics. The data for the
other materials are estimated or assumed. The following paragraphs identify the
cdmpositiéns used in the radiation analysis.

Bentonite

‘Bentonite i{s a naturally occurring clay §haracterized by the fact that
it swells upon absorbing water. The main component is montmorillonite. The
chemical composition {s

Species Weight Percent
SiO2 63.0
A1203 - 21.0
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Table 3-7.

Fuel Composition.

[sotope Gram-Atoms /MT Isotope Gram-Atoms/MT
cl2 1.5 zr’] 306.725
m? 4.0 292 462.239
5128 .607 e 460.07¢ -
5129 .034 zr38 72.50
1146 304 b3 10.258
Tt 217 Mo .957
1148 2.1 Moot 532
1§14 .206 Moo> .926
1450 200 Mo 6 .958
cr0 5.040 M%7 546
cr? 57.423 Mo S 1.357
¢l 6.415 Mo 100 .580
e 1.574 sni12 .321
Mn > 327 snllt .219
Fed* 4.037 snlts 113
Fe26 61.018 snl16 4.681
Fe57 1.439 sntl? 2.470
Fe>0 310 sn'l® 7.729
co? .915 satld 2.739
Thae 111.862 sn'20 10.392
Thie 41.783 sn 122 1.467 |
N161 1.869 sni2¢ 1.823
T 5.645 ye3 1.13
ni%t 1.609 T 140.4
2r%0 - 1421.122 y238 4062.0
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Fe203 3.2
Fel 0.3
T102 0.1
Ca0 0.7
MgO 2.7
Na,0 2.2
Kzo 0.4 .
HZO 5.6
Other 0.8

Density - 2.1 gm/cm3

Sand

Sand s assumed to be 100 percent SiO2 w#ith a density of 2.1 gm/cm3.

Clinoptilolite g
Clinoptilolite is assumed to be a clay with a density of 2.2 gm/cm3.

Mild Steel .
Mild steel 1{s assumed to bde 100 percent Fe with a density of
7.85 gn/cm®.

Lircaloy-2
The composition and density used for Zircaloy-2 is

Element Weight Percent
Ir 28.24
Cr 0.1
Fe 0.21

Sn 1.45



Density - 6.55 gm/cn’

Inconel-600
The composition and density used for Inconel-600 is

Element Weight Percent -

N1 75.41
Cr 15.5

¢ .08
Si .25
Fe 8.0

Ca .25
Mn .50

Density - 8.43 gm/cm3

$ST-304

The composition and density used for 304 Stainless Steel is

Element Weight Percent
Fe 68.17
Cr 18.94
N1 19.51
Mn 1.75
Si .53
c .06

" Densfty - 7.93 gm/cm’
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Copper
The density used for coppar is 8.92 gm/cm3.

Lead
The density used for lead is 11.34 gm/cm3.

Cast Iron
Cast iron 1is assumed to be 100 percent Fe with a density of
7.85 gm/cm3.

Helium
The effect of helium as a shielding material is neglected and assumed
to be void. '

Air

The effect of air as a shielding mater{al is neglected and assumed to
oe void.

An ORIGEN calculation is performed to obtain the radiation source term
for the fuel bundle. In order to confirm that the radiation source term used in
the code is consistent with the data in (00E, 1979), a comparison was made with
the radioactivity content and heat generation rate in spent fuel as presentad in
Table 5.7.2 of that document. This comparison is shown in Table 3-8. dith <the
exception of tritium and 614 the calculations in this study agreed with the
referenced data. It 1is concluded that the radiation source term used is
consistent with the previous data. '

The photon release rate versus time after emplacement is shown in
Figure 3-15 for both gamma rays from fission oproducts and from activation
products. The photon spectra from fission products and activation oroducts are
shown in Figures 3-15 and 3-17, respectively. The photon spectra are shown as
photon/sec/MaV normalized to one photon and are shown for one year and 190 years
after emplacement. The photon spectra from fission oroducts is seen to be
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Table 3-8. Comparison of Radioactivity Content and Heat Generation
in Spent Fuel with Prior Data.

Fission Product Content 6.5
Years after Discharge, Qj
Table 5.7.2% | This Work
Fission Product
H3 3.1 x 102 5.7 x 107
kr® 6.5 x 10° 6.3 x 10°
1129 3.3 x 1072 3.3 x 107
sr90 4+y80 1.2 x.10° 1.3 x 105
2r?5 + B 3.9 x 107 5.4 x 107
Ru'0€ + gn106 1.1 x 10* 1.2 x 10%
cs'34 + ¢s137 4 gal¥7 1.8 x 10° 2.1 x 10°
cel44 + prl¥ 5.8 x 10° 6.7 x 10°
Actinide | |
pu?3? 2.9 x 102 3.2 x 102
pu?4! 8.4 x 10 7.7 x 104
242 + e 1.0 x 10° 1.9 x 10°
Actfvation Product
- FeS 1.0 x 10° 3.5 x 10°
co®0 2.1 x 108 2.7 x 103
2r%5 + %3 9.0 x 1077 | 9.0 x 1077
Heat Generation Rate, W/MTHM 1.4 x 103 1.6 x 103

*Taken from (DOE, 1979)
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Figure 3-15. Photon Release Rate Vs Time After Emplacement.
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strongly peaked about 0.7 MeV and relatively insensitive to decay time. The
spectra for times greater than 100 years are essentially unchanged from 100
years. The photon spectra from activation products shown in Figure 3-17 indicate
that there is some time dependence to the spectra. For short t{mes (one to ten
years) the spectrum peaks at slightly greater than 1 MeV. However, for time
greater than 100 years, the spectrum has softened to about 0.7 MeV. From
Figure 3-17, it can be seen that the photons from activation products become
important only after about 1000 years and longer. Therefore, the pnoton spectra
for both fissfon products and activation products are assumed to be about 0.7 MeV
since during the time regime that each component is 1mpoftant, the spectra are
strongly peaked about 0.7 MeV. : :

It 1s fortunate that the photon spectrum is roughly monoenergetic since
it allows the use of a monoenergetic cross-section. Table 3-9_11stsv the 1linear
attenuation coefficient for the materials considered in this study.

The calculation of the gamma ray flux at a particular location in the
package employs a simple equation (Rockwell, 1956) for the flux from a
cylindrical source

Flux = B'xS, xg97X F(bz) (3.6.1)

where

@
]

bufldup factor (dimensfonless)
S, = source intensity, (photons/cm3/sec)
R. = radfus of the cylinder, (cm)

a = distance to the point of interest from the edge
of the cylinder, (cm)

z = self-shielding distance factor, (cm)

b2 = number of mean free paths to the point of
interest, (dimensionless)

n
n

function defined by

w/2 -b,secs
F(b,) = f e ¢ de (3.6.2)
0
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Table 3-9. Linear Attenuation Coefficients for Matarials

Material Density,gm/cm3 Attenuation Coefficien.tz,cm'1
Backfill Material
Bentonite 2.1 .130
Sand & Bentonite 2.1 .140
Clinoptilolite 2.2 .130
Other Materials
Mild Steel 7.85 .470
Zircaloy-2 6.55 .367
Inconel-600 8.43 .472
$5-304 7.93 .462
Copper 8.92 .500
Lead 11.34 .797
Cast Iron 7.85 .470
Helium - 8 x 107
Air - g x 107
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Buildup data for various materials are available in the form of a
parameter fit to the equation (Rockwell, 1956)

-a,b -3,b
172 272
B(e.bz) = Ale Sl Aze ) (3.6.3)

where
Al' Az, 3 and 3, are a function of energy.

The values for the buildup factor parameters evaluated at 0.7 MeV are
shown in Table 3-10. Although buildup factors were not available for all of the
specific materials of interest in this work, buildup factors were reasonably
approximated by those that were available. Table 3.11 gives the correspondence
between the barrier materials and the buildup material used in the analysis.

The RADCLC subroutine was written implementing the. procedures
described. The output of the subroutine, DOSE, has the units of R/hr.

A flowchart for RAOCLC is shown in Figure 3-18 and a orogram listing is
provided in Appendix A.

3.7 WATER REPELLENT BACKFILLS

The model assumes that at time zero the backfill 1{s saturated with
water and that water-induced degradation processes proceed from that noint.
Furthermore, the possible attentuating effects on corrosion of reduced water
and/or solute transport through the backfill are not considered. Corrosion is
assumed to proceed as if the material is immersed in the water. The action of
the backfill to reduce or eliminate water flow to (or from) the package is not
considered mainly because there is available no basﬁs on which to evaluate the
functional 1ife. This section presents a discussion on the nossible effects such
a backfill could have on the results of model calculations.

Two modes of backfill behavior would be beneficial in the period prior
to package failure

. total exclusion of water from the outer wall of the multiple barrier
system for some period of time
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Table 3-10. Buildup Factor Parameters at 0.7 MeV.

Parameter Values
Material A1 A2 2 3,
Iron 9 -8 -.081 .0255
Lead 2.3 -1.3 ’ ;.04 .17
Concrate 10 . -9 -.088 .03
Water 11 -10 -.104 .03
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Table-3-11. Buildup Factor Material Correspondence.

Material ’ Buildup Material

Bentonite | ~ Concrete
Sand . Concrete
CIinoptjlo]ite‘ Concrete
Mild Steel | Iron
Zircaloy-2 " Iron
Inconel-édo‘ .  Iron
$5-304 - Iron
Copper o  Lead
Lead | Lead
Cast Ir&n , Iron
Helium ‘ None, B=1
Air 1 . None, B=1
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) high resistance to water and solute transport through the backfill

Backfills have been proposed which show promise of functioning 1in these modes.
Properly formulated sodium-saturated montmorilionites (bentonites) display
enormous swelling pressures when they come in contact with water (Low and
Margheim, 1979) (Pusch, 1978a). The effective permeability of such systems
becomes essentially zero as characterized in Table 3-12. The swelling phenomenon
includes the ability to self-seal and also to seal cracks in the adjacent rock
(Pusch, 1978b). Such a material could function as a total exclusion barrier for
some time. The key - questioh is how long such a material will retain its
properties as a sealant when exposed to repository temperatures, pressures and
possibly corrosive water. Evidence on 1long-term behavior {s 1lacking but
predictions based on available data indicate that ‘such materials can be
stabilized (for example, use of quartz stabilizes montmorillonite and reduces the
tendency for diagenesis to i11ite) and can last for enormous time periods. In
such a éase, a pure delay time would be introduced into the results from the
BARIER code. This is because there is no mechanism of degradation without water
present. The package would last indefinitely in a dry environment as attested to
by many ancient artifacts discovered by archeologists in such environments.

The second backfi}l mode mentioned above pertains to backfills with low
permeability. In this casefwater and solute transport are greatly inhibited over
an extended period of time.' Studies indicate that degradation rates would be
greatly reduced in such ‘cases - (Haggblom, 1977). It is 1ikely'thaf corrosion
rates used in BARIER were somewnat high and that a reduced corrosion rate would
be observed as long as the backfill remained intact. Such effects would require
further stﬁdy'if i1t became desirable to account for them in the performance
evaluation. | ¥
Note  that if a water exclusion backfill is present and its useful life
as 2 barrier is known, then the coating delay feature in BARIER can be used to
introduce a delay time before corrosion begins on a particular barrier. A
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Table 3-12. Permeability of Clays and Sand-Clay

Mixtures (Endell, 1938).

Weight
Ratio

Permeability, kp
(cm/min at 65 kg/cmé)

Quartz sand

Quartz sand :

Quartz sand :

Quartz sand :

Quartz sand :

mica .

kaolin

calcium bentonite

sodium bentonite

O - W
e . (2] .
T R

O — 3 W
— et D

QO Ny WO
(2] e e e
- W

O = g w0
LX) LX) ae e
— e ) 4=

1.0 x 1073

1074
1074
1074
107

4.6
4.2
5.8
4.9

x XK X X

-5
-6
-6
-6

9.5
8.9
2.5
3.0

10
10
10
10

K XK X X

4.3 x 10°
2.1 x 107
5.5 x 10~
2.0 x 10°

1.6 x 10
3.0 x 107
impermeable
imparmeable
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4. PACKAGE DESIGN DESCRIPTIONS

The package designs evaluated in this study were 2 subset of a series
of designs studied 1in previous work (Stula 1980a) (Lester,,1979) with some
additional refinements. Thevdesigns were restricted to the basic concepts which
were described in the SURF program (Westerman, 1979). The philosophy used to
Choose the design for this study was to pick promising concepts from previous
studies which gave a representative spectrum of behavior, complexity and probable
cost. Thus, the purposes of the analysis was to provide a basis for programmatic
pianning and not an Optimization of designs or search for the “"best" designs.

4.1 ~PREVIOUS WORK -

A large’ seiection of design possibilities was studied in past work
using 2 more simplified version of the “BARIER" code. Four basic . SURF program
concepts were considered as 'shown in Figure 4-1 ‘and designated A B, C, D. An
additional concept was studied in which the stabflizer was a cast-in-piace solid
rather than segmented blocks. This was designated Concept "E". Variation on
each of the concepts (i.e., different dimensions'and, materials) are designated
A.l, A.2, or B.l, etc. Table 4-1 is a table of concepts studied in the first
series of evaluations in ‘pnevious work (Lester, 1979) and Table 4-2 is a
subsequent series from follow-on studies using the previous version of 3ARIER
(Stula, 1980a). o - _ .
The results of the past studies yfelded-a 1ist of Canepts which were
the best in performance in each of the major concept categories. These concepts
and the performance results from the old version of BARIER are summarized in
Table 4-3. These concepts were reevaluated in this study using the new version
of BARIER and the results are given in this report.

The package designs used in the current study are described in the
following sections and summarized in Table 4-4.

93




4.2 CAST STABILIZERS (Concept E)

The cast stabilizer "E" concept showed promising results in previous
work when the geology was a high creep medium (i.e., salt or shale). In .effect,
the cast stabilizer and the canister act 1ike a solid rod in resisting medium
crushing forcas. 1Included in the current group of Concapt £ cases wera concaents
E.3, E.4, and E.28, which wers analyzad with the old version of BARIER. MNew
variations on this concept in this study were designated with an “N" suffix and
included changes 1n materials and material thickness. -

4.3 HEAYY SLEEVE PACKAGES (Concept 81)

Another promising concept from past work was the "Bl design which
incorporatas a heavy-walled sleeve to line the bora-hole. The sleeve serves as a
defense agafnst high crushing forces in a creeping medium. The stabilizer in
this design is a segmented solid or a gas filler. The only other barrier element
is the canister which contributes very little to long-term defense. Concepts
381.7 and 8l.1l were promising designs in the former evaluation using the old
version of BARIER. These were reavaluated with the new model. In addition,
saveral variations are introduced as suffix "N* casas such as B8l.IN. These
package design variations are summarizad in Table 4-4,

4.4 COMBINATION SLEEVE/CAST STABILIZERS (Concept 3E)

This type of package was a new design analyzed in this study.
Designatad as "S8E" {t combines the heavy sleave and cast stabilizer features. In
a cresping medium this package offers a redundant defense against the medium
crushing forces. The package design variations studied are summarized in
Table 3-4.
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Table 4-1.

Summary of Concepts Studied in FY'79 with
Pravious Version of "BARIER" Code. (Lester, 1979).

IT:;mcept Element | Inside Outside |Filler| Inside | Outside |Coating Fil1er5
Matarial | Matarial Material| Material| Delay
10 {QD 10 [QD 00 (yrs)

A.l stad 12.0/13.5; 13.5{13.5] 13.5/304sst | 304sst 0.0 ] none

can 13.5{14.0 ] 14.0{14.0} 40.0{304sst | 304sst 0.0} sand-b
A2 |stab 12.0{13.5{ 13.5{13.5| 13.5|304sst |304sst 0.0 | none

can 13.5/15.5} 15.5{15.5| 40.0}{304sst | 304sst 0.0 | sand-b
A3 stad 12.0{13.5) 13.5113.5] 13.5{304sst |304sst Q.. | none
A4 stad 12.0{13.51 13.5{13.5} 13.5{304sst | 304sst 0.0{ none
A5 stab 12.0{13.5 | 13.5{13.5| 13.5(helfum |helium 0.0} none

can 13.5/14.0 | 14.0{13.0] 430.0{304sst | 304sst 0.0} sand-b
A.6 stab 12.0{13.5 | 13.5{13.5} 13.5/helium | helium 0.0} none

can 13.5{15.5 | 15.5/15.5} 40.0|304sst | 304sst " 0.0] sand-b
A.7 stab 12.0{13.5]13.5/13.5| 13.5jhelium | halium 0.0 | none
A.8 stab 12.0{13.5 |13.5{13.5] 13.5|hatlium |helium 0.0 { none

can 13.5§14.0 | 14,0{14,0] 40.0{304sst | 304sst 0.0t ¢lino
A.9 stad 12.013.5 [ 13.5{13.5| 13.5{zirc | zire 0.9 | nona

- |¢an 13.5{14.0 {14.0114.0| 20.0|zirc zire Q.0 sand-Y ,

A.10 |stab 12.0{13.5 | 13.5{13.5! 13.5}|zirc 2ire 0.0| none

can 13.5{15.5 | 15.5{15.3} 20.0{ z1rc zire 0.0} sand-d
Nota:

Unlass otherwisa notad, all dimensions are in inches.
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Table 4-1. kContinued)

Qutside

Concept|Element | Inside Filler] Inside butside Coating | Filler
Material | Material Material| Material| Delay
ID {Q0 ID J0D 00 ‘ : (yrs)
B.1 - |stab | 12.0/13.5| 13.5/13.5| 13.5/steel |steel - 0.0[ none
o pack | 14.5{15.0{ 15.0{15.0f 40.0{304sst | 304sst 0.0} sand-b
B.2 |stab | 12.0[13.5] 13.5/13.5] 13.5/steel | steel 0.0} none
lean 13.5/14.0] 14.0114.0] 14.5] steel steel 0.0 sand-b
1o pack | 14.5{16.5] 16.5{16.5] 40.0{304sst | 304sst 0.0} sand-b
B.3 - |stab '12.0{13.5] 13.5{13.5{ " 13.5{ steel | steel 0.0 ndne
can -13.5)14.07] 14.0{14.0] 14.5|steel | steel 0.0 sand-b
o pack | 14.5)15.0| 15.0/15.0| 20.0{304sst | 304sst 0.0| sand-d
B.4 |stab |'12.0/13.5| 13.5/13.5| 13.5/steel | steel 0.0 | none
: can 13.5)14.0| 14,0] 14.0] 14.5| steel steel 0.0} sand-d
o pack | 14.5116.5] 16.5/16.5] 20.0| 304sst | 304sst 0.0 sand-b
8.5 stab 12.0]13.5 13;5 13.5| 13.5] steel stee1> 0.0 | none
can 13.5{14.0 | 14,0{14.0] 14.5{steel steel 0.0 sand-d
o pack | 14.5/15.0 | 15.0/15.0] 20.0|304sst | 304sst 0.0] ¢lino
B.6 |stab 12.0113.5 | 13.5{13.5] 13.5} steel steel 0.0 ]| none
- can 13.5]14.0 | 14.0{14.0] 14.5] steel steel 0.0] sand-b
o pack | 14.5(16.5 | i6.5|16.5] 20.0]{304sst |304sst 0.0 clino
B.7 |stab 12.0{13.5 {13.5{13.5| '13.5/steel | steel 0.0 none
lean 13.5114.0 1 14.0{14.0] 14.5|steel | steel 0.0 | sand-b
o pack | 14.5/15.0 |15.0{15.0| 20.0fzirc zire 0.0} sand-b
B.8 |stab |12.0{13.5 [13.5[13.5] 13.5{steel |steel 0.0 | none
can 13.5114.0 {14.0}14.0} 14.5|steel steel 0.0 | sand-d
|0 pack | 14.5{16.5 |16.5|16.5| 20.0|zirc zire 0.0 | sand-b
8.9 stab 12.0/13.5 {13.5{13.5| 13.5|steel - |steel 0.0 | none
. ~jean 13.5114.0 [14.0{14.0| 14,5 steel steel 0.0 | sand-b
o pack | 14.5{15.0 |15.0|15.0] 20.0|copper |copper 0.0} sand-b
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Table 4-1. (Continued)

Concapt|Element | Inside OQutside |Fillar] Inside |Qutside [Coating | Filler
Matarial | Matarial } Matarial] Material| Delay
[D'!'00 | ID |CD oD . (yrs)
8.10 |stabd 12.0/13.5] 13.5{13.5| 13.5]stael stael -0.0] none
can 13.,5{14.0 ) 14.0)14.0}] 14.5]stael staal 0.0} sand-d
o pack | 14.5/15.5| 16.5116.5| 20.0|ccpper | copper 9.0 sand-d
8.11 |[stab 12.0/13.51 13.5{13.5] 13.5{staal stael 0.0} none
can 13.5{13.0 14.0)14.0] 14.5)steel steal 0.0} sand-d
o pack | 14.5(15.0{ 15.0{15.0| 40.0|copper | copper 0.0 sand-d
8.12 |stab 12.0{13.5] 13.5{13.5] 13.5|stael | staal 0.0 none
can 13.5/14.0 | 14.0114.0] 14.5} steel staal 9.0| sand-bd
o pack | 14.5{16.5 ] 15.5{16.5]| 40.0{coppar | copper 0.0} sand-d
8.13 |stab 12.0/13.5 | 13.5/13.5| 13.5] stael steal 0.0! none
can 13.5{14.0 | 14.0)14.0] 14.5} staa]l staal 0.0} sand-d
0 pack | 14.5/15.0] 15.0{19.0] 40.0| staal lead 0.0] sand-d
8.14 |stab 12.0{13.5 | 13.5{13.5, 13.5] stael stasl 0.0{ none |
can 13.5/14.0 | 14.0)14.0| 14.5 stee) | steel 0.0 sand-b |
0 pack | 14.5{15.0 | 15.0127.0f 40.0] steel lead 0.0 sand=) |
B.15 |[stab 12.0{13.5 ] 13.5;13.5]{ 13.5{ helifum | helium | 0.0! none
o pack | 14.5;15.0}15.0{27.0! 40.0| stael 1ead 0.0! sand-d
|
31.1 |stab 12.0113.5 { 13.5/13.5| 13.5| staal steel | 0.0| none |
can 13.5}14.0 | 14.0}14.0| 14,5 staal staal C.0} sand-b
slaave | 14.5(21.5{21.5{21.5} 48.0}1ron iron 0.0_ sand-b!
31.2 |stab 12.0113.5 | 13.5{13.5]| 13.5| steal | steel 0.0{ none |
sleave | 14.5121.5 }21.5}21.5] 20.0i iron iron 2.9 sand-b:
* i
81.3 |[stab 12.0{13.5 {13.5/13.5| 3.5 helium | helium 0.0| none i
can 13.5114.0 | 14.0{ 13.0} 14.5} stael staal 0.31 sand-b!
sleave | 14,5/21.5 {21.5{21.5f 48.0f1iron iron 0.0J sand-bl




Table 4-1. (Continued)

Concept|Element | Inside Qutside Inside | Outside |Coating| Filler
. Material | Material | Materfalf Material] Delay
[0 |QD ID Q0 ' (yrs)
Bl.4 [stab | 12.0/13.5] 13.5/13.5 atr |atr | 0.0{ none
_ . jean 113.5114.0] 14.0}14.0 steel steel 0.0} sand-b
sleeve [ 14.5)21.5]) 21.5|21.5 iron fron 0.0| sand-b;
i
- Bl.S |stab -12.0] 13.5] 13.5{13.5 ’stéel steel 0.0} none |
‘1 can 13.5{14.0] 14.0]| 14.0 steel steel 0.0{ sand-b.
sleeve | 14.5115.0] 15.0] 15.0 304sst | 304sst 0.0] sand-b
Bl.6 .|stab 12.0} 13.5 13.5} 13.5 steel | steel 0.0| none
|can 13.5114.0| 14.0f 14.0 Slsteel | steel 0.0| sand-d;
sleeve | 14.5/15.0] 15.0{ 15.0 304sst | 304sst 0.0| sand-b
. » E : _ i
81,7 |stab | 12.0{13.5| 13.5)13.5 steel | steel 0.0| none
o |can 13.5/14.0 14.0] 14.0 steel | steel 0.0| sand-b
sleeve | 14.5/ 15.0] 15.0} 23.0 steel | lead 0.0 clino .
81.8 |stab 12.01 13.5| 13.5{13.5 helium | helium 0.0! none
can 1 13.5/14.0| 14.0] 14.0 steel ‘| steel 0.0} sand-b
sleeve | 14.5/15.0]15.0{15.0 -304sst . | 304sst 0.0} clino
.Bl.9 [stab 12.0113.5 | 13.5{13.5 steel | steel 0.0| none |
can 13.5/14.0 | 14.0f14.0 steel . | steel © 0.0] sand-d |
sleeve | 14.5{21.5|21.5{21.5 fron | 2irc . 0.0! sand-b ;
_B1.10 |stab - 12.0[13.5]13.5[13.5 steel | steel 0.0! none !
' can 13.5(13.8 | 13.8/13.8 steel . |.steel’ 0.0, none
sleeve | 15.0/22.0122.0122.1 iron zir;_. 0.0‘ sand-b
31.11 |stab 12.0{ 13.5 | 13.5) 13.5 steel teel 0.0} ncne
can 1.13.5] 14,0 | 14.0{ 14.0 steel steel 0.0! sand-b!
| sleeve | 14.5|22.5 | 22.5}22.7 fron  |a2frc 0.0| sand-b|
c.l |stap | 12.0{13.5 | 13.5/13.5 04sst | 304sst 0.0 none
can 13.5)14.0 | 14.0] 14.0 304sst | 304sst 0.0 sang-o!
. {0 pack | 14.5/15.0 | 15.0{15.0 04sst | 304sst 0.0] sand-d




Table 4-1. (Continued)

r}$ncept‘E1ement [aside Qutside |Filler{ Inside |Qutsida [Coating | Filler
Matarial | Matarial Materialj Matarial|{ Oalay
' ID |0D ID [QD 0D (yrs)
C.2 stab 12.0413.5 | 13.5}13.5] 13.5}304s3t |304sst B 0.0} none
can 13.5]15.5 | 15.5]15.5} 16.0{304sst | 304sst" 0.0 sand-b
o pack |16.0{18.0|18.0{18.0| 40.0|304sst | 304sst 0.0 | sand-d
|
C.3 stab 12.0413.5 | 13.5}13.5] 13.5/304sst | 304sst 0.0! none
o pack |{16.0)18.0113.0|18.0( 20.0{3Q4sst | 304sst 0.0 | sand-d
|
C.4 stab 12.0§13.5 1 13.5]13.5| 13.5|zire zire 0.0 | none
|can 13.5/14.0 [ 14.0]14.0] 14.5)zirc zire 0.0} sand-d
" 1o pack }14,5)15.0]15.0{15.0} 20.0}zirc zire 0.0 | sand-d
b .5 |stab 12.0{13.5 | 13.5{13.5} 13.5|zirc zire 0.0 | none
can 13.5(15.5 | 15.5[15.5| 16.0|zirc zire 0.0 | sand-bd
' o pack | 16.0/18.0 | 18.0/18.0] 20.0|zirc zire 0.0 sand-b
I .6 |stad 12.0{13.5 | 13.5/13.5] 13.5/304sst | 304sst 0.0 | none
! can 13.5115.5 | 15.5115.5} 16.01304sst | 3Q4sst 0.0 sand-d
| o pack |16.0/16.5 |16.5[/24.5| 30.0/304sst | lead 0.0 sand-b
! C.7 stabd 12.0]13.5 [ 13.5{13.5| 13.5{helium | helium 0.0 none -
| can 13.5{15.5 | 15.5{15.5] 18.0|zirc zire 0.0 sand-b
| o pack | 16.0}18.0 {18.0}{18.0| 40.0}zirc Zirc 0.0} sand-b
i
Cl.l |stab 12.0]13.5 | 13.5{13.5] 13.5{inconal | inconel Q.0 | none
can 13.5/14.0 [ 14.0[14.0) 14.5|1nconel | inconel 0.0 sand-b
o pack | 14.5/15.0 |15.0/15.0 15.5}/304sst | 304sst 0.0} sand-d
slaave | 15.5)22.5 j22.5{22.5] 45.Q{1iron iron Q.0! sand-b
Cl.2 (stad 12.0{13.5 {13.5{13.5| 13.5]inconel | inconal Q.0 | none
can 13.5}14.0 |14.0|14.0| 14.5{1inconel | inconel 0.0.! sand-b
o pack | 14.5f15.0 {15.0|15.0 | 15.5{304sst | 304sst 0.0 | sand-b
sleave | 15.5{22.5 |22.5122.5} 30.Q{{ron : {ron 0.0 | sand-b
Cl.3 (stab 12.0/13.5 {13.5}13.5| 13.5{helium | halium Q0.0 | none




Table 4-1. (Continued)

Concept{ Element | Inside Outside [Filler| lnside [ Outside |Coating Filler
: - pMaterial | Material | = [Materiall Material| Delay
- I[D (0D | ID.JoO | 0D - . (yrs)

€1.3 |can- [ 13.5/14.0 14.0[14.0| 14.5|1nconel | fnconel | . 0.0 sand-b
: - o pack | 14.5/15.0| 15.0{15.0] '15.5/304sst |304sst | . 0.0] sand-b
slegve 1 15.5|22.5] 22.5 22.5] 45.0f{1ron :1ron' ‘ 0.0 sand-b

Cl.4 |[stad 12.0113.5] 13.5/13.5 13.5{304sst . | 304sst 0.0| none
can 13,5/ 14,0 14.0{14.0] 14.5/304sst | 304sst - 0.0] sand-b
{0 pack ‘| 14,5/15.0] 15.0{15.0f 15.5/304sst | 304sst | 0.0} sand-d
sleeve | 15.5|/16.51 16.5{ 16.5| 40.0] steel steel - 0.0] sand-b

Cl.5- |stab | 12.0/13.5] 13.5[13.5]  13.5| 304sst | 304sst 0.0/ none
- | can 13.5{14.0f 14.0{ 14.0{ 14.5{ 304sst | 304sst 0.0] sand-b
‘0 pack | 14.5{15.0| 15.0{ 15.0f 15.5{304sst | 304sst 0.0} sand-b
sleeve | 15.5| 16.5] 16.5/ 16.5] 24.0| steel | steel 0.0 sand-d

€1.6 |stab | 12.0/13.5| 13.513.5] 13.5{zirc | zire 10.0{ none
: - { can 13.5[.14.0] 14.0} 14.0] 14.5fzirc 2irc 0.0] sand-b
o pack | 14.5/15.0] 15.0§ 15.0] 15.5{ zirc zire 0.0 sand-b
sleeve | 15.5| 16.5| 16.5 16.5) 24.0| steel | steel - 0.0 sand-b

0.1 | stab 13.5/ helium | helfum 0.0/ none
can 14.5f steel steel 0.0f sand-b
sleeve 48.0{ fron 1ron ;0.0 _sand-b

0.2 | stab 13.5{steel | steel 0.0| none
can 14,5} steel steel 0.0} sand-b
sleeve | 14. - 48.0]iron  ; fron 10.0; sand-d

| 0.3 |stan '13.5/ stee) ' | steel | 0.0[ none
. -l can . 14.5) steel steel '0.0{ sand-b
s]eeve 48.0 iron fron . 100,0} sand-b

- 0.4 | stab --13.5{ steel | steel 0.0| none
- ‘can 14.5( steel - | steel 0.0 sand-b
sleeve 24.0 zirc “zire 100.0| sand-b
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Table 4-1. (Continued)

rz;ncept E€lament | Inside Qutside | Filler} Inside | Qutsida {Coating| Fillar
Matarial | Matarial Material|l Matarial] Delay
ID J0D. iD j00 0D (yrs)
0.5 |stad 12.0{ 13.5] 13.5{13.5} 13.5|steel [ stael 0.0} none
slaave | 14,.5(156.5] 16.5{16.5] 438.0|zirc zire 100.0] sand-b
01.1 |stad 12.0] 13.5] 13.5/13.5] 13.5] 304sst | 304sst 0.0 none
can 13.5{ 14.0| 134.0{ 14.0 18.5{304sst | 304sst 0.0 sand-d
slaave 14.5 22.5| 22.5}22.5{ 48.0|304sst | 304sst 10.01 sand-b
0l1.2 | stab 12.0§ 13.5] 13.5/13.5] 13.5{304sst | 304sst 3.0} none
can 13.5 14.0| 14.0{ 14.0( 14.5{ 304sst | 304sst 0.0 sand-b
sleave | 14.5 22.5| 22.5}22.5) 48.0| iron iron 100.0! sand-b
: !
01.3 | stad 12.0{ 13.5] 13.5{13.5) 13.5| helium | Relium 0.0! none
can 13.54 14,0} 14.0{14.0] 14.5{ 304sst | 3Q4sst 0.0 sand-b
sleave | 14,5 22.5) 22.5|22.5f 48.Q} iron fron 100.0| sand-b
0l.4 [stab | 12.Cf 13.5] 13.5{13.5] 13.5]zirc zire 0.0} none
can '13.5) 14.0] 14,01 14,07 14.5) zirc zire 0.0} sand-d
sleeva | 14.H4 22,5 22.5] 22.5] 48.0] zirc zire 100.0! sand-b
01.5 !stab - | 12.0413.5( 13.5/ 13.5{ 13.5 304sst | 304sst 0.0; none
can 13.5 14.0] 14.0/ 14.0] 14.5 304sst | 304sst 0.0| sand-b
sleave | 14,3 15.0) 15.01 15.0} 20.Q] 304sst | 3Q4sst 100.0| sand-b|
]
02.1 | stabd 12.d 13.5( 13.5 13.5; 13.5 inconal| inconel 0.0| none
can 13.50 14.0| 14.0] 14.0] 14.5 inconel| inconal 0.0! sand-b
0 pack | 14.515.0} 15.0} 15.0 15.5 inconel| inconel 0.0 sand-d
sleeve | 15.5/ 23.5| 23.5{ 23.5f 48.( iron iron 1€0.0{ sand-b |
02.2 |stap | 12.0[13.5] 13.5/13.5] 13.5 fnconel| incone! 0.9] none |
can 13.5) 14.0| 14.0{ 14.0] 14.5 inconel| inconel 0.7} sand-b,
o pack | 14.5|15.0| 15.0{ 15.0{ 15.5| inconel| inconel *0.9| sand-d
sleeve | 15.5] 23.5} 23.5[ 23.5| 30.0 iron iron 100.0{ sand-d
02.3 |stab | 12.0/13.5| 13.5{ 13.5] 13.5 304sst | 304sst 0.0| none




Table 4-1. (Continued)

Concept|{Element | Inside Outside |Filler] Inside | Outside |Coating| Filler
Mater{fal | Material Mater{al Material] Oelay
I0 00 ID |QD oD (yrs)

02.3 |can 13.5/14.0 ] 14.0/14.0| 14.5{304sst | 304sst 0.0 | sand-b
o pack |14.5/15.0{ 15.0{15.0] 15.5/304sst |304sst ~ 0.0 | sand-b
sleeve |15.5(/23.5|23.5/23.5] 30.0]iron fron - 100.0 | sand-b

02.4 |[stab 12.0113.5 | 13.6{13.5] 13.S|helium {helfum 0.0 { none
can 13.5|114.01 14.0|14.0] 14.5|304sst | 304sst 0.0 ] sand-b,
0 pack | 14.5{15.0| 15.0|15.0} 15.5]304sst | 304sst 0.0} sand-b
sleeve [15.5/16.0| 16.0]/16.0] 48.0{304sst |304sst | 100.0} clino

02.5 |stab  |12.0{13.5|13.5{13.5] 13.5|helium | helium 0.0 | none

- tean [ 13.5(14,0|14.0{14.0] 14.5/304sst | 304sst |  0.0] sand-b
o pack }14.5(15.0| 15.0/23.0] 23.5/304sst | lead 0.0} sand-b
sleeve | 23.5|24.0 24.0124.0{ 48.01304sst |304sst | 100.0] clino

02.6 |stab 12.0/13.5] 13.5 13.5 13.5(helfum he1fum 0.0 | none
o pack | 14,5{15.0 |15.0(27.0| 27.5|304sst | lead O.g s??d-b ‘

0 clino

“[steeve |27.5|28.0 |28.0[2810| 48.0|308sst |304sst | 100

304sst 304sst' none

02.7 |stab 12.0}13.5 } 13.5]13.5 3.5 0.0
4,.5|304sst | 304sst 0.0 | sand-b
7.5 0.0

0 Q.0

1
can 13.5§14.0 | 14.0|14.0} 1
o pack |14.5|15.0 {15.0]/27.0 28

S}304sst | lead .0 | sand-b
sleeve |27.5|28,.0 |28.0128.0 .0}304sst | 304sst 100.0 | c1ino
02.8 |stab 12.0§13.5 J13.5({13.5| 13.5]zirc -zire 0.0 | none
can 13.5{14.0 |14.0114.0| 14.5)zirc z2ire 0.0 | sand-b
o pack {14.5{15.0 |15.0127.0| 27.5}zirc lead 0.0 | sand-b
sleeve |27.5]28.0 |28.0}28.0{ 48.0{zirc z2ire 100.0 {clino
E.l stab 12.0112.0 {12.0(12.0| 12.0}|lead lead 0.0 | none
stab 12.012.0 {12.013.5| 13.5|lead lead 0.0 [ none
can 13.5]14.0 {14.0 14,0 20.0|304sst |304sst 0.0 | sand-b
E.2 |stab 12.0112.0 {12.0(12.0| 12.0)lead Tead 0.0 | none
stab 12.012.0 |12.0{13.5| 13.5]1ead lead 0.0 | none
can 13.5[14.0 {14.0(14.2 | 2Q.0|steel zire 0.0 | sand-b
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Table

4-1. (Continued)

[};ncept Element | Inside | Qutside |Filler! Inside |Qutside {Coating} Filler
i Matarial | Matarial MaterialfMatarial| DOelay
i ID |00 [0 0O Q0 (yrs)

.3 [stav  |12.0{12.0)12.0/12.0| 12.0[1ead [1ead 0.0 [ none
stab 12.0112.0 | 12.0413.5| 13.5{lead lead 0.0 | none
can 13.5/14.0 14.0}14.2| 20.0|30Q4sst | zire 0.0 sand-b

BASE |stad 12.0}13.5| 13.5{13.5] 13.5/halium | helium 0.0 | none
can 13.5{13.8 | 13.6§13.8] 13.5|steel steel 0.0 none
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Concept

A1t
A.12

B1.12
B1.13
Bl.14
Blfls
B1.16
B1.17

Table 4-2. Summary of Concepts Studied in FY'80 Follow-on
Work Using Previous Version of "BARIER" Code.

Elewent

‘stad

atsd
can

stab
can
‘aleeve

stad
can
s leeve

stab
can
eleeve

stab
can
sleeve

etad

sleeve

stab
ean
gleeve

stab

(Stula, 1980a).

Ins ide Outside
Msterial Material
ID oD ID oD
12.0 13.5 13.% 13.3
13.5 14.0 14.9 14.0
12.0 13.5 13.8%5 13.%
13.5 14.06 14.0 14.0
12.0 13.% 13.5 13.5
13.5 14.0 14.0 14.0
14.5 22.8 22.% 22.¢6
12.¢ 13.%5 13.5 13.
13.5 14.0 14.0 14.0
14.8 22.5 22.5 22.
12.6 13.8 13.5 13.3
13.8 14.0 14.0 14.0
14.5 22.8 22.5 23.0
12.06 13.8 13.85 13.5
13.5 14.0 14.0 14.0
14.5 22.5§ 22.8 22.7
12.6 13.5 13.5 13.8
13.85 14.0 14.0 14.0
1;;5 22. 22.8 22.6
12.0 13.8 13.5 13.
13.5 14.0 14.0 14.0

14.522.8 22.5 23
12.6 13.3 13.5 18.53

Filler Inside

Materisl

oD
13.5 304sst
40.0 titaniu

18.53
40.0

S04ast .
cu-ni -

13.8 etee!l
steel
@ ironm

steel
steel
. {ron

S steel
gteel
@ lron

S steel
steel
0 30498t

.3 steel
8§ mteel
.0 J04s3st

steel
steel
304sat

steel

- 105

dutaide Costing
Material De lay
{yrs)
3048t 0.0
titaniu 0.0
30438t 0.0
cu=-ni 0.0
steel 0.0
ateel 9.0
zire 0.0
ateel 6.0
‘steel 0.0
zire 0.0
steel 0.0
‘steel 0.0
‘zgire 0.0
. steel 0.0
steel 9.0
zire 0.0
steel 0.0
 steel . | 6.0
2ire 9.0
‘steel . . 0.0
-gteel 0.6
zire : 6.0
steel 0.0

Filler

gone
sand-b

none
sand-b

pone
sand-b
sand-b

noge
sand-b
sand~)

ncne
sand=-)
sand-~b

noge
sacd-b
sand-b

none
sand-)
sand~b

‘none,

sand~-b
sand-b

aone



Table 4-2. Summary of Concepts Studied in FY'80 Follow-on
Work Using Pravious Version of "BARIER" Code.
(Stula, 1980a). (Continued) :

-

Concept Element :Ineide Cutside Filler Inside Outside Coatizng Flllar
Material Matarlal ¥atarial Material Delay
ID oD 1D oD oD (yrs)

B1.18 ecan 13.3 14.90 14.0 14.0 14.3 stael steal 9.9 sand=)d
sleeve 14.3 22.3 22.3 22.7 48.9 lron 304sst 9.0 sand-d

Bl1.19 stad 12.9 13.3 13.3 13.3 13.3 stael stesl 9.9 none
can 13.3 14.9 14.9 14.0 14.3 staal steal 9.9 sand-bH
slaave 14.3 22.3 22.3 23.0 43.9 iron 39433t 9.9 sand-d

B1.290 setad 12.9 13.3 13.3 13.3 13.3 stesl ateel 2.9 none
ecan 13.3 14.0 14.9 14.0 14.3 steel atsal 2.9 sand=-d
sleeve .'14.3 18.3 1B.3 18.7 48.9 iron zire 9.9 sand=d

B1.21 stab 12.0 13.3 13.5 13.3 13.5 stael  steel 0.0 none
can 13.3 14.9 14.9 14.0 14.3 steal stael 0.9 sand~b
sleave 1‘403 1803 18-3 ‘90 4800 iron sire 9.0 ..nd-b

B1.22 stad 12.9 13.3 13.3 13.3 13.3 stesel stesl 9.9 none
can 13.3 14.9 14.9 14.0 14.3 stesl steal 9.9 sand=d
slaave 14.3 13.9 13.9 138.1 48.9 iron zlre 9.9 sand-d

B1.23 s=tad 12.0 13.3 3.3 13.3 13.3 staal stael 9.9 none
ean 13.3 14.9 14.9 14.0 14.3 steal steel 9.9 esaad-d
slesve 14.3 13.9 13.0 138.1 48.9 iron 304sst 9.9 sand-)

B31.24 stad 12.9 13.3 13.3 13.3 13.3 steel steel 2.9 gone
can 13.3 14.9 14.90 14.0 14.3 steel steel 9.9 sand-b
sleeve 14.3 18.3 18.3 18.8 49.9 30433t 304s3st 9.9 sand-b

B1.23 stad 12.0 13.3 13.3 13.3 13.3 stael steel 9.9 none
can 13.3 14.9 14.0 14,90 14.3 steal steel 9.0 sand-d»
sleave 14.3 21.3 21.3 21.3 48.9 copper copper 9.9 sand-d

B1.26 stad 12.9 13.3 .3 13. 13.3 stes]|  steel 9.0 none
easn 13.3 14.9 14.9 14.9 14.3 wstael steal 9.9 sand=)d
sleeve 14.3 21.3 .3 21. 48.9 inconel Iinconel 9.9 sand=d
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Table 4-2. Summary of Concepts Studied in FY'80 Follow-on
Work Using Previous Version of "BARIER" Code.

(Stula, 1980a). (Continued) -
Concept Llement ' Inside Outelde Filler Inside Outside Coating Flller
Material Material Material Matertial Delay
iD oD 191 QD ) » (yrs)

B1.27 etad = 12.0 13.5 13.5 13.3 13.8 steel steel 0.0 nome
can 13.8 14.0 14.0 14.0 14.5 steel steel 0.6 gand-)
sleeve 14.3 21.5 21.% 2.3 48.0 304sst 304ast 0.0 sand=)

B1.28 gtad 12.0 13.%5 13.8% 13.5% 13.8 steel" steel 0.0 none
can 13.85 14.0 14.0 14.0 14.5 steel steel 0.0 gand-3b
‘s leeve 14.8 15.0¢ 15.0 15.0 40.0 copper  copper - -. 0.0 sand-b

B1.29 etsb 12.0 13.5 13.5 13.5  13.5 steel  steel 8.6 nome
can 13.8 14.0 14.0 14.0 14.5 steel  steel 0.0 eand-d
g leeve 14.5 15.06 135.0 15.0 40.0 1inconel inconel 0.9 sard-h

B1.30 gtad 12.0 13.8 13.8 13.8 13.3 steel eteel 0.0 nome
can 13.8 14.0 14.0 14.0 14.5 steel ateel 0.0 sgand-}d
eleeve 14.5'15.0 15.0 15.0 40.0 iron ironm 0.0 eand-d

B1.31 s'tad 12.0 13.5 13 18;5 steel steel .® mpome
can 13.5 14.0 14.0 14.0 14.8 ateel steel 6.0 sand-d
eleeve IQ.S 26.8 26.5 26.5 48.0 304set 3049at 0.0 gsand-b

B1.32 stad 12.6 13.8 13.5 13.5 13.5 eteel  steel 0.0 nome
can 13.5 14.0 14.0 14.0 14.8 steel ateel 0.0 gsand-b
sleeve 14.8 20.5 20.8 21.0 48.0 iren zire 0.0 sand-)

B1.33 stadb 12.2 13.5 13.5 13.5 13.5 steel steel 0.6 nome
can 13.5 14.0 14.0 14.0 14.8 steel steel 0.0 sand-d
sleeve 14.5-20.8. 20.5 20.7 48.0 iron _.zire 6.0 sgand-b

B1.34 etab 12.0 13.5 13.5 13.5  13.5 steel  steel 6.0 none
can 13.3 14.0 4.0 14.0 14.5 stee!l stee]l 6.0 sand-d
sleeve 14.5 26.5 26.5 26.5 48.0 Iron irom 9.@ sand-b

B1.35 etab 12.0 13.5 13.5 13.5 13.5 steel  steel 0.0 mone
can 13.5 14.0 14.0 14.0 14.5 eteel steel 0.0 gand-H
sleeve 14.8 26.83 26.85 27.0  48.0 304sst gire 0.0 gand-p
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Table 4-2. Summary of Concepts Studied in FY'80 Follow-on
Work Using Previous-Version of “BARIER" Code.
(Stula, 1980a). (Continued)

Conceapt Elament i Inside Outstde Filler Ilnstide Outside Coating Filller
Material Material Material Material Do lay
\ ID 0D ID OD oD (yrs)

B1.36 setad 12.9 13.3 13.3 13.3 13.5 steal steal 9.9 none
can 13.3 14.9 14.9 14.0 14.3 stesl steel 0.9 esand=-d
sleave 14.3 26.83 26.3 26.6 48.90 304sst zire 2.9 eand-=d

2.4 stad 12.9 °'12.0 12.0 12.90 12.9 lead laad 0.9 =none
stad 12.9 12.9 12.9 13.3 13.3 lead lead 9.9 none
ecan 13.3 14.90 14.9 14.0 20.9 zire zire 9.9 asand-d

E.3 stad 12.9 12.9 12.9 12.9 12.9 tead lead 9.9 none
stad 12.9 12.90 12.9 13.3 13.3 lead lead 9.9 none
san 13.3 14.9 14.9 14.90 20.0 inconel lnconel 9.9 eand~)

2.6 stad 12.9 12.9 12.9 12.9 12.0 lead " lend 9.9 none
atad 12.9 12.90 12.9 13.3 13.3 lead lead 9.9 none
esn 13.3 14.9 14.9 14.0 29.9 stesl stael 3.9 sand-d

BE.? stad 12.9 12.9 12.9 12.9 12.0 304sst 304sst 9.0 none
stad 12.9 12.9 12.9 13.3 13.3 304ss8t 3043t 9.9 none
ean 13.3 14.9 14.9 14.0 20.9 304sst 30483t 9.9 sand-=d

£.8  stad 12.9 12.0 12.9 12.0 12.0 stesl  steel 9.9 nome
stadb 12.9 12.9 12.9 13.3 13.3 stael stasl 9.9 none
ean 13.3 14.9 14.9 14.0 20.9 steel stesl 0.9 sand=d

E.9 stad 12.0 12.9 12.9 12.0 12.9 inconsl Inconal 9.9 none
stad - 12.9 12.9 12.9 13.3 13.3 inconel 1inconal 9.9 none
can 13.3 14.9 14.0 14.0 20.9 tnconel inconel 9.9 sand=)

E.19 stad 12.9 12.9 12.9 12.9 12.9 lead laad 9.9 none
stad 12.9 12.9 12.9 13.3 13.3 lead : lead 9.9 nons
can 13.3 15.3 13.3 13.3 29.9 304sat 39438t 9.9 sand-d

E. 11 stad 12.9 12.9 12.9 12.9 12.9 lend laad 9.9 none
stad 12.9 12.9 12.9 13.3 13.3 lesad lead 9.9 none
can 13.3 13.3 13.3 13.3 9.9 saad-d

20.9 atesl steel
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Table 4-2. Summary of Concepts Studied in FY'80 Follow-on
‘Work Using Previous Version of "BARIER" Code.
' (Stula, 1980a). (Continued)

_ Comcept Element .Instde ° Outeide TFiller Inside Outside Coating Filler
: HKaterial . Material Material Material Delay
1D OD ID. QD (5)1] (yrs)
E.12 stad 12.6 12.0 12.0 12.0 12.0 lead lead 0.0 noue
. atab 12.0 12.6 12.0 13.8 13.5 lead lead . 0.0 none
can 13.5 14.0 14.0 14.1 20.0 304est zire - 9.0 eand-)
E.13  etad 12.0 12.0 12.0 12. 12.0 lead . lead . 0.0 none
, &tab - 12.0 12.6 12.0 13.8 13.8 lead " lead 0.0 none
can -+ 18.5 14.0 14.0 14.3 20.0 304sst zirec - " 6.0 sand-}
E.13  etad 12.0 12.0 12.0 12.0  12.0 lead lead " 9.0 none
. stab 12,0 12.¢ 12.0 13.8 13.35 lead lead 0.0 none
can 13,8 14.6 14.0 14.0 20.0 304ast 3040 t 0.0 clizo
E.16 stad 12,0 12.0 12.0 12. 12.0 lesd = 1lead . 0.0 nogme
s tadb -12.0 12.0 12.0 13.5 13.8 lesd lead . 0.0 smone
can - 13.3 14.0 14.0 14.0 40.0 304sst 304ast ) 0.6 clino
E.17 stad 12.0 12.0 12.0 12.0 12.0 lead lead 0.0 nome
stad 12.6 12.6 12.0 13.8 13.5 lead lead 0.8 none
. csm 13.8 14.0  14.0 14.0 20.0 304sst 304ast " 9.0 bent
E.18 stab 12.0 12.0 12.0 12.0 12.0 lead lead 9.0 mnome
- wtab 12.0 12.0 12.6 13.8 13.8 lead - . leand 8.9 none
" ean 13.8 14.0 14.0 14, 20.0 copper copper 0.0 asnd-b
E.19  stab 12.0 12.0  12.0 12.0  12.0 lead  lead " '0.0 mnone
stad 12.0 12.90 12.0 13.8 13.8 lead lead 0.0 norne
can 13.8 14.0 14.0 (4.0 20.0 lead @ lead .. 0.0 wsapd-b
E.20  «tab 12.0 12.0 0 12.0 12.0 lead _ lead 0.6 none
stab 12.9 12.0 12.0 13.3 13.5 lead lead 0.0 none
" esn 13.8 14. 4 14.0 20.0 iron iron 0.0 gand-d
£E.21  etad 2.0 12.0..12.0 12.0 12.0 lead - . lead 9.0 meme
stab 12.6 12.6 12.0 13.5 13.8 lead  lead . ©.0 none
can 13.3 1e. 14.0 14.0 40.0 J04est 30458t 0.0 aeand-b
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Table 4-2. Summary of Concepts Studied in FY'80 Follow-on
Work Using Previous Version of "BARIER" Code.
(Stula, 1980a). (Continued)

Concspt Elemsnt Inside Outetide TFiller Inside Outside Coating® Filler
Material Material Yaterial Material Delay
ID oD ID OD oD (yrs)

E.22 stad 12.9 12.9 12.9 12.9 12.0 lead laad 9.9 none
astad 12.9 12.9 12.90 13.3 13.3 lead lead 9.9 none
can 13.3 14.0 14.0 14.2 49.9 304asat zire 9.9 asaad-)

E.23 stad 12.9 12.9 12.0 12.0 12.9 laad lead 9.0 anone
stad 12.0 12.0 12.9 13.3 13.3 laad lead 9.9 nona
can 13.3 20.3 20.3 290.3 49,9 39048st 39438t 9.9 wsand=-d

.24 stad 12.9 12.9 12.9 lead - laad 9.9 none
atad 12.9 12.9 12.0 13.3 13.3 lead lead 9.9 none
can 13.3 20.3 290.3% 20.7 49.9 3043t zire 9.9 sand-)d

A.18™" stad 12.9 12.9 12.0 12.0 12.0 lead lead 9.0 mone
stad 12.9 12.9 12.9 13.3 13.3 lead lead 9.9 none
can 13.3 14.9 14.6 14.90 40.0 J04sst 3%4sst 9.9 sand=)d

B1.118 stad 12.9 12.9 12.9 12.9 12.9 lead lead 9.9 none
stad 12.9 12.0 12.9 13.3 13.3 lead laad 0.9 none
ean 13.3 14.9 14.9 14.9 14.3 steel steel 9.9 sand=-d
sleeve 14.3 22.3 22.3 22.7 48.0 iron zire 9.9 sand-d

C1.18 stad 12.0 12.9 12.9 12.0 12.9 lead lead 0.9 none
stad 12.9 12.9 12.9 13.3 13.3 laad lesd 0.0 none
can 13.3 14.0 14.0 14.9 14.3 inconel inconel 0.9 saad-~d
o pack 14.3 13.9 13.9 13.90 13.3 304sst  304sst 9.9 sand-b
sleeve 15.3 22.3 22.3 22.3 43.9 1ron iroen 9.9 =sand-)

D.3S stad 12.9 .5 12.9 12.0 12.9 lead laad 9.0 none
stad 12.9 12.0 12.9 13.3 13.3 1ead laad 0.9 =noune
ean 13.3 14.90 14.9 14.0 14.3 steal stael 0.9 asand-)d
alasve 14.3 21.3 21.3 21.3 48.9 lreon {ren 190.9 saad-d

D1.25 stad 12.9 12.90 12.0 12.9 12.9 lead lead 9.9 none
stad 12.9 12.9 12.9 13.3 13.3 lead lead 9.9 none
ean 13.3 14.0 14.0 14.0 14.3 30439t 3043t 2.9 s3and-d
slesve 14.3 22.3 22.3 22.3 48.0 Iron fron 100.9 sand-b

*Coating delay represents an assumed length of time after which
corrosion of tha coated surface would begin

**uge indicates a concept identical to one in the FY'79 study
but with a cast solid lead stabilizer
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Table 4-2. Summary of Concepts Studied in FY'80 Follow-on

Work Using Previous Version of "BARIER" Code.
(Stula, 1980a). (Continued).

Concept Element ¢ Inside

D2.1S

‘atab

stab
ecan
¢ pack
sleeve

H}tcrlal

D 0D

12.0 12.0
12.06 12.@
13.5 14.0
14.5 15.0
13.8 23.8

-

Outeide ICoa!lng

. Outs ide Flller Instide
Material Matertial Material Delay
1D OD oD ' Lyrs)

12.0 12.0 12.0 lead lead 6.0
12.6 13.5 13.8 lead lead - . 6.0
14.0 14.0 14.3 incemel 1imcomel 0.0
15§.0 15.0 1.8 inconel 1inconel 0.0
23.8 23.8 48.0 iron 0.6

LR R

iren 10
| ! .

Filler

none
none
gand~-}
sand-)
sand-b



cllt

Table 4-3.

Best Concepts in FY'79 Perforuance Study
(Stula, 1980a).

Release Begin Time (Yrs) - Oxic Conditions
Concept Salt Shale Basalt-Granite

A.1, A.5 31 46

A.10 24,700
6.8 24,700
Bl1.7 1100
B1.11 1920 1930

c.7 49,400
cl.1, C1.3 217 41

Cl1.6 11,900
D.1 54

0.3 " © 130

D.5 24,800
D1.2 140 150

D1.5 1700
02.1 140 150

D2.8 1900
E.3 2600 3500




Table 4-4. Summary of:Concepts Studied With New Version of
"BARIER" Code. (Unless Otherwise Noted, Dimensions
in Inches).

CORCEPT ELEMENT INSIDE OUTSIDE FILLER GAP IFSIDE. OUTSIDE COATINC FILLER

SAND-B

MATERIAL MATERIAL MATERIAL MATERIAL) DELAY
ID oD 1) 0D oD (YRS)

A.1 STAB 12.0 13.5  13.5 13.3 (3.5 304SST 304SST 0.0 KONE
CAN 13.5 14.0 14.0 40.0 40.0 304SST  304SST 0.0 SAND-B

A.S5 STAB 12.¢ 13.5 13.8 13.5 13.3 3J04SST. 304SST 9.0 NONE
CAK 13.5 15.8 5.5 20.0 20.0 304SST 304SST 0.9 SARD-B

A.10 STAB 12.0 13.§ . 13.5 13.5 13.5 ZIRC - ZIRC 0.0 KOKRE
~ CAR 13.3 15:8 18.8 20.0 20.¢ ZIRC ZIRC 8.0 SAND-B

B.8 STAB 12.0 13.5 13.5.  13.8 13.5 STEEL = STEEL 0.0 KONE
' CAN "13.5 14.0 - 14.0 14.8 14.5 STEEL . STEEL 0.0 SAND-B
0 PACK 14.5 (6.8 16.3 20.@ 20.0 ZIRC ZIRC 0.0 SAND-B

B1.7 STAB 12.¢ 13.8 13.5 . 13.5 13.5 STEEL  STEEL 0.0 NONE
: CaN 13.3 14.0 14.0 14.5 14.3 STEEL STEEL 0.0 SAND-B
SLEEVE 14.3 15.¢ 23.0 30.0 30.0 STEEL LEAD 0.6 CLINO

Bi.11 STAB 12.0 13.5 13.3 13.5 13.5 STEEL  STEEL 0.0 KONE
, CAN 13.5 14.0 14.0 4.5 14.5 STEEL  STEEL 0.0 SAND-B
SLEEVE 14.5 22.85 22.7 48.9 48.0 [RON ZIRC 0.0 SAND-B

B1.1N STAB 12.0 13.8 13.5 13.5 STEEL STEEL 0.0 NONE
CAN 13.5 14.0 14.0 14.5 14.5 STEEL STEEL 0.0 SAND-B
SLEEVE 14.3 185, 13.0 48.0 48.0 [RON [RON 0.0 SAKD-B

B1.2N STAB 12.0 13.5. 13.5% 13.8 13.5. STEEL’ STEEL 0.9 NONE
. CAN 13.5. 14.0  14.0 4.5 14.5 STEEL- STEEL 9.0 SAND-B
SLEEVE 14.3 21.5 21.3 48.9 ° 48.0 [RON IRON 0.0 SAND-B

B1.38 STAB 12.0 13.5  13.5  ‘13.5 13.5 STEEL  STEEL 6.0 NONE

CAN 13.5 14.06 14.06  14.5 14.5 STEEL  STEEL 9.9
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Table 4-4. (Continued)

CONCEPT ELEMENT  INSIDE OUTIIDE FILLER CAP INSIDE! OUTSIDE COATIRG FILLER

MATERIAL MATERIAL MATERIAL MATERIAL: DELAY
Ip o> 0D 0D oD (YRS)
B1.3N SLKSVE 19.3 28.3 26.3 48.9 48.0 IRON IRON 9.0 SAND'B
Bi.4N STAB 12.9 13.3 13.3 13.3 13.3 STEEL STEEL 0.0 NONE
CAN 13.3 14.0 14.0 14.3 14.83 STEEL STEEL 0.0 SAND-D
SLEEVE 4.3 21.3 21.6 48.90 48.0 ° IRON ZIRC 0.9 SAND-B
B1.3 STAB 12.9 13.3 13.3 13.3 STEEL STEEL 0.9 NONE
can 13.3 14.0 14.0 14.3 14.3 STEEL STEEL 9.9 SAND-B
SLEEVE 14.3 21.3 21.08 48.90 IRON ZIRC 9.0 SAND-B
B1.8R STAD 12.90 13.3 13.83 13.3 13.3 STEEL STEEL 0.0 NONE
SLEEVE 14.3 21.3 22.0 48.9 48.9 INON ZIRC 9.9 SAND-B
B1.7N STAD 12.9 13.3 13.3 13.3 13.3 STEEL STEEL 9.0 NONE
CAN 13.3 14.0 14.0 14.3 14.3 STEEL STEEL 9.9 SAND-B
SLEEVE 14.3 13.0 13.3 48.9 43.0 IRON ZIRC 9.0 SAND-B
B1.88 STAB 12.9 13.3 13.3 13.3 3.3 STEEL STEEL 9.0 RONE
CAN 13.3 14.0 14.9 14.3 14.3 STEEL STEEL 0.9 SAND-B
SLEEVE 14.3 26.3 26.8 48.9 48.0 IRON ZIRC 0.0 SAND-B
Bl1.90 STAB 12.2 13.3 13.3 13.3 13.3 STEEL STEEL 8.0 HONE
CAN 13.3 14.0 14.0 14.3 14.3 STEEL STEEL 9.0 SAND-B
SLEEVE 14.3 21.3 21.6 48.9 48.0 304SST ZIRC 9.0 SAND-B
Bi1.19N STAB 12.9 13. 13.3 STEEL STEEL 0.9 NONE
CaN 13.3 14.9 14.0 14.3 14.3 STEEL STEEL 0.0 SAND-3
SLEEVE 14.3 21. .0 48.9 48.0 3904SST ZIRC 9.9 SAND-3
Bl.1IN STAD 12.9 13.3 13.3 13.3 STEEL STEEL 2.9 NONE
CAR 13.3 14.90 14.90 4.3 14.3 STEEL STEEL 9.9 SAND-B
SLEEVE 14.3 13.0 13.0 . 48.9 COPPER COPPER 9.9 SaAND-B
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- Table 4-4. (Continued)

CORCEPT ELEMERT . INSIDE OUTSIDE FILLER GAP INSIDEI QUTSIDE COATIRG FILLER

MATERIAL MATERIAL MATERIAL MATERIAL: DELAY
ID oD 0D op oD _ (YRS)

B1.12F STAB 12.0 13.5  13.§ 13.8 13.5 STEEL  STEEL 0.0 NONE
" CAR 13.5 14.0 ' 14.0 14.5 14.5 STEEL  STEEL 0.0 SAKD-B
SLEEVE 14.5 21.5 21.5 48.9 48.9 COPPER. COPPER 0.0 SAXD-B

B1.13N STAB 12.9 13.5 13.5 13.5 13.5 STEEL  STEEL 0.0 NONE
CAR - 13.5 14.0  14.0 14.5 14.5 STEEL  STEEL 0.2 SAND-B
SLEEVE 14.5 15.0 15.0 48.9 48.0 [NCONEL IKCONEL! 0.0 SAND-B

Bl.14N STAB - 12.9 13.5 13.5 13.5 18.S STEEL  STEEL .@ NONE
" CAR 13.5 14.0  14.90 1¢.5 14.5 STEEL  STEEL 9.9 SAND-B
SLEEVE 14.5 21.8  21.5 48.0 48.¢ INCONEL I[NCOKEL! 0.0 SAND-B

B1.1SX STAB . 12.0 13.§ 13.6 13.§ 13.5 STEEL STEEL - 0.0 NONE
CAN 13.5 14.0 (4.0 14.8 (4.5 STEEL  STEEL 0.0 SAND-B
SLEEVE 14.5 15.@ 15.0 48.0. 48.0 304SST 304SST 0.9 SAND-B

BI.16N STAB - 12.6 13.6 13.§  13.5 13.5 STEEL - STEEL - 0.0 NONE
CAN 13.5 14.0  14.0 14.5 14.5 STEEL  STEEL 6.9 SAND-B
SUEEVE 14.5 21.5 21.5  48.0 48.0 304SST  304SST 0.0 SAND-B

" BI.I?N STAB  12.0 13.5 13.5 13. 13.5 STEEL  STEEL - @.8 NOKE
"~ CAN 13.5 14.0  14.0 14.5 14.5 STEEL  STEEL 8.0 SAKD-B
SLEEVE 14.5 15.0 15.0 48.0 48.0 ZIRC ZIRC 0.0 SAND-B

B1.18K STAB 12.0 13.5  13.8 13.5 13.5 STEEL  STEEL ' 9.0 KONE
CAN 13.5 14.0 - 14.0 4.5 14.5 STEEL  STEEL 0.9 SAND-B
SLEEVE 14.5 21.5 21.5 .0 48.0 ZIRC ZIRC 0.0 SAND-B

B1.19K STAB 12.6 13.5 13.5 (3.5 3.5 STEEL = STEEL - ‘9.0 KONE
. CAN "13.5 14.0  14.0 14.5 14.5 STEEL  STEEL 0.0 SAKD-B
SLEEVE 14.5 21.5 21.6 48.0 48.0 [RON ZIRC 0.9 SAND-B

B1.20N STAB  12.0 13.5 13.8 13.5 13.5 STEEL = STEEL 0.0 NONE
. caN 13.5 14.0 14.0 14.5 14.5 STEEL  STEEL 0.9 SAKD-B
SLEEVE 14.5 21.5  2I. 48.0 48.0 [RON ZIRC 0.0 SAND-B
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Table 4-4. (Continued)

CONCEPT ELEMENT  INSIDE OUTIIDE FILLER <CaAP INSIDEl OUTSIDE COATING TFILLER

MATERJAL MATERIAL MATERIAL MATERIALI. DELAY
{0 0D oD oD oD » (YRS)
Bt.21N STABD 12.0 13.3 13.3 13.3 13.3 STEEL STEEL 2.0 QJONE
caAN 13.3 14,0 14.0 14.3 14.3. STEEL STEEL 9.9 SAND-B
SLEEVE 4.3 21.3 22.9 48.9 48.0 IRON ZIRC 2.9 SAND-B
Bt.228 STAB 12.9 13 13.3 13.3 STEEL - STEEL 0.9 KNORE
CAR 13.3 14.9 14.0 14.3 14.3 STEEL STEEL 0.0 SAND-D
SLEEVE 14.3 13.0 13.3 . 48.0 - [RON ZIRC 0.9 SAND-B
B1.23N STAB 12.9 13.3 13.3 13.3 STEEL STEEL 9.9 NORE
cal 13.3 14.9 14.9 4.3 14.3 STEEL STEEL 9.0 SAND-B
SLEEVE 14.3 26.3 26.8 43.9 48.90 I1nON ZIRC 0.9 SAND-B
B1.24N STAB 12.9 12.0 12. 12.9 13.5 HELIUM. HELIUM 9.9 [NOXE
CAN 13.3 14.0 14.9 14.3 14.3 STEEL STEEL 0.0 SAND-B
SLEEVE 14.3 21.3 21.3 4B.0 48.9 IhoON IRON 0.9 SAND-B
D1.238 STAB 12.9 12.9 12.0 12.9 13.3 AIR AIR 9.9 NOKE
CAN 13.3 14.9 14.9 14.3 14.3 STEEL STEEL 9.9 SAXD-B
SLEEVE 14.3 21.3 21.3 48.9 48.0 InOoN IRON 9.9 SAND-B
Bt.26N STAD 12.9 12. 12.9 12.0 13.3 HELIUM. HELIUY 9.0 NONE
CAN 13.3 14.9 14.90 14.0 14.3 STEEL STEEL 9.0 NONE
SLEEVE 14.3 21.3 21.3 40.9 48.0 IRON 1RON 0.9 SAND-B
Bt1.27N STAB 12.0 12.9 12.9 12.9 13.3 HELIUM. HELIUM 0.9 NONE
CAN 13.3 14.90 14.90 14.9 13.9 STEEL STEEL 9.9 NONE
SLEEVE 13.9 22.9 22.0 43.3 48.3 IRON TRON 0.9 SAND-B
B1.28N STAB 12.0 13.3 13.3 13. 13.3 STEEL STEEL 9.0 NONE
can 13.3 14.0 14.9 14.0 16.0 STEEL STEEL 9.0 NONE
SLEEVE 16.0 23.0 23.9 9. 49.3 IRON 1RON 0.9 SAND-B
B1.29% STAB 12.9 13.3 13.3 13.3 STEEL STEEL 8.0 NONE
can 13.3 14.0 14.90 14.9 16.9 STEEL STEEL 9.0 NONE
SLEEVE 16.0 23.0 23.0 9. 49.3 IRON IRON 0.9 SAND-B
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Table 4-4. (Continued)

CONCEPT ELEMERT  INSIDE OUTSIDE FILLER CAP INSIDE: OUTSIDE COATING FILLER

MATERIAL MATERIAL MATERIAL MATERIAL:. DELAY
- ID 0D oo oD oD : - = (YRS)

BE.IN CA STAB 12.0 13.8 13 13.5 LEAD LEAD 0.0 NONE
CAN 13.5 14.0 14.0 14.3  14.5 3J04SST J304SST 0.9 SAKD-B
SLEEVE . 14.5 15.0 . 48. 48.0 [ROM TRON 9.0 SAND-B

' BE.2N CA STAB 12.0 13.5  13.5 .5 13.6 LEAD LEAD 0.0 KONE
CAR 13.5 14.0 4.0 14.5  14.85 J04SST  3J04SST 0.0 SAND-B
SLEEVE - 4.5 21.5 21 .6 48.6 IRON . IRON 0.0 SAND-B

BE.GN CA STAB 12.0 13.5 13.5 13.8 LEAD LEAD 0.0 NONE
CAN 13.5 14.0 14.9 14.8 14.5 O004SST. 804SST 0.0 SAND-B
SLEEVE 14.5 26.5 26.5. 48.0 48.0 IRONX  IRON 0.0 SAND-B

BE.4N CA STAB 12.0 13.8 13.5 3.5 13.5 LEAD LEAD 0.0 FONE
CAK 13.5 14.0  14.0 14.5 14.5 004SST 004SST 0.0 SAND-B
SLEEVE 4.5 21.8  21.6 8.8 48.0 IRON ° ZIRC 0.0 SAND-B

BE.SN CA STAB 12.0 13.5 13.5 13.5 13.5 LEAD LEAD 0.0 NONE
CAN 13.5 14.0 14.0 14.5  14.3 9J04SST. 004SST 9.9 SAND-B

. SLEEVE  14.5 21.5 22,0  48.0 48.0 [IRON  ZIAC 9.0 ° SAND-B

BE.6N CA STAB 12.0 13.3  13.8 13.5  13.5 LEAD LEAD ©.0 NONE
CAN  13.5 14.0 14.0 14.5 14.5 O804SST. J04SST 8.0 SAND-B
SLEEVE 14.5 15.0 15.3  48.0 48.0 [RON  ZIRC 0.0 SAND-B

BE.7N CA STAB 12.0 13.5 13.5 3.5 3.8 LEAD  LEAD 9.0 KONE
CAN 13.5 14.0  14.9 1.3 4.5 J04SST. 804SST 0.0 SAND-B
SLEEVE 14.5 26.5  26. 48.0 48.0 IRON -  ZIRC 0.0 SAND-B

BE.BN CA STAB 12.0 13.5 13.5 13.5 13.5 LEAD LEAD 8.0 NONE
CAN 13.5 14.0 14.0 1.5 14.5 ZIRC ZIRC 9.0 SAND-B
SLEEVE 14.8 15.0 15.0  48.0 48.8 IRON IRON 0.0 SAND-B

BE.9F CA STAB (2.0 13.5 13.8 19.5 LEAD LEAD 0.0 NONE
CAN 13.5 14.0  14.0 14.5  14.5 ZIRC ZIRC 9.0 SAND-B
SLEEVE (4.3 21.8 21.8 ) 48.8 [RON 1RON 6.9 SAND-B
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Table 4-4. (Continued)

CORCEPT ELEMENT INSIDE OUTSIDE FILLER GAP INSIDEL OUTSIDE COATING FILLER

MATERIAL MATERIAL MATERIAL MATERIAL!I DELAY
iD 0D oD oD oD _ {YRS)
BE.1ON CA STAB 12.0 13.3 13.3 13.3 13.3 LEAD LEAD 0.9 HONE
CaAR 13.3 14.0 14.0 14.3 14.3 ZIRC zZinc 0.0 SaAND-B
SLEEVE 14.3 26.3 26.3 48.9 43.0 [noN IRON 9.9 SAND-B
BE.UIN CA STAB 12.9 13.3 13.3 13.3 13.5 LEAD LEAD 0.0 QNOUE
CAN 3.3 14.0 14.0 14.3 14.3 ZIRC ZIRC 0.0 SAND~-B
SLEEVE 1 21.3 21.¢6 43.0 48.0 IRON ZIRC 9.9 SAND-B
B2.12N CA STAB 12.0 13.3 13.3 13.3 13.3 LEAD LEAD 9.0 NONE
can 13.3 14.9 14.90 14.3 14.3 ZIRC ZIRC 0.9 SAND-D
SLEEVE 4.3 21.3 22.0 40.9 48.0 [ROX ZIRC 0.0 SAND-B
BE.I3N CA STAB. 12.0 13.3 13.3 13.3 13.3 LEAD LEAD 9.9 [NONE
CAN 13.3 14.0 14.0 14.3 14.3 ZIRC ZIRC 0.0 SAND-B
SLEEVE 14.3 13.9 13.3 49.9 48.9 IRON ZIRC 0.9 SAND-B
BE. 13§ CA STAD 12.0 13.3 13.3 13.3 13.5 LEAD LEAD 9.0 NONE
can 13.3 14.0 14.90 14.3 4.3 ZIRC ZIRC 9.0 SAND-B
SLEEVE 14.3 26.3 268.3 48.9 48.9 [IRON ZIRC 0.0 SAND-D
BE. 138 €A STAB 12.0 13.3 13.3 13.3 13.%3 LEAD LEAD 9.0 NONE
cax 13.3 4.9 14.9 14.3 14.3 (NCONEL [INCONELI 2.9 SAND-B
SLEEVE 19.3 13.90 13.9 48.9 48.0 IRON IRDX 9.0 SAND-B
BE. 16X CA STAD 12 13.3 13.3 13.3 13.3 LEAD LEAD 9.0 Q{ONE
CAN 13.3 14.9 14.0 4.3 14.3 IRCONEL INCONEL: 9.0 SAND-D
SLEEVE 4.3 21.3 21.3 40.9 48.9 IRON {RON 0.9 SAND-B
BE.ITN CA STAB 12.9 13.3 13.3 13.3 13.3 LEAD LEAD 9.9 NONE
caN 13.3 14.0 14.0 14.3 14.3 INCONEL (NCONEL! 9.0 SARD-B
SLEEVE 14.3 26.3 26.3 48.9 48.0 IRON 1RON 0.0 SAND-B
BE. 18N CA STAB 12.0 193.3 13.3 13.3 13.3 LEAD - LEAD 9.0 JNONE
CAN 13.3 14.9 14.0 14.3 4.3 [IRCONEL INCONEL! 0.9 SAND-B
SLEEVE 14.3 21.3 21.6 48.9 48.9 IRON ZIRC 9.0 SAND-B
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- CONCEPT ELEMENT

- BE. 19K
BE. 20
BE.21IN

BE.22K

BE.23K.
BE.24KN

BE.25N

BE.26N

BE.27K
" SLEEVE

CA STAB
cax
SLEEVE

CA STAB
CAN
SLEEVE

CA STAB
CAN

SLEEVE

CA STAB
CAN
SLEEVE

,6A STAB

CAN
SLEEVE

CA STAB

CAN
SLEEVE

CA STAB
TY

SLEEVE
CA STAE
CAN

SLEEVE

CA STAB
CAN

- g oui

' Table 4-4.

{Continued)

INSIDE .. OUTSIDE TILLfR GAP AANSIDEI OUTSIDE COATIKG

MATERIAL MATERIAL

1D

2.9 13.8
. 3.5 .
4.3 21.9

N—;—
N

oD

F L X
[T X~ ]
S

FY X F Y X
[~ X [ X Y]
e o e
SN

F L X
?O“
X 1]

oan

TERIAL

LEAD
IRCONEL
IROKN

- LEAD

INCONEL
IRON

" LEAD :
IRCOREL

TRON

-LEAD

ZIRC
IRON

LEAD

‘ZIRC

IRON

‘LEAD

ZIRC
IRON

LEAD
ZIRC
Inow

~LEAD -

304SST
1ROX

LEAD ©

304SST

IRON

MATERIALI DELAY

(YRS)
LEAD 0.0
{NCONEL!  ©.0
Z1RC 0.0
LEAD 0.0
INCORELI 0.0
ZIRC 0.0
LEAD 0.0
IRCONEL! 0.0
ZIRC 0.0
" LEAD 0.0
ZIRC 8.9
TRON 0.0
LEAD 0.0
ZIRC 0.0
IRON e.e
LEAD e.0
ZIRC 0.
ZIRC 0.0
LEAD 0.0
ZIRC 0.0
ZIRC 0.0
LEAD Y
- 304SST 0.
1ROK 0.
304SST - 0.9
ZIRC 0.0

FILLER

NOBE
SAKD-B

SAND-B

NONE
SAND-B
SAND-B

NONE
SAKD-B
SARD-B

RORE
SAND-B

SAND-B

NONE
SARD-B
SAND-B

NONE
SAND-B
SAND-B

NONE
SAND-B
SAND-B
NONE
BENT
NOKE
BERT
BENT



Table 4-4. (Continued)

CONCEPT ELLEMENT INSIDE QUTIIDE FILLER CAP INRSIDEI OUTSIDE COATING FILLER

MATERIAL MATERIAL MATERIAL MATERIAL) DELAY
1D  OD oD oD oD (YRS)
BE.28N CA STAD 12.9 13.3 13.3 13.3 13.3 LEAD LEAD 9.0 NONE
CAN 13.3 14.9 14.0 14.3 14.3 J304SST. 304SST 9.9 CLINO
SLEEVE 14.3 21.3 21.3 48.0 48.9 IRON IRON 9.9 CLINO
BE.29N CA STAB 12.9 13.3 1 13.3 13.5 LEAD LEAD 9.0 NONE
can 13.3 14.9 14.0 14.3 14.3 OJ04SST. J04SST 9.9 CLINO
SLEZEVE 14.3 21.3 6 48.90 48.90 [IROR ZIRC 0.9 CLINO
.t - .
BE.JON CA STAB 12.0 13 13.3 13.3 13.3 LEAD LEAD 9.9 Rone
can 13.3 14.90 14.9 14.3 14.3 3J04SST J304SST 0.0 SAND-B
SLEEVE 14.3 13.0 20.90 20.0 Inon {RON 9. SAND-B
DE.JIM CA STAB 12.0 13.3 13. 13.3 13.3 LEAD LEAD 9.9 NORNE
can 13.3 14.9 14.9 14.3 14.3 304SST. J04SST 0.0 SAND-B
" SLEEVE 14.3 13.9 36.0 36.0 IRON 1RON 9.0 SaND-B
BE.32N CA STAB 12.90 13.3 13.3 13.3 13.3 LEAD LEAD 9.0 RONE
CaN 13.3 14.0 14.0 14.3 14.3 J04SST 304SST 9.0 SAND-B
SLEEVE 14.3- 13.0 13.3 209.0 20.0 INON ZIRC 9.9 SAND-B
BE.J3N CA STAR 12.9 13.3 13.3 13.3 13.3 LEAD LEAD 9.0 NONE
can 13.3 14.0 14.0 14.3 14.3 J04SST. 304SST 0.9 SAND-B
SLEEVE 14.3 13.0 - 13.3 36.9 36.0 IRON ZIRC 9.0 SAND-B
BE.34N CA STAB 12.0 13.3 13.3 13.3 3.3 LEAD LEAD 0.0 NONE
CAR 13.3 14.9 14.90 14.3 {4.3 304SST  394SST 0.9 SAND-B
SLEEVE 14.3 21.3 21.3 48.9 43.9 1non 1RON 100.0 SAND-B
BE.33N8 CA STAB 12.90 13.3 13.3 13.3 LEAD LEAD 9.0 NONE
CAN 13.3 14.9 14.0 14.3 14.5 304SST. 304SST 0.0 SAND-B
SLEEVE 14.3 21.3 21.6 48. 48.0 [IRORN ZIRC 190.9 SaAND-B
BE.36X CA STAD 12.9 13.3 13. 13.3 13.3 LEAD LEAD 9.0 DNONE
CAN 13.3 14.0 14.0 14.9 14.3 ZIRC ZIRC 0.9 NONE
SLEEVE 14.3 21.3 . 47.8 47.8 IRON IRON 0.9 SAND-B
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Table 4-4. (Continued)

CORCEPT ELEMENT _ IKSIDE - OUTSIDE FILLER CAP IKSIDE, OUTSIDE COATIRG FILLER

‘MATERIAL MATERIAL L MATERIAL MATERIAL! DELAY
"iD - 0D 0D oD oD : (YRS)

BE.J7K CA STAB 12.0 13.5 - 13.5 13.8 13.8 LEAD- LEAD 0.0 RONE

CAN ' 13.8 14.0 ' 14.0 14.0 14.8. ZIRC = - ZIRC 0.0 NONE
SLEEVE = 14.5 21.58 . 21.8 43.0 48. IRON - - IRON - - 0.0 SAND-B

BE.J38N CA STAB 12.0 13.8 13.8 13.8 - LEAD - LEAD 0.6 NORE

CAN - 13.5 14.0 14.90 14.0 13.0- ZIRC = ZIRC 6.6 NONE

SLEEVE 1§.0 22.0° 22.0 48.5 IROR IRON .. . 0.0 SAKRD-B

BE.39K -CA STAB. 12.9 13.% 13. 13.8 - LEAD -~ : LEAD 0.0 .NONE

- CAR 13.5 14.0 14.0 {4.0 16.0 ZIRC ZIRC .. 0.0 NONE
SLEEVE 16.0 23.¢ - 23.0 49 49.3 InON- - IRORN © 0.0 SAND-B

C.7 STAB . 12.0 12.0 .0 12.0 13.5 EELIUM. HELIUM 0.0 NONE
"~ CAR 13.5 158.3 18.8 16.0 16.06 - ZIRC - - ZIRC 0.0 SAND-B
O PACK.  16.0 18.0 .0 40.0 40.0 ZIRC ZIRC . 9.8 SAND-B

Ci.1 STAB - 12.6 13.8 13.8 13.8 t3.8 - INCONEL INCOREL! 0.0 NONE
' " CAK . '13.8 14.0. - 14.0 14.8 14.5 [INCONEL INCONEL! 0.0. SAND-B
"~ O PACK 14.83 18.0 15.0 18.3 18.8 3J04SST  304SST - 0.9 SAND-E
SLEEVE 15.5 22.5 22.3 ~ 45.6¢ 45.0 IRon . IRON : 9.0 SAND-B

C1.3 STAB 12.0 12.0 - 12.0 12.9 13.8 - HELIUM. HELIUM 9.0 NOKE
. CAR 13.5 14.0 14.0 14.8 14.8 . IRCONEL : INCONELI -~ 0.9 SAND-B
O PACK 14.0 15.9 - 15.0 6.8 18.8  J04SST  J04SST 0.0 SARD-B
SLEEVE 15.8 22.8 " 22.5 435.0 45.0 - IROH IROMN 0.0 EAND-B

C1.6 STAB 12.0 13.8 - 13.8 13.8 13.8 VZIRCT ZIRC 0.0  KNONE
- CAR . 13.8 14.@ . 14.0 14.3 14.8 ZIRC -ZIRC 0.0 SAND-B
0 PACK 14.5 15.9 15.9 15.$ 15.8 ZIRC ZIRC 0.9 SAND-B
SLEEVE 18.8 16.5 16.8 24.0 24.0 STEEL STEEL 0.9 SAND-B

D.1 STAB 12.0 12.9 12. 13.5‘.HELiUH‘ BELIOM 9.0 NONE
CAN 13.5 14.0 14.0 14.5 14.83 STEEL STEEL 0.0 SAND-B

 SLEEVE _ 14.85 21.5 . 21.§ fROX . TRON : -

H

.
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Table 4-4. (Continued)

CONCEPT ELEMENT INSIDE OUTIIDE FILLER GAP INSIDE. OQUTSIDE COATIRG FILLER

MATERIAL MATERIAL : MATERIAL MATERIALI DELAY
10 oD oD oD oD (YRS)

D.3 STAB 12.9 13.3 13.3 13.3 13.3 STEEL STEEL 9.9 NORE
can 13.3.14.0 14.9 14.3 (4.3 STEEL STEEL - 9.9 SAND-B
SLEEVE 14.3 21.3 21.3 43.9 48.0 IRoN ITROX 199.9 SARD-B

D.3 STAB 12.9 13.3 13.3 13.3 13.3 STEEL STEEL 9.0 NONE
cAn " 13.3 14.0 14.9 14.3 14.3 STEEL STEEL 0.9 SAND-B
SLEEVE 14.3 16.3 16.3 48.9 48.0° ZIRC ZIRC 109.9 SAND-B

Dt.2 STAD 12.0 13.83 13.3 13.3 13.3 304SST  304SST 9.0 NONE
CAN 13.3 14.9 13.90 14.3 14.3 3J304SST  J04SST 0.9 SAND-B
SLEEVE 14.3 22.3 22.3 +8.90 43.0 IRON IRON 100.0 SAND-B

D1.3 STAD 12.9 13.3 13.3 13.3 13.3 304SST  304SST 0.0 NONE
CaN 13.3 14.0 14.9 14.3 14.3 3J304SST  304SST 0.9 SAND-B
SLEEVE 14.3 13.9 13.0 .9  20.0 3J04SST C04SST 190.9 SAND-B

D2.1 STAB 12.9 13.3 13.3 13.3 13.3 INCONEL [INCONEL! 9.9 NONE
CAN 13.3 14.0 14.9 14.3 4.3 INCONEL [INCONEL! 0.9 SAND-B
0 PACK 4.3 13.0 3.0 13.3 3.3 INCOREL INCONEL! 0.9 SaAND-3
SLEEVE 13.3 23.3 23.9% 48.9 43.0 IRON IRON 100.9 SAND-B

D2.8 STAB 12.9 13.3 13.3 13.53 13.3 ZIRC  ZIRC 0.0 RNONE
can 13.3 14.0 14.0 14.3 14.3 ZIRC ZIRC 9.0 SAND-B
0 PACK 14.3 13.0 27.0 2?2.3 27.3 ZIRC LEAD 0.0 SAND-B
SLEEVE 27.3 28.9 28.0 48.0 48.0 ZIRC ZIRC 180.9 CLINO

E.3 CA STAB 12.9 13.3 13.3 13.3 13.3  LEAD LEAD 0.9 BJONE
can 13.3 14.9 14.2 20.9 20.9 3J304SST ZIRC 0.9 SAND-B

E.4 CA STAB 12.0 13.3 13.3 13.3 13.3 LEAD LEAD 0.2 NONE
CAN 13.3 14.90 4.0 20.9 20.0 ZIRC ZIRC 0.9 SAND-B

E.24 CA STAB 12.0 13.3 13.3 13.3 13.3 LEAD LEAD 8.0 NORE
CAN 13.3 290.3 20.7 40.9 40.9 3J304SST ZIRC 9.9 SAND-B



Table 4-4. (Continued)

CORCEPT ELEMENT INSIDE - OUTSIDE FILLER CAP INSIDEl OUTSIDE COATING FILLER

MATERIAL MATERIAL MATERIAL MATERIAL'. DELAY
ib oD oD oD oD . (YRS)

E.1f CA STAB 12.0 13.5 - 13.5- 13.5 13.5 LEAD  LEAD 9.0 KONE
CAN 13.5 14.6 14.0 48.0 48.@ STEEL  STEEL 0.6 SAND-B

‘E.2F CA STAB. 12.0 13.5 13.S 13.5 13.5 LEAD  LEAD 0.6 NONE
" CAN 13.5 14.0 14.0 48.0 48.0 - ZIRC - ZIRC 0.0 SAND-B

E.OX CA STAB 12.0 3.5 13.§  13.5 13.5 -LEAD 'LEAD . 9.8 NOKNE
CAN 13.5 14.0 14.0 4B.0 8.0 [INCOREL IKCONEL! 0.0 SAND-B

E.48 CA STAB 12.0 19.5 3.5 13.5 13.5 LEAD LEAD 0.0 WNONE
) CAN 13.5 14.0 14,8  48.@ 48.0 3J04SST  J04SST 2.0 SaND-B

E.6GN CA STAB 12.0 13.8  13.§ 13.5 13.5 LEAD  LEAD 0.0 NONE
CAN 13.5 14.0 14.0 48.9 48.0 COPPER. COPPER 9.0 SAND-B

E.6N CA STAB 12.0 13.§ 13.5 13.5  13.5 LEAD LEAD 0.9 ' FONE
CAN 13.5 14.0 14.0 48.0 48.0 LEAD ~ LEAD @.0  SAND-B

E.78 CA STAB 12.0 13.3  13.5 . 13.5 13.5 LEAD LEAD 9.0 NONE
CAR  13.5 14.0 14.0  48.6 48.0 [ROX . IRON 0.6 SAKD-B .

E.8K CA STAB 12.0 13.8 (3.5 18.5 - 13.5 LEAD LEAD - 0.0 NONE
CAN 13.6 19.5 - 19.5  48.0 48.0 STEEL  STEEL 0.0 SAND-B

E:9N CA STAB .12.0 13.5 13.5 13.5 13.5  LEAD LEAD 9.0 NONE
. CAN 13.5 19.5 19.85 48.0 48.0 ZIRC ~ ZIRC 0.0 SAND-B

E.1eX CA STAB 12.0 13.5 - 13.5 13.5. 13.5 LEAD. LEAD 8.0 NONE
CAN 13.5 19.5  19.5  48.8 48.0 [NCOREL IKCONEL' 0.0 SAND-B

E.1t1E CA STAB (2.0 13.5 13.8 13.8 . 13.5 LEAD LEAD 9.0 NONE
_ CAN .~ 13.5 9.0 SAND-B
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Table 4-4. (Continued)

CORCEPT EZLEMENT INSIDE QUTSIDE FTILLER CAP INSIDE. OUTSIDE COATING FILLER

MATERIAL MATERIAL MATERIAL MATERIALI DELAY
ID oD 0D oD oD (YRS)
B.12N CA STAB 12.0 13.3  13.3 13.5. 13.3 LEAD LEAD 0.0 NONE
CAN 13.3 19.3  19.3 48.0 48.0 COPPER. COPPER 0.0 SAND-3
E.13% CA STAB 12.9 13.3 13.3 13.3 13.3 LFAD LEAD 0.9 NONE
can 13.3.19.3  19.5 43.0 43.0 LEAD LEAD 0.0 SAND-B
]
E.14N CA STAB 12.0 13.3 13.5 13.35 13.3 LEAD LEAD 9.0 XONE
- can 13.5 19.3  12.% 48.9 48.0 1RON IRON - 9.0 SAND-B
E.138 CA STAB 12.0 13.3 13.3 13.3 13.3 LFAD LEAD 9.0 NONE
CAN 13.3 14.0 14.0 36.0 36.0 ZIRC ZIRC 0.0 SAND-B
E.[68 CA STAB 12.0 13.3 13.3 13.3 13.3 'LEAD LZAD 9.9 NONE
CAN 13.3 14.0 14.0 36.0 36.0 INCONEL INCONEL! 9.0 SAND-B
E.178 CA STAB 12.0 13.3  13.3 13.5. 13.3 LEAD LEAD 0.9 NONE
can 13.5 14.9  14.0 20.0 20.0 ZIRC ZIRC 0.0 SARD-B
E.188 CA STAB 12.9 13.3 13.3 13.3 13.3 LEAD LEAD 0.0 NONE
CAN 13.3 14.0  14.0 20.9 20.0 INCONEL [NCONEL: 0.9 SaND-B
E.198 CA STAB 12.9 13.3 13.3 13.3 13.3 LEAD LEAD 0.0 NONE
E.200 CA STAB 12.9 13.5 13.3 13.3 13.3 LEAD LEAD 9.9 RONE
CAN 13.3 14.9  14.0 43.0 48.0 INCONEL INCONEL} 9.9 BENT
E.21N CA STAB 12.0 13.35 13.3 13.35 13.3 LEAD LEAD 9.0 NONE
caN 13.3 14.0  14.9 48.0 48.0 ZIAC ZIRC 0.9 CLINO
E.220 CA STAB 12.9 13.3 13.3 13.3  13.3 LEAD LEAD 9.9 XONE
can 13.3 9.9 CLINO

14.9 19.0 48.9 48.0 [INCONEL [INCONEL:
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Table 4-4, (Continued) -

CONCEPT ELEMENT . INSIDE OQUTSIDE FILLER GCAP INSIDEYI OUTSIDE COATING FILLER

MATERIAL MATERIAL MATERIAL MATERIAL: DELAY
ID 0D oD 0D op (YRS)

E.23F CA STAB 12.¢ 13.3 13.95 13.8 13.6 LEAD LEAD 0.9 NONE
- cax 13.5 14.0 14.0 48.6 48.0 STEEL STEEL 0.0 SAND-B

E.24N CA STAB 12.0 13.8 13.8 13.3 13.8 LEAD LEAD 0.0 KNONE
CAN 13.3 14.0 14.0 48.0 48.9 ZIRC ZIRC 0.0 SAND-B

E.2S5N CA STAB 12.0 13.8 13.8 13.% 13.5 LEAD LEAD 0.8 KONE
CAR 13.3 14.0 14.0 48.0 48.0 IKRCONEL [INCONEL: 0.9 SAND-B

E.26N CA STAB 12.0 13.3 3.8 13.8 13.5 LEAD LEAD e.0 NONE
CAR 13.5 14.0 14.0  48.0 48.0 3J304SST J04SST 0.0 SAND-B

E.27N CA STAB 12.0 13.83 13.8 3.8 13.5 LEAD LEAD 0.6 KNONE
CAN 13.5 14.0 14.0 48.0 48.9 COPPER. COPPER 0.0 SAND-B

E.288N CA STAB 12.0 13.8 13.§ 13.8 13.8 LEAD LEAD 0.0 NORE
CAR 13.8 14.0 14.0 48.0 48.0 LEAD LEAD €.0 SaAND-B

E.29K CA STAB 12.0 13.3 13.8 13.8 13.5 LEAD LEAD 9.0 NONE
CAR 13.3 14.0 14.0 43.0 48.0 [ROKN IRON 0.0 SAND-B

E.36N CA STAB 12.0 13.8 13.85 13.8 13.5 LEAD LEAD 0.0 NOKE
CAR 13.5 14.0 4.1 48.0 48.06 STEEL ZIRC 0.0 SAND-B

E.31F CA STAB 12.0 13.8 13.8 13.8 13.% LEAD = LEAD 0.0 NONE
CAR 13.83 14.0 ©.0 SAND-B

14.8 48.9 48.8 STEEL - ZIRC
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5. RESULTS

5.1 - "BEST" PACKAGES FROM PREVIOUS WORK -

In previous barrier performance studies (Lester, 1979)* (Stula, 1980a),
various waste package designs were evaluated .in four geologic medfa: salt, shale,
basalt, and granite. In each package design category, the case resulting in the
longest leach begin time ‘was considered to be the “best" design case of that
category. For comparison, petformance of these “"best” case'designs was evaluated
with the current version of the BARIER code. This comparison i{s presented in
Table 5-1 for salt, shale and basalt geologies. A more detailed summary of
calculations for these cases in the current study is presented in Table 5-2. The
current model generaliy predicts leach begin times in basalt which are lower than

. {n previous results. Current results compared to previous results in salt and

shale give lower leach begin times for long-lived packages and higher leach begin
times for relatively short-lived packages.

For completeness. Table 5-3 presents the best package designs in the
current study for each geology. However, it should be noied' that not every
package design was evaluated in all of the geologies considered.

5.2 CAST STABILIZER CONCEPT (Concept E)

On the basis of previous work, a package design utilizing a solid cast
stabilizer (Concept E) appeared to be one of the more promising paékage design
candidates. As a result, a large part of the current study-deaIs with Concept £
and its design variations.

Results of calculations for the Concept E package design variations are

abulated in Table S-4. Calculations were performed primarily {1n creeping
geoIog1c media with most of the cases evaluated in salt. Comparison of package
designs vaéyingv only in canister material shows a large variance in leach begin
time. Along with a~sign1f1caht2debendence on canister thickness (E.1N - E.14X),
this indicates that corrosion resistance is the 1ife determining factor for the
Concept € design. The use of different backfill materials and variable backfill

127



Table 5-1. Comparison of Previous Best Package
Designs with Current Results.

Package Leach Beqin Tire, Grs) fg:I::::ogieg? Eu':) fosgl"::z:nfsg.rbnﬁ)
Geology | Oesign Previous Current (0xic Conditions) {Oxic Conditions)
Salt A 1 1 2.8 x10t 2.8 x10°
A5 14 5 5 2.0 x10°
81.11 1,900 1,000 2.9 xlo4 2.8 ilos
. 13 20 2.8 x 10! 2.8 x10°
.3 13 20 2.8 x10' 2.3 x10°
0.3 120 1o 2.8 x10% 2.8 x10°
0.2 130 "o 2.8 x10} 2.8 210°
02.1 120 120 2.8 x10' 2.8 x10°
E.4 5,300 2,500 2,500 3.9 x10°
Shale A 30 1 2.8 x 10t 2.8 x10°
AS 30 820 820 a.0 x10°
f.1n 1,900 1,100 2.9 x110! 2.8 x10°
1.1 27 80 2.3 x10} 2.8 x 10°
.3 2 80 2.3 x 10t 2.8 x10°
0.1 37 8 2.8 x10! 2.3 x10°
01.2 140 250 2.8 x 110t 2.8 x10°
02.1 140 200 2.3 x 10 2.3 x10°
£.24 14,000 13,000 21 x 10t 2.9 x10°
Basalt A.10 25,000 10,000 2.9 x10? 2.9 x10°
5.8 25,000 10,000 1.0 x 10 4.2 210°
8.7 810 4,000 4,000 2.7 x10°
¢.? 49,000 20,000 8.6 x10t : 2.9 210°
c1.6 12,000 4,900 4,900 ’ 3.5 x10°
0.5 25,000 10,000 3.3 x10! 2.9 x10°
0.s | 1.700 1,800 1,800 8.0 x10°
02.8 19,000 13,000 &1 x 10 2.9 210°
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Table 5-2. Previous Best* Package Design Results with Curreht BARIER Model.
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Table 5-2.

Previous Best* Package Design Results with Current BARIER Model. (Continued)
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Table §-2. Previous Best*fPéckage Design Resul;ts with Current BARIER Model. (Continued)
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Table 5-3. Best Package Designs in Current Study (Oxic Conditions),
Release Begin Time Re]ea‘se End Time
Package | Leach Begin | for Plutonium, (yrs) | for Plutonium, (yrs)
Geology | Design Time, (yrs) (Oxic Conditions) (Oxic Conditions)
salt BE.12N, 5,000 3.3 x 10° 2.9 x 10°
BE.25N
B1.18N 29,000 5.4 x 10° 2.8 x 10°
E.9N 30,000 8.1 x 10% 2.9 x 10°
Shale | B1.2IN 2,600 3.0 x 10° 2.8 x 10°
BE.25N 5,900 3.4 x 10° 2.9 x 10°
E.13N 3,800 3.2 x 10° 2.9 x 10°
Basalt | B1.9N 12,000 6.7 x 10% 2.9 x 10°
BE.12N 5,900 3.4 x 10° 2.9 x 10°

132




£El

Table 5-94,

Concept E

Results in Current Study.
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Table 5-4. Concept E Results in Current Study. (Continued)
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thickness was found tz have a negligible effect on leach begin time. The use of
the cast solid stabilizer provides sufficient,,package _strength to make the
effects of media crushing forces relatively small. Of the canister materials
tested, Zircaloy canisters or canisters of other metals clad with Zircaloy were
found to give the longest leach begin times. This 1s due primarily to the
relatfve1y small corrosion rates for Zircaloy. o l 4

As can be seen in Table 5-4, the radionuclide release breakthrough is
delayed an enormous amount of time when appropriate backfill is ﬁsed.

5.3 HEAVY- SLEEVE CONCEPT (Concept B1) :

Concept Bl originally consisted of a mild steel canister surrounded by
a heavy sleeve designed to withstand high creep rate media crushing forces. In
addition to the heavy sleeve, a backfill cushion was included for additional
support. A protective sleeve cladding is also included in certain cases to
increase the corrosion resistance of the sleeve. Previous work (Lester, 1979)
had shown that backfill . thickness had 1ittle or no effect on package performance
but that sleeve design was significant in creeping medfa.

In addition, it was shown that of the materials considered for a sleeve
cladding material, Zircaloy provided the best resistance. In the current study,

- sleeve matérfal and thickness as well as sleeve cladding thickness are varied.

Results of the calculations for the Concept Bl package design
variations are tabulated in Table 5-5. Conclusions that can be drawn from the
calculations are consistent with those reported in (Stula, 1980a). That fis,
sleeve cladding thickness is significant only 1in those cases where sleeve
thickness exceeds & minimum thickness. Corrosion resistance afforded by the
cladding is inconsequential unless the sleeve is able to withstand media crushing
forces. Of the materials tested, the best combinations consist of a Zircaloy
cladding with a 304 SST _sleeve. Calculated :leach begin times in salt are
generally less than corresponding times in shale which are, in turn, less than
those 1in basalt. Th1s isdee to the high creep rate in salt and the negligidbie
creep rate assumed 1n basalt. : -

As with the & € concept, when a backf111 is used, radionuclide release
occurs at very long times after package fa11ure. is attenuated by a large factor
and is spread out over very long times.
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Table 5-5. Concept B Results in Current Study.
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‘Table 5-5. Concept Bl Results in Current Study. ' (Continued)
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5.4 HEAVY SLEEVE/CAST STABILIZER CONCEPT (Concept BE)

A package design utilizing both a solid cast stabilizer and a heavy
slesve had Dbeen thought to be an attractive concept on the basis of results of
pravious work (Stula, 19803). Therefore, variations of this design (Concept 3E)
are evaluated in the current study. Calculations are performed primarily in
creeping geologic media with most of the cases evaluatad in salt. Results of
calculations for the Concept BE design variations are presentad in Table 5-6.

Comparison of package designs varying only in canister ma;er1a1 show a
large varfance in leach begin time which indicates a significant dependence on
corrosion rate. As 1in the Concept Bl package design, sleeve thickness is
sufficient to prevent immediate crushing of the package. With sufficient slseve
strength, corrosfon resistance of the sleeve cladding is important in determining
package 1ifetime. Backfill thickness was found to have no effect on leach begin
time. Calculatad 1leach begin times in salt are generally much lass than
corresponding times in shale and basalt. .

As in all other designs the backfill gréatly delays and attenuates
radionuclide releaase.

5.5 PEAK WASTE TEMPERATURE

Use of dasign packages with many layers and/or low conductivity
materials could result in very high waste temperatures. A maximum temperature
criterion of 653% (380°C) is used to reject package designs. Calculated peak
waste temperatures for all package designs avaluatad are included in Tables 5-2,
5-4, 5-5, and 5-6. Of tha design cases evaluatad, only four (E.194 - E£,22M)
exceed the maximum temperature critarion. :

The package design characteristics having the most pronounced effact on
peak wasta temperature are type of backfill matar{al and backfill thickness. The
affact of type of backfill material is shown in Table:5-7 where usa of backfill
matarials with relatively low thermal conductivities such as bentonits and
clinoptilolite result in higher peak waste tamperatures than in the cas2 when
sand-bentonite (10 percent) 1{s used. The effect of backfill thickness is also
shown in Tabla 5-7. Peak waste temperaturé increases significantly with
increasing backfill thickness. Typas of barrier wall materials (metals) and
barrier wall thicknessas have littlae, if any, effect on peak waste tamperaturea.
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Table 5-6. Concept BE

Results in Current Study.
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Concept BE Results in
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Table 5-6. Concept BE Results in Current Study. (Continued)
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Table 5-7, Effact of Backfill Material and Thickness
on Maximum Waste Temperature.
Backfill

Package Thickness | Peak Wasta o
Design | Geology Backfill Material (Inches) Temperature, (*K)
BE.IN Salt Sand-8entonite (10%) 16.5 595
BE.30N Sand-Bentonits (10%) 2.5 501
BE.3IN Sand-Bentonite (10%) 10.5 564
BE.6N Sand-Bentonite (10%) 16.35 593
BE.32N Sand-8entonite (10%) 2.35 499
BE.33N Sand-8entonita (10%) 10.35 562
BE. 26N Bentonite 13.25 624
8E.28N Clinoptilolita 13.25 624
BE.34N Sand-Bentonite (10%) 13.25 557
E.2N Sand-Bentonita (10%) 17.0 599
€.15N Sand-Bentonite (10%) 11.0 568
E.17N Sand-8entonite (10%) 3.0 505
£.19N Bentonita 17.0 638
E.2IN v Clinoptilolite 17.0 698
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5.6 SENSITIVITY STUDIES 7

Sensitivity analyses were performed to determine the effects of certain
package physical characteristics and geologic conditions on package per?onnance.
Previous sensitivity study results were reported in (Stula, 1980a) for evaluation
of the 1ist of best package concepts for salt and shoie media as determined in
FY'79 work {Lester, 1979). 1In the current study, the effects of variation of
repository temperature and pressure, waste heat generation rate gap thickness
between package barriers, backfill thickness and compaction coefficients, and
radionuclide solubility are evaluated. ’ :

The effects of variation of repository pressure on package performance
are summarized in Table 5-8. Repository pressure was found to have no effect on
designs utilizing a cast stabilizer. However, for nonecast stabilizer designs,
canister thickness at failure and hence leach begin time are affected
significantly. As repository pressure increases,‘canister thickness required to
withstand media creep forces increases and leach begin time, or time of canister
failure, decreases. ' ,

The effects - of variation of repository ‘temperature on package
performance are summarized in Table 5-9. In all cases, peak waste. temperature is
affected only to the extent that repository temperature varies. That is, the AT
between repository and waste is constant and dependent'oniwaste heat generation
rate. Repository teﬁpe?ature was found to have a small, but significant effect
on canister thickness at failure for the non-cast stabilizer ‘designs. . The
criteria used to determine minimum canister thickness requifed to withstand
geologic creep forces are temperature dependent. - Thus, leach begin time {s
inversely related to canfster thickness at faflure. Eor cast stab{lizer designs,
no effects on canisterithickness at failure or leach ‘begin time are evident.
According to the BARIER corrosion model, temperature would affect corrosion rate
to the extent that one of two corrosion rates corresponding to two temperature
ranges would be utilized in any particular corrosfon calculation.

The effect of waste heat generation rate on the calculated maximum
waste temperature for several package designs is shown in Table 5-10. It can be
seen that for package designs 02.1 and BE.27N, the maximum waste temperature
increases linearly with increasing waste heat generdtion rate. This is to be
expected from the nature of the heat transfer Equation (3.2.3) for heat transfer
by conduction only. For heat ‘ transfer Eby iconduction' and radiation, use of
Equations (3.2.3) - (3.2.5) with package design B8E.39N shows esseatially a linear
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Table 5-8. Effect of Repository Pressure on Package Performance.

Radiation

Repository Repository Can Thickness Leach Begin

Package | Geology | Pressure, (psi) | Temperature, ("K) | at Failure, (in) | Dose, (R/hr) | Time, (yrs)
A.10 Salt 1700 466 .321 .230 6790
A.10 | 2500 466 .49 .245 5090
A.10 3000 466 .603 254 3970
E.24 1700 466 0 .089 2600
E.24 2500 466 0 .089 2600
E.24 v 3300 466 0 -.089 2600




Table 5-9. Effect of Repository Temperature on Package Performance,

Repository Peak Waste Can Thickness Leach Begin

11728

- Package Geology | Temperature, (%K) Temperature, (%K) at Failure, (in) Time, (yrs)
A0 | salt 3”3 401 464 5360
A0 | 423 451 .478 5220
A.10 466 494 491 5090
A.10 | 523 551 .509 4910
A0 | 573 601 .526 4740
Cceaoan | B 1 506 0 - 2600
E.24N s . 556 0 2600
E.24N a6 599 0 2600
E.24N | 523 . 656 0 2600
E.24N v 573 | 706 0 ' 2600
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Table 5-10.

Effect of Waste Heat Generation Rate on Maximum Waste Temperature.

Waste Heat Generation

Air Gap Thickness
Between Can and Sleeve

Repository

Maximum Wast

Package Geoiogy Rate Q/L, (Watts/inch) (inches) Temperature, (%K) Temperature, (" K)
D2.1 Salt 0.5 0 466 475
D2.1 2.73 0 466 515
D2.1 4.73 0 466 551
D2.1 7.0 0 466 592
BE.27N 0.5 0 466 483
BE.27N 2.73 0 466 857
BE.27N 4.73 0 466 623
BE.27N 7.0 0 466 699
BE. 39N 0.5 1.0 466 475
BE. 39N 2.73 1.0 466 516
BE. 39N 4.73 1.0 466 552
BE. 39N v 7.0 1.0 466 593




o
dependence of maximum waste temperature on waste"heat generation rate. This
indicates that for relatively small air gap thicknessés within a package, the
radiation component of heat transfer is of minor importance in comparison to the
conduction component. The,effect of varying air gap thickness on maximum waste
temperature is shown {n Table 5-11 for small air gaps.

Variation of backfill compaction coefficients was found to have no
effect on package life or any other performance characteristic with the exception
of net pressure on a barrier at failure. However, this effect is_‘re1ative1y
minor over the range of compaction coefficients considered. Net pressure of a
barrier at failure with a "stiff" backfill is generally on the order of 5 psi
higher than that for a barrier with a "soft" backfill in non-cast stabilizer
package designs. This effect fs shown in Table 5-12. For cast. stabilizer
designs, net pressure of a barrier at failure 1is d{ndependent of backfill
compaction coefficients.

The effect of variation of backfill thickness on radionuclide transport
resistance is shown in Table 5-13. It can be seen that most of the radionuclide
transport resistance as calculated by the RELEAS subroutine is attributed to the
backfill thickness excebt in the situation where the backfill thickness is
extremely small (less than one inch). Radionuclide release rates reach steady
state more quickly as the backfill thickness is decreased. 0Detailed results of
these sensitivity calculations are included in Appendix F.-

The effects of solubility of U-238 on radionuclide release rate are
evident in the results of each package design evaldated. For the high solubility
case, the release rate reaches steady state more qu1ck1y and s significantly
higher- than in the low so\ubility case. ‘ i
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Table 5-11. Effect of Air Gap Thickness on Maximum Waste Tewperature,

, Air Gap Thickness
Uaste Heat Generation Between Can and Sleeve Repository o Maximum Waste

Package | Geology | Rate /L, (Watts/inch) (inches) Tewperature, (" K) | Teuwperature, (°K)
BE.39N | Salt 4.73 0.125 466  556.6
BE. 39N 4.73 0.25 466 556.0
BE. 39N 4.73 0.5 466 554.8

& | pe.3on 4.73 1.0 466 562.2
B1.26N 4.73 0.25 . 466 559.1
BY.27N T 4.73 0.5 466 557.9
B1.28N 4.73 : 1.0 466 : 552.4
B1.29N v 4.73 2.0 466 547.7
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Table 5-12.

Effect of Backfill Compaction Coefficients
on Net Pressure on a Barrier at Failure,

Backfill Compaction Coefficients '

: ' : Net Pressure on Barrier
Package | Medium Barrier A K at Failure, (PSIA)
B1.4N Salt | Canister 0.44 - 253 -2522.6
B1. 19N Canister 47.5 0 -2523.)

B1.4N Sléeve 0.44 253 -2869.1
B1. 19N Sleeve 47.5 0 -2870.4
E.IN Cast Stabilizer| 0.44 253 -2500
E.23N ‘Cast Stabilizer | ~ 47.5 0 ~2500
CEJN Canister 0.44 253 -2500
E.23N v Canister 47.5 0 -2500
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Table 5-13. Effect of Backfill Thickness on Radionuclide Transport Resistance.
Backfill* Radionuclide Transport Release Begin Time Release End Tine
Package | Thickness, Resistance Due to for Plutonium, (yrs) | for Plutonium, (yrs)
Design (Inches) Backfill, (%) (Oxic Conditions) (Oxic Conditions)
BE. 1N 16.5 97.6 2.9 x 10° 2.9 x 10°
10.5. 96.2 2.9 x 10° 2.9 x 10°
2.5 85.8 40 4.1 x 10°
1.25 75.2 40 4.2 x 10°
0.5 54.8 40 4.2 x 10°
[.2N 17.0 96.4 5.9 x 10° 2.9 x 10°
1.0 97.6 3.1 x 10° 2.9 x 10°
3.0 91.6 2500 3.9 x 10°
1.5 84.5 2500 4.3% 10°
0.5 64.5 2500 4.2 x 10°

*Sand-Bentonite (10%)




6. CONCLUSIONS AMD RECOMMENDATIONS

The objective of the System Study on Engirieered Barriers (SSEB) was to
evaluate the efficacy of engineered waste packages in reducing the potential dose
to the population due to releases after repository closure.” The information ‘from
the study will be used to plan development work on engineered barriers and assess
- the technical incentives for use of multiple barrier packages.

Only a2 limited number of engineered barrier package designs have been
analyzed 1in the SSEB since the work was limited to scoping studies to guide
future work. Many engineering designs can be proposed which have not been
- considered .but the tools have been developed to analyze additional designs. The
emphasis on-future programs should not be on the “best" package but rather a
“sufficient” package to meet necessary criteria. The BARIER code provides a
means to measure proposed packages against such criteria.

6.1 PACKAGE PERFORMANCE : :

On the basis of the post-c1osure, flooded repository scenario the
preliminary analyses indicate that long-lived packages with low release rates can
be designed. The performance model indicates that lifetimes of well over 1,000
- years and in many cases over 10,000 years are reasonable to expect from packages
constructed of common materials. Furthermore, judicious use of backfills to -sord
- radionuclides and/or exclude water can greatly reduce radionuclide releases after
failure of canisters and overpacks as well . as great1yv.de1ay the -onset of
radionuclide release. ) ‘ L ‘

The results 1indicate that a few 1nches of backfill tnickness are
sufficient to supply the necessary barrier to radionuciide release. Radionuclide
retention times for U-238 ~as 1long as 107 years (e.g; Concept BE.26N) were
calculated in many cases. Large backfill thicknesses are of 1ittle advantage as
long as sufficient sleeve thicknesses and/or a cast stabilizer are used. Thus a
well chosen chemical sorbent would be a good choice with only a small amount
required. - The stress defense contribution of the backfill is questionable as it
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contributas very littla and never contributes to stress application if a very
"soft" material 1is used. The key question with regard to backfills remains
whether the backfill matarial will retain its properties over long periods of
time (more than 1,000 years). As was reported from pravious studies (Lester,
1979) there is a sarious question that a backfill would be intact in an
environment capable of leaching matarial from a ceramic fuel material.

The new code version demonstratas, as did the previous version, that {n
creeping geologic media (salt or shale) the most 1important requirément {s to
withstand the medfa crushing pressure. This requires a heavy sleave and/or a
solid, “crush-proof" waste form (i.e., a cast stabilizer). Corrosion is
important 1in that {it steadily weakens a sleaeve wall and eventually causes
faflure. In the casa of the “crush-proof" stabilizer, corrosion results in a
breakthrough which allows repository watar to contact the waste.

In general, the results using the new BARIER model roughly corrasspond
to those from the previous medel. 4While corrosion rates in the new. data., base
tand to be higher than the previous values, the stress calculations for crushing
forces are based on real failure rather than ASME code criteria which tend to be
very consarvative,

6.2 AREAS OF UNCERTAINTY

The current performance calculation capability is quita comprehensive
but still contains areas of uncertainty. Most of the concern is the lack of
sufficient data in appropriate environments needed to support more sophisticated
approaches. Ganerally, whera such uncertainty exists, credit is not taken for
possible lesser consequences. For instance, when a particular parameter value is
not well known, bounding values are usaed and the limit yielding the worst
consequences in the bounded range 1s chosen. Where the dependency of an effect
on a certain parameter is not well understood the parameter is set constant at
the limiting value yielding the worst consequences.




6.2.1 Corrosion Rate

Corrosion of package barriers is L dominating faiiure ‘mechanism. To

accurately assess the 1ife of the package the corrosion rate as 2 function of key
parameters and of time {s needed. Extensive study of 1iterature supported by
hand and computer-assisted searches was performed to deveiop the best data base
possible. The goal was to incorporate various modes of corrosion such ‘as crack
' propagation, pitting, graphitization and bulk corrosion and to inciude other
parameter effects such as temperature and radiaiton. Three deficiencies were
encountered: (1) total ~lack of data in some categories for some materials, (2)
- data available but in- chemicai environments not corresponding to the repository
condition of interest and/or (3) ranges of parameters (temperature. pressure)
not corresponding ‘to those of {nterest. It was possibie to divide corrosion
rates fnto  two temperature ranges and choose high values in known data ranges.
One difficulty was encountered fn choosing 'highest values" P unreasonabie rates
sometimes result which lack common sense. In most of these instances the
" environment was too di fferent from the repository. Such values were deieted.
' " The effect of radiation on corrosion is not well documented. Data that
are available indicate a small effect for exposures of interest. A review of the
detailed results shows that the radiation fields are generaiiy very Tow at
‘failure time compared to levels giving measureable effect. However, more
information, especia]ly in typicai chemistry. is definiteiy needed or much
overdesign will be required.

Another area of particular concern is 1oca1 corrosion on joints seans
or other discontinuities in the bulk metal. Corrosion data is typically on base
metal samples although some weldment testing has been done. Nevertheiess, it is
possible to introduce safety factors. For example, the 1iterature gives guidance
on corrosion allowances for non-base metals and one can design in conservation.

In generai it 1s felt that package designs could proceed now if a 1arge
degree  of - overdesign is tolerable. To reduce cost and increase ‘general
" - confidence more pertinent corrosion data would be usefui of speciaI}Concern is
the need to extrapoiate over long periods of time. This 1s unavoidable and can
be done with more confidence if based on conprehensive data. '
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6.2.2 Backfill Propertias

Two basic categoriaes of backfill properties are used in the current
BARIER code: (1) Physico-mechanical and (2) chemical. The physico- mechanical
properties are volume-prassure compaction characteristics (bulk modulus) and
internal friction characteristics (shear modulus and Mohr slope) which detarmine
the behavior of the backfill under external stress and how the repository stress
is transmitted to the inner package components. The chemical charateristics ara
those parameters affecting radionuclide and water transport “and include
retardation fac;ors (kd). diffusivity, porosity and.tortuosity.

Data are limited in both categories but reasonable bounding estimates
can be made and are used in the éurrent study. As with 'corrosion, increasing
knowledge allows more precision in design. Confidence in the design is possible
with current data but thick backfills may be needed to ensure sufficient
performance. The greatest uncertainty {s the ability of backfills to retain
their propertias over 'Ibng periods 1in envrionments of interest. However,
geologic data on montmorillonites and similar materials provide some insight in
their stability thus allowing the bounding procass. The most pessimistic
conclusion leads to significant functional 1ifetimes (thousands of years) so that
the problem is again one of design precision rather than of design intagrity.

The vital importance of thea backfiil is evident in the results of tnis
study. Therefore, it would be useful to exp&nd understanding of these matarials
as a design support activity. Increased confidence and design precision in the
backfill will yield many benefits.

6.2.3 Wasta Laaching
. This study has been restricted to disposal of unreprocassed, sgent
fuel. Neverthe]eSs. all that is discussed here applies to any other waste fom.
Consider the relationship of intrinsic (microscopic} data to global
(physical system) data. The package is a gqlobal systam the description of which
is basad on intrusfon data. Data obtained to data is intrinsic (Xatayama, 1976,
1980); that 1is, the measuraments of leach rate ars taken without the resistance
due to contaminants present. I[f the fntrusion leach rata is large comparad <%0
global system transport then the lz2achate around the waste form becomes saturated
with a given species. In this case solubility data are needed. Solubility data
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from Katayama were used'because fn all cases the tfansport'retes were orders 'of
~ magnitude below intrusion rates.

~ The release rates are sensitive to solubi1ity so that more solubility
data are needed depending on the desire to pinpoint release rates and
breakthrough times. The extremely long times obtained raise some question as to
whether one is concerned whether breakthrough times are 108 years or 1010 years.
However, as more detailed precision package design is done and more refined risk
~ analysis is carried out, increased confidence in the pertinent numbers will be
needed. It 1is recommended that solubility numbers be emphasized in future
testing. Leach rate measurements should be done in demonstration testidg with
deliberately failed packages so that global rate modeling can be validated.

6.2.4  Other Areas of Uncertainty ,

Some factors are not accounted for in the BARIER model. Of note are
water exclusion effects and the role of protective coatings (not including metal
cladding). These could be considered as delay times to be added to the package
performance times reported. However, the magnitude of these times remains
relatively uncertain. HUCh data are available on the behavior of swelling clays
and protective coatings but not as a function of long periods of time. wWork in
this area would be beneficial in providing @ measure of redundancy to design.

6.3 RISK MODEL DEVELOPMENT RECOMMENDATION

The BARIER code was not developed for the purpose of risk analysis but
" rather to orovide scoping studies which could be used to make research and
development decisions. However. in recognition of the amount of effort expended,
the code was designed with ease of extention to a risk model in mind. Thus the
code provides a baseline for deve1opmeht of a near-field risk mode1l’
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6.3.1 Applications of BARIER to Risk Analysis

The current BARIER code closely resembles the consequence part of a
risk model concerned with long-term effects in the post-closure repository. It
is based on one principal scenario but many sub-scenarios could be evaluated from
the results (see discussions in Section-2). 1t carries this principal scenario
to the consequénce conclusion: release to the geology of specific radionuclides
as a function of time. What it lacks is sufficient data base and in some cases
analytical features required for full risk analysis. It is not a-probabilistic
model but is fast running and so could be driven by a probabilistic model. Some
improvements can be made to BARIER now with additional work and some improvements
must await further data acquistition.

The sections that follow give some suggestions on changes to convert
the model to a near-field risk analysis. Many other changes will 1ikely be
identified as the actual job of incorporating this model into risk methodology is
undertaken.

65.3.2 Near-Tarm Improvements

' Further improvements in the release model could be made as discussed in
Section 3.5. This includes adding the tail-off portion of the release curve. The
benefits should be weighed against the added computational burden but can only be
assessed by making the changes. Because of long delay times in the backfill,
daughter product tranéport analysis capability would also be desirable.
Analytical solutions can probably be developed for decay chains in the backfill
with the flux boundary conditions. These would be similar to the GETOUT model
but the boundary effacts are different. More accurate representation of
radiodecay in-the backfill may be dasirable for shorter-lived radionuclides.

The modal for resistance effects of failed barriers could be coupled to
corrosion mechanisms to allow a more accurate representation of the barrier
resistance 1in radionuclide release. However, néte that 1in many cases this
represents less than 10 per cent of the total radionuciide release resistance.

Code function changes such as automati¢ variance of time increment to
accommodate fast or slow ratas of package degradation and to allow more afficient
use of computational time would be desirable. In addition, further refinement of
data manipulation and output format more appropriataly taflored to interfacing in
a risk model would be desirable.




Expansion of the data base will be needed to include more construction
materials - and backfill ‘materials. . Other waste forms will also be needed for
future risk studies. The current data base was }imited for scoping purposés and
was not meant to cover all the design cho{ées which will be considered as package
development proceeds. Corrosion rates, material stress properties, retardation
factors, porosities, tortuosities, thermal properties, heat generation rates, and
many other such data are needed for additional materials.

The expansion to include many other radionuclides™ would also be
desirable for risk studies. However, some parameters such as retardation factors
will be very data-1imited.

6.3.3 Long-Term Improvements

Changes in this category are those which require new data for support.
The most significant improvement would be the use of more sophisticated corrosion
rate models with more confidence in extrapolation of rates and consideration of
non-l1inear effects. In addition, feedback between crack propagation/penetration
and calculated stresses might be a desirable feature. Of particular i{mportance
fs the f{mprovement of the data base so that more applicable chemical-physical
environments are represented ‘and more accurate temperature dependency s
available. It is not 1ikely that this can be completed from existing literature
but a start could be made. The effect of backfill corrosion should be included.
Chemical adjustment, corrosion agent transport fn a backfill and water transport
are 311 factors not now considered. Intrusion corrosion rates are employed to
assess the global system. This results in higher corrosion rates than might
actually be observed. '

As data on nuclear radiation effects become available the feedback
loop between corrosfon and radiation field calculations could be closed. ‘'hen
this is done the radfation field subroutine will require expansion to include
photon sources other than spent fuel (such a change might be desirable now in the
near-term).

The current model envisions a 1ithostatic pressure acting on the
package. In most creeping media the effect of the slope of excavation,
discontinuities in the geology and other asymmetric properties results in
non-uniform stresses. Gross asymmetry may actually shorten package life. It
would be desirable to do more sophisticated stress calculations. Furthermore, -
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the consarvative assumption is now made that full overburdan strass is applied at

At high temperature in salt this is quit2 reasonabla as creep rates

time = 0.
In other media (e.g., shale) consideration of rate

are high at low temperature.
of stress build-up could be a useful addition.
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8. NOMENCLATURE

PROGRAM ' B '
SYMBOL VARIABLE EQUATION UNITS EXPLANATION
A].A2 ——— 3.6.3 Dimensionless Coefficients used in caluculation of buildup 1uct~r in

‘ RADCLC subroutine =
An AN 3.5.19 gm/ml Parameter in n-th term of Fourier series in RELEAS sub-
: rout ine :
A A 3.4.4 Ksi Empirical coefficient used in backfill pressure vessel
‘ relationship in STRESS subroutine
8 B 3.6.1 Dimensionless Buildup factor in flux calculation in RADCLC subroutine
B BULK 3.4.13 Ksi Bulk modulus of Barrier wall in STRESS subroutine
B BBULK 3.4.7 Ksi Instantaneous bulk modulus of backfill in STRESS sub-
' o . routine
B, --- 3.5.28 gm/m) Parameter in n-th term of Fourier series in RELEAS sub-
' o routine . ;
B]'BZ B ,B2 3.4.13 Ksi Coefficients in bulk modulus equatlon for barrier wall
T o o in STRESS subroutine : '
Co --- 3.4.1 Ksi' Cohesion force in yield model of STRESS subroutine
D DFL ‘3:5.6 cn@/yr Diffusion coefficient in species of interest in liquid
L - in RELEAS subroutine -
Do == 3.5.5 cmzlyr Effective diffusion coefficient for porous medium
E E - 3.4.44 Dimensionless Joint efficiency for longitudinal seam in ]oop stress
‘ ' ‘ : ‘calculation in STRESS subroutine

F(hz) FFUNC 3.6.1 Dimensionless Function used in flux calculation in RADCLC subroutine
G SHEAR 3.4.14 | Kksi Shear modulus of harrier wall in STRESS subroutine
G],G G1,G2 -3.4.11 Ksi. Coefficients in shear modulus equation for barrier wall

R S in STRESS subroutine |
G' BSHEAR 3.4.8 Ksi Instantaneous’ shear modulus of backfill in STRESS sub-
_ _ _ routine o
" - 3.5.13 cm3/yr Mass conductanceat x = ¢ in RELEAS subroutine
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PROGRAM

o

SYMBOL VARIABLE EQUATION UNITS EXPLANATION

Hg HLCA 3.5.28 cm3/yr Mass conductance at x=% times area available for trans-
port in RELEAS subroutine

I I ~-- Dimensionless Barrier identification nwnber for any package design
case (I-1 for inneruost barrier)

K -—- 3.5.29 gu/yr Parameter in Equation (3.5.29) of RELEAS subroutine

K K 3.4.4 Ksi Ewpirical coefficient used in backfil) pressure-voluue

. relationship in STRESS subroutine

'KQ AKL 3.5.28 ga/yr “g multiplied by concentration difference across the
resistance at x=& in RELEAS subroutine

L --- 3.2.2 Inches Length of waste heat generation surface (cylindrical)

Na -—- 3.5.5 gm/cmz-yr Flux of species of interest due to diffusion in RELEAS
subroutine

P --- --- Ksi Pressure on a transverse cylinder in Figure 2-3

Pg --- 3.4.3 Ksi Initial internal pressure on a barrier in STRESS sub-
routine

P? --- 3.4.32 Ksi Initial pressure at Ry in STRESS subroutine

P P 3.2.6 Watts/in Variable used. in PKTEMP subroutine for waximum waste

Co temperature calculation

PR REPRES 3.4.1 Ksi Absolute value of wean stress in yield model of STRESS
subroutine (repository pressure)

P] EPRESS 3.4.29 Ksi Pressure at Rl in STRESS subroutine

P, -—- 3.4.36 Ksi Pressure at R, in STRESS subroutine

P3 REPRES 3.4.36 Ksi Pressure at R3 in STRESS subroutine

P, .- 3.4.29 psi Internal pressure on a barrier '

Ppore --- 3.4.1 Ksi Pore water pressure in yield wodel of STRESS subroutine

Q HEAT(Q/L) 3.2.3 Watts Radial waste heat generation of packaged waste

Qi -—- --- g Initial radionuclide quantities
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PROGRAM

-

SYMBOL VARIABLE 'EQUATION .UNlTS EXPLANATION
R - : 3.4.23 “Inches iOutside radium of cylinder in STRESS subroutine
“Rg .- - Dimensionless Reynolds number
‘R¢ --- - 3.5.43 Dimensionless Retard factor in RELEAS subroutine
Ro IDIAM - 3.4.29 Inches Radius of inner surface of innermost. barrier layer in
‘ A - S STRESS subroutine ,
R] opIAM 3.4.29 Inches Radius of outer surface of 1nnermost barrier layer in
R o o 4 STRESS subroutine '
R2 ONIAM2 3.4.36 | Inches Radius of outer surface of second innermost barrier layer
R3 FDIAM 3.4.36 . Inches 'Radius of outer surface of filler or backfill
Ry RO 3.6.1 cm Radius of waste assemble
Rc CORRAT 3.3.1 in/yr Corrosion rate
it -—-- 3.4.23 | in/sec? d2p/dt2
S PMAXYH 3.4.44 psi Allowable stress for material in hoop stress calculation
- o . in STRESS subroutine
$1,54 $1,54 3.4.45 psi Constants in equations to calculate allowable stress in
STRESS subroutine
2 $2 3.4.45 psi/oC ~ Same as above
- 83 S3 3.4.45 oc Same as above
Sv sV 3.6.1 Photons/cm3/sec Source intensity (cylindrical) ln flux calculation in
RADCLC subroutine
T0 - 3.5.65 yr Time at which zero inventory is obtained in the waste
T TCENT 3.4.12 | °C ~ Temperature of barrier wall in STRESS subroutine -
A MAXTMP (for in-| 3.2.3 - 0K Temperature at inner surface of barrier layer (= MAXTMP
rermost barrien ~ for innermost barrier) . :
5 layer only) . .
Tg TOUTER 3.2.4 oK Temperature at outer surface of outermost (gas gap)

barrier layer (= temperature of geology for outermost
harmecl
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PROGRAM

SYMBOL VARIABLE EQUATION UNITS EXPLANAT 10N

T3 TINNER 3.2.3 % Temperature at outer surface of filler or backfill

Th REPTEM 3.2.1 oK Temperature at repository surface

,74 1,74 3.2.1 oC Constants used in repository temperture calculation

12 T2 3.2.1 oC/yr Same as above

T3 T3 3.2.1 yr Same as above

Tc TEMP 3.2.7 | 0K Tenperature at outer surface of barrier layer (TEMPER
subroutine)

v --- 3.4.36 Inches Radial displacement at R, in STRESS subroutine

u -—-- 3.4.25 Inches Radial displacement - STRESS subroutine

v -—- --- in/sec Fluid velocity around a transverse cylinder in Figure 2-3

) - 3.4.3 cul3 Backfill volume after compression by pressure P2

v, -—-- 3.4.3 cn’ Original backfil) voluue

v* VSTAR 3.4.3 Dimensionless Indication of pressure-voluie relationship of backfill

X" --- 3.5.19 Dimensionless " Parameter in n-th term of Fourier series in RELEAS sub-
routine

Y Yield 3 4.12 Ksi Yield strength in yield wodel of STRESS subroutine

Y].Y2 Y1,v2 3 4.12 Ksi Coefficients in yjeld stress equation for barrier wall
in STRESS subroutine

a --- 3.4.27 Dimensionless Constant in strain equations in STRESS subroutine

a -—- 3.6.1 c Distance tothe point of interest frow the edge of the
waste cylinder in the RADCLC subroutine

12 --- 3.6.3 Dimensionless Coefficients used in calculation of hulldup factor in

RADCLC subroutine

b --- 3.4.27 Dimensionless Constant in strain . wations in STRESS subroutine

b -—- 3.6.1 Dimensionless Number of wean free paths to point of interest in the

RACLC subroutine
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PROGRAM

SYMBOL VARIABLE EQUATION UNITS EXPLANATION
b --- 3.5.33 Dimensionless Radio-diffusion parameter in RELEAS subroutine
Cwi .- 3.5.27 gm/m) Concentration of species of interest in liquid at
' I ‘ infinite distance in a slab in RELEAS subroutine
¢y - 3.5.2 gm/m} Concentration at 2 of species of interest in liquid in
RELEAS subroutine
c CONC 3.5.1 gm/m} Concentration of species of interest in ]iquid in RELEAS
. | : subroutine :

cs L= 3.5.9 gm/gm Grams of species of interest absorbed on one gram of solid|~
e EM. 3.2.4 Dimensionless Effective emmisivity across gas gap of a barrier layer
ep EQUTER 3.2.5 Dimensionless Emissivity at outer surface of barrier gas gap
e EINNER 3.2.5 Dimensionless Emissivity at inner surface of barrier gas gap

f(x) --- 3.5.52 gm/ml Concentration profile in the backfill at zero inventory

‘ in the waste package
f --- 3.4.26 Dimensionless Constant in radial displacement equation in STRESS sub-
’ : routine
f(t) --- 3.5.27 am/yr Rate of transport of spec1es of interest out of waste
. o ‘ canister
g - 3.4.26 | in® Constant in radial displacement equation in STRESS sub-
_ . routlne
h0 1}4 3.5.3 cm'l Mass conductance at x=0 divided by diffusion coefficient
o » ‘ for species of interest in the backfill
h, (8 3.6.2 cm'] Mass conductance at x=f divided by diffusion coefficient
i ‘ : for species of interest in the backfill
har COEFF 3.2.7 watts/inz-oK Estimated overall heat transfer coefficient between
‘ _ repository and failed barrier surface
- 3.5.1 cm/yr’ Constant in Equation (3.5.1) in RELEAS subroutine
c -—— 3.5.44 cm/yr Constant in Equation (3.5;44) in RELEAS subroutine




0il

PROGRAM

SYMBOL VARIABLE EQUATION UNITS EXPLANATION

kp --- --- cm/min Peruieability of porous media

k K 3.5.12 cmzlyr Constant in exponential terms which generate transient
response of series in RELEAS subroutine

kd KD 3.5.9 nl/gm Equilibrium constant relating concentration of species of
interest in liquid to that absorbed on solid in RELEAS

kM MCOND(MAT) 3.2.3 Watt/in-2 Thermal conductivity of innerwost barrier layer

k12 MCOND(MAT2) | 3.2.3 Watt/in-°K ‘Therwal conductivity of second innerwiost barrier layer

K23 FCOND(BAK) 3.2.3 Watt/in-% Therwal conductivity of filler or backfill

k3B MCOND(MATGAP) | 3.2.4 Watt/in-°K Therwal conductivity of barrier gas gap

L L 3.5.1 ] Thickness of Backfill in RELEAS subroutine

q -—- 3.5.15 gm/yr-cn? Transport flux through a slab in RELEAS subroutine

r -—-- -—- inches Radius of barrier package layer relative to waste
centerline (r=0)

A IDIAM 3.2.3 inches Radius of inner surface of innerwost barrier layer

g GDIAM 3.2.3 inches Radius of outer surface of barrier gas gap

r ODIAM 3.2.3 inches Radius of outer surface of innerwost barrier layer

ro 0D IAM2 3.2.3 inches Radius of outer surface of second innerwost barrier layer

rs FDIAN 3.2.3 inches Radius -of outer surface of filler or backfill

ey --- 3.5.30 gu/yr Constant rate:of transport of species of interest out or
waste canister

t TIME 3.2 yr Time elapsed since package ewplacement

'tf TFINAL 3.5.3) yr Tiwe when quantity of radionuclides in waste is zero

t TS 3.5.25 yr Tiwe at which constant transport conditions prevail
(steady state tiue) in RELEAS subroutine

t' --- 3.5.35 yr Time elapsed since package euplacement

u(x) . EXACT 3.5.17 gin/ml Concentration profile in backfill at constant transport

conditions (steady state profile)




L

PROGRAM

EXPLANATION

SYMBOL VARIABLE EQUATION - UNITS
v(x,0) --- 3.5.52 gm/ml Concentration profile in the backfill for the insulated
L ‘ L . condition
w(x,t) SERIES 3.5.17 gm/ml Time-dependent concentration profile in the backfill
3 X 3.5.1 cmf Distance from arbitrary reference point ’
Xy THICK.TﬂlCKZ 3.3.1 inches Previous barrier layer thickness
X1 THICK,THICK2 | 3.3.} inches New barrier layer thicknéss ‘after corrosion over an
S IR increment of time .
Yo -—- 3.5.28 am lnitial quantity of waste in RELEAS subroutine
y Y 3:.5.27 gm Quantity of species of interest remaining in waste before
.- . o constant transport prevaiis in RELEAS subrout ine
z, --- 3.5.48 cm Location of soluble substance-solution’ interface ina
' g solid in RELEAS subroutine
z: --- 3.5.30 gn Quantity of species of interest remaining in waste after
- constant transport conditions prevail in RELEAS subroutine
2 - 3.6.1 cm Self—shieiding distance factor in RADCLC subroutine
20 Y . 3.5.31 gm . Quantity of species of interest in waste at time when
_— : constant transport conditions prevail in RELEAS subroutinel|- -
3 --- 3.4.24 | in/sec? d?L/dt? |
o -—- 3.5.21 cm-1 Parameter in Fourier series in RELEAS subroutine
ay --- 3.5.25 cm! parameter in' Fourier series in RELEAS subroutine
a, R(N) 3.5.19 cem™1 parameter in n-th term of Fourier series in RELEAS sub-
» - B routine
Bj' --- 3.5.53 em™ ! N-th positive root of Equatlon (3 5. 54)
B BETA 3.4.1 Dimensionless Constant slope of Mohr envelope in yield model of STRESS
v POISS 3.4.8 Dimensionless Poisson's ratio in STRESS subroutine
Ar THICK 3.2.7 inches

Thickness of inner barrier layer (wall) at time of failure




Zil

PROGRAM

SYMBOL VARIABLE EQUATION UNITS . EXPLANATION
At DELTA 3.3 yr Time increment
Aop .-~ 3.4.16 Ksi Change in radial stress - STRESS subroutine
Au, --- 3.4.18 Ksi Change in axial stress - STRESS subroutine
Auy, --- 3.4.17 Ksi Change in angular stress - STRESS subroutine
$ TORTUR 3.5.6 Dimensionless Tortuosity of porous medium with respect to diffusion in
: RELEAS subroutine
Y THICK 3.4.44 inches Wall thickness used in hoop stress calculation in STRESS
subroutine
£, .- 3.4.36 in/in Change in axial strain at R, in STRESS subroutine
c EP 3.4.16 Dimensionless Void voluwe of porous medium in RELEAS subroutine
LR --- 3.5.16 in/in Change in radial strain - STRESS subroutine
Ly -—- 3.4.16 in/in Change in gxial strain - STRESS subroutine
o -—- 3.4.16 in/in Change in angular strain - STRESS subroutine
" ETA 3.4.38 Dimensionless Constant defined by Equation (3.4.39) in STRESS subroutine
An --- 3.5.40 Dimensionless Paranetgr in RELEAS subroutine, Ag=nil
A --- 3.5.65 Dimensionless Paraueter in RELEAS subroutine, A =ull
A LAMBDA 3.4.16 Ksi Lawé constant for barrier wall in STRESS subroutine
A DECAYC 3.5.27 yr"'l Radiodecay constant of species of interest in RELEAS
: - ~ subroutine
A BLAMB - 3.4.10 Ksi Lamé constant for backfill in STRESS subroutine
N CLAYD 3.5.11 gm/m) Bulk density of porous wedium in RELEAS subroutine
p --- 3.4.23 | 1b/in’ Density ‘
U --- 3.2.4 watt/in2-°K4 Boltzman constant
)] -—— 3.5.66 Diménsionless Parameter in RELEAS subroutine, 0=kt/£2
w --- 3.5.44 cm Infinite transport distance in a slab in RELEAS

subrout ine




PROGRAM

el

otz

SYMBOL VARIABLE EQUATION UNITS EXPLANATION
9 : - 3.4.23 Inches Outside radius of cylinder in STRESS subroutine
oR --- 3.4.16 Ksi Radial stress in STRESS subroutine
Uz -e= 3.4.18 Ksi Axial stress in STRESS subroutine
ag --- 3.4.M7 Ksi Angular stress in STRESS subroutine
03 - 3.4.19 Ksi Initial radial stress in STRESS subroutine
oY --- 3.4.20 Ksi Initial axia) stress in STRESS subroutine
08 -—- 3.4.19 Ksi Initial anqular stress in STRESS subroutine
BAK BAK -—- Dimensionless Identification code for backfill material type
BFAIL BFAIL --- Dimensionless Designates backfill integrity in STRESS subroutine
(= 0 indicates failure)
CLPRES CLPRES - psi Internal pressure on barrier at time of repository sealing
CLTEMP - CLTEMP --- Ok Internal temperature on barrier at time of repository
' sealing
COAT COAT -—- yr Codting delay time in CORODE subroutine
FLUX FLUX 3.6.1 photons/cmzlsec Ganma ray fll}x at a particular péckage location
1] I8 | -—- Dimensionless | Number of barriers in a package design case (I=IB for
outermost barrier)
IGE 1GE --- Dimensionless Identification code for geology
IL ; IL --- Dimensionless - Identification code for type of barrier
"IWATER IWATER -== | Dimensionless ld:ntification code for‘type:of repository
' water ‘
MAT . MAT . --- ‘|, Dimensionless }déntification code for type of material,in:inner barrier
ayer
MAT2 -es Dimensionless | Identification code for: type of material in second inner-

most barrier layer




vl

PROGRAM :
SYMBOL VARIABLE EQUATION UNITS EXPLANATION
MATGAP MATGAP -—- Dimensionless Identification code for barrier gas gap material
: A type
WFAIL WFAIL -—- Dimensionless Designates barrier wall integrity in STRESS

subroutine (= 0 indicates failure)




-APPENDIX A
BARIER PROGRAM LISTING

-

The program listing of BARIER and all of its subroutines is provided in
this Appendix. , ‘ -
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TROGIVNM BARIFN

CALCULATION OF ENCINEERED DARRIER PERFORMANCE
HAIN PROGCILM SETS DINFNSTONS AND READS INPUT
abd, MATILIXES ARE AVALLARLE T0 SUDROUTINES BY
TUE ConlhioN HATRIEX. ..

INCLUDE *COMiN, REW®
DOUMLE. PREGCISION BARFIL, DATSET
DOUBLE PRECISTON CTUTLE, MATLAD, BXL R, TLLAR
DINENSION CTITLECIGED) , WA, IBARD , MATLARC [MTTV , 1LLAB(S)
! + BKLABC IBAK)
INTFGER FlLAG
HEAT CRUERATION RATE WATTS/ 1IN -
DATA HFAT/4.737

LABEL 10°UT

DATA CTITLE/ 10HSALT .
2 1DUNASALT .
3 TOMIGRANIT N
) 1 MISHALE /
DATA ¥LAD/GHBRINE.SH, ANOX, SHHIGC .
] SRBRINE, 38, 0X16¢, 3018 .
2 SHILOW 3, SHON, AN, SHOXIC
3 BHILOW 1, 3HON,O0X,3HIC .
4 SUNONE. 3N 31U 7/
DATA MATLADZ 1ORMSTEFL.
2 LONZ 1 R
H} 1O INCONL, K
A 1ONM04SST .
8 1OHCOrPER .
13 1OLEAD .
7 101 RrON .
1ONKELIUN .
10HAIR .
1OHNONE /s
DATA 1LLAKY 10MCAST STAD
8 | 1018 TAD N
2 TONCAN .
H] 1001 ACK .
+ 1OHSLERVE /
DATA DBKLAN/ TOIROND .
2 JORBENT .
H3 1OHSAND-N .
10HCLINO /

:l"lll'.llHM. CONPUCTIVITIES FOR METALS AND CASES (WATTS/IN-C)
DATA MCONDA 3. 8, .40,.03,.41,9.4,.70,1.2,.003,.0003, .0003/
THERMAL CONDUCTIVITIES OF FILLERS (WATTS/IN-0)

DATA FCOND/ . 000G , . 004, .007,.004/

EMMISSIVIIFS OF * TAIS

DATA FMNTZ.88,.9,.007,.03,.70, .63, .6(3. D, .0
EMMISSIVIVES OF (CRPILLS ‘

DATA FDAK/Z.9,.9,.9,.%

OPEN OUTrurT FILES
QPENCUNET2 2T, DEVICE:2 *USK®  FLLE: *PERFOR, DAT®)



¢

G ENTRY OF BUN PARAUETENS AND INPUT FILE RANE

2 TYPE, 200 :

200 FORMATC® ENTER INPUT F* £ KAME FOR CASES.. °*.8)
. ACCEPFT 200, DATSET

201 FOUMATI A 105

IFCOATSET. K4, CSTOP* ) €% TO 600
CTYWE 1200 .
1200 FORMAT(* FNTER DELTA TIHE ?722(YEARS)  *,@)
ACCEPT & DELTA .
TYPE 1007 ,
1007 FORMATC® NOW SET A IGE .... *.8)
ACCERT ¢, IGE
VPR 202 o -
202 FORMATC® ENTER INATER .... *,8)
ACCERT %, IWATER
CLCOUNTs INATER :
OFEN CUN T2 20, BEVICES * DSK® , ACCESSs *SFEQIN® , FILEs DATSET)
OFEN CUN T 32, DEVIGEs * DSK® , ACCESSs *SEQIR® , FILE= * CEOMAT. DAT®)
OPEN CURITE, DEVICE. *DSK® , ACGESSs *SEQIR®  FILE® * HATHAT. DAT®)
OPEN (URIT=24, DEVICES *DSK® , AGCESSs *SEQIN®  FILE= *CORKAT. DAT®)

C

¢ NOW READ IRTUT FROM:FILES ’
REAIM 2, 1002, ERD=9999 ,FRItz29999) ( ( I.Mll" .l 1 REPRESC D,
) CREEPS 1), ECEOL »,
t - THen, 1"1!) TN l) T4 1), C‘(DI‘.I'F(IH =1, lﬂ"())

1002 FOUMATCAS . FI0.0, AT, fnl"l(l 0)
’ REPIESCICE) 2 REPRESO LCE) 71000, .
READC 2D, 1003, ENDz 99999 l'.lllis')')‘)')‘))((vlt D, YJ( n,
] o Bt w2 1, (‘l( ", (.A( I).bl( 1 S"( . b‘ll l).b“ 3]
2 V.21, MR-
10603 umm TCIOFI16.0)
EADC 24, 1003, FRR=99950, r.un:«wn..ouu:ummrt I. .l) I=1,8) 321, IMT-D)
Iml'l murmuu 10.0)
WEANC20,250,ERD=2) RARFIL, ID
~2'm FORMATOALD, l:!l .
OFEN CURIT=2) DEVICE=*DSK® , ACCESS: *SEOIN  FILE=BARFIL)
READCZS, 1080, END=z099  FERR=999)) 6 C IO I L IDIAMI D) ,ODIAMI DY,

3

i GUIAMZU B ,FDIANC L) ,CDIAMC T,

i ACD KU HATOD) (MAT2C D) RO, COATODD (BAKC D (HATGAPC D)
< 0l PRESC H Gl 'II-NI'( n. lll"'l'M H l‘l)lNQ( D

! ) LR PRT

FLAG= 110§D ‘ . ' ’
100} FONMATOSX, us.?rm.o./.::m.zrm.n.zm.:n».n.zrs.o)

.

H RENE WE PIRINT OUT SOME. TRPUT THFORMATION
10025 .
WIRUTEC 101, 299) , BARY 1,

299 FORIATE® 17, 50X, *CONCEPT  * ,AL0, /)

BALLC LGED = () l'lll NOIGE)Y = 1000, .
wRITES mu BOM CTITLECICE) , BALLL IGF) L LREEPCICE)

00 FOUIATCZ, * CEOLOGY:  *  A10,7,° REPOSPTORY PRESSURE (PS1Ys*,
[] |" .7, d:llF.l".l'lN(: flPZl'lUﬂ VY A1 |

C S

. CALCULATE PEAK VASTE TEHMPERATURE

GALL I'KTENE
SO MRETEC Jou, 1200, MAXTME . .
1201 FONMATE " HAXTHUN WASTE TENP.: | FO.1,°(K) ")
IFCBAXTHE « oS8.000 T0 10 ) L
WILETTEC TOU, 1000) . :
1000 FORDAT( * WANTF 'l'l".lll'l’lll/\'l’lll\l': EXCEREDED *)
GO T Sel)

) CONTINUF,
N
o PO WK INGS



NRITEC 10U, 102)

102 FORMATC® ELEMENT 1.0, 0.0, 0.0, 0.0. 0.0, ‘e
' 1 BACKFILL INNER  OUCER  JOINT COAT FILLER e
2CAP SFAL.  SFAL. BACKFILL BACKFILL®

1,7, 9%, " INNESU  INRER OUTER  FILLER®,
3°  CAP COEFFIGIENTS SOLID  SOLID EFF  DELAY®,
4° NATERIAL MATERIAL  PRESS.  TEMP®
4,° Houn FOISSanNe 7
4,.9X, *SOLID  SoLid °,
3° SoLID i (1) . A K*,2a%, "tYItS) * , 20X, -
6o tIsl) (K) SLOPE RATIO .
6,7,10X,"CIN) R L C1 )

[H TORINT MORE INPUT INFORMATION
DO 3003 1=210,10,-1
WRITEC IR, 304) , ILLARCILC DY 2 1), IINANC DY,
1ODIAMCT) JODIAMZC 1) ,FRIANC D) ,CGDEAMCT)

1 ALY KO MATLABCMATC 1))
2 SHATLADBATRC 1)) LKD) JCOATUE) RKLADIBAKC DD+ D)
2 HATLABCMATCARE 1))
3 LOCLEPRFSO D, CLTEMPO D)
. 4 - HETAC D L POISSTD

J03 CONTINUFE

aus FONMATI IX, A7 ,OF7.0,1X,.F3.2,F7.2, 1X,2A7,
! F3.2, IX.FS.1,208X,A7)  F7.2,F0. 2,

1F7.2,F%.2)
WIITEL 1080, 303)
303 FORUMATC(/,° BARRIER PENFOUMANCE®,/,* ')
6 ‘ JFUIWATER, EQ. 1COUNTY GO TO 2600 i
WILEVEC 10U, 307) NLANC |, IXATER , WLAR( 2, I WATED ( FVLABRC], IWATER)
307 FORMATC:1°,° WATER: °,I0AD)
, G0 To o
2000 WRITEC 10U, 306) WLAIW 1, INATEID , ¥VLABCS, IWATTFID , WLADCD, IWATEID

06 FORMATC® WATEN:  ° ,O0AT)
L 00 NRETEC QU 309)

209 CORMATL® FLEMENT FALLURE NET ‘e
1" THICKNESS FLEMNENT REPOSITORY RAD FLUX',”, 16X,
SUTINES YIIN) PRESSUPESTA) {1 ‘.
BUIRMPCK TEN KD (R *)

. 1Lat=n

G 1.1 IS "TUE RO, OF BARNIENRS
TiIMK:0.0
[ RELED T ALY

IFCFLAG.EQ. 4 IDONE:
DO 100 12 1LIN, TDONE, - §
C CALCULATE. TINICK BFERE
THICKCODIAN D-IDLAMC I 72,
S THICKS= CORIANZC D -ORIAI 1) ) /2,
1299 CONTINUE
Brallz )
1NDXs )
M MATC 1)
TINBAR=O. O
T CORTINUE
TINBARS TIMBAIC DELTA
TIME: VIR DELTA
CALL TEMIER
CALL. ADCLG
CALL GOKODE
IFCFLAG FO. O AND G ERPCTGE) L FO, CYFS)CO TO B
IFCFLAG EQ, O ARD CREEPC ICED (FAL NO* Y00 T 9
CALL, SIIESS )
IFCTHICK. LE. 0. 00 WFALL: O -
w10 1099
(1) WEALL:
IFCTHICK. LE. O WFALL:=0
LRS- -REPIRESOICE T 10060,




L CO TO 16099
9 WEAIL= 0 .
IFCTHICK, LE.O)RFALL=0
NTPRS= CCLEPRESOTMDX) £ TEMP Z7CLTENPCINDBX - 15 )

1099 IFONFALL.EQ. @) €O 1o 12
oo 1o 7 i . -
12 CONTINUE o L
IFCTIICK. LY. 0. 0) l'llll'l('“ 0
C HERE. WIETE IRFO ABOUT IKRIVIBUAL BARIFUS. .

WIETEC 10U, 3100, 1LLABEC TLC 0 o 1 CTIHIAR, N'I’I‘IIS T™iCK,

1 TENP, REPTEM, FLUX
aJi10 FOUBATO 1K A0, 2F 1.2, F 14,3, 0%, FI2,2,F13.2, ll'l'.l"i.m
100 CORTINVE
M SET 1 0 ‘. : :
H 1= FOIL THE NEST OF THE MAIN l'llO(:llAﬂ. . -
. ]
c -
c - PRIRT 'l'lm'. PN
VIHTI'.( 1, 4563 , TINE ) '
456 FIRUIATC . LEALG ll BECIR TINE (YEARS) = °* ,F9,2)
:: LEACK BECIN .

CALL RELEAS
INATER: IWATER* 1 .
IFCIRATEN LE. ICOUNT+ 1DCO T 6 ‘ . S
L 20} ] CLUSE (UNLTs20, DEVICE: "DSK®  ACCFSS2 "SFQIN® , FILE=BARFIL)

INATER: TCOUNT
GO TO 4
640 srop
999 TYIE 990
990 Hlmﬂl\'l'( C TROUNLE W1TH UNIT 20 %)
: srop .
9999 TYPE 9990
9990 FORMATC® TROUBLE WITH uxiT 22 °)
sTor

" 99999  TYIE 99990
99990 FORNATL * 'umumr. WITH UNIT 23 - °*)
ST -
99950 TYI'E. 99940
89940 FOUNATC® ‘TROUBLE VTN "6IT 24.°)
srolr
END , L
- SUBROUTIRE. CORODE
] L ALY BATRIXES AIF AVAILADLE 'rn SUNRODUTIRES By
« TUE COMHON MATRIX. ..

INGLUMDE " COMION, REW® 20
(M ALLOW FOR COATING DELAY TINF
IFCTIMBAR (LK. COATCINDX) ) RETUNN
IFCTERF.CT.O73.) GO 10 10
KKL S IWATER- ¢
“n TO 16
13 KEK- 22 IWATER
13 IFCTHICK2Z.LE. 0. 0060 ‘T 14 -
THEK2 = TIHICKS - CORRAT KKK, MAT2C INDX) e DELTA
RETORN
14 THIEK 2 TIHICK - CORNATORKK, M) =DELTA
RETUNN
ERD



J(ED

SURROUTINE PKTEMP
ALL MATHIGESTARE AVAILABLE TO SURROUTINFS NY
THE COMMON MATRIX. . .

INCLUDE °COMMON. NEW®
TOWTERs T ICF) +270.0
no o100 1200, 1,1
JIFCFRIAU DD . EQ.CHIANI 1Y) €O TO 20
AY=0.0 ’
Wrs2.0
1CONT=0
TIANER: TOUTER
(FCFDIAMC D . FQ.ODIAM 1)) FINKERs EMATOMATZ( 1))
IFCFDIANCI) LGT.ORIAME 1)) EINRERs EDAK(BAKC 1)+ 1)
IFCL.EQ. I ROUTER: ECEOC 1CED)
IFCLLLT. NI EOUTEN FMAT(MATC 1+ 1)) -
FRls 1. 0/0 1. 0/ZRINRERCCFDIAMC D /EDTANC 1)) =( 1. O/FOUTER-1.0))
10 22,020, 141392CFDIAMC D) 2EMeL. GO 10, 02x(=-1].0) *(TINKER®x4, 0=
TTOUTER224, @) + CTINRER-TOUTEID 2 MHEONDOMATCAPL $) ) Z7ALOGILCDIAM( 1) ¥
2FDEANC 1) ) ~HEAT
IFCANSOE) LLT.ADRSC.01)) CO 1O 30
1CONT= 1CONT )
IFCICONT.CT. 1000 CO TO 40
IFLELT.0.00 GO TO 10
IFCP.CT.0.0) €O TO 20
a0 IFCARSEP+ XV LT ARSCP-XYY) €0 10 33
GO T 7
33 nr:nr-2.0
37 TINNER*TINNERe DT
xv=p
<o T 10
40 IFCARSOP XY (LT ABSUP-XY)) GO TO 43
<O o 4?7
43 N /2.0
4?7 TIRRER TINNER-DT
Xys=p
GO TO 10
10 WRITEC 10U, 49,1
49 FORMATC S ITERATIONS EXCERD 100 FOR BARRIER =°, 1D)
50 CONTINUY,
GO 1o 923
0 TINRER= TGUTEN
94 SURE ALOCCFDIANC D Z70DIAM2C D) Z/FCONDIDAKC 1Y ¢+ 1)
SUH:= SIPBALOGCCODIANZC 1) ZODTAME 1)) /7 MCORDEMATZO 1))
SUMESUHALOGODIAME D 21D IANC 1) 3 7MEONIMMATO 1))
MAXTHEP 2 TINNER HEATSUM/0 2, 020, 14159)
TOWTER= MAXTMDP
1080 CONTINUE
neTruRN
END




10
1
«

SUNROUTINE TEMI'ER T
AL, NATIILES ARE AVAILASGLE 'm mmu.umnre By
THE CORRON. HATRIX. ..

FRCLUBE ’I.ﬂ"l‘lﬂl’l firwe
IF CTIHE. LT TR ICEY Y €O TO 10,
REPTEN:=T4C1CE)
€O T0 i1t
CONTIRUF a
REPTER:T1CICED) T2 1GK) tM.lN.( l'lﬂl"l
CONTINUE
NEFTEN:2270. 0+ REPTEN
NOW CALCULATE TEMP. ..
TENP=NEAT/ZCD. 14150 IDIAN IRDX) +2 . %TUICK) t( OFFFCICE) Y+ IEPTEM
RETURN :

EHD - . ‘ ' -




QNN

SUBROUTINE, STRESS
- INGLUDE *COMMON, NEW®
RO= IDTAMCINDXY /2,
IF THICK.LE.9.60€¢001) GO TO 180
Ri=zRO+THICK
R22GOTAMSO INDX) 2.
R3=2FDIAMCINDX) 72,
TCENT=TEMP-273.
IF(CREFPCICGE) .EQ. *NO*) GO TO 200
YIFLD=sY1( M) + Y2( M) xTCERT
BULK=B1(M) +B2( M) xTCENT
SUEAR=GUI D +G2U M 2 TCENT
IFCCEDIAMCINDN) -ODIAM2C INDXD).LT..91) CO TO 140
IF(BFAIL.FQ.0.9) CO TO 80
IFCKCINDX) .LT.0.01) GO TO 3O -
VSTAR2=AC INDX) +SQRTCAC INDX) %2, +4., *K( INDX)*REPRES( ICE))
VSTAR=VSTAR-2. /KU INDX)
GO 10 60
30 VSTAR=REPRES( IGE) Z7AC INDXD
60 BRULK=z AL INDX) *( VSTAR+1.)+2,2K( INDX) *VSTAR®( VSTAR+1.)
PSUIEAR2 3, 32BOULKR( 1. -2, 2POISSUINDX) ) 7( 1. +POISSCINDX))
LAMBDA=RYULK-2. *SITEAR/J.
BLAMB= YRV K-2.xBSHEAR/J. .
LI NIz R1:23, Z7CLAMBDA+SHEAR) +RO®%2, /SHEAR) /2. 7( R1x22, ~RO*%%x2,)
DEROMz DENOM+RS=( A2xx2, .71 BLAMI+ BSHEAR) +R3%x2, /BSHUEAR) 72, .
1 ZENCxx2, ~R2x%x3, ) :
DENOM= DENOMT2. X( NIxx2, ~-R2%xx2.)
FPRESSzNFPRESC IGF) xR2xR3x%x2, 2( |, /7({ BLAMB+BSHEAR) +1./BSHEAR)
FPRESSsFPRESS/DENOM
ETAs<QRT: 0. 148148=BFTACINDX) x22.x( 1, -POISSC INDX) ) xx2,
! ~(1.=-2,.2POISS( INDX) ) *x2,.,3,)
. PMINR=REPRESC IGF) x( 1, -ETA) /¢ | . ~ETA®*R2x22, /R3I*x2.)
' tPCLPRESS.LT.PMING)Y GO TO 130
JFAIL= L
80 NU2(J,=xBULK-2,.xSHFAR) 7( 3. *BULK+SHEAR) 72,
PMAUY=( YIFLD/72.) (1. -ROxx2,/7I11x22,) /SQRT( 1. -NU+NU=xx2,)
HiPRSz=11 ALSS®1000.
IFCEPRESS.GT.I'MXW) GO TO 100
99 WFAlIL=2\
S{FTTRN
100 WFAIL=O
 RFETUARN
140 7)) QeSr =NEVRESCIGE)
NTPISz=FP WSS 1000
o TH an
120 3CAIL=0
PR ISz RFPRES( IGE)
NTPLS2=-EPRESSx 1000
on TO Ao

INTERNAL. PRESSURE DOMINATES - NO CREFP

2% 1 TCERT.GE.S3(M Y S2S1(1M) -S2( M *xTCENT
WFCTUENTOIT.S3(M) ) S840
PHANTIICR SECINDX) Z7( RO+, 6xTINICK) 71000,
FORCE2CCLERESC INDX) xTEMP/CLTEMIC INDXD - 153.) 71000,
NTHS2FORMIE=X [000,
TR aAXW=-F0ORCE) 100, 100,90
EIth




GHasChn

S80

X

4]

.e

S

DHTHSD

]

G

SUDNOUTIRE RARCIG . Do e 4

IRCLUDE * COMMON. NEW( 4073, 407'!1 t

DINENSION XMUBK(4) , mmm %), TrAN9) , l’llm 9)

DINENS1ON TR, Hlll( oy, I 501

DINENSION ALC4) ,A2(4), M.I'lll( 4 JALPIL 3, Pl‘(llﬂl"( 4) mammo)

DEFINITION OF vAdIABLES

1) = AUILOUY FACTOR, I JHAXe l)’TOTM- ﬂllll pup }'M'Tﬂl'l
SV = SOURCE. INTERSITY .

o sRADIUS OF FUEL ASSEMRLY

FLUX = I'HOTONR FLUX

XMURF s ARKRAY OF ATTENUATION COEFY ICIEN I"Q FOR BACKFILL, MATERIALS
Xtunn * ARRAY OF ATTENVATION COEFFICIENTS Foll IMllllll’ll HATERIALS
PRR = ARRAY OF PFROTON RELEASE RATE VS TIME ’ .
TERI = ARRAY OF TIHES CORRFSPONDING T PRR
XMU = TEMPORAMY ATTENUATION COFFFICIENT '
T s TEMPORARY MATERIAL THICKNESS, THEN XHUsT
ARG = TEMPORARY SUH OF XMUFT TIPtOUGH HATERIALS.
]

Nip ARRAY FOR MATERIAL (D8

JHAX = NUNHBFR .OF THICKNESSIS OUT TO DOSE POINT

AV AZ ALPIELALIHE = BUILDUE FACTOR COEFFICLIENTS

HXRor = BACKF1LL HATERIAL CROSS “EF TO RULLDUP FACTOR

nxnen s panRnt I'.ll HATERIAL Cl¢ lSS IVI' K lllF.N( I'(l BULLDUP FACTOR

STOPr Conts
(L1 NEER TO INCIREASE DIMERSTOR OH T, HID, AR} B
2222 TINE PAFGE Ol S WINCE IRTENSITY EXCREDED

DATA MYRUF-0,0.3,3/

BATA MXPV1.8.0,0,2,2,0,0,0/ :

DATA A1/9,2.3.10.007 N
DATA A2/7-0,-1.3,-9,-10/

DATA ALPHIZ-.00810,-.04,~-.0008,~. 164/

DATA ALPNZ/.0260,.17,.010,.007 .

DATA XHUNF/70.,0.100,%, 140,60, 130/ :

DATA XIRNUL-0.470,0.367,0. 472 a. 462 0. ﬁl“ 0 797. v
*.470,0.0,0.0/ »

DATA TPRIVG, 1, 10,36, 100,000, 1000, .mou ' mm/

DPNTA PRIZG. ﬁll".' 13,4.70E+18, 2 4-l|'.+l5 1.4 il’.‘lﬂ..!.ﬂ“‘.*l‘.
23, 0G5F l-.-."ﬁl‘ﬂﬂ,-.."ll‘.’lﬂ 1. llfpl’*lﬂ/ , ‘ )

CET MATERIAL THICKNESSES

J-0

N 10 1=, IRDX

Jzde

I¥ ¢J.CT.30) STOP 1614

TCHSONIANC D =-IDIANK D)

MIDCD2MATC D) L
Jrhed ' ¢
¥ ¢3.GTF.3M SToi* § 11 - :
TCHsODEAMISC D -ODIA K D)

MIDRCDY s MAT2C 1) . !

tF CLEQINEYY GOTO 10

RENEY

IF (J.CT.30) STOP 101

TCOO=FRIAMC DY =0OBIAN2( D)

HIDCDY 2= BARLD) :

REPED| -

IF ¢J.Gr.500 S1or s . A
TCHSEDIANC D -FDIAMNC D) HR

HIDCD) =HATCALIC 1)

CONFINUE

JAXED



c TVIE 2000,¢3.TCH  MIDCH J2 1, 0MAX)
2000 FORMATCIS FL0.0,13)

[ H
G CALCULATE ARG
c .

Alls: (l
Do 20 Js g, JMAX
HFepten) . CF. 10) Gil’l’" 12
Iremiptiry 18,92 )
n XMUz XHUBFOANSO MY !M ll D )
COTO 195
12 Xt o,
oo 18 .
13 X Xelunre pipe )

17 TGO T EXMU-L, 34 ' -
20 ANC2ARCHTCI)
c TYPE 2000, (0, T, 021, IMA%)

2001 FORUAT 1T, IPE10.3)
G .
G CALCULATE BULLDUP FACTORS

DO 2t J2),30
21 D=y,
JI2IMAXe )
e a6 e g, IHAX
IF CHIDCD) . CF.10) T 239
IFCRIDED) 22 20,24
22 Mz MXNUFC-NIDCDD) )
GOt 293
28 M 0
«<ore 23
2 Ml MXRBROMIM D)
29 SO NE.O) GOTO 0
Kegr=4.
0““’ ul“
a0 N0 = ALCMID 2E X1 =-ALPHECHID =T HA“( M =FEXI(C -M JSH2UMD) ET(I))
30 NSz InENLN
C TYPE 20001,¢J,.800) 020,400

P CET SOURCE INTENSITY

DO T 1=28,9
I CRINE-TI'RRC DY) 83,63,.70
0 CONYT N,
¢ INTERPOLATE SEMILOG
a9 L PEN R |
SONEs PRI M
NTwo= pPiiu i)
TORE TR 1M1
TrIwos el 1
SV .SONEXESTHOZSONE) 20 CTIME=-TONE) 70 TINO-TINE) )
COro 7%
[} Sv= i
QOre %
Nyop 2220
‘u
l‘ NORMALIZATION: FACTOR

5 BV, G0F 09 SV

G CALCBLATE FLUX - IINEIS A ROENTUENSZIIRR
FLUX BUAD rSVIFFURGCIARC) -ODEANZE INDXD
« FhFEAGee ARt
«© TYPIE 002, Iu lli ..\\ FFLODIAN THDXD)
2002 FORMATOIPETD,
190NN
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FND

FUNCTION FFUNG(R)
DATA R/87 , TNETA 9607
Tz . 0174502902 TUETA
F¥zq : =
DY T/

No 10 I=f,R
Xi=s(1-0)20T

2= 1T

Fl:F(X1.n
F2zpex2, .
FFsFFe(F1+F2)x0T/2
CONTEINUE - - i
FFUNG=FF

RETUAN

FND

FUNCTION F(X. D)
F2COSCX) ‘
IFtF.CT.0.00010 COTO 1|
F:0

RETHRN

Fs-W\F

F2EXI(F) -

neErnN

(A1 U]

A-11




SUBROUTINE NFLEAS

INCLUDE °COMBON. NEW®

REALSS CLAYGD, CLAYID, CANID, EP, CLAYD, NUCLID

REALED AV, FDATA,TFINAL

COMION Z7AJAX, CLAYOD,CLAYID,CANID, EP, CLAYD, RDEX
COMMON Z7DATIN NUCLIDC 10, 10)

contion /PTAZ 1UY, [DXK

CIRINON Z/SCUBAZ FDATALZ, 10) , TFINAL,AV, 1S,.1T

DIMERSION ANAIMEC16,3)

DATA CH NC/2.98,47 .
DATA CANANECE,0),031,3)7°U-200",° (HIG*, °It SOL®, *UBILL®

LYy ‘s

DATA (ANAME(Z,J) ,921,3)/7°U-230",° (LOW*,* SOLY*, 'BILIT®
1.°'Y) *s.

PATA (.MMNEHl.J).J’I.B'I‘l‘l.ll'l’()'.'ﬂllm".'240 ' e
1. 4

DPATA ('M'N\H!Z(‘%.Jl.J'I.BI/'M‘I&IRI'.'(!Ilm' 02, ’

* 7/

. "DI\TQ :’NIICI.ID( 1,9 ,021,10) 74T 1420. 3. BE-07, 1. 07E-03,1.63E-10,31.3
. 420,/
DATA (NUCLID(Z, 0,001,100 74271420, ,3.E-07,0.08F-11, 1.33E-10
1.31.3, 1800, ,420.7
DATA (NUCLINGD, J) ,021,10)72930.,0.061,3.0F-11,2.0F-03,31.3
1.1200.,430./7
DATA (NUGCLID(4,0) 020,100 /309, ,3.22,3.8E~11,1.3F~-03,01.3
1, 4000, ,4%0,./
1Utis 1o
TIXKs 2
AN T AN
CLAYODs CH=CDIAMC 1)
CLAYID=CHOD EAM2C 1D
CANID= CLEx D LA TDONE)
TESTIs CLAYOD-CLAYID
TEST2=CLAYID-CANID
IFCTESTI.LT. 0. 1) (CONE=2
IFCTESTZ.LT. 0. 1) 1CODFa?
IFCICODE.CT. 1) €O TO 999
DO GO0 NDEX=1, NG
ARG NUCL I XDEX, 1) xTINE
NUCLIDONDEX, 10) 2 NUCL )M NDEX, () XEXP(-ARG)
oo CONTINUFR
MIzBAKC I &0
CO TO €(10,20,30,400, Mt
19 KPP,
CLAYD=2 .,
Co T 30

20 EP:0.04
CLAYD: 2,
. o T 50
30 ¥Pa0. |

CLAYD22,
«0 1o 30

49 EPz0.8
CLAYD2 2,
30 WRETE (B, 47)
49 FORTATLZ, I1X, * NUCLIDE CHOLOCY RELEASE NATE INFORMATION® ,/)

DO 100 NIDEXs 1, NG
IFCIBXK. FQ.2) GO T 62
WIRTTE CLOU, 2 CLAYOD, CLAYID

k1) FORMATIZX, *BACKFILL Ob = ° JIPK10.3,°, 10 =2 *IPEL0.3,° €1°)
WIITE (10U, 97) GCANILD .
97 FORHATUEN, "CAN 1D = °* IPE10.3,° €N°)
HIHITE CLOU, 962 FI',CLAYD
926 FORGINT2ZN, *CLAY VOID FRACTION = * ,1'4.2,°, DENSITY = °,
IFe.2, ' GHCGCY)
ne IFCHBCLIDERDEX, 1) . 1. 1.} €O °TO 99
A-12



201
202

get
203
204

200
301
401

ge2

6e3
ge4

214

ge2

402
403

413

99

98
94
100

999

CALL RELCAL CoAR v
CO TO (201,30101), I8 co
AV2AVE(00.
WRITE (104,202) (ANAME( I")FX.J) J=1,8) , TINE, AV
FORMNATC IX, 565 *RELFASE TO (FOLO(.Y lll"(‘lNS AT ,IPF10.3,° YFARNS, B
IA(.KI"II.I. IS'.N’I'G l. R OF 'I‘IU\NQPI)III' IS ISTANCE, RELEASE
"2 RATES ARE: ')
DO GOt KAz, 10
FPATA(2,.KA) 'l"lM‘l'Mz KA) tNU('l.ID( NN"K 2)
FDATAC L KAV 2FDATACL KA +TINE
CONTINUE
WRITE (10U,200) (FIM'I'A(I J) J=1,10)
FORMATC IX, 'TINE( Yiv 'Y IO( |x. IPEIO )
WILITE (10U,204) (FPATA(2,J) ,J3L,10) :
FORNAT( IX.'III\I'L((.I/YIU'.IO( IX.II’EIO ) -
TE INALSTF INAL+TINE ) .
HWRITE (100U,203) FDATALZ, 10V ,FDATACL, 10), TFINAL
FOUNATU EX, *CONSTART CEOLOGICAL RELFEASE RATE OfF',IPF10.3,° CI
I7YIt oCCURS FROM', IPE10.3,° YEARS TO',IPES0.3,° YEARS',/”)
€0 T0 100 ) .
AV2AVR 100,
CO TO (401(1,402), IT
nn go2 KA'I 10
IFC(FDATA(2 I(IU L.T.0.) FDATA(2,KA)=0.
FDATAL 2, KA) =sFPATAC2, KA) 2HUC LID( NDFX,2)
FDATACL , KA sFDATAL 1, KA) +TINFE :
CONTINUE
D) 603 KAastg, 10
TSS=FDATAL 1, KA)
IFCFDATA(2,KA) .CT.0.) CO TO (04
CONTIRUE
T HRIITE (100U,202) (ANAME(HRDEX.J) J'l &), TSS, AV
- WRITE €100,203) (FDATACL, D), J‘l IOD
WIITE (10U,214) (FDATA(2, ) .,J=1,10)
FORMATC 11X, 'IM'I'EICIIYID ‘s NH Ix. ll'ElO.!l) )
WRITE (10U,302) FDATA(L, 10) ,FDATA(Z, 10) -
FORNATOIX, *CORSTANT CEOLOCICAL RELEASF. RATE DOES KOT OCCUR
1. RELEASE FNDS AT ) II‘EIO.{).' YFARS AT A RELEASE RATE OF*
2,I1PE10.3," Ci’sYR*, . ' :
GO TO 160 T
WRRETE (10U, 40:) C(ANANE(NDEX,J) ,J=1,06)
FORNHATC IX, (M'l ‘DOES KOT RFEACH lO PFR(‘ENT ‘OF CONSTANT GEO
SLOGIGCAL RNF LEAQP ATE®)
WRITE (10U, 44D)
N)l't!‘ll.‘AT( I1X, "I'IMNQIFNT RELEASE IU\TL TOO SHM.L TO CALCULATE',”)
€0 TO 100
VILITE (101U,93) (ANAME(NDEX,J) ,J=1,5)
FORMAT( X, 56". RELEASE l.MA‘Ul.ATlON NOT PE“FOIUIFD NECAUSE®)
WRITE ( IOU 94) NUCLID(NDEX, 10)
‘. :'mmz\'r( I1X.*INITIAL INVERTORY OF ', IPF10.3,°* CRAMS IS T00 SMALL'
7/
CONTINUF
LONTIRUE
F.ND
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399
680
601
602

6063

604

614
603

169
170

SUBRMITINE NELCAL
IIFLIGCIT REALTD CA-U,0-7))
RFEALE G K, L, KD, RUCLID
REAL®S AV, FDATA,TFINAL
COMION ZAJAX, CLAYOD, CLAYID, CANTD, FP, CLAYD, NDEX
COHMON 7TOADZ U 100) , XNL( 100) , K, UXL,, ILEA, CONC, DECAYC
CONMMON Z/DATINZ RUGLIDC 10, 10)
CONON /PTA7 TUU, IDXK
CONNON /SCUDBAZ FDATA(Z, 10} ,TFINAL,AV, IS,
DIMENSION ANC100)
'I’IA' TA TORTUN, UEIGCHT, DELTA, N'I'I' N‘V“. ' 360.3,3. l4 16926, 30/
20
10Us U
CRAMS:2 NUCL IDCRDEX, 10)
DFL2NUGCLIDUNOFX, 3) -
CONG: NUCL I NDEX, D)
KD NUCL I NDEX, 6)
DECAYCsNUCLIDC NDEX, 4)
| 21 2
1= CCLAYOD-CLAYIID 72,
DELX= CCLAYID-CANID) /2.
M DFL/DELX 10,
WG 10, 201G
K:OF (/¢ 1. ¢ KDECLAYODZE) /TORTUR
DO ExBF L/ TOITUR
AREA=D. 14*3EICHTCLAYID
ULCA: [ILCEARFA
NZCA= ITZCSANFA
IR R X4} H
M2 10.*11.
/2= 122117
2= >0
HLWZ (L2 U7
Azl ellLIfA
B Lx 1T+ 100D
Us b, +HLECLS ). /W)
AvVzLxlil/ 18
IFCAV.LT. 0. GO TO 399
CONGaCONCEAY
CALL CLANPUK, L, DECAYC, DG, CRANS, CONG, AREA)
<O TH 666
IFCIRKK. EQ.2) €O ‘TO 170
WRITE ¢ 100,600) HLE
FORMATUZX, *CONDUCTARCE AT X=I. = °,IPE10.2,* CIW/SEC')
WRITE C100,608) 1L
FORPATUSAL, *SHMALL I, = . IPEL10.3,* 781°)
WRITE (10U,602) DECAYCE,
FORMAT(2X, ’IMIDIO nEC A‘I L‘()N\"I‘Mﬂ' = *,1PK10.3,* I/YEAR,

I DIFF COFFY = °,IPFI0.3, " GV YRAR®)

WRITE (100,600 K,L.

H':ﬂ;ll\'ﬂ 2X.'K = *,IPF10.3,° CHeCM/YFAR, L. = *,IPFI10.3,
one o

WHETE C1OU,604) I, CONC

}'lf:l!ﬂl\'l‘( SX, U = L IPR10.3, " UNITLESS, CONGC = *,1PF10.9,
GGG )

WILETE ¢ 100,614) AREA

FORRBATCZX, “INSIDE AUEA = *IPE10.3,° CMxCH*)

RRITE C1OU,608) AV

FOIDAT(ZX, *A VALUK = °* 1PFI10.3,° UNITLESS®)
IFCIP.EQ.0) CO TO 170 :

WRITE (10U, 169) _

FORMATOLIX, *ROOT® , 10X, *FOROOT) * ,9X, *ACID) *)

bu 200 J=}, NIFNN

Xl (3= 1) EDELTA

XR= XL DELTA

¥y,
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199
200

261

{71
202

351
399
400

T2
203

fne
100

162
204

CALL BROOTCXIE KR, FX,.X.A.P) R I,
RtH=X/L
ALPHA=z I/ S)
Al= ALUVNASL
AZ2= ALPUHASALPHA
TEHP2 RxCCAZHIZ2) LY CA2+41T7.2) /¢ A2+T1L.2) %HIL+NT1Z)
ARCH) = IIZ: L3 NCOSCAL) ZALPHA=C L4 IZ/7A2+ | . 7/1IZ) DS IR ALY
ANCI)Y = 2. xALPHAXNLEANC L) /7 TENP
ARCJY s CONCEANCS)
XNLOJ) sUCAZ+HIZ2) 7 A2-1ILNZ) ) xDCOS( M.)
XNL(J) s XNLCJ) 2ANL D)
1IFCIP.EQ.0.0N. INXK.EQ.2) GO TO 200
WRITE (10U, 199) J . RUD L FX,ANCSY
FORNATIOX, 12,3(2X, IPE13.6))
CONTINUE -
TS24.6037(RC 1) 2RC 1) =K) .
IFULINKK.EQ.2) CO TO 202
WRITE (10U,201) TN
FOUNAT(2X, 'S’l'l-'.MW STATE TIMEs ° + tPE10.3,* YEARS®)
WRITE (10U,171)
FORMATO Y IX. "X*, 12K, "SERIFS’ , 10X, *EXACT’)
STRI=1.710.
HLEAD=CONCxIT/1I
X=0.
O 400 1=¢t, 4t
SERIES=0.
DO 330 J={,NTERN
ALPUA=U D)
AX=ALPHARX
XNz DCOSCAX) +ITZEDSIRIAX) ZALPRA
SERIES:SENTES+AR(J) XN
CONTIRUE
EXACT=2 NLEADE( X+ | . /U2)
IFCIBXK.EQ.2) €O TO 399
WNITE (108,351 1, X,SERIES,EXACT
FOINAT(2X, |2 «zx. irEI13. 6))
Xs X+ STEP
CONTIRUE
IFCINBXK.EQ.2) €O TO 203
WRITE. (10U,721) CRAMS
FORNAT(2X, 'mmwrrr\' OF NUCLIDE AT T=0" 'y lPBIG 3,' CMS*).
UXL=CORCENLx(L+ 3. 7012) 711
UXZ:= CORCEBL/IIZTTZ
ISs1
Xi.z 0.
Xi=TS
FX=14.
o 100 KK=1,23
XT=( XN+ X)) r2.
GHS=2 CHANS
CALYL REHAINCXT,FT,GHS)
TEST=FT#FX
IFCTEST.LT.0.) 00 TO 80
Xl.’ Xr
FXsFr
GO TO 100 -
X XT
1822
CONTINUF
IT=1
0 T (101,10, I8 :
IFCIRXK. EQ.2) €0 TH 204
WHITE (10U, 102) GHNS S :
FORMATO2X, 'G.IMNH AT SI'F.M)Y STATE = *,IPE10.3)
SR8/ 10, :
oo 1o 103
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103
104
200
100

129
206

187

180
199

141
207
130

138
208

140

147

(FCINXK.FQ.2) GO TO 203

WRITE C101, 104) XL

YORBPATISX, CTIME WIEN INVENTORY WIT ZERO = ¢, IPR10.3)
TEST2 XL/TS

IFCTEST.LT.0. 1) 1T=3

SIFEPs Xt/ 10,

TUE=0.

IFCINXK.FQ.2) CO ‘1O 206

WIITE (10U, 120)

FORMAT(3X, *TINE® ,3X, "CRANS LEFT®,2X, 'DECAY MTE IX,

1°DIFF RATE® X, *CEOL. RATE, M‘VYPAR )

AKl.s Ill.l:l\t( UXL.-CORC)

DO 109 KK=1{, 10
TINEs TINE+STEP
SUMi=0.
SUr2=0.
Surti= o,
SUNH420.
SUt3=0.
GAZ=20.

Do 107 J' 1, NTERH

EX20,

AllGts K*ll( J) =i

ARG ANCHI=TINE

IFCARG.L.T. 23.) EX=DEXP(-ARD)
SHMISUME XNLCD) =EX/ (DECAYC-ARG L)
SUN2:2 SUML+ XNL(D) 7CDECAYC-ARGYH)
SR SUNICANCI) Z7(=ARGC I Y 2EX
SUMI:SUII+ ANCD) 27¢-ARGD)

MYAIH YATHIIES 3
SINIG=SUNS+ XNL(SY 3EX
CONTIRUE
CAZs QAL UNZ
T2 HLCAESUNME » AKL/DECAYC
P22 GRANS-HLCAESUM2 - AKL/DECAYC
EX:0,

ARG DECAYCXTINE

IFCARG.LT. 20).) FX=sDEXP(-ARC)
YT T2sFY

DECAY=2 IFCAYCRY
CIATE: ITZCATCAY

IFUIT.FO.2) CIATE=20,

DIUATE= IILCAR( CONG-SUG - UXL)
FOATAL l KI) =TINE

FOATACS, KK) 2 CIATF.

IFCIIXK.EQ.2) €O TO 109

WIRITE C1O0, 101) TINK, Y, DFCAY, DIWVTE, GRATR
FORMAT(GC2X, (££.10.))
CONTINUE
TOTALG: WZCAR( SUMD e UXZ2 T IME-SUM4)
IFCIT.EQ.2) TOTALGE O,
1FCIDXK.EQ.2) €O TO 207

WINITE Ciow, 1-40) TOTALG
FORMATCZX, *TOTAL FLUXED TO CROLOCY = ¢, 1PF10.3,° CRAMS®)
CO 1O L1N0, 182y, I8

B TUXK. K. 2y €O 1O 2010

WILTE o, 1)

FORMATOZN, *PROFILE 1IN CLAY IS STEADY STATE LISTED ABOVE®)
TF AL EDLOGEEDECAYERY s DRATE) ZDRATE) )/l» CAYE
CXTIATE INALACIIATE

IFCIRXK.FQ.2) GO 1O 666

NHITE CBOWI, S16) TFINAL

FORMATZN, * INVERTORY GOFS TO ZFERO AFTER STEADY STATE

L IN CLIPEI0., " YEARN')

NIETE (10U, 147) CXINA
FOUNATE 2R, *CEOLOCY CETS L 1PE10.3,° NORE. CRAMS AFTER
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1 STEADY STATE")
GO TO 666

132 IFCIBXK.FQ.2) GO TO 209
WIUITE (10U, 13D)
133 FORMAT(2X, 'PIOFILE WIHEN INVENTORY lll'l' ZERO FOLLONWS®)
209 CO TO (174,170) ,IT
178 IFCIRXK.EQ. 2) €O 0 666
WRITE ( 10U,173)
173 F::Il'l‘l!‘lt'ré ::. ‘HOT FAR EROUCH FROM 'rmr-o Tﬂ CALCULATE®)
¢ )
174 IFCIBXK.EQ.2) CO TO 211
WRITE (10U, 134)
134 FORNAT(9X, *X* ,TX, 'CONCENTRATION?)
211 TIME:s XL
x’o. -
STEP=L/10. ’
DO 139 11,118
SERIES=0.

DO 130 J=§, NTERN
ALPHA2 I D)
AX=ALPHAXX
:(;l(’ :(:OSI AX) +IIZEDS IRCAK) Z7ALPHA
: 3 L

ARG KU I 2RO =TINME
IFCARG.LT.23.) EXsDEXP(-ARG)
SERIES:SERIESYANJ) = XNEEX

130 GCONTIRUE
SEUESsSERIES+HLEAD=x( X+ ), 712}
IFCIRXK.EQ.2) €O TO 212
WRITE (10U, 137) X,SERIFS

137 FORNAT(2(4X, IPE10.3))
212 X2 X+STEP .
199 . CONTIRUFR
666 IFCIBXK.FQ.2) €O TO 668
VRITE ¢ 108, 667)
667 FORNAT(2X, *FND®)
668 CONTINUE
END

SUNROUTINE REMAINCXT,FT,CMS)
THELIGCTLT REAL= (A-11,0-7)
[EALEB K
CISIION -/TOADZ RO100) , XNL(100) K, UXL, HI.CA,CONC, DECAYC
NTERM=99
'..l.‘ ' L]
AKLNLCAR L UXL-CONG)
TINE=XT
Sutliso.
SUM2:0,
ny 610 J=t,NTERM
FX:0.
ARGIsK:IUU el (D)
ARG ARCIETINE
IFCARG.IT.23.) EXsDEXP(~ARC)
SUMISUHELXNILCI) ZEX/7(NRECAYC-ARCE)
NUC2: SUML+ XNLC D ZEDECAYC-ANGE)
610 SONTIRUE
TIsNLCASUN I+ AKL/DECAYC
T22EMS-HLOCAESUNL-AKL/DECAYC
EX0.
ARG DECAYCETIME
IFCARG.LT. 2. ) EXsDEXI(-ARGC)
Y=T1+T22FX
IMY.LT.1.) QO TO 622
GO TG 61
622 Fr=-1.
610 GHNa Y
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RETURN

L}

SUBROUTINE BROOTCXL, KR FX. X, A, D)
1INPLICET REALXG (A-1,0-7)
COFCARG) s DCOSANG) 7DS INCARG)
DO 100 X=1,0

Xr=4 XnrX1) ~8.

Frz XT:COTI XT) + (A-XT2XT) 7D
TESTsFT+FX

IFCTEST.LT.9.) €O TO 80

X2 XT

FXsFT

CO TO 100

Xit= XT

CONTINUE

A= XT

FU=FT

13 4 LHE

END
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189
160

161

162
169
17¢

17T
201

ase

3 |
202
400

401
203

SENNOUTINE CLAMP (K, L, DECAYG, DG, ('MHS. I‘ONO. AREFA)
HICLICIT REALED (A-I,0-7) -

FEAL®D K1,

REAL x4 AV,FDATA,TF INAL

ONMON /P TA IUU 1NXK

CONMoON /8CUBA/ FDA’I‘A(2 16) TI"INM..AV. IS 1T

. DATA PIE,NTERM/), 1415392600,99/

AKsKE(PIF/1) %2

DA DOXAREA

TS24.06037AK

PlsPlE/L

STErzL/10.

X20. )

foysjuu . . . S s , , :
IFCINXK.FQ.2) €O TO 203 o -
WIUTE (100, 1G9)

FORBAT(2X, * IN TIE CLAMPED I\OUTlNE

WRITE (104, 160) K,I. '
i‘gl.mn'l("x.'lc s .ll’i‘.lo a3,* cmcwnan. L= ', IPF10.3,
WRITE (10U, 161) DECAYC,DC

FORMAT(2X. 'w\mo DECAY CONSTANT » ‘. m:w.a. t/YEAR,

I DIFF COEFF = °*,IFE10.3,° CH:CI/YEAR®)

WRITE (10U, 162) CONC

FORNATISX, ' CONCENTRATION AT X’l. = '. IPE16. !I.' cH/ce*)
WRITE (10U, 169) GRAMS :

FORMAT(2X, ‘GRANS AT START = '.II'EIO.J)

WRITE (10U, 170)

FORMAT(2X, ‘A CHECK OF THE SEIRIES‘)

WRITE (10U, 171)

FORMATC L IX. ‘X, 12X, 'SFRIF.S' o 10X, ‘EXM‘T‘ )

0O 400 (=14,

SERIES@,

noJ:mo J= i ATERM

Az

SERIES*SERIESH(~ 1. ) 2xJxDSIN( A*Pl.*)() /A'
CONTINUE

SERIES=2, *CONC*SERIES/PIE -

EXACT wour:x/l.

IFCIBXK.FQ.2) €0 T0 202 '
WRITE (10U, 331 [, X,SERIES,EXACT o
FORMAT(2X, 12,4(2X, IPE13.6)) e
X2 XeSTEDP
CONTINUF
IFt IBXK.FQ.2) rﬂmzﬁa ' -
WRITE (100,401) TS
FORMAT( "x.'hrfﬁﬂv STATF. TINE = '.“’Llﬂ 3. " YEARS®)
18] '
X120,
XR=T18 .
FX=§,. o e .
DO 100 KKs 1,25 ' ‘ :
xl'(xn“’ﬂ.)/z.— o . . - .
CHS:z CIANS
CALL. RLEFT(FT, XT, AK, ‘.ﬂN(..l.. DA thAw‘.(-"S NTFIU‘D-
TESTsFTxFYX
IFCIEST.LT.0.) €O TO a .
XL Xt : R
¥rsfrr . - . - : .
€O To 160
X2 XT
IN=22
CONTINUE,
I'i=§
GO TO €101,100), IS
IFCIBRK.FQ.2) GO T0 110
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NYIITE (100,102 NS

103 FOMIAT(2X, "CRAMS AT STEADY STATE = *, IPEI10.3)
198 STEF21S710.
CO T0 a3 ‘
103 IFCINXK.FQ.2) CO TO 204
WVIUTE ¢ 104, 104) XL
194 FORMAT(2X, *TINF WIUEN INVENTORY T ZFRO = °*, PRIO.D)
204 TEST=XL/ TS
IFCTEST.LT.0. 1) 1T=2
STEP= X1/ 10.
168 TIME=Q.

IFCINXK.FQ.2) CO TO 203
WILITE (LOU, um)
120 FORMAT(3X, *TIIK" ,3X, ‘CIAMS LEFT® ,2X, *DECAY RATP',3X,
1°DIF¥ RATE',3X, '(.rm. MATE, (.H/YI"M‘I‘) -
260 AK Iz CORCEDACL,
DO 509 KK= 1, 10
TINE=TI m:osnr
SUt=0.
SIN2=9.
sSmss0.
SUlks= 0,
SUN3=0.
SU620.
DO 107 J=2 1 NTERM
FX:0,
Az)
ARGCIsAK2ARA
ARC=ARCIXTINR
IFCARG.LT.20.) EXsDEXP(-ARG)
SUMIaSUMI + EX/( DECAYE-ARCE)
* SUM2:SUML+ 1 .7 DECAYC-ARGYH)
SleNs(=-1,) s3]
SUMs SR+ S1CN2FEX
TS SUMNS ¢S TCENSEX/ (= AID)
SUMIsSUNT S ICN/(-ARGQ)
SUNG=SUMG+EX
197 CONTIRUFE
Ti==-AKI13( 2. 2SUMI+1./7DECAYC)
T2IGNAMNCAKLI=( 2, 28UM2+ 1. 7BECAYC)
EX=0,
ARG DECAYC2TIMNE
IFCARG.LT.20.) FXsDEXP(-ALG)
YaT1+TeeEX
CRATEAKIX( 2. 3sSUMNI+ 1. )
IFCIT.FQ.2) CRATE=0.
DECAYzDECAYC2Y
DINTE=AKI=( 3, 28UM6G+ 1. )
FOATAUL , KK) =T I0IN,
FDATAC2,XK) sCRATE
IFCINXK. Q.2 €O TO 109
WIITE (10U, 108) TINE, Y, DECAY, DRATE, GRATE
180 FORMATI 32X, 11°5.10.30)
1869 CONTINUE
TOTALGs AK 1202, 2 SULES ¢ TIME-Z. xSUNT)
IFCIT. FEQ.2) TOTALG=0.,
IFCIBXK.EQ.2) CO TO 206
WRETE IOV, 141 TOTALSG

141 FOUMATLEXN, "H)II\I. FLUXED TO CFOLOGCY = * IPE10.3,° CRAMY®)
206 GO TO 130,02, IS8
10 TEINAL2CDLOGE ¢ I”’ AYCYrDRATE) 7D’ F) ) 7REGCAYC

GCXTRATF INALFCRATY.
IFCIUXK. FQ.2) €GO 1O 666
WRITE ¢ 1O, 1O :
tH ] ) FORMAT(ZX, " POOFILE 1N CLAY 1S STEADY STATE LISTED AROVE®)
WHITE C10H, 146) TEINAL
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146 FORNAT(SX, * INVERTORY GOES TO ZFERO M"'ﬂ'.ll STFANY STATE
i ll‘l' 19.9,° YFARS®)
Hlll'l'l". 10, 1473 CXIRA
147 FORTIAT( 2K, "GEALOGY CETS ', IPE10.3,* HOIFE CUANS AFTER
1 STEADBY STATE®)
QO TO 666
[} ¥ 1IFCIBXK. 0. 2) CO TO 208
WRITE ¢ 100, 1300 )
110 FURMAT(2X, : PROFILE WIIEN INVENTORY HIT ZERO FOLLOWS®)
200 GO TO (174,178), \T
128 IFCIBNK. FQ.2) co 10 666
WRITE (104, 176)
176 t'mu' Is'l'; 2‘!;( « "ROT FAR EROUCH FROM TIME=0° TO CALCULATE®)
CO 10 66 -
174 IFCIUXK.FQ.2) €O TO 209
WRITE (10U, 114)
134 FORMAT(9X, *X* ,7X, *CONCENTRATION®)
209 ‘TUMEs X1,
X=0.
STFP:l/10,
no 139 11,101
SENLES=Q.
0o 130 J= 1, NTERN
EX=0.
A=)
ARG TIHEXAKZAZA
IFCARG.LT,23.) EX=DEXP(-ARG)
SERIESsSERIFS+ (= 1. ) 22 xDSINCASPLEY) xEX/A
138 CONTINUE
SERIES= 2, xCONCESERIES/PIE+CONCxX/L

IFCIDXK.EQ.2) GO 10 210 .
WRITE (10U, 137) X.SERIFS

137 FORMAT(2( 4X, IPEL0.0))

210 Xz X+ STEP

139 CONTINUVE

666 RETURN
rHD

SHBROUTINE RLEFT(FT, XT,AK,CONC, L, DA DECA\'G. CMS, RTERM)

INPLICIT REALxD (A-N1,0-2)

REALxO L

AKI=CONCEDAL,

Frs1.

TINF=XT

Surli=0.

Suriz=90,

DO 610 Jst NTERM

EX=0.

AzJ

ARGI=AKEARA

ARG ARCIZTINE

IFCARC.LT.20.) FEX:DBEXT'(~ARG)

SOt "'olml +EXZODFCAYC-ARCDH)

SUH2sBUMLEL+ 1. 7 DECAYC-ARGL)
610 CONTIRUE

Ti==AK1£( 2, xSUMI+ | . 7DECAYC)

TLrCHNPAK IR 2. xSUM2e 1. Z/DECAYE)

EX=0.,

ARG DECAYCXTINE

IFCARC. (. 20.) EXzDEXP(-ARG)

YT+ 12%EX

IF(Y.LT.1.) GO T0 622

CO TO 613

622 ' Fra-y.

613 CHS=Y
RETURN
END
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APPENDIX 8
DATA BASE FOR CORROSION MODEL (CORODE)

Corrosion rates were determined on the basis of the following

(1) materials considered included only mild stee1 Zircaloy-2, Inconel-600,
304SST, copper, lead and cast iron’ '

(2) the barrier package was assumed to be filled with medium “Brine B* or
ground water of “low fonic strength® at one of two temperature ranges
(25°c-1oo°c and 100%c-250°¢)

- (3) corrosion rates (mils/yr) were selected from open 11terature (Cheng,
1980) '

(4) effects of irradiation: and migration of chemical species were excluded

Tables B-1 and B-2 summarize the corrosion rates 1n mils/yr of metals
under anoxic and oxic conditions immersed in Brine B and ground water. Two types
of corrosion rates were evaluated '

(1) metal loss -'steady corrosion rate calculated from desca1ed metal loss

(2) - crack propagation - maximum crack ‘penetration rate associated with
“pitting corrosion, stress corrosion or. graphitization

The rationale of data selection for corrosion rates of package materials in
Brine B and ground water are discussed herein.

It was noted in (Braithwaite and Molecke, 1979) that solution
corrosivity increases in the order: BRINE B <Sea Water <Brine A for the barrier
materials. Thus, the corrosion rates in Table B-l1 taken from data in sea water

B-1



Tabla B-1.

Corrosion Rates of Barrier Matarials in Brine B.

Metal Loss Crack Prosagacignt?’
(mi1s/yr) {=ils/syr)
Material Tero. Range, °C | dnoxie | Oate 2eference Anoxte Oxie Refsrance
Mild Stee! 25-100 1 - Posey § ﬁm <P - Braithwaits § Molecke
Srattwaits § Malecke
- 3 Schumacnar - e Schumacher
100-250 2.3 | 28 Sratthwaite § Malecks <P <iyp Sraithwatts § Molecke
itrcaloy-2 28-100 <y - Sratthwaite & Molecke P <? Iazarnational Nickel Co.
- <y (nternaticnal Nickel Co. - -
100-250 <)y - Sraithwaits & Malecke <iyp - Intarnational Nickel Co.
- <ly . Intarnattonal Mickal Ca. - <iyp ; Sratthwatte § Molecke
Inconatl-600 25-100 1 4 Reinhart 6P ’ Iaternational Nickel Co.
- . . L4 Schumacher
100-250 o s | sratemates & Molecke ap ap | srattmaite & Malecke
304 SST 28100 <’y - Todd § Lovett 200 - Todd & Lovett
. $ | Tuent1l & Seatitooler . 302 | Senumacher
100-250 <y 3.9 | Oratthwaite § Molecke <h? - Sraithwaite & Molecke
. . . 3.7x10% | spetent
Copper 25-100 <% <y Schunacher 14 5P Tuehill & Scnflimoler
100-2%0 3 47 Braithatte § Molecks <P <y Braitnwaite & Malecks
Lead 25-100 <ly 0.6 | Gesl, ot al. <hP <P Gesl, ¢t al.
100-250 12 a Sraithwaits § Malecke <P <P Srattmeaice & Molecxe
Cast ron " 25.100 3 « | senumener 120 . Haamer
- 58 Hammer - 1006 Tuthtll § Schillmoler
100-250 k! ] - Ratalg 406 . Tutnfll § Scnillmoter
- . 006 Tuthill § Senillmgler

50 . Nelscn

(a) astimatad ‘rom maximum crack
or G (grapnteizatien) dats.

8-2
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Table B-2. : Corrosion Rates of Barrier Materials in Ground Water

Metal Loss . Crack &emgaucn("
(nils/yr) (mils/yr)
Materfal | Temp. Range, % | Anoxte| Oxic Reference Anoxie ' Oxte Reference
Kild Steel 25-100 0.5 | 0.5 | Oenison & Romancef 2 20 | Denison & Romanotf
100-250 1 2 8lazer & Owens 2p 15 Catalef & Cheng
Ztrealoy-2 28-100 <k < ] Serry <P <P Berry
: ' 100-250 & | oo Berry & | op | serey
tnconel =600 25-100 < ds | Copson & Berry o T enp Copson & Berry
100-250 <ly <y Copsen § Berry <\ - Bulischeck & Van Rooyen
- - . - <P . Copson § Barry
108 ST 25-100 o < | entson & Romanore | < . Denison & Romanoff
. - | & | Retanare . 1.2x10% | _ Ford & Povien
100-250 e . Copson & Berry &P . - Berry
o | & | catates & cheng . 3.8x10% | Ford & Povicn
Copper 500 | & 12 | syrete & | - Denison & Romanoff
- - - <P A Mattsen & Fredrickson
100-250 2 - Hammer _— o - Hammer
- 2 LaQue & Copson . <ig LaQue & Copson
Lead 25-100 <y <k Dentson & Romanoff <P 0.6° Dentson & Romanoff
100-250 <y < Butler & Ison - 1" )4 Ahlstrom
Cast tron Csa00 | ¢ & | Oenison & Romanoff | 35 68 | Oenison & Romanoff
 100-250 2 e | Hamer g s | vamer
2 | awes Cheng - :.sp‘: Cataldl & Cheng

(a) estirated from maximum crack penetntion associated with ? (pininq cnmsion). S(stnss :emsien). or
G (graphitiuticn) daua.
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or Brine A for use in Brine B can be considered to be conservatively nigh. For

Brine 8

(1

(2)

(3)

(4)

Mi1d Steel - Hot brines are very corrosive with corrosion rates
increasing with brine velocity, oxygen concentration, temperature and
other oxidation (Braithwaite and Molecke, 1979). In addition, mild
stael does not wusually pit severely or stress crack in hot solution.
However, at low temperature oxygen tends to promote pitting. A
corrosion rate equation (Posay and Palko, 1979) for metal loss in
anoxic 4M NaCl is in good agreement with (Braithwaita and Molecke,
1979).

Zircaloy-2 - The corrosion ratas in brine solutions are insignificantly
low and the rates are not affected by the oxygen concentration and
tamperature range considered (8raithwaits and Molecke, 1979).

Inconel-600 - The corrosfon rates for metal 1loss ars low and not
affectad by the oxygen concentration and temperature range considered
(Braithwaite and Molecke, 1979). In additfon, Inconel-600 is very
resistant to chloride stress corrosion cracking (Schumacher, 1979). In
anoxic solution at low temperature (25°C-100°), some pitting does occur
(Intarnational Nickel Co.).

Type 304 Stainless Steel - The corrosion rates for metal loss are much
lower than for mild steel, but austanitic types are susceptible to
nitting and stress corrosion. At low temperature (25°C-100°C). oxygen
concentration 1increases pitting rate while at high temperature
(100%¢c-250%¢) oxygen concantration promotes stress corrosion cracking
(Schumacher, 1979)(Todd and Lovett, 1956). (Spaidel, 1977) reportad a
crack propagation rate of 3.7x104 mils/yr for sensitizad type 304L
stainless st2el {n 42 percent igCl at 130°C. In view of the chloride
concentration mechanism, the same order of magnitude of crack
propagation rate might be expected in oxic 8rine 8.



(5)

(6)

(7)

- alkaline

Copper - At 16w temperature, corrosion rates are small and relatively
insensitive to oxygen concentration in slowly moving sea water
(Schumacher, 1979), Highly oxygenated brines are corrosive with oxygen
discharge usually the controlling factor .(Braithwaite and Molecke,
1979).

Lead - The corrosidn rates for metal loss increase with temperature and

_oxygen concentration (Braithwaite and Molecke, 1979).

Cast Iron - The corrosion rates in crack propagation associated with
graphitization mask the rates for metal loss. Oxygen significantly

. increases graphitization and 1leads to - very high corrosion rates

(Tuthill and Schillmoler, 1965).

Corrosfon data taken from {norganic reducing acid (pH-S;S) or oxidizing

(pH 8.0) .ground waters as well as hydrogen or oxygenated waters were

used to estimate corrosion rates for metal loss and crack propagation associated
with pitting corrosion and stress corrosion.

(1)

(2)

(3)

(4)

Mild Steel - The corrosion rates for-mgtal loss are'shall in anoxic and
oxic water. At high temperature (100°C-250°C) corrosion rate for crack

'propagation associated with pitting may be significant (Cataldi and

Cheng, 1958).

Zircaloy-2 - The corrosion rates are negligible 1in anoxic or oxic
waters. No stress corrosion or pitting occurs (Berry, 1971).

Inconel-600 - The corrosfon rates ‘are negligible in anoxic or oxic
waters. No pitting or stress corrosion normally occurs (Copson and
Berry, 1960). Under certain sensitized conditions, stress corrosion
cracking has been reported in pure deaerated water at high temperatures
{Bulischeck and Van Rooyen, 1980).

Type 304 Stainless Steel - The corrosion rates for metal loss are

ﬁnegiigibie in anoxic or oxic waters with no pitting or stress corrosion

(Denison and Romanoff, 1946)(Copson and Berry, 1960). Under certain
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(5)

(6)

(7)

BWR water conditions, severe stress corrosion cracking of sensitized
type 304 stainless steal can occur (Ford and Povich, 1979).

Copper - The corrosion rates in anoxic or oxic watar are insignificant.
However, studies (Syrétt, 1977) on the corrosion of copper in 309¢
water contaminated with sulfide, oxygen, or both have shown that the
presence of either sulfide plus 1ow oxygen or oxygen alone causes low
corrosfons ratas, - If sulfide and oxygen are both pFasant in certain
concentration ranges, a dramatic increase in corrosion rate for metal
loss may result. Pitting corrosion or stress corrosion is not likaly
in anoxic or oxic waters. Pitting of copper is usually a cold water
phenomenon (Mattson and Fredrickson, 1968). Cold water pitting is
associatad with the formation of a protective mat of cuprous oxide on
the copper surface (Powell and Lucey, 1966).

Lead - Corrosion rates for metal loss or pitting in anoxic or oxic
waters are negligible (Denison and Romanoff, 1946)(Butler and Lson,
1966).

Cast Iron - The corrosion rates for metal loss are small in anoxic or
oxic waters. Howevaer, high pitting corrosion ratas have been raportad
both in reducing alkaline ground water (pH 7.1) and Tow sulfide
(Denison and Romanoff, 1948) and in high purity water with oxygen at
285%C (Cataldi and Cheng, 1958).




| APPENDIX C
DATA BASE FOR BARRIER FAILURE MODEL (STRESS) CRITERIA

In the STRESS subroutine a number of material properties are used 1in
the calculations. Properties were obtained from varifous sources and in some
cases were estimated where'nb values could be obtained. -

Wall Materials - Compressive Yield

Compressive yield strength is fitted as a linear function of
temperature. Most values were obtained from the ASME Code Division 2, Section
VIII (1977). These were usually available as a function of temperature. Some
temperature functions were obtafned by extrapo1at1ng data to a zero yield at the
melting point. Because of the small temperature range of interest such
approximations have only a minor effect on the end results.

Values for carbon steel specification SA-285 are given in Table C-1 and
were taken from Table ACS-1:'of the ASME Code. A linear fit with intercept = 15.7
KSI and slope -0.011 KSI/OC was obtained from these data.

Only one value for coppek was avaflable in Table ANF-2.2 of the code.
For specification «SB-11 copper the value reported {is 10 XSI at 20°¢.
Extrapolation to zero yield at the melting point of 1083°c gave an intercept of
10.2 KSI and slopes of - 0.0094 KSI/°C. 4

Inconel (Ni-Fe-Cr alloy 800H spec 58-409) data were then taken from the
ASME Code and are given in Table C-2. A linear fit gave an intercept of 25.2 KSI

“and slope of -0.022 KSI/C. |

Values for Stainless Steel type 304 spec SA-240 taken from the ASME
Code are reported in Table C-3. A linear correlation gave an intercept aof 30.7
KSI and slope of -0.053 KS1/%C.

The compressive yield strength used for cast fron was 20 KSI at 20°C
and was from the Mechanical Engineers Handbook (Marx, 1952). Extrapolation to
zero at the melting point (1538%) gave an intercept of 20.3 KSI and slope of
-0.013 ks1/%. |
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Tabla C-1. Comprassive Yield for Carbon Stael

(from ASME Div. 2, Section VIII, Table ACS-1)

Temparature Yield Strength -
(°c) (KSI)
38 15.0
93 14.6
149 14.2
204 13.7 |

Table C-2. Compressive‘Yield for Inconel Alloy 800 H
(from ASME Div. 2, Section VIII, Table ANF-2.3)

Temperature Yield Strength
(°c) (KSI)
38 25.0
93 23.1
" 149 21.7
204 20.3
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Table C-3. Compressive Yield for Stainless Steel Type 304

(from ASME Div. 2, Section VIII, Table AHA-2)

Yield Strength

Temperature
(oc) (kSI)
38 30.0
93 5.1
149 22.5
204 20.8

 Table C-4. Material Properties (x 103 KSI)

(from Mechanical Engineers Handbook , by (Marks. 1952))

Material

Shear Modulus (G)

Bulk Modulus (B)

Poisson Ratio (v)

Carbon Steel (rolled)
Cast Iron

Copper (annea]ed)
Inconel

Zircaloy

11.3
6.7
5.8

11.0
4.8

20.2
12.0
17.9

: 3.9

0.265
0.255
. 0.355

' 0.44

C-3



'Sim11ar1y, the yield strength for Zircaloy was extrapolated from 43 KSI
at 20°C (Marks, 1952) to zero at 1760°C for an interceot of 43.5 KSI and slope of
-0.0247 xS1/°%.

Wall Materials - Bulk and Shear Modulus

_ Table C-4 gives values of bulk and shear moduli for various matarials
(Marks, 1952). Assuming a Poisson ratio, v, of 0.3 for Inconel the bulk
modulus, B, was astimated from the shear modulus, G, by

2 G(Hv

8= $6(15%) = § an(13) = 23.8 x10% «s1 (c.1)

Extrapolation to z2ro at melting points shown in Table C-5 gave rasults shown in
Table C-6 for the temperature fits of shear moduli. _

Detailed data for stainless steel modul¥ were available (Datsko, 1966).
The temperature fits developed for shear modulus had a slope of - 3.77 KS1/°C and
an intercept of 10,000 XSI. :

Bulk moduli are relatively insensitive to temperature and no reasonable
basis for extrapolation was availabla. Stainless Steal data were available
(Datsko, 1966). Table C-7 shows the temperature fits used for bulk modulus.

Wall Materials - Tensile Yield

The ASME code criteria for tensile yield were used in the STRESS
subroutine. Wall thickness required is related to the allowable stress, S. The
values of S are obtained versus temperatures from ASME, Division 1, Section VIII.
Four coefficients are used to describe S as a function of temperature that is
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Table C-5. Melting Points Used for Shear Modulus Extrapolation

Material Temperature (°C)
Carbon Steel | 1538
Cast Iron ' . 1538 -
Copper 1083
Inconel - 1455
Zircaloy | 1760

Tabie C-6. Temperature Fits for Shear Modulus

Material Intercept (KSI) { Slope (KSI/OC)
Carbon Steel |  5.84 x 10° -3.8
Cast Iron 6.78 x 10° -4.4
Copper | 5.9 x10° -5.5
Inconel ; - 1.2 x10° -7.67.
Zircaloy 4.88 x 10° -2.77




Table C-7. Temperaturs Fits for Bulk Modulus

Matarial Intercept (KSI)} | Slope (KSI/°C$
Carbon Steel 17,900 0
Cast Iron 12,000 0
Copper 17,900 0
Inconel - 23,800 0
Zircaloy 3,861 0
Stainless Steel 19,310 1.05

Table C-8. Allowable Stressas for Internal Pressure

Matarial (Pgl) (PS§3°C) (gg) (Pg?)
Carbon Steel | 12500 0 50 12500
Zircaloy 13451 26.7 38 12436
Inconel 21200 0 . 50 | 21200
304sSST 19316 16.3 | 38 18700
Copper 7399 19.5 38 6660
Cast Iron 6000 0 50 : 6000




S =S8l -52(T) T>8S3 (C.2)
's - 4 | T<s3 | (C.3)
where T = °%C and § = PSI.
The values are summarized in Table C-8.

‘ Note that for materials for which S is independent of T, an artificial
" temperature break was fntroduced to satisfy the logic in the code.

Backfill Materifals - Bulk Modulus
The pressure-volume relationship of a packed granular material was
represented by

Alde -1) « x(‘(,—° . (c.8)

original volume, (cm°)

where Y

-
]

volume after compression by Pas (qm3)

Py = external pressure, (KSI)

A

’ } = empirical constants, (KSI)

The bulk modulus was obtained by

BealV +1) + 2k (V' +1) \ (C.5)
where
2
- - «A + [AC+aKP P
v*s(V_\?.-])g i R or—;-if K=0 (C.6)
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APPENDIX D
INPUT/QUTPUT DESCRIPTION

This appendix 1s designed to guide the user'through the steps necassary
to operate the BARIER code. First, a description of the input data required to
operate the code {s presented. Then, the input techniques ana requirements for
execution - are discussed including operator-machine fateractions and proceduras.
Finally, a description of output data and format {s presented.

0.1 INPUT DATA
A1l non-internal physical data required to execute BARIER are cqntained
in five external data files:

N
K

(1) CORRAT - contains. corrosion rata data for use {in the CORODE
subroutine for each possible package material (metal) as
a function of temperature and water type (corrosive
environment)

(2) GEOMAT - contains repositofy physical data for each of the four
geologies of concern (salt, shale, granite, basalt)

(3) MATMAT - contains all matarial strass and other relatad constants
utilized in the STRESS subroutine

(4) BARFIL - a dummy variable for a .file containing all necessary
package design data or specifications for an individual
case to be evaluated - each {ndividual case has 1ts own
saparate file name
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(5) OATSET - dummy variable repraesenting a fila listing all "BARFIL"
files to be run

The corrosion rata data contained in CORQDE is comprised of eight saparate values
for each package matarial (metals). Four corrosive environments are considered:

(1) Anoxic brine 8
(2) Oxic brine 8
(3) Anoxic watar
(4) Oxic water

over two temperature ranges (259-100%C, 100°-250%C). Each corrosion rate is
assumed constant over its temperature range and is taken from the maxfmum of
rates corresponding to specific corrosion mechanisms. A 1isting of CORRAT with
current data is provided in Appendix E.

The repository physical data for the four geologies 1s contained in
GEOMAT and 1includes ‘the variables shown in Table D-l1. The format of GEOMAT is
(A5, F10.0, A5, 6F10.0) and a 1isting with current data is provided in Appendix
E. .

Physical constants utilized in the STRESS subroutine are containad in
MATMAT and include the variables shown in Table 0-2. The format of MATHAT fs.
(10F10.0) and a 1isting with current data {s provided in Appendix E.

For each specific packagae dasign case to be avaluataed by BARIER, a
SARFIL data file must be provided. BARFIL is actually a dummy variable name
equivalent to a specific file name corresponding to a specific package desiygn. A
complete physical description of the specific package design is supplied to
BARIER by this file. The variables included in 3ARFIL are shown in Tadle D-3. A
value for each of the variablaes in Table D-3 is supplied for each barrier of a
particular package design. The format of BARFIL is (5X, 15, 7F10.0, /, 215,
2F10.0, 215, 2F10.0, 2F5.0) and a sample 1isting is provided in dppendix E.

For each radionuctide of concern, input data to the RELEAS sudroutina
are stored in an array NUCLID (1,J). The i-th radionuclide is
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Table D-1. GEOMAT Variables

Variable

LABEL
REPRES
CREEP
EGEO
T1

T
3
T4

COEFF -

Definition
Geology

Repository pressure, psia

Signifies.crgeping_geo]ogy (yes or no) .

. Emissivity of reposi;ony surface

Constants used 1h'repository temperature
correlations : '

- -Overall heat transfer coefficient between
. repository and barrier, w/in2-0K :
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" Table D-2. MATMAT Variables

o
Variable ' ' Dafinition -
Yl Coefficient forryield straength temperature corralation, Ksi
Y2 Coefficient for yiald strength temperature correlation, Ks1/°C
81 Coafficient for bulk modu!us'temperature correlation, Ksi
82 Coefficient for bulk modulus temperature correlation, Ksi/oC
Gl Cocefficient for shear modulus temperature correlation, Ksi
G2 Correlation for shear modulus. temparature correlation, Ksi}°c
Slv' ‘Hoop stress yield temperature correlation constant, psi
S2 Hoop strass yield temperature correlation constant, psi/oC
S3 ‘Hoop strass yiald temperatufe correlation constant, ¢ |
sS4 Hoop strass yield temparature correslation constant, psi




Table D-3. BARFIL Variables

variable

I
IDIAM -
ODIAM

0DIAM2

FOIAM
GDIAM

MAT
MAT2
E

COAT

BAK

MATGAP
CLPRES
CLTEMP

BETA
POISS

Definition

-~ Type of ‘barrier (stabilizer, can, overpack sleeve)

Inside diameter of inner barrier layer, in.

'Outside diameter of inner barrier Iayer. in.

Outside diameter of second 1nnermost barrier layer, in.

‘Outside diameter of third barrier layer (backf{11), fn.

Outside diameter of outer barrier Iayer (gap), 1in.

Backfil] pressure-volume coefficient. psi

Backfill pressure-volume coefficient, psi

~ Type of m;terigl in.inner’bgrriervlayer

Type of materialiin sgcond.ipnermostybarrier layer
Joinﬁ efficiency in stress calculation, dimensionless
Coating delay time (for corrbsion). yr J
Backfill material type

Gap material type

Internal pressure on barrier at time of repository sealing, psi

Lnternal temperature on barrier at time of repository sea1ihg.
K

Backfi1l Mohr circle slope, dimeﬁsionless

Backfi1l Poisson ratio, dimensionless
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1 =21 : Uranfum-238 (high solubility)
2 : Uranium-233 (low soludbility)
3 : Plutonium-239
4 : Americium-241

The calumns of NUCLIO (I,J) contain the following radfonuclide specific
information:

J=21:qgramsat t = 0
2 : conversion factor for grams to curies
3 : concentration, gm/ml
4 : 1 in, yr'1
5 : diffusion coefficient {(1iquid), cmzlyear
§ : kd’ al/gm
Columns 7 - 10 are zeroed out but available for use. Use is made of column 10
whera the radionucliide quantity at some time t > 0 {s stored.

The value of D used in the RELEAS calculations is that for a substanca
fn water and is conservatively estimated to ba 10'6 cm/sec or 31.5 cmzlyear
(Smith, 1970). Howaever, the value of D used to calculate H 1s 0.1 D to account
for the fact that the corroded barrier has a decreasad diffusivity due to void
volume and tortuosity. The other input data for all radionuclides are

¢ =0.01 to 0.1 -
§ =24

p =1 to 2 gm/ml

The radionuclide specific data are the initial radionuclide quantities,
O{. tne equilibrium constants, kd. and the concentrations, ¢. Thes2 data are

Q, A . Ky c
{21 471420 1.5x10"10 50 1.07x1073
2 471420 1.5x10°10 1800 3.3x107
3 2953 2.8x1070 1200 3.3x107H
3 539 1.5x10"3 3000 3.ax107H
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The concentration estimates were obtained from the experimental value
for plutonium (Katayama, 1976), except for the uranfum-high concentration value
which approximates that of the uranyl carbonate complex {Neretnieks, 1978). The
kq values were obtained from the same reference for the uranyl carbonate complex
solubility, except for the case of wuranfum-high solubility which was
conservativé1y set at 50. Since amerfcium-241 is a decay product, an inftial
quantity for it was calculated so that the quantity at large time (i.e., after
the parent has decayed) would be correct if the parent were not transported out
of the fuel bundle. This results in a conservative initial quantity for
amerficium-241 because the parent (plutonium) does transport out of the fuel

bundle.

D.2 INPUT TECHNIQUES AND REQUIREMENTS X

The BARIER code as written is tailored for a time-shared terminal but
only minor modifications would.be required to allow batch processing. Input is
made through a series of input files and some control parameters obtained by
1nterrogation:on the terminal. A driver file must be prepared 1isting the BARFIL
files by name for each package design case to be evaluated. This driver file has
the dummy variable name DATSET in the program and can be given any valid name
which is entered on the terminal when requested. The general form of DATSET is
shown 1in Table D-4 where each BARFIL file {s identified (e.g., A.1) along with
the corresponding number of barriers in that particular package design case. The
format for DATSET 1s (Al10, I2). Thus, an unlimited number of independent and
consecutive package design cases may be evaluated with one input message.

Upon execution of BARIER, the input 1nformation shown in Table D=5 1s
requested by the terminal (in order) and typed in by the user. Execution of ‘the
program may be terminated by entering “sTOP™ when the program . requests a new
driver file.



Table D-4. General Form of DATSET.

FILE NUMBER OF BARRIERS
A.l
A.2
A3
8.1
8.2
c1a
E.1

[ S TR w [#] ~n w N




Table D-5. .Input Information Required for BARIER Execution

(1)

(2)

(3)

(4)

Kame of the driver file containing the 1ist of BARFIL files

-

Time increment (DELTA) by which time will be varied when
performing successive calculations leading to barrier
failure, yrs

Geology code (IGE), (l-salt, 2-basalt, 3-granite, 4-shale)

Water code (IWATER), (l-anoxic brine, 3-anoxic water)

NOTE: The code increments IWATER so that both anoxic
.and oxic cases are automatically run.
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0.3 OUTPUT DESCRIPTION

A1l output from B3ARIER 1s stored in a data file called PEFOR.DAT.
Output for all cases listed in DATSET {is maintained in this file until a
subsequent execution of BARIER with a different DATSET file. Each time a DATSET
file is evaluatad by SARIER, output from the previous program execution f{s
overwrittan {in PERFOR.DAT. Output printouts may be obtained by writing
PERFOR.DAT following tarmination of BARIER execution.

Qutput from a sample'pfobIem is provided 1{in Appendix.E. For each
design case, pertinent input data is printed first and i{s.followed by specific
performance data for each type of environment (watar) to be analyzed. Starting
with the outermost package barrier, data at the time of failura of each barrier
is printed. This includes darrier failure time, net‘pressure on the bdarrier at
time of failura, barrier thickness and temperature, repository temperature, and
radiation dose. Lasach begin time, or the time of failure of the i{nnermost
barrier, 1s printad next and 1{s followed by nuclide geology releasa rate
informatiog from the RELEAS subroutine. For eacq.package dgsign case and water
environment (brine or water) specified, 3ARIER analyses are performed for both
the anoxic and oxic environments aﬁd are printed saparately -in the output on
successive- pages.

The output data from the RELEAS subroutine are the radionuclide raelease
rates as 2 function of time at the backfill-geology interface as defined in
Equations (3.5.1) - (3.5.4). There are three types of ralaasa output data
possidble:

(1) When there is a sufficient quantity of a radionuclide at the beginning
of the 1leach time tor each steady state transport, the output will be
ten release values for 0.1ts. O.Zts, gtc., where ts is the time ¢to
reach steady state. The raleasa rata at steady state is the value
raported at ts. The time is then printad for the initial quantity of
radfonuclide to decay and diffuse away until nonea ramains.

(2) 'When there s not a sufficient quantity of the radionuclide at the
beginning of the leach time to reach steady state, the &ine when tha

quantity goes to zaro is divided by tan and release rates ares reportad
for 0.1t, 0.2t, etc.
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(3a) When there is not a sufficient quantity . of the radionuclide at the

beginning of the leach time to transpdrt toA0.1ts, no release rates are

- reported because the concentration profile at. the backfill-geology
interface is too flat for all times. |

(3b) when' there 1{s less than one gram of radionuclide at the start of the
.release calculation, the calculation s not performed.
In order to write only the data described above, the write switch IBYK must be
set to 2. Setting IBYK = 1 will result in the writing of intermediate results.
This option is available to aid in determining which radfonuclide quantities are
1mportant fn the transport rates. In order to obtain a printout of the Fourfer
series coefficients and roots as defined in Equation (3.5.20), the write switch
IP must be set to 1 and IBYK = 1. These two switches are not external input and
must be set through a statement or DATA block. ; )

v
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APPENDIX €
SAMPLE PROBLEMS

Examples of sample problems and BARIER input data are provided in this
Appendix. Files GZOMAT.DAT, CORRAT.DAT, and MATMAT.DAT contain input data
required to run any and all package désign cases. File COMHOH.MEX 1s included
throughout BARIER and 1is shown here for completeness. Files 02.1, BE.27W, and
E.1IN represent particular barrier package designs (BARFIL file) which are
evaluated by SARIER. A

In these sample problems, a time increment of 1.0 year, a salt geolqgy,
and an anoxic and oxic brine will be the remaining {nput control variables. This
‘Information {s entered on a remote terminal upon request. Output for these cases
is also presented. -
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CONCERT DR, 270

~

12.600 19.000 19.000 0.0 0.0
6o 10 o, a25.0 0.6 0.4
14.000 14.600 14.500  0.44 253.0
1 10 o.0 a23.0 0.6 0.4
21.600 40.000 40.000 . 0.44 . 203.0
1 10  o.0 a28.0, 0.6 0.4 :

" CONCEPT . 11

12.500 _ 12.900 12.500 0.0 0.0
o 10 0.0 228.0 0.6 0.4
19.000 40,000 40,000 0.44 209.0

2. .10 0.0 aen.0 0.6 0.4




SALT 2300.00 YiS
BASAL 4300.00 NO
CHARS Su00.00  NO
SUALE 2160.00 YES

9.80100
9.00010
9.00600
2. 02008
9.00300
2. 00030
2. 01200

=31 dn am
ssocuLw
GCepNpaN

[
h

0.00219
9.00019
0. 0030
8. 00040
9.00230
8.01200
0.04000

-.011
-.023
-.023
-.03)
-.009
0.9

-.013

9.73
0.9%0
0.480
9.73

9.02700
9.00010
9. 00400
Q. 03000
0. 00300
4. 0060
9. 10000

17900.

Juen.
2u800.
19310.
17900.

0.
12000.

GEOMAT. DAT

122.66 23.60 20.00 193.00
128.00 31.13 10.00 200.00 .
129.24 29.9? 10.40 198.00
100.43 30.00 13.00 183.00
CORMAT. DAT
9.27600 0.00200 9.080200 0.00240
9.900(9 9.00019 0.00010 9.00040
9.00409 9.00030 0.00230 9.00030
8.003000 Q.00010 0.08010  9.00030
9.84700 0.00050 0.00200 0.01200
9.04700 8.00030 6.00100 0.00060
8.30000  0.03300 9.00000 O.00600
MATHAT. DAT
9.00 3840, -3.8 12300.
9.00 40801, -2.8 134310,
9.00 11200. -7.67 21200.
1.03 109200, -3.77 19316,
9.00 3900. -3.3 7399,
0.90 0. 0.0 9.
0.0 6700. Tedod $000.
CONMON, REW

PARANETER (BARsS, ICFOs 4, [N 10, IBAK= 4 )
NEAL BAXITNS, LRATY,, N, LANMDRDA, IDIAN, LAREL , K, HCOND, ATPRS
COMMNN Z7HATIEXZ EDTAIR TBAID JODIAMC IBARD , FDLANL IBARY , AC [DAND , HFAT,
K4 THAND , MATCIBARD , KU TBAID , COATE I BARD , FORCE, HCOXDE 1XITOD ,
BAKE FHAID , ODTANZC IHAND , MATSC TRARD , L IBAID , WFA LD, BETAC LRARY
MATCAP
CIBAID , LARELL TGEOD) , REPUESE TCEDD , CREEPO 1CK0) , FOISSE IBARY,

]

H ]

H] JUORMATIN, T, TINDARN,

+

3

®

7 CLERESC IRARY , CLTEMPC IDAN) , TENP, IDONE,

1]

9

1

2 .

INTEGER BAK

113,000 131. 500 13.300

H) a 1.0 0.0 ] n
310,500 14. 000 14,000

K] K] t.0 'R 2 (1]
14,300 13. 000 13. 0060

a 3 [ ) 0.0 2 ([
413. 500 0500 3.300

[ ] [T ) H (L]

7 7

TICIGED) T20 LORO) T JCEDD , T4 ICEDD , NTPRI, FHATC IO,

FEONIM 1NAKY

TIHK. TNOX, M, 1CF, DIAN, REFTEN, 10, DELTA, THREKS,

LWATER, KI'RESN,

TUICK, LRATEC 1CED) , RELT N, BELTIN, TOENT, 10U, BFALL, ECEOC 1CEDY
COTAM IBAID YR IMITO , Y2 1MUY, 080 1T, D20 INTID ,
GLOIMTID G20 1R SO INITD  S2¢ 1T SO IMTIO S840 1N,
FOAKI 1DAKD , AXTHE, COREFF( 1CED)  BALLL ICEO)  KXXK, FLUX

CONCEFT D2.1

13.380 13.300

0.0
0.6

0. 44
0.6

.44

0. 44
0.6

233.
233.

bt H

3.00
5.00
3.00
3.00
-
0.01900
0.00010
9.00030
0.00030
9.00200
0.00100
8.03300
0.0 30.
26.7 aa.
0.0 30.
16.3 3a.
19.3 ag.
0.0 9.
0.0 30.
0
o
0

12300.
12416.
21200.
13200.

6660.

Q.
6000.
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Concept D2.1 (Continued)

WATEN:  BRENE, OXIC

. ELEMENT FAILUIE NET THICKNESS ELENENT neros oy RAD ROSE

' 3 THWAYIND o PRESNTISIA) (XL} TEMCK) TEM KD (Nl
BLEEVE 183,00 «37390.350 Q. 460,00 466 . 0 §o 020
Orack 40,00 -2522.01 0.170 469.07 o 466.00 2. 0908008
can 34.00 -23024.03 0. 1008 469.00 466 .60 §.720K000
LEAUCH DECIN TINE (YEARY) = 156 .00

NUCLEIDE CHIMAGY RELEASE. RATE  INFORMATION

Y-8 (HIGH SOLURILITY)  RELEASNE 10 CEOLOGY DECING AT 1.860K102 YEARN, BACKFILL I8 09,93 OF THARSPORT RESISTARCE, NELFASE RATES ARE:
TINEC YR G.H00E000 1. 164E004 1. 7108 2.B12E104 2 HNTEI0H  9.461E104  4.00TK03  4.609E101 G UKIKLO3  6,.TATHN4
AATECCIZYID . §.3685-00  §,407E-07 2. 006F-07 H,.797F-07 4.441K-07 4. 0ME-07 4. 100E-07  8,.271E-07 4, B7VE-07 6, 40K OF

 CONSTANT CEOLOGICAL. RELEASE AATE OF 8,40HE-07 CL/YR 0UCHRS FRON 8.707E004 YEARS TO 1.790K00 YEARS

U-200 (LaW SOLURLLITY) RELEASE TO CEMAGY DECINS AT 1.060E102 YEARS, DACKFIIL I8 89,93 OF THAIFCONT REISTANCE, REGEACH RATES ARE:
TINEC YO B.O06TEOOT 4. 002Ke05 6. 197E108  H.262E000  1.0096006 1. 2098006 . 1.446K006 1. 6B2EING . 1LEIM06 2.06HEEI N,
PATELGCIZYID 4. 0390~16  A4.996E-18 9.964E~18 1. 349814  1.0778-14  $.72826-14  $.004E-11 1. 0726- 1) 1.9006-13  1.900F -4

CONSTART GEOLOGIEAL. NELEASE RATE OF (.931E- 14 CI/7VR OCCURS FROH 2.068E006 YEAS TH 4,626E2 10 YEARS

rLirmnin 259 . RELEASE TO. CEOLOGY BECINY AT Z.066E:04 YEARY, DAUKFILL, 3 B9.93 OF TRAIGTORT WESIGTTANCE, nel
TINEL YR 2.066K04 B.70761004 $.8560E:03 1. 1128000 (L A27E008 1, T12K05  1.997E0T 2,20820008  2.GGYEI0O0 2 Hihaal
ATE(CIZYID  6.691F-20 7. 111E~-14 4. 334E-12 3.2428-90  1.000E-90 2, B07E-16  0.921E-10  §.0v22K-10  7.555K-10 9.9:%F~ 10
COMITANT CENLOGICAL BELEASE RATE BOEN ROT OCCUN, RELFASE ENDS AT 2.002H:00 YEARS AT A NELEANE NATE 6F 9.9%46K-10 CI/vi

AMERIGIUN 249 NOES MOT REACH 10 PENCENT OF CONSTANT CEOLACICAL. NELEASE RATE
© TRANSIENT DELEASE NATE T BHALL. TO CALGCULATE

ASE NMATES ARES




CORCEPT  WE.27H

CENOGY RALT .

REFOSTTORY PUESSURE (£F81): 2000.0000
GREEP I6G HEWIUH 2 YN

HAX SR WASTE TEHP.: 62U, K

HAYINT B0, 0.0, 0.0, .. 0.0, BACKF 110, IHNER  OUTER  SOINT. COAT FILLER CAP REAL.  BEAL  HACKF DL, RACKF LS,
INBER  IhNER GUIER  FILLER  GAP COEFFICGIENTN SOLID SO0 EFF < BELAY HATERIAL HATERIAL PRSI B POISSON
SHAD SOLID S0 CIW) (N1 A K (R T tsn Ky LK BATIO

GLEEVE 14.500 21.600 21.600 40.000: 40.000 0.44 232.00 RO 23 .00 0.0 UENT [[T1]] 0.0 2M.60 060 0.40
AR 13.600 14.000 14.000 14.000 14.800 0.44 230.00 JU4SHT J0ASST .00 0.0 WENT ol 0.00 HB%.00 0.09 0.40
CAST 8T 12.000 13,600 10.500 020,004 13.500 0.00  0.00 LEAD 1LEAD 1.00- 0.0 Uik {1117 4 0.60 MO0 0,60 .20
BARRIER PERFOINAWMCY.
WATEN:  BROHE, AROXLG
KLEHENT FA LAY HET TUICKHESS ELFRENT REPOS FTORY RAD BOSK

TIHEC YD) PHESSIPSIA) N TERPCK) TEE KD (v
BIEEVE SHl. 00 —2U00. 00 Q.000 469. 14 466.00 1.470E-00
Can 626.00 -2500. 08 0. 000 469.88 466.00 8.016¥-0:2
CAHT HTAR 6).00 ~3600.60 Q.00 469. 00 466.00 1. 12E-01

LEACU BEGIH TING (VEALD = 1277. 00
RUCLIDE GEGLOLY WELVASE RATYE IHFORNATION

U-3230 (UICH SOLUBILITY) RELEASY T0. CEOLOLY BEGCINS AT 8.277E000 YEANS, DACKFIIL. 18 99.03 OF TUANSPORT RESISTANCE, RELEASE RATFS ARE
TIRE(YR) €. 7UIEV04  1.043E000 D.00IENOS 2.07T7Es0T  D.340K000 4.009F+08 4.670FEW0T  §.092K:08 6.000K108 6.674F100
BATE(CI/ZYA)  1.2I08-09 1.021E-00 2.603E-00 D.367E-00 4.171E-00 4.6008-00 4.790E~0D 4.9016-0D 0.0208-00 U, W0YE-0

CURHTART CEOLOGICAL UFLEASE RATE OF 8:109E-00 CI/VIl GLCUHS FIMME 6.6748¢03 YEAUS TO 1. UIIE06 YEARS

Y-238 (1OW GuBILITY) RELEASE TO CEOLAGY DFCIHYS AT 1.277E403 VEARS, UACKPLLL 18 99.0% OF TRANSPORT QETISTANCE, WWIFASE RATFS ARE:
TIHEL YR) S.UYSE06 4. 797006 T, 194Ke06  9.092K006 1. 1995007  1.409K¢07  1.6T9KE07  1.9MBE0T 2, AUIKEIGT  2.0%K07
BATECCI/VID  4.0000-17 4.690FE-06 9.009K~16 * 1.267E-40 0. 401E-08 1. 6IUE-10 1.704K-18 1. 708K-18 L. TRF-16  1.810K-18

COBHTART CEASAGICAL REIVARE HATE OF 1.0145-10 CI/7VR GCLURS FRON 20908007 YEAIS TO 6. 169K+ 10 YEAS

rLvrunivn 239 ' BOES MOT REACH 10 PERCEST OF CONSTANT CEM.OGCICAL UELEASE RATE
TRARGIUNT WIEASE RATYE TUD SHALL TO- CALGULATE
AMTRICIUN 241 BOES NOT RFEACH 00 PERLENT OF CORSTART CLOLOZICAL WEIFASE WATE

TUARGIFNT WELEASE RATE TUO HHALL TH CALLCULATE




Concept BE.274 (Continued)

WATEN:  BRINE, OXI16C -
ELERENY FAILUNE NET THICKRESY FLEMENT neroexitony RAD BN

TIMNL YRS PRENSUPNIA) «Tm TEMKD THH KD (N0 L)
SILEEVE 813.00 -2600. 00 6.000 469.06 466.00 .46 01K-00
AN 2.00 -2000, 00 0.000 469.07 466.00 3, 0N 0D
CANT HTAD 16.00 ~23600,00 0.000 469.77 456,00 8. 620N
LEACH NEGER TIHE (YEARM) = 637.00
.

NUCLIBY. CEOLOGY. RELEANE RATE INPORMATION
V=290 (HICH BOLURILETY)  RELEASE 10 CROLOCY DBECING AT 8.3706:02 YEARS, BACKE 1S, 15 99,008 OF TRANSENNT BETTTANCE, BRLEACE

RATES ANE:

TIHEL YD 6. 7ABE00  1.330E003  2.004E008 2,6708003 I . JUGEI0T  4.0026000  4.660800 G050 60008 6.O0AE: M

RATECCIZYIY 0. 2008-09 1. 331E-008 2,63050-08 3.0675-00 4. 171E-08 4. 6056-018 4. 790K-GB 3. 901K D0 B.0AUE-OR G, 0206 He

CORNTANT CEOMLOGICAL UELEASE RATE OF 0. 1096-08 GI/7YR OCCURS Fion 6.666F.203 YEARS TO 1.DIZE06 YEARS
U-290 (1AW SOLIMILITY) ©  NELEASE ‘T CEOLOCY DEGINS AT B.370K002 YEARS, BACKFINL, I8 99,03 oy THAIIPOAT l|":'l"!3'l’l\m‘ﬂ. R EAE

CTINECYH) B.09N0006  4.796E¢06  T.194E106 9. BOIENO6 (. 199EHO7  £.4396007  LLATOROT 1. 9MBRINT B, (GNEI0T B a80i00

RATECCIZYND  4.008F~17 $.690K-16 9.909E-16  1.267E-10 0. 40IE-18  §.6068-08 1. 704E~40 ., 200%-18 4. 790E- I8 l IR RN I

I CONITANT CEMOGICAL REL EASE NATE OF 1.814E-18 Cl/YR ovctns l"lmﬂ 2. A9CEI0T YEARS TO 6. 16984 10 'Il"‘\ll(l

rioToniun 239 DOEN MOT REACR 10 PERCENT OF mns'rmr CEMOGICAL NELEASE NATE

© THARSIENT RELEANE NATE TUO SHALL 10 CALCHATE

AMERICIUN 240 BOEN HOT IEACH 10 PERCENT OF CORSTANT (.Eﬂl.m!le. RELEASE RATE
TRANSIENT RELEASE IM'I’I" THO SnALL. T CALLMATE

.

RATFIE ARE:




CORCEYT E. 0D

CEBLOCY: BALT
REFPOSITURY PRESSURE (PS10s 3600.0000
CHREFPING HELIUN-?7  YiD
HANIRUH VANTE TEHP.: S60.TLK)

ELERENT 1.0, 0.0, 0.b. 0.0, .. HACKF 101, IHNER GUTER JOINTY COAT FILIEN GAY KEAL  BEAL.  BACKFILL BACKF ILL
SHNESL  INNER  OGINMER FIHLENR GAP  COEFFICIENT SIN.ID  BOLID  FFY - DELAY RATERIAL HATERIAL b8 TR ol POISEON
B:II"I‘I'O b“l‘u"l‘l’i 84‘“..:‘0 (1) {IN) A K . LYish) (rs (K KLOPE  BATIO
]
Can 13.660 19.000 19.G00 40.000: 40.000 O.49% 203.00 JO488T J0458Y 1.00. 0.0 OQAND-B  NOHE 0.00 J320.00 0,60 0.40
CART GT 12.000 12.500 15.000 1D.500¢ 10.600 0.00 0.00 1EAD LEAD 1.00- 0.0 HONE HOHE 0.60 020.080 0.60 .40

BAKMIER PEWFOIMANCE

WATEHS  BHRINE, AROXIC
ELEHENT

FALLAME NET TUICKNESS ELEHENT REPOSITORY RAD BUSE
TIHEAVHS) - PRERS(PSIA) (X1} TEHP(K) T K (1% Y
CAN 660,00 -2560.00 ' 0.000 469.30 466.00 8.663E-04
CAUT UTAD 63.00 -2600.60 0.080 469.00 +66.00 9.020£-02

LEAGU BEGIN TIHE (YEAWS) °* T663.00

BUCLILE GEIMALY RELEASE WATE 1HFORMATION

U=-230 CUICH SMUMLITY)  UFLEASE 10 CROLOLY UEGINS AT 7.063F003 VI'IMW. UACKFILL 18 93.0% OF TRARSPOUT UESISTANCE, WFLEASE RATED ml
Tihsd Y $.003E 04 B.310E004 D.0D7E404 D.UGHEI0S 4.6HIE004 U400 6. 19BE0S  6.972K+04 7.749L¢04 U .G2GKI04
BATEC(CIZYR)  £.000E-08 1.041E-07 2.076F-07  2.U09E-07 J.203K-07 O.000K-07 0.779E-07 J.099K-07 3.976E-07 4.024E-07

CUBHTANT CEGIOGICAL WELEASE UATE UF 4.024E-07 CI/7YR UGLLUNS FPRUMN ULG26E'04 YEAUS TU 2.991E¢00 YEAUS

U-248 (LOW S0LUNILITY) HELVABE TO CEOLOCY BEGING AT 7.660E+/00 YEAWE, BALKFILL. 18 93.0% OF THARSIORT lu“llh"l‘lm.bi. RELEASE RATES Mu.l

TInES Y LB UTOEIOT G.G64ENUT 1. 409100 1. 1200006  1.4008006 1.6UME 06  1.964E0006 2,250 006 2.620E¢06 2002806
RATEAGCIZYMW) - B.G07E-16 U.696E-IG T7.072E-010 -9.977E-10 ). 067E~-14 1.274E-14 1.342E- 14 I.JNI" l 413E~-1¢ 8. 4&9&'.-!0 '
CURNTANT CEMNAGCIGAL RELEASE RATE OF 1.429E-14 CI/7VR GLCURY VLY 2.U02E406 VBMW T0 4, U2280 10 H.MIS

rluluniun 239 RELEABE Y0 c.wl.m.v BEGINS AT 3.833K104 YEAWS, IIM.KI"II.I. 19 8035 OF THAUSPOUT RESISTANCE, WELFALE RATED AREs
TinEtYa) Q.000K004 & 6. 010E004 9.0UTED4 1. 1UGELE  1.464E200 .'Ii 2HI00 2.009KE0108 3.29T7EW0T  3.676K00  3.UG1K0G

BATECCIZVIN L. 7048-20 4:007E~06 1.007E-13 2.200E-02 1.284k-41 0 TAUE-10 U, 1026-00 0. 442E-10 3.340K-80 U, )0UE-1O '
CUBHTART CEMAGICAL RELEALE RATE LUEB ROT OCCUN, RELEASE ENDS AT 2.US3K+00 YEALY AT A RELEASE WAINE OF U.L6UK-10 CI/YM

ARENIGIUA 2410 RELEASE CALCULATION ROT PEIWOIED DECAUSE

IBITIAL QUVENTUNY OF 6.379E-03 CRAMY IV 100 BHALL




Concept £.118 (Cont inued)

WATENT  DRInY oXIe '
FLENNNT VAL ner THILKNFSS FLENYNT NErOSTTONRY RAD DOSK

TINYLYRN) PRESSPHIAY (R 1.1} TEMPCK) TwmeKy {R-HH)
CAN 100 00 L AN00. 060 8,000 469,06 406. 00 4. 4305000
CAST NTAR 1e.00 < 200, 00 0. 000 469,277 406 . 0 LT AT
S.EACH BEGIN TINE (YRARN) » 106,00

PUCLIRE CEM Y RELEASE RATE INFORMATION

U-290 CHICH SLUALLITY)  NELEASE ‘10 CROLOGCY REGINS AT (. 160E02 YEARY, BACKEILL I8 20.0% OF THARSPONT RERISTANCE, RELEASE RATES ARF:
Timavm T.H065000 1. 966004 2. 040F004 2l. 1200404 . WTEIO4  4.670K104 04300104 6,2276:04 2.00450049 T.781K104
RATREACI-YRY  $.000F 08 1.031E-07 2,076k 07 2.0ME-07  3,2008 67 J3.6805-07 3.7798-07 3.0 07 D, 976K-07  4.024F- 07 -
CORNTANT CEOLOCICAL. BELEASE. RALE OF 4.024F-07 ('l YR CEINYS FROM 7. TRIE 04 YEARS TO 2. 417K:00 YEARS

i

9-2318 (Low st LTy ﬂ'li‘ﬂﬂ’. TV CEMOGY BRCINS AT (. 160F002 YEANN, DACKEILL I8 93.3% OF TRANSTORT NENISTANCE, NELEASE IATFS ARE:

T T.76003 B.BAOYADT B.ODIKeND . lN"'.NNb 10975406 1.6770006 ). 956"000 S.200F06 2310506 ..-7“!""“"0
HATECCI-YID D.807K th D.696K- 10 7.0725-15 9.977F- 1. 167F-04  §.274K- 13 §. 002K 1.903E-08 0. HI2E- 14 0. 429

CONNTART CELOCIGCAL, BELEASE BATE OF §.429F-14 C1-YR m’a‘lms Fllon 2.790K:06 YEARS T0 5. O'I"" e 40 YEARN

rigronion 239 NFLEASE TO CEOLIGY DRCINY AT 2.060F004 YEARN, BACKFILL I8 93.32% 0!" TRANSPONT AFRISTARCE, NELEARE RATFS ANRFs
TN YD 2.0637:04 G.T445104 D .566K04 (. 142500 ., 4"7!.005 '. 7!"|"05 $.997F00  2.26420308 2.067¢i00 I HHLE06

BATECG YD 4. G10E-20  6.367F-16 1. 777K 40 2.046k- 12 (. 460 3. 897F - 9. 103K~ l GONE - 10 2,400 10 D519 106

CONNTANDE GCEOLOGIGCAL BELFASY. BATE DOFN BOT OCCHNR, NELEANE EABN Al' 3 M2 03 YE'MIN AT A RELFASE RATE OF 3,515 10 Ci’rTn

AmTRICION 24 POFS ROT REACH 10 PERCENRT OF CORSTANT CEOLOCICAL RELEASE NATE
PHANN IEAT RELEASE RATE Ton SHALL TO CALCHLATE




ACRES AMERICAN INC
A.S. BURCESS
R. STRUBLE
ALLIED GENERAL NUCLEAR SERVICES
P.F. HIGHBERGER
M. A. KOLB o
ALUS-CHALMERS .
GARRICK }. SOLOVEY .
AMERICAN NUCLEAR INSURERS
DOTTIE SHERMAN
ANALYSIS & TECHNOLOGY INC
T. MAZOUR
ANALYTIC & cowunmomt RESEARCH
INC
8.SACAR . )
APPLIED MECHANICS INC
JOHN R. WILLIAMS
ARGONNE NATIONAL LABORATORY
J. HOWARD KITTEL
W. }. MECHAM
MARTIN SEITZ
MARTIN J. STEINDLER
ARINC RESEARCH CORP
H. P. HIMPLER
ARTHUR D. UTTLE INC
CHARLES R, HADLOCK
ATOMIC ENERCY CONTROL BOARD
). L. WALLACH
- ATOMIC ENERGY OF CANADA tm
M.O. LUKE
ANN QUINN
f. P. SARGENT
ATOMIC ENERGY RESEARCH Em\nusnmm
D. P. HODGKINSON
JOHN RAE
ATOMIC INDUSTRIAL FORUM mc
AUSTRALIAN ATOMIC ENERGY COMMISSION
BABCOCK & WILCOX -
INFORMATION SERVICES
BATTELLE COLUMBUS DIVISION
SANFORD G. BLOOM
JOHN T. MCGINNIS
JEFFREY L. MEANS
NEIL E. MILLER
STEPHEN NICOLOSI
THOMAS M. TRAINER .
KENNETH R. YATES
BECHTEL GROUP INC
THOMAS §. BAER
DON 8. CRANDALL
LESLIE }. JARDINE
N. A. NORMAN A
RICHARD }J. TOSETTI
BENDIX FIELD ENGINEERING CORP
JOHN C. PACER
BHABHA ATOMIC uzstncn c:mu
V. SUKUMORAN
K. T. THOMAS
BLACK & VEATCH
M. JOHN ROBINSON ]
BRITISH NUCLEAR FUELSLTD
R. S. WILKS
BROOKHAVEN NATIONAI. uaom\tonv
GERALD 8IDA !
DONALD E. CLARK
M. S. DAVIS
SANDRA G. LANE
PETER SO0
HELEN TODOSOW (2)
BUNDESMINISTERIUM FUR FORSCHUNG
ROLF-PETER RANDL

DISTRIBUTION LIST

BURNS AND ROE INDUSTRIAL SERVICES CORP
JOHN PIRRO

CEHF s
BILL DUESING

C.R. WATTS ASSOCIATES
CURTIS WATTS

CALIFORNIA DEPT OF CONSERVATION
PERRY AMIMITO

CALUFORNIA DEPT OF HEALTH SERVICES
BEVERLEE MYERS

CALIFORNIA INSTITUTE OF TECHNOLOGY
LEON T. SILVER

CAMP, DRESSER, AND MCKEE INC
DAVID A. WOODRUFF

CAPITAL AREA CROUND WATER

CONSERVATION COMMISSION
A. N. TURCAN JR.

CASTUS VALLEY ORCHARDS
CARL ANDERSON

CAYUGA LAKE CONSERVATION

ASSOCIATION INC
D. 5. KIEFER

CENTRAL WASHINGTON UNIVERSITY -
I.R. HINTHORNE

CENTRE D ETUDE DE L ENERGIE NUCLEAIRE
RENE HEREMANS

CENTRE D'INFORMATIQUE GEOLOGIQUE
GHISLAIN DE MARSILY

CITIZENS ASSOCIATION FOR SOUND ENERGY
JUANITA ELLIS

COLUMSIA UNIVERSITY
HUBERT STAUDIGEL

CONVERSE WARD
A. M. HALE -

CORNELL UNIVERSITY
JOHN BIRD

COUNCIL ON ECONOMIC PRIORITIES -
MARVIN RESNIKOFF

CYGNA ENERGY SERVICES
DONALD GARDNER

DAMES & MOORE
RON KEAR
O. L. OZTUNOLI

-DAPPOLONIA CONSUlﬁNG ENGINEERS INC

LISA K. DONOHUE
ABBY FORREST
AMIRA HAMDY
PETER C. KELSALL
CARL €. SCHUBERT ,
DAWCON MANAGEMENT CONSULTING
SERVICE :
DAVID A. WEBSTER
DELAWARE CUSTOM MATERIEL INC
HOWARD NOVITCH
DEPT OF THE ENVIRONMENT
F.S. FEATES .
DIVISION OF ENVIRONMENTAL SAFETY
RESEARCH
HARUTO NAKAMURA
DRAYO ENGINEERS AND CONSTRUCTORS
KEN BEALL
DUKE UNIVERSITY
THOMAS DAVIS :
DYNATECH R/D COMPANY
STEPMEN E. SMITH .
£.I. DU PONT DE NEMOURS & COMPANY
DONALD E. GORDON
£.R. JOHNSON ASSOCIATES INC
£. R. JOHNSON :
G.L. JOHNSON
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EARTH SCIENCES CONSULTANTS INC
HARRY L. CROUSE

EBASCO SERVICES INC
ZUBAIR SALEEM

" EDS NUCLEAR INC

C. SUNDARARAJAN
EC & G IDAHO INC
GEORGE B. LEVIN
M. D. MCCORMACK
T. H. SMITH
RICHARD TALLMAN
ELECTROWATTENCGINEERING SERVIC!
H. N. PATAK
ELSAM
A. V. JOSHI
EMBASSY OF THE UNITED STATES
MAUD LI HAIJLEN-RYLANDER
ENERCORINC
JOHN RODOSEVICH -
ENERGY FUELS NUCLEAR INC
DON M. PILLMORE :
ENERCY RESEARCH GROUP INC
MARC GOLDSMITH
ENERCGY RESEARCH LABORATORY HITACH!
INC
MAKOTO KIKUCHI
ENVIRONMENT CANADA
CLAUDE BARRAUD
ENVIRONMENTAL POLICY INSTITUTE
DAVID: M. BERICK
FRED MILLAR
ENVIRONMENTAL RESEARCH GROUP INC
PETER G. COLLINS
ENVIROSPHERE COMPANY
BOB HAINES .
EXXON NUCLEAR IDAHO COMPANY INC
D. L. CONDOTTA
W. 8. KERR .
EXXON PRODUCTION RESEARCH .
GARY WAYMIRE
FENIX & SCISSON INC .
JOSE A. MACHADO
_ CHARLENE SPARKMAN -
FLORIDA INSTITUTE OF TECHNOLOGY
JOSEPH A. ANGELO, JR. -
FLUOR ADVANCED TECHNOLOGY DlVlSION
JOAN V, MCCURRY -
FLUOR ENGINEERS & CONSTRUCT ORS lNC
RAYMOND ). DUGAL
FORD, BACON & DAVIS UTAH INC -
PRESTON H. HUNTER
ROBERT F. OVERMYER
BURTON [. THAMER .
FOSTER-MILLER A$SOCIATES INC
NORBERT PAAS -
FREIE UNlVERSITAET IERLIN
HANSKARL BRUEHL .. .
GENERAL ATOMIC COMPANY
_ROBERT M. BURGOYNE
ROBERT ). CAMPANA
GENERAL COURT OF MASSACHUSETTS
TIMOTHY ). BURKE
GEOLOGICAL SURVEY OF CANADA
ROOM 350
GEORGIA INSTITUTE OF TECHNOLOGY
GEOFFREY G. EICHHOLZ
ALFRED SCHNEIDER
GEOTRONS
JAMES MERCER
GERMANTOWN FRIENDS SCHOOL
HERB BASSOW




GIBBS & HILL INC
ROBERT PRIETO
GILBERT/COMMONWEALTH
JERRY L. ELLIS
COLDER ASSOCIATES
ELIZABETH EISENHOOD
CLEMENT M. K. YUEN
GTC GEOLOGIC TESTING CONSULTANTS LTO
JOHN F. PICKENS
H & R TECHNICAL ASSOCIATES INC -
WILLIAM R. RHYNE
HAHN-MEITNER-INSTITUT FUR
KERNFORSCHUNG BERLIN
KLALS ECKART MAASS
HANFORD ENGINEERING DEVELOPMENT
LABORATORY
ALBERT G. BLASEWITZ
ROBERT EINZIGER
R. L. KNECHT
W. E. ROAKE
HARDING LAWSON ASSOCIATES
FRANK C. KRESSE
HARVARD UNIVERSITY
RAYMOND SIEVER
IDAHO BUREAU OF MINES AND GECLOGY
EARL H. BENNETT
IMPERIAL COLLEGE OF SCIENCE AND
TECHNOLOGY
B. K. ATKINSON
INSTITUT FUR TIEFLAGERUNG
WERNT SREWITZ
KLAUS KUHN
£ R. SOLTER
PETER UERPMANN
INSTITUTE FOR CHEMICAL TECHNOLOGY:
REINHARD ODOJ
INSTITUTE OF GEOLOGICAL SCIENCES
NEIL A. CHAPMAN
INSTITUTE OF RADIATION PROTECTION
KAl JAKOBSSON
INTERA ENVIRONMFNTAL CONSULTANTS INC
F. . PEARSON. [R.
ROBERT WILEMS
INTERNATIONAL ENERGY SYSTEMS CORP
JOHN A, BOWLES
INTERNATIONAL ENGINEERING COMPANY
INC
TERRY L. STEINBORN
MAX ZASLAWSKY
INTERNATIONAL RESEARCH AND
EVALUATION
R. DANFORD
IRT CORP
). STOKES :
ISTITUTOQ SPERIMENTALE MODELLI £
STRUTTURE S.P.A.
F. GERA
LE.T. AGAPITO & ASSOCIATES INC-
MICHAEL P. HARDY
JACKSON STATE UNIVERSITY
ESTUS SMITH
JAPAN ATOMIC ENERGY RESEARCH INSTITUTE
TARO ITO
GC CORPORATION
MASAHIKO MAKINO
JOINT RESEARCH CENTRE
GIRARD} FRANCESCO
JORDAN GORRILL ASSOCIATES
JOHN D. TEWHEY ‘
KAISER ENGINEERS INC
W. |. DODSON
1. 5. RITCHIE

KANSAS DEPT OF HEALTH AND
ENVIRONMENT
GERALD W. ALLEN
KBS
LARS B. NILSSON
KELLER WREATH ASSOCIATES
FRANK WREATH
KERNFORSCHUNGSZENTRUM KARLSRUHE
GMBH
K. D. CLOSS
R. KOSTER
HORST PENTINGHAUS
KIHN ASSOCIATES
HARRY KIHN
KLM ENGINEERING INC
B. GEORGE KNIAZEWYCZ
KYOTO UNIVERSITY
YORITERU INOUE
LAWRENCE BERKELEY LABORATORY
JOHN A, APPS
THOMAS DOE
NORMAN M. EDELSTEIN
BRIAN KANEHIRO
S. KLAINER
ROBIN SPENCER
J. WANG
LAWRENCE LIVERMORE NATIONAL
LABORATORY
LYNDEN 8. BALLOU
JOHN H. CAMPBELL
D. D. JACKSON
R. CARROLL MANINGER
LAWRENCE D. RAMSPOTT (2)
W. G. SUTCLIFFE
TECHNICAL INFORMATION DEPARTMENT
L-53
RICHARD YAN KONYNENBURG
LERIGH UNIVERSITY
D. R. SIMPSON
LOS ALAMOS NATIONAL LABORATORY
ERNEST A. BRYANT
GEORGE A. COWAN
BRUCE R. ERDAL
CLAUDE HERRICK
K. K. S. PILLAY
KURT WOLFSBERG
LOS ALAMOS TECHNICAL ASSOCIATES INC
R. J. KINGSBURY
LOUISIANA TECH UNIVERSITY
LIBRARY
NORMAN WITRIAL
MACLAREN PLANSEARCH INC
ALEX BUCHNEA
MASSACHUSETTS INSTITUTEOF -
TECHNOLOGY
JOHN DEUTCH
RICHARD K. LESTER
MARSHA LEVINE
MCDERMOTT INC -
KAREN L. FURLOW
MCMASTER UNIVERSITY
L. W. SHEMILT
MECHANICAL TECHNOLOGY INC
WARREN BESSLER
STANLEY W. DOROFF
MEMBERS OF THE GENERAL PUBLIC
DAVID H. BOLTZ
JAMES BOYD
WILLIAM E. CONAWAY
WILLIAM V. CONN
D.P. DAUTOVICH
DANNELLE D. DUDEK
FRANCES FARLEY
SHIRLEY M. GIFFORD
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DOUGLAS H. GREENLEE
C. F. HAJEX
D. C. LANGSTAFF
DAVID LYLE
MAX MCDOWELL
ALAN D. PASTERNAK
SHAILER S. PHILBRICK
ROCER E. POWERS
PALL SHEWMON
M. |. SZULINSKI
JIMMY L. WHITE
MICHAEL BAKER, JR INC
C. ). TOUHILL
MICHIGAN DEPT OF PUBLIC HEALTH
DON VANFAROWE :
MICHIGAN DISTRICT HEALTH OEPT NO 4
EDGAR KREFT
MICHIGAN LEGISLATIVE OFFICE OF SCIENCE
ADVISOR
MICHIGAN TECHNOLOGICAL UNIVERSITY
GARY L. DOWNEY
MINNESOTA GEOLOGICAL SURVEY
MATT S. WALTON
MISSISSIPPt ATTORNEY GENERALS OFFICE
MACK CAMERON
MISSISSIPPI CITIZENS AGAINST NUCLEAR
DISPOSAL
STANLEY DEAN FLINT
MISSISSIPPY DEPT OF ENERGY AND
TRANSPCRTATION
JOHN W. GREEN (3)
MISSISSIPPY DEPT OF NATURAL RESOURCES
CHARLES L. BLALOCK
MISSISSIPPY OEPT OF WILDLIFE
CONSERVATION
JOSEPH W. JACCB. IR.
MISSISSIPPI STATE BOARD OF HEALTH
EDDIE S. FUENTE
J. WARREN GREEMN
MISSISSIPPI STATE HOUSE OF
REPRESENTATIVES
JERRY OKEEFE
MITRE CORP
LESTER A. ETTLINGER
MITSUBISHI METAL CORP
TATSUO ARIMA
NASA JOHNSON SPACE CENTER
MICHAEL R. HELFERT
NATIONAL ACADEMY OF SCIENCES
JOHN T. HOLLOWAY
PETER B. MYERS
NATIONAL BOARD FOR SPENT NUCLEAR
FUEL, KARNBRANSLENAMDEN
NILS RYDELL
NATIONAL BUREAU OF STANDARDS
RILEY M. CHUNG
WILLIAM P. REED
NATIONALE GENOSSENSCHAFT FUR DIE
LAGERUNG RADIOAKTIVER ABFALLE
MARLIES KUHN
NATURAL RESOURCES DEFENSE COUNCIL
THOMAS 8. COCHRAN
NEVADA DEPT OF ENERGY
ROBERT R. LOUX
NEW ENCLAND NUCLEAR CORP
KERRY BENNERT
NEW JERSEY DEPT OF ENVIRONMENTAL
PROTECTION
IEANETTE ENC
NEW MEXICO ENVIRONMENTAL EVALUATION
GROUP
ROSBERT H. NEILL




NEW YORK DEPT OF HEALTH
DAVID AXELROD,M.D. .
NEW YORK STATE ELECTRIC & GAS CORP
LEWIS L. STALEY
NEW YORK STATE ENVIRONMENTAL
FACILITIES CORP o
PICKETT T. SIMPSON .. .
NEW YORK STATE ERDA
JOHN C. DEMPSEY
NEW YORK STATE GEOLOGICAL SURVEY
ROBERT H.FAKUNDINY . -
NEW YORK STATE PUBLIC smvucs v
. COMMISSION :
FRED HAAG :
NEW YORK UNIVERSITY MEDICAL csmsx
MERRIL EISENBUD
NORTH DAKOTA GEOLOGICAL SURVEY
DON L. HALVORSON
NTR GOVERNMENT SERVICES
, THOMAS V. REYNOLDS -
NUCLEAR ASSURANCE CORP
JOHN V. HOUSTON
RHONNIE L. SMITH
DAVID A. WEBSTER :
NUCLEAR SAFETY ASSOCIATES mc
JOSEPH A. LIEBERMAN .
NUCLEAR SAFETY RESEARCH ASSOCIATION
KAZUMORI MATSUO »
NUCLEAR SYSTEMS ASSOCIATES INC
CHARLES ). DIVONA
NUCLEAR WASTE WATCHERS
HELEN LETAKTE
NUS COR?
W. G. BELTER
JOSEPH |. DINUNNO
BARRY N. NAFT
DOUGLAS D. ORVIS
DOUGLAS W. TONKAY
NWT CORP
W. L. PEARL
OAK RIDGE NATIONAL LABORATORY
H. C. CLAIBORNE
ALLEN G. CROFF
LESLIE R. DOLE
JOHN T. ENSMINGER
CATHY S. FORE
DAVID C. KOCHER
ELLEN D. SMITH
OFFICE OF NWTS INTEGRATION
ROBERT E. HEINEMAN :
OHIO ENVIRONMENTAL COUNCIL
- STEPHEN H. SEDAM
OHIO STATE UNIVERSITY
R. N. CHRISTENSEN
M. A. CORNWELL :
OKLAHOMA STATE DEPT OF HEALTH
R.L. CRAIG ,
ONTARIO HYDRO
C.F.LEE :
CRAIG 1. SIMPSON
ONTARIO RESEARCH FOUNDATION
LYDIA M. LUCKEVICH
OREGON DEPT OF ENERGY
DONALD W.GODARD |
ORGANIZATION FOR ECONOMIC
COOPERATION AND DEVELOPMENT
J. P. OUVIER
PACIFIC NORTHWEST usouroav :
W. F. BONNER
DON J. BRADLEY
H. C. BURKHOLDER
L. L. CLARK
HARVEY DOVE

ORVILLE F. HILL -
FLOYD N. HODGES
}. H. JARRETT

MAX R. KREITER
DONALD E. LARSON

- 1 R.D. NELSON

R. WILLIAM NELSON

R. E. NIGHTINGALE

R. JEFF SERNE

R. £. WESTERMAN

1. H. WESTSIK, JR.
PARSONS, BRINCKERHOFF, QUADE. &
DOUGLAS, INC.

T. C. CHEN

_T.R. KUESEL

PB-KBBINC

DILIP K. PAUL :

MARK E. STEINER
PENBERTHY ELECTROMELT INTERNATIONAL
INC.

LARRY PENBERTHY
PENNSYLVANIA OFFICE OF VOCATIONAL
REMABILITATION

ANDREW CHOPAK o
PENNSYLVANIA STATE UNIVERSITY

MICHAEL GRUTZECK

WILLIAM A, JESTER

WILLIAM B. WHITE

-MICHAEL ZOLENSKY

PERRY COUNTY SCHOOLS

MANIEL A. COCHRAN

PHYSIKALISCH-TECHNISCHE BUNDESANSTALT

PETER BRENNECKE
POINT BEACH NUCLEAR FOWER PLANT |
GLENNA.REED
PORTLAND GENERAL a.scmc
J. W. LENTSCH
POWER AUTHORITY OF THE STATE OF NEW
YORK
MYRON M. KACZMARSKY
POWER REACTOR AND NUCLEAR FUEL
DEVELOPMENT CORPORATION
PRESQUE ISLE COURTHOUSE
PRINCETON UNIVERSITY . -
PETER MONTAGUE .
G. F. PINDER
PROCESS AND ENGINEERING ozvnomzm
GERALD L. RITTER
PUBLIC SERVICE INDIANA
ROBERT 5. WEGENG
QUADREX CORP
FRANCIS §. KENESHEA
RADIAN CORP
BARBARA MAXEY
RE/SPEC INC
GARY D. CALLAHAN
PAUL F. GNIRK
RENSSELAER POLYTECHNIC INSTITUTE
JAMES WU
RIDIHALGH, ECGERS & ASSOCIATES INC .
PHILIP €. ECGERS
ROCKWELL HANFORD OPERATIONS
RONALD C. ARNETT
HARRY BABAD
G. 5. BARNEY
R.A. DEJU
R. I GIMERA
KARL M. LA RUE
MICHAEL J. SMITH
K. THIRUMALAL
DAVE A. TURNER
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ROCKWELL IN'I’ERNAYIONM. !NERGY SYSTEMS

GROUP .
W. S. BENNETT
HARRY PEARLMAN
LAWRENCE J. SMITH
ROGERS & ASSOCIATES ENGINEERING CORP
ARTHUR SUTHERLAND
ROYAL INSTITUTE OF TECHNOLOGY
IVARS NERETNIEKS
ROGER THUNVIK
S.E. LOGAN & ASSOCIATES INC
STANLEY E. LOGAN -
S.M. STOLLER CORP
ROBERT W. KUPP
SAN DIEGO GAS & ELECTRIC COMPANY
LOUIS BERNAZH
SAN JOSE STATE UNIVERSITY SCHOOL OF
ENGINEERING
R. N. ANDERSON
SANDIA NATIONAL LABORATORIES
G.C.ALWEN
R. L. HUNTER
THOMAS O. HUNTER
I. KEITH JOHNSTONE

=1 0. E JONES

R. W.LYNCH

MARTIN A. MOLECKE

ANTHONY MULLER

E. ). NOWAK

RICHARD E. PEPPING

G F. RUDOLFO

SCOTT SINNOCK

A. W. SNYDER

A, E. STEPHENSON

DANIEL M. TALBERT

LYNN D. TYLER

WENDELL D. WEART

WIPP CENTRAL FILES
SAVANNAH RIVER LABORATORY

CAROL JANTZEN

WILLIAM R. MCDONELL

S. W. OREAR SR

JOHN A, STONE :
SCIENCE APPLICATIONS INC

JEFFREY ARBITAL :

JERRY |. COHEN

]. DONALD DIXON

RALPH FULLWOOD

JAMES E. HAMMELMAN

RONALD HOFMANN

J. ROBERT LARIVIERE

DAVID H. LESTER

PETER E. MCGRATH

JOHN E. MOSIER

KRISHAN K. WAH!

ROBERT A. YODER
SIERRA GEOPHYSICS INC

STEPHEN L. CILLETT
SIX-COUNTY COMM!ISSIONERS
ORGANIZAVION -

C. ALLEN FAWCETT
SNAXE RIVER ALLIANCE

TIM MCNEIL . -
SOUTH DAKOTA OFFICE OF mtncv roLICY

STEVEN M. WEGMAN
SOUTHWEST RESEARCH AND INFORMATION
CENTER . S

DON HANCOCK o !
ST BONAVENTURE UNIVERSITY -

CARL J. TWAROG x
ST MARTIN HIGH SCHOOL

RAYMOND J. WERTHNER




STANFORD UNIVERSITY
KONRAD 8. KRAUSKOQPF
GECRGE A. PARKS
IRWIN REMSON

STEARNS-ROCGER SERVICES INC
VERYL ESCHEN

STONE & WEBSTER ENGINEERING CORP
PATRICIA ANN OCONNELL
A. PORT
EVERETT N. WASHER

STUBBS OVERBECK & ASSOCIATES INC
TED £. KOLBOHM

STUDSVIXK ENERGITEXNIK AB
ROLF SJOBLOM

SWISS FEDERAL OFFICE OF ENERGY -
U. NIEDERER

SYSTEMS SCIENCE AND SOFTWARE
PETER LACUS

T.M. GATES INC
TODD M. GATES

T.T.l ENGINEERING CORP
DONALD C. TONIKA

TECHNICAL INFORMATION PROJECT
DONALD PAY

TECHNICAL RESEARCH CENTRE OF FINLAND
OLL! J. HEINONEN
SILJA RUMMUKAINEN
KARI SAARI
SEPPO VUORI

TEXNEKRON RESEARCH INC
ANTHONY F. MOSCATI

TEXAS A&M UNIVERSITY
GARY ROBBINS

TEXAS BUREAU OF RADIATION CONTROL
DONALD G. ANDERSON

TEXAS DEPT OF HEALTH
DAVIO K, LACKER

TEXAS ENERGY & NATURAL RBOURCES

ADVISORY COUNCIL
TERRY BARRON
CAROL KING

TEXAS STATE REPR!SEN'I’A'I’W!
PETE LANEY

THE ANALYTIC SCIENCES CORP
JOHN W, BARTLETT
CHARLES M. KOPLIX

THE CLARION-LEDGER
MARK SCHLEIFSTEIN

TRW INC
PETER ALEXANDER
E. R. CHRISTIE

TUN ISMAIL ATOMIC RESEARCH CENTRE
PUSPATI LIBRARY

* TUSKEGEE INSTITUTE
1RA G. DILLON

TVO POWER COMPANY
VEIJO RYHANEN

U.H.D.E
FRANK STEINBRUNN

U.K. DEPT. OF THE ENVIRONMENT
RADIOACTIVE WASTE MANAGEMENT

DIVISION

U.S. ARMY CORPS OF ENGINEERS
ALAN BUCK"

US. BUREAU OF LAND MANAGEMENT
EDWARD R. SCHERICK '
GRECORY F. THAYN

U.S. BUREAU OF MINES
GEORGE E, NIEWIADOMSKI

U.S. BUREAU OF RECLAMATION
RECE LEACH

U.S. DEPT OF ENERGY - ALBUQUERQUE
OPERATIONS OFFICE

R. LOWERY

JOSEPH M. MCGOUGH

DORNER T. SCHUELER
U.S. DEPT OF ENERGY - ASSISTANT GENERAL
COUNSEL FOR ENVIRONMENT

S.H.GREENLEIGH
U.S. DEPT OF ENERGY - CHICAGO
OPERATIONS OFFICE

R. SELBY
U.S. DEPT OF ENERGY - DALLAS SUPPORT
OFFICE

CURTIS E. CARLSON, IR.
U.S. DEPT OF ENERGY - DIVISION OF WASTE
REPOSITORY DEPLOYMENT

W. WADE BALLARD. JR.

1. W. BENNETT

C. R. COOLEY (2)

WARREN EISTER

THOMAS P. LONGO

HARRY W. SMEDES

RALPH STEIN
U.S. DEFT OF ENERGY - IDAHO OPERATIONS
OFFICE

JAMES F. LEONARD

). H. SAKO'

JOHN B. WHITSETT
U.S. DEPT OF ENERGY - MATERIALS SCIENCE
DIVISION

R.). GOTTSCHALL -
U.S. DEPT OF ENERGY - NEVADA OPERATIONS
OFFICE

M.P. KUNICH

" U.S. DEPT OF ENERGY - NWTS PROGRAM

OFFICE
T. BAILLIEUL
M. BLANCHARD
L A. CASEY
R.LAHOT!
L. K. MCCLAIN
). O. NEFF
K. K. wuy
R. C. WUNDERLICH
U.S. DEPT OF ENERGY - OFFICE OF WASTE
ISOLATION
JOSEPH A. LEARY
JANIE SHAHEEN
U.S. DEPT OF ENERGY - OFFICE OF WASTE
PRODUCTS
G. K. OERTEL
U.S. DEPT OF ENERGY - RICHLAND
OPERATIONS OFFICE
R. 8. GORANSON
D.}. SQUIRES
U.S. DEPT OF ENERGY - SAVANNAH RIVER
OPERATIONS OFFICE
REGINA T. HARRIS
T. B. HINDMAN
U.S. DEPT OF ENERGY - WIPP PROCRAM  ~
LAWRENCE H. HARMON
U.S. ENVIRONMENTAL PROTECTION AGENCY
DIVISION OF CRITERIA & STANDARDS
DONALD HUNTER
JAMES NEIHEISEL
U.S. GEOLOGICAL SURVEY - COLUMBUS
A. M. LA SALA, JR.
U.S. CEOLOGICAL SURVEY - DENVEI
RICHARD WADDELL
U.S. CEOLOGICAL SURVEY - MENLO PARK
JOHN BREDEHOEFT
JACOB RUBIN
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U.S. GEOLOGICAL SURVEY - RESTON
1-MING CHOU
JOHN ROBERTSON
EDWIN ROEDDER
EUCENE H. ROSEBOOM JR
PETER R. STEVENS
DAVID 8. STEWART
U.S. HOUSE SUBCOMMITTEE ON ENERGY AND
THE ENVIRONMENT
MORRIS K. UDALL
U.S. NUCLEAR REGULATORY COMMISSION
J. CALVIN BELOTE
R.BOYLE
ENRICO F. CONTI
MICHAEL C. CULLINGFORD'
). ). DAVIS®
JOSEPH £. DONOGHUE
F.L. DOYLE
PAUL F. COLDBERG ,
HIGH-LEVEL WASTE LICENSING BRANCH
HIGH-LEVEL WASTE TECHNICAL
LINDA L. LEHMAN
LIBRARY
JAMES C. MALARO
JOHN B. MARTIN (3)
JOHN C. MCKINLEY
HUBERT MILLER
R. JOHN STARMER
EVERETT A. WICK
U.S. SENATE COMMITTEE ON ENERGY AND
NATURAL RESOURCES
WILLIS D. SMITH
UHDE GMBH
OLINGER
UNC NUCLEAR INDUSTRIES
ED POWERS
UNION OF CONCERNED SCIENTISTS
MICHAEL FADEN
UNIVERSITY OF ALABAMA AT BIRMINGHAM
1. WALTER MASON
UNIVERSITY OF ALBERTA
F.W. SCHWARTZ
UNIVERSITY OF ARIZONA
JAAK DAEMEN
JAMES G. MCCRAY
ROY G. POST
UNIVERSITY OF CALIFORNIA AT BERKELEY
TODD LAPORTE
THOMAS H. PIGFORD
UNIVERSITY OF CALIFORNIA AT LOS ANGELES
D. OKRENT
UNIVERSITY OF CALIFORNIA AT SAN DIEGO
RICHARD ). WILLIS
UNIVERSITY OF DELAWARE
FRANK A. KULACKI
UNIVERSITY OF FLORIDA
DAVID £, CLARK
DOLORES C. JENKINS
UNIVERSITY OF ILLINOIS AT URBANA -
CHAMPAIGN
ALBERT J. MACHIELS
UNIVERSITY OF LOWELL
JAMES R, SHEFF
UNIVERSITY OF LULEA
JAN NILSSON
UNIVERSITY OF MISSOURI AT KANSAS CITY
EDWIN D. COEBEL
UNIVERSITY OF MISSOUR] AT ROLLA
ARVIND KUMAR
UNIVERSITY OF MODERA
M. ANTONINI
UNIVERSITY OF NEVADA AT RENO
BECKY WEIMER




UNIVERSITY OF NEW MEXICO
RODNEY C. EWING

UNIVERSITY OF OKLAHOMA
DANIEL T. BOATRIGHT

UNIVERSITY Of OTTAWA
TUNCER OREN

UNIVERSITY OF PITTSBURGH
B. L. COHEN

UNIVERSITY OF SOUTHERN MISSISSIPPI
CHARLES R. BRENT
JAMES W. PINSON .

UNIVERSITY OF TENNESSEE AT KNOXVILLE
J.B. FUSSELL

UNIVERSITY OF TEXAS AT AUSTIN
THOMAS C. GUSTAVSON
JOE D. LEDBETTER .

UNIVERSITY OF TEXAS AT SAN ANTONIO
DONALDR. LEWIS

UNIVERSITY OF TOKYO
RYOMEI XIYOSE

UNIVERSITY OF UTAH RESEARCH INSTITUTE
LIBRARY

UNIVERSITY OF WASHINCTON
M. A. ROBKIN

UNIVERSITY OF WESTERN ONTARIO
WILLIAM S. FYLE

UNIVERSITY OF WISCONSIN
B. C. HAIMSON

UNIVERSITY OF WISCONSIN AT FOND DU LAC
JOHN B. HEIL

UNIVERSITY OF WISCONSIN AT MILWAUKEE
HOWARD PINCUS

UTAH BUREAU OF RADIATION CONTROL
DARRELL M. WARREN
UTAH GEOLOGICAL AND MINERAL SURVEY
MAGE YONETANI
UTAH SOUTHEASTERN DISTRICT HEALTH
DEPARTMENT
ROBERT L. FURLOW
VANDERBILT UNIVERSITY
FRANK L. PARKER
VERMONT STATE NUCLEAR ADVISORY PANEL
VIRGINIA CALLAN
VIRGINIA DEPT OF HEALTH
ROBERT G. WICKLINE
VIRGINIA MILITARY INSTITUTE
HENRY D. SCHREIBER
VIRGINIA POLYTECHNIC INSTITUTE AND
STATE UNIVERSITY
WALTER HIBBARD
DAVID R. WONES
WASHINCTON DEPT OF SOCIAL AND HEALTH
SERVICES
7. STRONGC
WASHINGTON HOUSE OF REPRESENTATIVES
RAY ISAACSON
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WASHINGTON STATE SENATE
DONN CHARNLEY
WAYNE STATE UNIVERSITY
JAMES A. WOODYARD
WBAI-FM
WARREN LIEBOLD
WEST DADE REGIONAL LIBRARY
LOURDES BLANCO LOPEZ
WEST VALLEY NUCLEAR SERVICES COMPANY
INC
RICHARD M. WINAR
WEST VIRGINIA GEOLOGICAL AND
ECONOMIC SURVEY
ROBERT B. ERWIN
WESTINGHOUSE ELECTRIC CORP
GEORGE V. B/ MALL
CAROL A. K12IS
D. NEWBY
GEORGE P. SABOL
WESTINGHOUSE WiPP PROJECT
WESTINGHOUSE ELECTRIC CORPORATION
WISCONSIN GEOLOGICAL AND NATURAL
HISTORY SURVEY
MICHAEL G. MUDREY, JR.
WISCONSIN PUBLIC SERVICE CORP
PAUL WOZNIAK
WOODWARD-CLYDE CONSULTANTS
ASHOK PATWARDHAN
WP-SYSTEM AS
{VAR SAGEFORS
WYOMING GEOLOGICAL SURVEY
DANIEL N. MILLER
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