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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 models "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 pittingj crack growth, and graphitizatlon 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 5 refined temperature calcu

lations that account for convection and radiatlonj 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, plutonlum, and 

americium was assessed. 
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1. EXECUTIVE SUMMARY 

This 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. In 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, 198Ua). This work represents a continuation of 

previous studies and includes more refined model development in addition to 

perfoniidnce evaljation of many barrier package design variations. 

"Perforiiiance" Is related to only a maximum individual dose after repository 

closure and not to other factors such as waste trdnsportdtion. 

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 is measured from a zero time sce

nario when the repository is sealed and assumed saturated with water. The 

performance model treats a barrier package as a series of layers each consist

ing of a solid wal1(s), filler (or backfill), and a gap between barriers. 

Materials and designs for barrier packages are chosen to give a range of cost 

and perfoniidnce. 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 

possible effects of alternative repository scenarios and the use of water re

pel! ant 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 b^lne/water. Evaluation of various general 

proposed package design concepts (Stula, 198Ua) showed a design with a cast 

solid lead stabilizer to be the most promising. In this design, corrosion 
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resistance is the most important factor in determining package life since the 

voidless package stabilizer is sufficient to withstand geologic crushing 

forces. Of designs Investigated which did not utilize 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 perfomiance 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 release. 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" materia! is used. The key 

question with regard to backfills remains whether the backfill material 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. 
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2. INTRODUCTION 

This report describes the work on engineered barrier performance 

assessment performed by Science Applications, Inc. (SAD 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 performance 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 limited to some specific circumstances. 

Nevertheless, the model was developed in a manner which allows expansion into 

many other circumstances. A specific list 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 mre not intended to represent an exhaustive list of 

possibilities but rather to be a wide ranging list of possibilities which provide 

a representative sample for the purpose of understanding conceptual burial 

performance parameter sensitivity. Thus, many excellent material choices and 

design possibnities have likely not been considered due to deliberate scope 

limitation. Barrier package development activities will provide information for 

data base expansion as the model is 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 written specifically for the DEC-10 system. It 

is composed of standard FORTRAN IV and will run on most machines with minor 

changes in input/output and file control statements. A user manual has been 

prepared and issued under separate cover as an interim report (Stula, 1980b). 

The report 1s a condensed version of this report and Intended to provide 

sufficient code documentation for future users. All of the Information 

pertaining to model theory and development In the interim report is contained in 

this report. 

2.1 PREVIOUS STUDIES 

The study described in this report represents a follow-on effort to 
previous studies. The ini t ial 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, 
scenario descriptions, and repository designs are the same as reported earlier 
(Lester, 1979) (Stula, 1980a), The reader is referred to the referenced 
documents for additional deta i ls . 

Past assessments focused on some design concepts which appeared to 
offer lifetimes considerably larger than others. Of particular concern was the 
problem of package crushing 1n rock masses where creep was significant (e .g . , 
sal t and some shales). Concepts employing heavy-walled bore hole sleeves and/or 
cast stabilizers around the spent fuel bundle were found to offer good defenses 
in high creep geologies. These were further evaluated In this study. Other 
promising concepts from the past studies were also Included in this follow-on 
study. 
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2.2 THE MODIFIED MODEL-OVERVIEW 

The barrier performance model used for the calculation discussed 1n 

this report was a modified revision of the model used for previous studies 

(Lester, 1979) (Stula, 1980a). 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 corrosion experts 

t addition of a detailed radionuclide release rate 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 

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

• 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 is because the reduction in wall thickness 

requirement due to less conservative stress treatment Is offset by higher 

corrosion rates in the data base. The higher corrosion rates result from 

consideration of mechanisms other than bulk corrosion such as pitting, crack 

growth and graphitizatlon. 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. 

Larger time Increments are used in the Improved code which make running 

time comparable to the older version. A study of accuracy 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 SCEMARIOS 
The post-reposi tory closure scenario used in th i s study vias the same as 

t ha t used in previous s t u d i e s . Like a l l r i sk assessment models t h i s one i s 
scenario spec i f i c . The scenario considered 1s a very s t r ingent case for possible 
package fa i lu re and near-f ie ld r e l ease . 

At time zero the package containing one 6.5-year-old, 3,3 percent 
enriched, 33,000 MWD/MTHM PWR fuel bundle 1s assumed to be immersed in the 
geologic raediurn which i s saturated with water of appropriate chemistry for the 
postulated geologic s e t t i n g . All ca lcula t ions are carried out assuming both oxic 
and anoxic chemistry. The ground water chemistry Is described in Section 3 . 3 . 
Sufficient c i rcu la t ion of water is assumed so that there i s no build-up of 
radionuclides in the near - f ie ld . This i s a conservative ( i . e . , highest release) 
assumption. All packages are assumed to experience the same environment and 
respond in identical fashion. 

The model does not account for upset conditions or sens i t iza t ion of the 
package ba r r i e r s from previous events or manufacturing-flaws. Probabi l i t i es of 
such deviation could be Included 1n the model in l a t e r r isk assessment 
appl 1 ca t ions . 

Sorae a l t e rna t ive scenarios are discussed in the next sect ion. While 
the model does not actual ly consider these , the effect on the r e su l t s of 
ca lcula t ions if they « r e to be considered 1s discussed» 

2.4 ALTERMATIVE SCENARIOS 
Scenarios other than the saturated near-f ield scenario could produce 

similar or greater consequences. The following a l t e rna t ive scenarios are 
discussed in t h i s section 

» moisture in the near-f ie ld in l imited quant i t ies with package in tac t a t 
time = 0 

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

• direct package intrusion by humans 

s repository flooding with very h1ah velocities and large water 
availability 

s major disruptive natural event such as volcanism or seismic disturbance 

9 



2,4.1 Limited Near-Field Moisture 

The "BARIER" code 1s based on some key assumptions which relate to an 

unlimited moisture supply. These are 

• corrosion proceeds in a manner that would be expected in systems with 
no significant corrosion product build-up or corrosion agent depletion 
1n the water 

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

• corrosion mechanisms are those expected in a liquid/solid system (no 
vapor or gas phase) 

• the mechanical properties of the backfill are those of a mediLm 
saturated with water 

f radionuclide sorption and water transport In the backfill is 
characterized by a porous medium saturated with water 

In the event that the water supply is limited 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 depletion of corrosion agents 
and possible increase due to vapor phase reactions. Data are lacking to allow a 
reliable quantitative assessment. I t 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 (e .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 content 1s reduced from saturation. Thus, the backfill would 
offer better defense against crushing in media with high creep. 

If the backfill were unsaturated then three effects on radionuclide 
transport would be expected: (1) reduced sorption 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 increase 
release rate but (2) and (3) greatly reduce release rate . The net effect would 
likely be reduced release rates, larger release time and longer time to init ial 
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 1s not surprising because water Is the key to package failure and 

radionuclide transport. 

2.4.2 Dry Environment with Subsequent Mater 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 failure with only the 

possibility of failure from inadequate design. Experience 1n archeology shows 

that ancient, crude metal objects lasted almost Indefinitely in a dry 

environment. If the package 1s 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 if the water supply Is unlimited 

as discussed in Section 2.4.1. 

2.4.3 Direct Intrusion 

Direct intrusion may consist of many fonis including resource 

extraction, exploration, or repository exploitat ion. Direct intrusion Introduces 

mechanisms for damage of the package which are not accounted for in the model. 

Such intrusion could be considered in package design i f reasonable and 

probabil ist ic assessment were made of the resultant releases. No relation 

between this scenario and the one calculated by "BARIER" can be drawn. 

2.4.4 High Velocity Flooding - Large Water Avai labi l i ty 

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 circulat ion Induced by package heat loads. 

With regard to barrier fa i lu re , this would appear no different than the scenario 

that the "BARIER" code Is based on. In terms of radionuclide release, the 

results would be much d i f ferent . With large circulation rates the backf i l l would 

l ike ly be damaged by erosion and contain flow channels or even disappear from the 
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system. I f such degradation were simulated the results would be greatly reduced 

or zero release attentuatlon after the package was breached and leaching had 

begun. Leaching rates would then be the same as those observed in inversion 

leach tests previously cited (Katayama, 1980) and the same as those calculated by 

the old version of BARIER (Lester, 1979). 

Frequently, in discussions concerning package leaching, 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 material, and 

emerge on the downstream side, Hydrodynamlcany, this is highly unl ikely. I f 1t 

1s assumed that the package backf i l l 1s intact then the situation Is represented 

by flow past a transverse cylinder constructed of a porous so l id . Figure 2-3 

shows the dimensionless pressure distr lbyt ion around such a transverse cylinder 

for three flow regimes (Sch1 icht ing, 1960): potential flow, subcrit lcal flow, and 

supercritical flow. In the case of very slow flow (creeping flow) the potential 

flow prof i le would be appropriate. As the Reynolds number Increases (Increasing 

velocity) the f lux would proceed through subcritlcal to supercr i t ical . In 

potential flow the backside pressure is precisely equal to the frontslde 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 i f there 1s any 

Internal c i rculat ion. A pure potential flow with no drag wi l l induce no 

"backwash" but a "near-potential" condition would as described. The other flow 

regimes are similar with the possib i l i ty of some circulat ion as in Figure 2-2 in 

the subcrit lcal region because the mode Is weak and there is sorae overall 

pressure d i f fe ren t ia l . However, the subcritlcal region w i l l be highly unstable 

and subject to boundary layer detachment at the slightest perturbation and go 

toward the supercritical p ro f i l e . Note that while the supercritical prof i le 

shows an overall pressure difference there is a highly pronounced "backwash" 

node. While the pressure distr ibutions presented are for flow in a large open 

space around the package ( i . e . , ignoring the geology) I t seeras l i ke ly that the 

whole scenario Is not plausible unless a large space has opened up (from 

catastrophic degradation of the repository as In the case of dissolving away the 

sa l t ) . 

The BARIER model assumes flow by diffusion only with no "flow through". 

The foregoing discussion Indicates that flow-through models are probably 

unreal ist ic. 
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Figure 2-2. Proposed Flow Scenario for Flooded Repository. 
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Figure 2-4. Probable Flow Scenario for Flooded Repository. 



2.4,5 Major Hatural Disruptive Event 
The concept of protection through use of an engineered package probably 

is not compatible mth major natural seismic events or repository volcanism. The 
only relation of such scenarios to the "BARIER" model which can be discussed is 
the effect of seismic activity some distance away which gives attenuated 
disturbances to the repository. 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 is also 
present. Therefore, this is a modification of the scenario considered in the 
code and is a more severe case. Depending on the severity of the disturbance, 
the package might be breached at a much earlier time or even imnediately. Danage 
to the backfill (cracks, holes, etc.) could reduce the radionuclide retention 
properties. The result would be earlier and more sharply oeaked releas?* 
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3. PERFORMANCE '̂lODEL THEORY 

In t h i s section de ta i l s of the physical theory used in the perforiiance 

assessment node! are discussed. The theory subsections generally para l le l tne 

subroutines used in the BARIER code. Each subsection is designed to supply 

su f f i c i en t deta i l for c lear understanding of the assuiiptions, model for-nulation 

and contents of the data base. 

3.1 GENERAL DESCRIPTION 

The package is viewed as a nul t i - layered (bar r ie r ) assembly whicn 

undergoes a f a i l u r e process s ta r t i ng with the outermost bar r ie r and proceeding 

inward. Each bar r ie r element is envisioned as shown in Figure 3"1 and together 

the elements for i i a package concept shown 1n Figure 3-2. (Mote that the numoer 

of Darr iers -nay be less than or more than that shown in Figure 3-2) , The outer 

material (-2) of a bar r ie r is assunied to possess no structural strength and to 

act only as a corrosion orotector or radiat ion sh ie ld . The existence of sol id 

v"^all(s)s f i l l e r s or gaos in a par t i cu la r design is conveyed to the iiodel by 

set t ing the diameters of each bar r ie r layer to the appropriate value. I f a 

par t icu lar Darr ier layer does not e x i s t , then the I . D. of that laye^* is set 

equal to the 0. 0. The inner oar^-^iers are protected from corrosive attack and 

from external forces by the outer bari'-iers. ^s each bai^rier f a i l s tne next '̂nner 

barr ier is subjected to the v-iater enviroment and the raoosito«-y 

oressure/temperature condi t ions. 

Figure 3-3 snows how the -nodel assesses the successi/e failui^e a"d 

attack of the bar r ie rs which lead to leaching and radionuclide release after 

f a i l u re of the l a s t ba r r i e r . 

I n i t i a l l y a heat t ransfer noael is usea to detarmine the -naxi-^u"! 

steady-state te^ipe^ature that tne waste would at ta in i f the oacxage renainei 

i n tac t in a repository at i t s Tiaximum te' ioerature. I f a te^oerat' jre of 553°'-' 

(380°C) is at tained in tne fuel bundle, the pacKage is rejected and no fur tner 

calculat ions are made. I f the te i iperat j re is .vithin l i ^ i i t , tne oacoge is tnen 
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Figure 3-3. BARIER Flowchart (Continued) 
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taken through time increments as shown in Figure 3-3. The teinperature of the 

outer barrier is assessed in the heat transfer model and the nuclear radiation 

field is evaluated. Then the corrosion model determines the decrease in oarrier 

wall thickness for that time increment based on the water chemistry, type of 

material 5 and temperature range. The revised wall thickness is 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 1s 

incremented and the process is repeated. Once the barrier fails 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 release model 

which Includes leaching and transport calculations for specific radionuclides, 

Details of the specific models for each of the subroutines identified 

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 waste temperature is calculated in the PKTE'# subroutine 

(3) barrier temperature at time of failure is calculated in the TEMPER 
subroutine 

Table 3-1 details the area! heat loadings assumed for the reference 

waste repository as described in the GEIS (ODE, April 1979), Temperature 

calculations performed in the GEIS studies are used in the 3ARIER code. It is 

conservatively assumed that the bulk temperatures are unchanged by the presence 

of water from the flooding scenario. An approximate fit to the time-temoerature 

curves in the GEIS is made for each of the four geologic media considered. The 

repository surface temperature is represented in BARIER by 

T^ = Tl + T2 Int t iT3 (3.2.1 j 

T, = T4 t > T3 (3.2.2) 
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Table 3-1. Thermal Loadings Achieved for the Conceptual 
Repositories for Once-Through Fuel Cycle. 

Thena l Loading a t Emolacement 

PWR 

kW/can 

'lear f i e l d loca l kW/acre 

Far f i e l d average kW/acre 

3WR 

kW/can 

'iear f i e l d local k'rf/acre 

Far f i e l d average kW/acre 

Sal t 

0.72 

50 

iO 

0.22 

50 

iO 

Granite 

0.72 

130 

ICO 

0.22 

120 

ICO 

Shale 

0.72 

ao 
55 

0.22 

55 

44 

Basalt 

0.72 

120 

ICO 

3.22 ! 

130 1 
•; nn i 



where 

Tl, T2, TS, T4 = constants for the fit 

t - time after emplacement^ (yr) 

The fit is further conservative in that the temperature is assumed constant 

beyond time T4 when there is actually a gradual decrease in temperature. Values 

of constants used are presented in Table 3-2, 

The PKTEMP subroutine calculates the peak waste temperature expected 

during the life of the waste package. A concentric cylinder model is used which 

accounts for heat transfer by conduction and radiation. Exploratory calculations 

revealed that free convection effects are small and that coefficients tend to 

approach pure conduction. When the waste package has gaps between barrier 

elements, heat radiation effects are significant and are included in the model. 

The peak waste temperature is determined by calculating the temperature 

differential across a series of individual barrier heat transfer resistances 

while utilizing the maximum repository temperature as the reference temperature. 

An infinite-length concentric cylinder heat transfer equation is used which 

assumes individual barrier resistances as depicted in Figure 3-1. Each barrier 

resistance is modeled as having a maximum of four distinct layers across which 

heat transfer occurs. These include an inner solid wall^ an outer solid wall 

(e.g., a corrosion-resistant cladding), a filler or oackfill material, and a gao 

between barriers. The variable names corresponding to the inner diameter and 

material of each of these layers are shown in parentheses in Figure 3-1. These 

variables are generally subscripted with the variable I to distinguish between 

individual barriers ( 1 = 1 for the Innermost barrier and I = 13 for the outermost 

barrier). 

Heat transfer across the first three layers of each barrier (r, to r-.) 

is assumed to occur by conduction only. The following conduction equation is 

used in the code 

_ ^ _ _ ^ _ ^ _ _ _ ^ _ ^ _ _ ^ 
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Table 3-2. Constants For Repository Temperature Calculations-

Geology 

SALT 

BASALT 

GRANITE 

SHALE 

Tl, (°C) 

122.66 

128.80 

129.24 

100.45 

T2, (°C/yr) 

23.60 

31.15 

29.97 

30.00 

T3, iyr) 

20.00 

10.00 

10.00 

15.00 

T4, (°C) 

193.00 

200.00 

198.00 

182.00 
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where 

waste heat generation, (.M'attsl 

k^^,k^^,k^^ = thermal conduct iv i ty of layer , (Watts/ in-°K) 

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

Values of thermal conduct iv i ty are assumed constant and taken at the midpoint of 

the temperature range considered. Heat t ransfer across the gap ( r , to r~), i f 

present, i s assumed to occur by both conduction and rad ia t i on . The fo l lowing 

equations are used for th i s s i t u a t i o n . 

Q/L = 2Tt rfeill - T̂ ) + ^ 3 ~ ^ B 
InlryTp" 
"™1B 

(3.2.4) 

^3 ^B \ % 

(3.2.5) 

where 

a = 3,68x10"^-, (Watts/1 n ^ - \ * ) 

e = e f fec t i ve emiss iv i ty , (dimensionless) 

e^ = emiss iv i ty at surface 3, (dimensionless) 

eg = emiss iv i ty a t surface 3, (dimensionless) 

k = thermal conduct iv i ty across gap, (Watts/ in-^K) 

Values of emiss iv i ty are assumed constant over tne range of temperature 

considered. 
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The PKTEMP calculations are performed using the logic depicted in the 

flowchart shc-in in Figure 3-4, Initially, the maximum repository temperature is 

determined. Fhis is followed by determination of the temperature across each 

barrier starting with the outermost barrier and proceeding inward. For each 

barrier, t^e code first determines if a gap is present as defined in the model 

shown in Figure 3-1, If no gap is present, the code skips over the 

radiation/conduction heat transfer equation and sets T, = To. The conduction 

equation calculates T^ for the barrier and sets Tg of the next innermost barrier 

equal to T̂ .̂ This process is repeated until the innermost barrier is reached. 

If a gap is present in any of the barriers, the code tests for the presence of a 

filler (backfill) material in that barrier and chooses the appropriate 

emisslvities for use in the radiation/conduction heat transfer equation, A 

variable P = fCT^.Tg) is evaluated in an iterative technique to solve for T3 

ZTT 3,68 X W •" ̂ M ^ B̂) -Q/L 

(3.2.5) 

An Initial T̂  i s assumed equal to Tg and P is calculated. T3 is then succesively 
incremented until P converges giving the desired value of T2. TA for the barrier 
1s then solved by the conduction equation. T. for the innermost barrier is 
assumed to be the peak waste temperature (MAXT.4P) for the waste package. A 
program list ing of PKTEMP is provided in Appendix A. 

The TEMPER subroutine calculates the temperature of a barrier at tne 
time of barrier fai lure. Barrier failure is defined as a breakthrough of the 
innermost layer (solid wall) of a barrier. TEMPER performs a neat transfer 
calculation between the repository surface and the outer barrier surface 
utilizing a calculated repository temperature and an estimated overall neat 
transfer coefficient. TEsiPER calculations are performed using the logic depicted 
in the flowchart shown in Figure 3-5. 

The program f i rs t calculates the reoository temoerature as a function 
of time. The outermost barrier temperature at failure is then calculated using 
the following equation 
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T = „ .. .Q/K . . ^ 4 - T„ (3.2.7) 
'c = 2iThBR(r^+ 2^TJ^ 'R 

where 
T = barrier temperature at outer surface, (°K) 

h„o - estimated overall heat transfer coefficient between 
repository and barrier surface, (Watt/in~- K) 

T„ = calculated repository temperature, (°K) 

ilr = 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 
in that typical waste heat generation is such that in the designs studied, 
calculated barrier temperatures at failure are nearly equal to the repository 
temperature, A l is t ing of the TEMPER subroutine is provided in Appendix A. 

3.3 CORROSIOM 

The CGRODE subroutine calculates the thicknesses of the two inner 

layers (Figure 3-1) of each barrier as a function of time. In each case a 

corrosion rate is chosen on the basis of temperature and type of repository water 

and is 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 

x^ = XQ - R^at (3.3.1 

x. = new thickness, (in) 

X = previous thickness, (in) 

R^ = corrosion rate, (in/yr) 

at = time increment, iyr) 
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The CGRODE calculations are perfonned using the logic depicted in the 

flowchart shown in Figure 3-6. The program first tests for the existence of a 

corrosion-resistant coating on the outside of the outermost of the two barrier 

layers in question (Figure 3-1). If present^ the coating is defined in terms of 

time of protection afforded to the surface to be corroded. This length of time 

is specified in the specific input data files such that the CORODE corrosion 

calculations do not begin until the specified time period has elapsed. Once 

corrosion 1s ready to begin, the program determines the temperature 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 decreased in thickness by an amount equal to the corrosion rate times 

a time increment (specified in input 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 rate until it fails by either zero thickness of excessive external 

stress. Once a complete barrier fails, the next innermost barrier is considered 

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 is not 

utilized. 

The corrosion rate data contained in CORRAT 1s comprised of eight 

separate values for each package material (metals). Four corrosive environments 

are considered 

(1) Anoxic brine 3 

(2) Oxic brine B 

(3) Anoxic water 

(4) Oxic water 

over two temperature ranges (25°-100°C, 100°-250°C). The chemical compositions 

of brine 3 and typical groundwater are summarized in Taoles 3-3 and 3-4, 

respectively. Each corrosion rate is assumed constant over its temseratare range 

and is taken from the maximum of rates corresponding to specific corrosion 

3d 
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Table 3-3, Chemical Compostioti of WIPP-B Salt Brine* 

Compound 

NaCl 

NagSO^ 

Na^B^O^-lOHgO 

NaHC03 

NaBr 

KCl 

KI 

MgCl2 

CaCl2-2H20 

FeClj 

SrCl2-2H20 

^^2^04 

CsCl 

Total Dissolved 

pH 

Concentration (g/i) 

287,00 

6.20 

0.0160 

0.0140 

0.5200 

0.0290 

0.0130 

0.0400 

3.30 

0.0060 

0.0330 

0.0016 

0.0013 

297.174 g/.: 

5.5 
I 

*Braithwa1te and Molecke, 1979 
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Table 3-4. Chemical Composition of Typical 
Arid Ground Water*. 

Compound 

Sulfate 

Chloride 

Bicarbonate 

Nitrate 

Sodium 

Potassium 

Magnesium 

pH 

Concentrati 

<50 

<100 

<500 

<10 

<50 

<10 

<50 

7-9 

on (mg/£) 

(1-20) 

(2-50) 

(60-400) 

(0-1-5) 

(5-47) 

(1-5) 

(2-20) 

(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 

program listing of CORODE 1s 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 exists 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 rates of 

metals (Braithwaite, 1979), Also, increases in temperature in an open system 

cause a depletion in dissolved oxygen in aqueous solutions. This decreases 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 

repository affects the corrosion rate primarily in that it influences the 

physical state of intruding water and the concentration of dissolved gaseous 

species. Waste packages will be exposed to any thermal decomposition products of 

the geologic isolation 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 in geologic isolation conditions. For susceptible 

materials, the threshold tensile stress depends strongly on temperature, solution 

composition, and the presence of an aqueous phase. 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 increases the susceptibility of 

the alloy to intergranular attack and intergranular 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 of the procedure used to choose maximum corrosion rates for each set of 

temperature and water conditions. In addition, potential effects on corrosion 
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Table 3-5. General Form of CORRAT. 

Hlld Steel 

llrcdloy 

Inconel 

304 SST 

Copper 

Lcdtl 

Cast Iron 

BRINE-ANOXIC 

2'j»-IOO"C IOO'-2bO»C 

BHINE-OXIC 

2S^-I00-C 100'-250»C 

WATER-AMOXIC 

Z5'-I00°C 100*-250'C 

UAT'ER-OXIC 1 

25»- lOO'C I00»-150»C 



rates caused by radiation levels 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 in the AMSE Codes Section VIII, 

Oivision 1. The wall thickness is that portion of the original wall not affected 

by corrosion (including bulk corrosion, pitting, or crack propagation) as 

determined in the corrosion subroutine. The subroutine updates two binary flags 

BFAIL and WFAIL. If BFAIL = 0 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. If 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 revised. Then the STRESS subroutine recalculates the new stress distribution 

and updates the binary flags BFAIL and HFAIL. The main program acts on the value 

of WFAIL to determine when the defense shifts to the next inner package barrier. 

BFAIL 1s 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 Rj_ and Rg ^nd R3. The pressure is assumed 

uniform between R, and R^. 

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 close the borehole. 

The yield model used for the backfill is 



STRUCTURAL 
WALL CLADDING 

BACKFILL 
OR FILLER 

• • • . ; ••''-,•'•:.',•;:•.'•»':•/,. • • • . . • . .7 

• • • . ' . • • ' : 

R3 

Figure 3-7. Composite Barrier Used in Stress Calculations 
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where 

CQ = cohesion, (Ksi) 

3 = constant slope of the Mohr envelope, (dimension!ess) 

P„ = absolute value of the mean stress (repository pressure), (Ksi) 

P = pore water pressure, (Ksi) 

In this application cohesion is 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. P ^^„ - 0 for dry materials and 

'̂  pore 
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 = S(Pa » P„„^^) (3.4.2) 
K pore 

Generally, the conservative assumption of P„^^^ = 0 is used. Mote that this 
pore 

model assumes also that creep is sufficiently rapid that overburden pressure is 
appl led at time = 0. 

The pressure-volume relationship for the backfill is a very non-linear 
and highly variable-based physical characterist ic. Any backfill employed must 
have defined an empirical pressure-volume characteristic. To accommodate the 
wide range of possibi l i t ies , a quadratic data f i t 1s provided in the model using 
two coefficients. A relation between volume before and after compression 1s 

where 

V* = ^ - 1 (3.4.3) 

3̂  
V = original volume, (on 

3 
V = volume after compression by pressure P, (cm ) 
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and 

P- = AV* + KV*^ (3.4.4) 

where A and K are empirical coefficients. Thus, 

-A ± / Â  + 4 KP 
R 

2K 
(3.4.5) 

In the special case where K = 9 or K w 0 

V* - 4- (3.4.5) 

Equation (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, 

1957) gives a curve for compacted sand 

P^ = 0.4413V* ̂  253V*^ (3.4.7) 

The instantaneous shear modulus, G', was constructed froiii tne 

instantaneous bulk modulus, B', and Poisson's rat io, v, according to non-linear 

elastic theory. The bulk modulus is given by 

dP„ 
B' = -V - ^ (3.4.8) 

and snear modulus by 

The Lame' constant is given by 

A' = B^ - ̂  (3.4.10) 

Is^iLz^M. (3.4.9; 
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•Differentiating Equation (3.4.4) and substituting into Equation (3.4.3) gives 

3' = A(V* + 1) + 2 :<V* (V* + 1) (3.4.11) 

Then G' and A' are calculated by Equations (3.4.9) and (3.4.10). 

The barrier wall is assumed to be constructed of an elastic material 

for which the following properties are specified as functions of temperature, T 

Yield Stress ̂  Y = Y^ + Y2(T) (3.4.12) 

Bulk Modulus = 3 = Bj_ + B2(T) (3.4.13) 

Shear Modulus = G = G^ + G2(T) (3.4.14) 

The Poisson rat io is calculated by 

V = U§-S) (3.4.15) 

A stress equilibrium calculation is employed to calculate the response 

of the cylindrical composite at a stressed state as compared with pressures and 

dimensions in an unstressed state. Because changes occur very slowly, it is 

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 

A0^ = (A + 3G) £^ + .\£g + AS^ (3.4.15) 

AOQ = A£^ + (A + 2G) £, + Ac^ (3.4.17) 

Ao^ = Xz^ + Xe. + {X + 2G) e^ (3.4.18) 

where 
cTn, c., a, = stress components, (Ksi) 

du 



£ĵ  = dU/R = change of radial strain, (in/in) 

U = strain, (in) 

!̂ , = change of hoop strain, (in/in) 

£ = change in axial strain, (1n/in) 

Initial equilibrium stress results in no motion 

p R . ^ M » ° - c ° ) R = 0 (3.4.19) 
d 

da° 
pz = ^ = 0 (3.4.20) 

The final equilibrium stresses must produce no motion 

d , 0 PR = 0 = ^ ( . ° . , , ^ ) . ( a ^ . a , » â  - .a°)/R (3-4.21 

pz = 0 = ^ (a° + Aâ ) (3.4.22: 

For equilibrium (neglecting rotation) 

pR = 0 = - ^ iLo^) + (AÔ  - AcJ/R (3.4.23) 

pz = 0 = ^ C c , ) (3.^.2a) 

The corresponding equation for rotation was left out as it is assumed that there 
are no torquing forces. Substituting Equations (3.4.16) - (3.4.13) into 

as 
Equations (3.4.23) and (3.4.24) and noting that e, = dJ/R, SQ = u/R ana 1 - n 

•̂  •- dR 
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then 

U . 2 G ) g . - ^ ( U / R ) - . | £ f e . ^ ) = 0 (3.4.25) 

The solution to Equation (3.4.1) is 

which gives 

U - fR ^ 1 (3 .4 .26) 
R 

ê  = f = a - 4 , (3.4.27) 

where f and g are constants evaluated from initial conditions. Evaluating a and 
b from Initial conditions 

R̂  AP " R? AP, - As (R? - R )̂ 0 0 1 1 z M 0'̂  ,^ , ^„, 
a = 2—? (3.4.29) 

2(X+G)(R^-R^) 

b = 5—5 (3.4.30) 
2G(Rf-R; ) 

when 

AP̂  = P,3-P° (3.4.31) 

and 

AP̂  = ?1 - Pi (3.4.32: 

If the initial condition is unstressed then 
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0 0 (3 .4 .33) 

and 

AP^ = P^ (3 .4 .34) 

For the inner cylinder depicted In Figure 3-7 

U(Rj) hh 
2(R' T—J 

%) 

R2 R2 
^ 1 . '̂ O ^ ^ z ^ l 

zWTJY (3 .4 .35 ) 

and the cladding cylinder 

U-CRg) 
P3R2 

2(R^ - Ro) 2' L 

•'ẑ z 
2 

; ^ 

2(R2 - R2) L 
^3 . ^3 

X' + 6^ G' 2(X^ + G') 

(3.4.36) 

Since the cladding layer Is of zero strength, P^ = P^. Substituting P, for P^, P 

for P ,̂ and le t t ing e^ = s '^ = ^ (constant stress in axial direct ion), then J(R.) 

- U'(R2) and 
(3.4.37) 

P^2^21V~+' 
h ' 2(R23 - R2) 

2 ( R 2 - R 2 ) \ X + 6 ^ " T ; 2(R^ - R 2 ) r. 

which gives the interface pressure P̂^ as a function of the repository pressure '^^ 
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 pressure. When the inner 
pressure falls below a threshold value the backfill yields and flows plastically. 
That is, there is a maximum pressure gradient that the backfill will support. 
Exceeding this gradient 1s Indicated by a minimum pressure at the inner boundary 
of the backfill since the outer pressure is maintained constant at repository 
pressure. Once the minimum Is 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 

P R ( 1 - n) 

where 

^ = ̂ ^^7[rT^)2" ̂  rJ-^Z^ (3.4.39) 

Note that n becomes imaginary if 

S < 1 . 5 | i ^ (3.4.40) 

If n is imaginary, the backfill will yield plastically for any value of P . . It 
1s therefore a minimum condition that the backfill have a 3 and v such that 

3 > 1 . 5 | f 5 ^ (3.4.41) 

Typical values for 3 and v have been found in the l i terature and range from 
approximately 9.6-1.2 and 0.25-0.45, respectively. 
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In the case of wall y i e ld the inside pressure is neglected as i t is 

very small compared to repository pressure. Thus y ie ld ing i s cont ro l led by the 

pressure at the outside of the w a l l . The condit ion for no y i e l d established for 

cy l ind r i ca l shel ls i s 

Y 2 > 4 

1 - ^ 

^ 

(1 - V + V^) ' 3 .4 .42 

Thus yield will occur when 

^ i - ^ / r 

2,^2 
1 -(R'O/P4) 

V + V-
(3.4.4; 

Internal pressure stress was based on ASME code requireTients. Ho: 

stress criteria from AS:iE Code, Section VIII, Division 1 (AS-IE, 1977) give 

' = Tsr^~oXT^ 
3.4.4: 

where 

= wall thickness, ( in) 

E = j o i n t e f f i c iency for longi tudinal sea'n 

(=1 for seamless or f u l l penetration weld) 

S = allowable stress for ma te r ia l , Ipsi) 

P = internal pressure, (osi) 

R = Inside radius, ( in ) 

4':. 



The allowable stress tables from the code were used to develop a cor re la t ion for 

S as a function of temperature, T. The subroutine calculates S from 

S = SI - S2(T) T > S3 (3.4.45) 

S = S4 T 1S3 (3.4.46) 

Solving Equation (3.4.44) for P̂  
0 

^0 ^ R^ ^ 0 . 6 6 
0 

^SE (3 .4 .47) 

When 

0̂ > r # b j f̂ -̂ -̂ '̂ 

then WFAIL i s set to 0, meaning the wall has f a i l e d . 

The STRESS subroutine is cal led by the main program at each time 

increment for each bar r ie r layer. The subroutine determines whether the current 

barr ier under consideration remains in tac t or f a i l s at that time increment, wall 

thickness i s the current value returned from the corrosion subroutine COROOE. 

Figure 3-8 i s a flowchart of the subroutine. The subroutine f i r s t 

checks to see i f external or Internal pressure are of concern. The value of 

CREEP i s then "YES" or "MO". I f CREEP = YES then the external routine is used, 

otherwise internal pressure is checked against the code c r i t e r i a . I f external 

oressure is of concern then rad i i are calculated based on the la tes t value of 

THICK, the wall thickness. Presence of a back f i l l i s checked. I f there is no 

back f i l l then the pressure on the outside of the wall ( " i n t e r f a c i a l " pressure 

EPRESS) is set equal to repository pressure REPRES. The next step is to checK 

fo r back f i l l f a i l u r e . I f the back f i l l y ie lds then EPRESS = REPRES. I f the 

back f i l l has not f a i l ed then calculat ions are carr ied out to determine the status 

of the b a c k f i l l . I f f a i l u r e is determined then once again EPRESS = REPRES. Then 

the subroutine calculates stresses on the wall as in te r fac ia l pressure EPRESS ana 

checks for wall y i e l d . ^FAIL i s set to 1 i f the wall is i n tac t or 0 i f f a i l u re 
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Figure 3-3. STRESS Flowchart. 
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1s determined. Based on the value of -.iFAll the main program continues with this 

barrier or proceeds inward. 

3.5 RADIONUCLIDE RELEASE RATES 

The radionuclide release model RELEAS calculates the transport rate of 

specific radionuclides through failed engineered barriers and backfill. The 

specific rate of interest is the release rate to the geology. The model is based 

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 emolacement in the repository the barriers fail, 

either by crushing from the lithostatic pressure in the repository or by 

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 is to calculate the 

release rate based on Fick's second law of diffusion, i.e., no countercurrent 

diffusion and no convection of water. 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 there Is a finite distance from the waste to the backfill 

face, and the failed barriers represent a physical resistance through a void 

fraction available for transport, i.e., a porous barrier. The failed engineered 

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 be present at x = i, similar in concept to a heat transfer coefficient, and a 

mass transfer resistance is assumed to be present at the bacKfill-geology 

interface (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 = 0 so that the boundary 

condition at x = 0 is a zero concentration. ;tote that the results are relatively 

insensitive to resistance at the geology face and often insensitive to failed 

barrier resistance (exceot for cases with little or no backfill). 



Consider a slab of thickness i with the conductance boundary conditions 

2 

H = k i 4 0 < X < i (3.5.1) 

^ + h^(c - c^) = 0 at X = £ (3.5.2) 

^ - h^c = 0 at X = 0 (3.5.3) 

and c(x,0) - 0 (3.5.4) 

These equations describe the time-dependent diffusion phenomenon with so-called 
"radiation" boundary conditions (Carslaw, 1967). Since diffusion is assumed to 
be occurring through a porous medium, the constant k -is not the liquid diffusion 
coefficient. 

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

N, . - 0 , 1 1 ( 3 . 5 . 5 ) 

where c is the concentration of the species of interest contained in the liquid 
volume only, not the total unit volume including solid. M̂  is the flux oer 
actual unit area and 0 is measured experimentally. The effective diffusivity 

for a porous medium is estimated to be 

eD., 
D^ = ™ ^ (3 .5 .6 ) 

e 0 

where e is the void volume and 5 is the tortuosity. Therefore, the effective 

diffusivity is defined in terms of liquid concentrations. 
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Transient d i f fus ion i s described by 

0 i - ^ = Accumulation (3.5.7) 
aX 

Since the diffusive flux 1s based on liquid concentration there is accumulation 
with no adsorption 

e 3^2 . t 

When accumulation by adsorption also occurs, another term must be added to 
account for i t . 

The amount of material adsorbed on the solid of the porous medium 1s 
obtained from information on the equilibrium constant 

c, = k.c (3.5.9) 
s a 

where c = grams of species of in te res t adsorbed on one gram of s o l i d , so that 

units are 

u r - i igms on sol i d ] fml of l i q u i d 
k̂  L~J [ gm solid J [ginFTTqUTd^ (3.5.10) 

Hence, k^ is reported as ml/gm. /Jew i f p i s the bulk density of the s o l i d , oc 

y ie lds the amount of adsorbed material in equi l ibr ium with the l i q u i d 

concentration c or 

"er f = (-*^d»>lf (3.5.n 
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Therefore, 

D̂  

F?; (3.5.12) 

where 

k = constant in Equation (3.5.1), (era /yr) 

p = bulk density of the solid, (gm/ml) 

k^ = distribution constant, (ml/gm) 

The boundary condition in Equation (3.5.2) contains the conductance h which is 
derived from 

D 

where i t Is seen that 

H, 

e i f "• "£ ^^~^"J = ° ^* ^^^ (3.5.13) 

h, = 0 ^ (3.5.14) 

H is called a conductance since i t multiplies a gradient rather than a flux and 
is assumed to be the result of diffusion through a distance Ax with no 
capacitance. Examining a slab for this assumption yields 

q(Ax) = D(AC) (3.5.15) 

where q is the flux, AX is the slab thickness, D is tne diffusion coefficient, 

and AC is the concentration difference. Therefore, for the problem considered 

here 

X, _ x 
D (3.5.16: 
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where 0 is the diffusivity through the medium in Ax whicn 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) = w(x,t) + u(x) (3.5.17) 

wnere u(x) 1s the steady state solution and is 

u(x) = ^y ^ - ( x + i f ) (3.5.13) 
1 . hJ £ . h^ 

and the transient solution 1s 

w(x.t) = 2 A„X„ exp(-ka^t) (3.5.19: 
n=l " n ^̂  n 

and 

X̂  = cos(a^x) + ^ sin(a^x) 
n 

V . i n r . v\ (3.5.20: 

where x^ is the n-th oositive root of 

a i(h r h ) 

tan(a2) = j - ^ — (3.5.21) 
a^ - h,h^ 

^ 0 

and 

DC 



^%h\ 
hi 
-5_cos(a „£ ) -
^n " 

, . 'o , 1 sin(a^£) 

2 + h2 a + h 
n 0 

£ + h. 4. h 1 + h l£ + 
0 J 

(3.5.22) 

A special case of the condit ions described by Equations (3.5.1) -

(3.5.4) is considered where the conductances are la rge , i . e . , the resistances are 

close to zero. This case Is i l l u s t r a t e d in Figure 3-9 where l i n e A represents 

the steady state solut ion fo r h = h -> ^ , and l ine B represents the steady state 
£ 0 

solut ion for ĥ  and h « ^ Experience indicates that when "3" approaches "A" 

the solut ion described by Equations (3.5.17) - (3.5.22) converges very slowly and 

is Impractical to evaluate. A solut ion with f ixed boundary condit ions should be 

used when 

'1 A > 0.8 (3.5.23) 

is satisfied. 

The solution with fixed boundary conditions and zero initial condition 

is (Carslaw, 1967) 

c(x,t) 
2c «3 

E^sln(Hl) exp 
n=l 

"k(f) t 
"̂  ̂ £ L 

(3.5.24) 

From the equations described, the quantity of material transported 

across the boundaries at x = 0 and x = £ can be calculated during the t ransient 

per iod. When steady state is a t ta ined, the much simpler steady state solutions 

y ie ld the quantity transported. The time at which steady state is attained is 

defined to be when the lead exponential in Equation (3.5.19) has decayed to 0 .01 , 

or 

. 4.6 '3.5.25) 

or using Equation (3.5,24) 

57 



C2 

Ci 

A - F I X E D BOUNDARY 
CONDITIONS 

B - CONDUCTANCE »UNDAR Y 
CONDITIONS 

X = 0 X = £ 

Figure 3-9. Illustration of Steady State Solution. 



4.6 

k ( T T / L ) ' 

(3.5.26) 

The transport of radionuclides occurs only as long as there 1s material 

remaining in the waste. A material balance around the waste for a specific 

radionuclide yields 

dy _ . / .^ ,.. (3.5.27) ^ = "f(t) - Ay 

where y Is the quantity of material In the waste at any time t , A 1s the decay 
constant, and f{t) is the rate of transport of material out by diffusion as 
described by Equations (3.5.17) or (3.5.24). The result for Integrating the 
linear f i r s t order differential Equation (3.5.27) where f(t) Is described by 
Equation (3.5.17) i s : 

y(t) H t ^ ^ ^ expC-kâ t) . ^ 
^ n=l (A - ka^) 

(3.5.28) 

+ exp(-At) ±( \ \ 
n=l \A - kail 

h 
T 

where 

£ 

a 

init ial quantity of material 

area available for transport at x 

H; [c(£)-c^] 

V n ^^~~ '^ 

Likewise for Equation (3.5.24) 
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^(IH)\] 
y(t) - -2K 2 7™^——Ji 

"=l [x - k(f) 

4- exp(-At) y„ + 2K 

33 

n=l A - • my Hf) 
.i 

(3.5.29) 

where 

K = aD c /£. 
e £ 

In the event there is sufficient material at t - 0 to attain steady 

state, a material balance on the waste for a specific radionuclide yields 

dz 
dt Az tr 

(3.5.30) 

where r is the constant rate of material transported out by diffusion. 

Integrating and solving for the time when the quantity of material in the waste 

is zero yields 

î" AZQ + r^^ tr 
(3.5.21) 

where z is the quantity of material present when steady state is attained and tr 

is the time beyond the steady state time required for z = 0. 

The transport of radionuclides through an adsorbing medium can be 

calculated using Equation (3.5,17) for the case when surface conductances are 

present or Equation (3.5.24) for the case of fixed boundary conditions. The 

constant k is calculated from Equation (3.5.12) for both Equations (3.5.17) and 

(3.5,24). The use of Equation (3.5.17) or (3.5.24) is determined by Equation 

(3.5.23). The steady state times are calculated by Equation (3.5.25) or 

(3.5.25). The quantity of a specific radionuclide remaining in the waste at any 

time, t, is calculated from Equation (3,5,28) or (3.5.29). In the event y is 

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 = 0. 

If steady state is attained, the additional time required for radionuclides in 

the waste to attain zero quantity is calculated from Equation (3.5,31). The 

60 



calculat ions essent ia l ly stop when y = 0, whether th is i s before or af ter steady 

s ta te . There are no equations derived here for the transport across the x = 0 

boundary a f t r r y = 0. This " t a i l " i s ignored. Furthermore, radiodecay i s not 

considered :or material in the region 0 < x < £ , For the radionuclides considered, 

such as .im r ic ium-241, ignoring radiodecay does not resu l t in an appreciaole 

error In predic t ing transport rates as w i l l be shown in the fol lowing discussion. 

Cases where radiodecay must be considered w i l l be noted. A material balance over 

a d i f f e r e n t i a l thickness In a slab when radiodecay is considered y ie lds 

0 ^ i ^ . ( , . , ^ ) ^ . , . c !3.5.32) 
oX 

Thus 

ĉ . . i l c = n (3.5.33: 3"c be - f ^ = 0 
32 

^ - DC - ^ 3 ^ 

where z = x/i and 

,2. 
:3.5.34: 

A so lut ion i s avai lable fo r the case where the rad io-d i f fus ion 

parameter, b, i s zero as described by Equations (3.5.1) - (3.5.4) and 

Equation (3 .5 .19) . The solut ion to Equation (3.5.33) i s (Janckwerts, 1951) 

c ( x . t ) = k b j e"^^^' CQ(x , t ' )d t ' - e"""^^ c^ (x , t ) i 3.5.35] 
0 

where c^ ( x , t ) i s the b = 0 solut ion 
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The above equation is val id for boundary conditions of constant 

concentration or "radiat ion", but only with a zero i n i t i a l condition. Applying 

Equation (3.5.35) to Equation (3.5.19) yields 

- h 
.(x,t) = 2 ^ Â  [cos a^x + ^ sin (a^x)] 

n=l 

(3.5.36) 

b + kct̂  exp C-(b + ka^)t] 

b + ka 

where A and a are defined in Equations (3.5.21) and (3.5.22). 
n n 

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" 1s more Instructive. 

Solving Equation (3.5.33) with 

c(o,t) ̂  0 

C(£,t) = 1 

(3.5.37) 

(3.5.38) 

c(x,o) - 0 (3.5.39) 

yields 

c(z,t) I^ML! 
n=l 

sin A^Z 
b + A^ exp [-(b + \^)t] 

b + 'n 

(3.5.40) 

where x 
n n~. 

The steady state solution can be obtained from the above equation for t = ̂ 5 but 

a simpler form is obtained by solving Equation (3.5.33) with 3c/3t=0. Doing this 

yields 
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^(z) = sinh vh z (3.5.41) 
sinh v'b 

which gives the same results as Equation (3.5.40) for t = « . 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 diffusion transport of 
-3 -1 

isotopes such as americlum-241 with a decay constant, x, of 1.5x10 year , D -
2 31.5 cm /year and 5 = 4 , 

b = 1.9X 1 0 " ^ l 2 (3.5.42) 

with £ in centimeters. Hence, in order for b to be <1, i must be 72.5 cm (28 
inches) or less . This value of 2, is considerably larger than any of those used 
in the case studies presented in this study and therefore Is the justification 
for ignoring radiodecay In 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 ceslum-137 with 
a .\ = 0.023 year" , then for b <1, £ must be 18.5 cm (7.3 inches) or less in 
order to use the b = 0 diffusion 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, ?j, and is calculated from 

Rf = 1/cosh KF (3.5.43) 

Values of R̂  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 is halved relative to that at z = 1. Hence, for b = 100, tne 

-13 transport rate at z = 0 is 2 of that at z = 1. In order to have b = 100 for 
2 amer1c1um-24l with D = 31,5 cm /year and o = 4 , i must be 725 cm or approximately 

24 fee t . 
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Table 3-6. Retardation of the Transport of Radionuclides 
Through a Slab Barrier at Steady State for 
Values of the Radio-Diffusion Parameters b. 

Radio-Diffusion 
Parameter 

b 

0 
1 

5 

20 

100 

j 500 

Transport Retard 
Factor 

R, 

1 

0.65 

0.2 

0.02 

9x10-5 

4xl0"^° 

Number of Transport 
Half-Lives Retarded 

n 

-

2.2 

5.4 

13 

31 



The approach to the steady state concentration profi les as a function 

of the radio-diffusion parameter is described by Equation (3.5.40)» Mote b 
2 2 2 

always appears with A^ as b + A .̂ Since A = nu, for large n, b«A For the 
radionuclides examined In this study b Is always « A , . 

In order to justify using Equation (3.5.40), b should be >1 and 
preferably on the order of 10. The evaluation of the series in Equation (3.5.40) 
1s straightforward with a typical result presented In Figure 3-11 for b = 10. 
This figure shows that the approach to the steady state concentration profile 
with respect to time Is similar to the results for b * 0, I . e . , the high 
frequency Fourier components decay away very rapidly, and when 6>0.1, the 
concentration profile 1s 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 future behavior of leaching systems. The f i rs t 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 i t s pores the defining equations are 

k̂  ^ = H 0 <x <» (3.5.44) 
dX 

and ,^ 

c(x, 0) = c^{x) (3.5.45) 

c(0, t ) = 0 (3.5.45) 

c(=o, t ) = c (3.5.47) 
CO 

where 

k^ = a constant (mass transfer "conductivity") 

In the above case the soluble snaterial Is removed as fast as i t arrives at the 
X = 0 face. In the event the solution at the face is not zero or there is an 
equilibrium condition, the equations are s t i l l easily solved. 

The second type of leaching is the case where the soluble substance 
exists in the solid matrix as a solid. The soluble substance must be first 
dissolved and then diffused out of the solid. Meglecting 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 expressed by 

d2 
= P. -gx^ (at the interface) (3.5.48) 

x=z ^ 
s 

where z Is the location of the soluble substance-solution interface and c is 
the apparent density of the soluble substance. 

The mathematical solution to the lat ter type of leach 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 interest , i t Is determined that the lat ter type of leaching is 
the type occurring. As a resul t , i t was determined that there is not 
straightforward 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 either with a flux or a concentration 
as determined by the available data. 

The data are published as a flux based on available spent fuel surface 
area. Also available in this published data are solution concentrations which 
were 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 flax 
specification can result in a concentration which is unreal is t ical ly large, i . e . , 
the solubility limit is exceeded and unrealistic results can be obtained. Tne 
concentration build-up can occur because mass is not transferred away fast enough 
from the face where the flux is specified. Only after the concentration has 
increased enough in the immediate vicinity to yield a gradient large enough will 
the concentration stabil ize. 

Only one of the published reports (Katayama, 1976) yields sufficient 
experimental detail to obtain concentration information. These data are used to 
specify a fixed concentration boundary condition, i . e . , not a function of time. 

D ^ e dx 
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This is in contrast to the published results where the concentration in solution 

Is quite high In the initial experiments. However, the initial 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 leaching 

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 phenomena, and 

extrapolating this Information to predict leaching behavior where greater 

portions are transported Is difficult unless the transport orocess is properly 

described, i.e., dissolution and diffusion in porous media. Also to be 

considered is 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 radionuclide release model the release of radionuclides to the 

geology is 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 illustrated in Figure 3-12 (shaded area). While it is 

possible to calculate the tail-off, it 1s an inordinately time-consuming 

calculation and is 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 

ic , A (3.5.49) 
' ' " 3x2 

a f " h ^ c = 0 at X = 0 (3.5.50) 
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f =0 dx at x-l (3.5.51) 

and 

v(x ,0) = f ( x ) 
(3.5.52) 

where f ( x ) i s the concentration p r o f i l e 1n the back f i l l when the zero-inventory 

condit ion occurs. Hence, f ( x ) Is Equation (3.5.19) fo r some value of t = t^ . 

The solut ion for Equation (3.5.49) i s 

c ( x , t ) 
2 

— \£(s5+h;)+h^ 
exp C-kS^(t-tQ)]. (3.5.53) 

l+£h,4.h,/h^ 
( 1 ^ \ ^ ^ 
U + f™ + - f I Sin B .£ - ™ - cos 6.Z 

•o B 
J ^j 

l+£h^+h,/h^ 
h i i 1 ^n 
- 2 - cos a - i - £ + -r- + —^1 sin a I 

n \ 0 n 
„„T ( a / + h„2)[ t(a ^ + h ^) + h ] + h (:t„2+h ^] 
n=l n o " - ^ n £ ' i'' o n i ' 

2 , 2 h.̂  (a - 3. ) (a C0S3 i + h sin a i ) ( i - cos 3.^ + h sin 3..1) 

exp (-ka^ t g ) ! (3 j cos S^x -i- h^ s in S.x) 
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where 3. is the n-th posi t ive root of 

tan B.l = ^ (3.5.54) 

The above equation does not consider radiodecay and can become slightly more 

cumbersome if pursued. However, note that Oanckwerts' method (Danckwerts, 1951) 

used previously to examine the effect of radiodecay on diffusion transport is not 

applicable to Equations (3.5.49) - (3.5.52) because c(x,o) = 0. 

In order to examine the diffusion transport with radiodecay to the 

geology from the backfill after inventory depletion, the following equations with 

a fixed boundary condition at x = 0 rather than a "radiation" boundary condition 

are examined 

^ - bz - 1 ^ - 0 (3.5.55) 

c(0,t) = 0 (3.5.56) 

d| (i,t) = 0 (3.5.57) 

c(z,0) = f(z) (3.5.58) 

These equations resu l t in a s ign i f i can t l y simpler solution form than the 

radiat ion" case. The solution to the above equations can be obtained by making 

the subst i tu t ion 

c (z , t ) = e"'^^ u(z , t ) (3.5.59) 

II 

which resul ts in the fol lowing 

i ^ . M = 0 (3.5.60) 

u (0 , t ) = 0 (3.5.61 

du ( i , t ) = 0 (3.5.62) 
dt 

and u(z,3) = f (z ) (3.5.63) 
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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) is Equation (3.5.41). The 
solution Is 

c(z, t ) 

'30 

2/E cosh S X^ 

s1nh v'5 ^ n-! 

(-1)"*^ sin X̂ z 

b-i-X 
2 ~ ^ e x p [-(b-fX^")t] 

(3.5.64) 

where X̂  ~ (2n-l) ir/Z. 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 ini t ial condition f(z) = z. 

The radio-diffusion parameter, b, appears in Equation (3,5.64) in the 
2 same manner as before, i . e . , b •«• x^. For the radionuclides studied In this 

study, b « l which Is justification for ignoring b In the calculated results. 
The calculated results for the case of b = 10 are presented in 

Figure 3-13. Note that the concentration profile has essentially attained the 
9 = s© val ue when 9 <0,1. 

In the event the concentration profile has not attained steady state 
when Inventory 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 

_l £^ ' (2n-l)^ ^-^ 
n=l m=l 

Ti^H+T72)(m+n-l/2) 
(3.5.65) 

b+X^^exp[-(b+X^^)T ] 
m f i- * m 0 -̂  

b+X. T 
exp C-(b-fy)t] 

sin Â z ^ 

where x = m̂T and T„ is the time at which zero inventory is attained. m o ••' 
Since I t appears that essentially zero concentration In the backfill 1s 

attained for the dimenslonless time 9 * 0.1, an estimate of "zero" release to the 
geology can be obtained for the case of amer1cium-24l for a typical backfill. 
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Figure 3-13. Concentration Profiles for Zero-Inventory 
Release to Geology with b = 10. 
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The parameters used for amer1c1um-241 are k « 3.9x10 cm /yr and ; * 30.51 cm, 

so that 

e « 0.1 = k t /£^ (3.5.56) 

or t * 2.5x10 years. 

A flowchart for the RELEAS subroutine Is presented in Figure 3-14. The 

only Input required frow the main program are three barrier diameters which are 

used to calculate h as defined in Equation (3.5.2). A listing 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 emplacement. The radiation source in 

the model is assumed to be PWR spent fuel with a burnup of 33,000 MWd/MT. The 

emplacement 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. 

Various materials are chosen for use In the engineered barriers of a 

package design. Compositions and densities of some of these material s are 

obtained to estimate the radiation attenuation characteristics. The data for the 

other materials are estimated or assumed. The following paragraphs identify the 

compositions used in the radiation analysis. 

Bentonite 

Bentonite Is a naturally occurring clay characterized by the fact that 

i t swells upon absorbing water. The main component is montmorillonlte. The 

chemical composition Is 

Species Weight Percent 

5102 63.0 

A1203 21.0 
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Table 3-7. Fuel Composition. 

Isotope 

1 A l " 

1 '''' 
si25 

" ' ' 
,.47 
n 

Ti« 

T,-« 

1 Ti=« ' 
Cr5° 

C r " 

C." 

=••'* 

M.=5 

Fe 

Fe^^ 

Fe^^ 

^ 58 
Fe 

Co 

.,-58 
Ni 

N1«° 

^ i " 

» 1 " 

Ni«* 

i , 90 
i ^^ 

Gram-Atoms/MT 

1.5 

4.0 

.607 

.034 

.304 

.277 

2.771 

.204 

.200 

5.040 

57.423 

6.415 

1.574 

.327 

4.037 

61.018 
1 

1.439 

.310 
1 

.915 

111.862 

41.783 

1.869 

5.645 

1.609 

1421.122 

Isotope 

Zr'2 

Z.'^ 

Zr'« 

Nb" 

Ho" 

Ko'" ! 

Mo 

Mo 

MO^^ 

Mo^S 

Mo^QO 

. 112 

Sn 1 
. 114 
Sn 

Sn^^^ 

Sn^^^ 

„ 117 
Sn 

Sn 
- 119 
Sn 

3^120 

Snl22 

c 124 
Sn 

,,234 
u 

,,235 
u 

..238 
u 

Gram-Atoms/MT 

306.725 

462.239 

460.074 1 

72.50 i 

10.258 1 

.957 1 

.532 1 

.926 

.958 

.546 1 

1.357 

.540 ' 

.321 1 

.219 ; 

.113 1 

4.581 1 
1 

2.470 

7.729 1 

2.739 ; 

10.392 

1.467 • 
j 

1.323 i 

1.13 

140. i 

4062.0 
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FegOj 3.2 
FeO 0.3 

TiOg 0.1 

CaO 0.7 

MgO 2.7 

MagO 2.2 

KgO 0.4 

HgO 5.6 

Other 0.8 

Density - 2,1 gm/cm^ 

Sand 
3 

Sand Is assumed to be 100 percent SiOg with a density of 2.1 gm/cm . 

CllnoptHolite 
Clinoptilol1te is assumed to be a clay with a density of 2.2 gm/cm . 

Mild Steel 

Mild steel is assumed to be 100 percent Fe with a density of 
7.85 gm/cm . 

Zircaloy-2 
The composition and density used for Z1rcaloy-2 is 

Element 

Zr 
Or 

Fe 
Sn 

Weight Percent 

98.24 
0.1 

0.21 
1.45 
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Density - 6.55 gm/cm^ 

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

Element 

m 
Cr 

C 

Si 

Fe 

Ca 

Mn 

Density - 8.43 

Wei 

gm/ 

ght Percent 

75.41 

15.5 

.08 

.25 

8.0 

.25 

.50 

cm 

SST-304 

The composition and density used for 304 Stainless Steel 1s 

Element 

Fe 

Cr 

Mi 

Mn 

SI 

C 

Density -. 7.93 

We1 

gm/ 

ght Percent 

68.17 

13.94 

10.51 

1.75 

.53 

.06 

cm3 

79 



Copper 

The density used for copper Is 8.92 gm/cm . 

Lead 

The density used for lead Is 11.34 gm/cm . 

Cast Iron 

Cast Iron Is assumed to be 100 percent Fe with a density of 

7.85 gm/cm . 

Helium 

The effect of helium as a shielding material is neglected and assumed 

to be void. 

Air 
The effect of air as a shielding material is neglected and assumed to 

be void. 

An ORIGEM 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 1s consistent with the data in (DOE, 1979), a comparison was made with 
the radioactivity content and heat generation rate in spent fuel as presented in 
Table 5.7.2 of that document. This comparison is shown in Taole 3-8. /iith the 

14 exception of tritium and C the calculations In this study agreed with the 
referenced data. It is 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 products and from activation 
products. The photon spectra from fission products and activation products are 
shown in Figures 3-16 and 3-17, respectively. The photon spectra are shown as 
photon/sec/MeV normalized to one photon and are shown for one year and 100 years 
after emplacement. The photon soectra from fission products 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 

H3 

Kr85 

jl29 

S,90 ,Y90 

Zr95 , ,,95 

Ru^°s . Rh^oe 
Cs^34,cs^37,B^137 

Ce^44 , p^l44 

Actinide 

Pu"9 

Pg2*l 

Cn,"2 * Cr.̂ "̂  

Activation Product 

Fe55 

Co^O 

Zr95 . Nb^S 

Heat Generation Rate, W/MTHM 

Fission Product 
Years after Dis 

Table 5.7.2* 

3.1 X 10^ 

6.5 X 10^ 

3.3 X 10"^ 

1.2 X 10^ 

3.9 X 10"^ 

1.1 X 10^ 

1.8 X 10^ 

5.8 X 10^ 

2.9 X 10^ 

8.4 X lO"̂  

1.0 X 10^ 

1.0 X 10^ 

2.1 X 10^ 

9.0 X 10"^ 

1.4 X 10^ 

Content 6.5 
charge, Ci 

This Work 

5.7 X 10"^ 

5.3 X 10^ 

3.3 X 10"^ 

1.3 X 10^ 

5.4 X 10"^ 

1.2 X 10^ 

2.1 X 10^ 

6.7 X 10^ 

3.2 X 10^ 

7.7 X 10* 

1.9 X 10^ 

2 
3.5 X 10^ 

2.7 X 10^ 

9.0 X 10"^ 

1.6 X 10^ 

•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 times (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 fission products and activation products are assumed to be about 0.7 MeV 

since during the time regime that each component is important, the spectra are 

strongly peaked about 0.7 MeV. 

It Is fortunate that the photon spectrum is roughly monoenergetic since 

it allows the use of a monoenergetic cross-section. Table 3-9 lists the linear 

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 

R2 
Flux = B X S^ X j - ^ x F(b2) (3,6.1) 

where 

B - buildup factor (dimenslonless) 

S = source Intensity, (photons/cm /sec) 

R = radius of the cylinder, (cm) 

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

2 = self-shielding distance factor, (cm) 

b^ = number of mean free paths to the point of 
Interest, (dimenslonless) 

F = function defined by 

/ "T /2 -bpsece 
F(b,) ^ / e ^ de (3.6.2; 

JQ 
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Table 3-9. Linear Attenuation Coefficients for Materials 

Material 

Backfill Material 

Bentonite 

Sand & Bentonite 

C l inop t i lo l i t e 

Other Materials 

Mild Steel 

Zircaloy-2 

Inconel-600 

SS-304 

Copper 

Lead 

Cast Iron 

Helium 

Air 

Density, gm/cm 

2.1 

2.1 

2.2 

7.85 

5.55 

8.43 

7.93 

8.92 

11.34 

7.85 

_ 

-

Attenuation Coefficient, cm' 

.130 

.140 

.130 

.470 

.367 

.472 

.462 

.500 

.797 

.470 

8 X lO"^ 

3 X 10"^ 

•1 
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Buildup data for various materials are available in the forin of a 

parameter f i t to the equation (Rockwell, 1956) 

-a,b« -a«b« 
B(e,b2) = A ê ^ ^ -̂  A ê ^ ^ (3.5.3) 

where 

A^, A^s 3 p ^^^ ^2 ^^~ * 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 RADCLC is shown In Figure 3-18 and a orogram listing is 

provided in Appendix A. 

3.7 yATER REPELLEMT BACKFILLS 

The model assumes that at time zero the backfill is saturated with 
water and that water-Induced degradation processes proceed from that point. 
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 oackage is not 
considered mainly because there is available no basis on ^hlch to evaluate the 
functional l i f e . This section presents a discussion on the possible effects sucn 
a backfill could have on the results of model calculations. 

Two modes of backfill behavior would be beneficial in tne period prio»" 
to package failure 

• total exclusion of water from the outer wall of tne ^lultipla barrier 
system for some period of time 



Table 3-10. Buildup Factor Parameters at 0.7 MeV. 

Material 

Iron 

Lead 

Concrete 

Water 
i 
1 

Parameter Values 

^ 

9 

2.3 

10 

11 

2̂ 

-8 

-1.3 

-9 

-10 

1̂ 

-.081 

-.04 

-.088 

-.104 

2̂ 

.0255 

.17 

.03 

.03 



Table-3~11. Buildup Factor Material Correspondence. 

Material 

Bentonite 

Sand 

Clinoptilolite 

Mild Steel 

Zircaloy-2 

Inconel-600 

SS-304 

Copper 

Lead 

Cast Iron 

Helium 

Air 

Buildup Material 

Concrete 

Concrete 

Concrete 

Iron 

Iron 

Iron 

Iron 

Lead 

Lead 

Iron 
1 

None, 8=1 

None, 8=1 
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t high resistance to watar and solute transport through die bach f l l l 

Eac I ' f i l l s have been propof-sd wnlcii show promise of functiortl i ig in chese iioaes. 

^roptsrly forray'lated sodi urn-saturated i iontniorinori i ess ( bentoni !°esl display 

snorfiiiius sviel l lng prsssuras vrtien chey corns in contact vji nli n i te r (Low and 

%rgtiei i i i , 1979) (Pusch, 1373a)» The e f fec t i ve perneaDil l ty of such systeiis 

oecomes essent ia l ly 2ero as characterized in Taole 3-12. The sviell Ing phenomenon 

includes the a b i l i t y to sel r~sea1 and al sc* £0 seal crachs in the adjacent f^cV 

(Puschg 1978b). Such a material could function as a to ta l exclusion barr ier fo r 

some time. Tlie key question is 'noti l-sng such -i inaterial w i l l re ta in i t s 

propert ies .%s a sealant when exposed to repository temperatures, pressures and 

possibly corrosive water. Evidence on long-term behavior is l a c k i i g but 

predict ions based on avai lable data indicate t l ia t suc^ flaterials can oe 

s tab i l i zed ( f o r example, use of quartz s tab i l i zes fwanti iori l lori i te and reduces the 

tendency fo r diageriesis to i l l i t e l ana can l as t for e^'ioriious true p^rioos. In 

such a case^ a pure delay c1rae would be introduced into the resul ts from the 

3ARIER code. This i s because there 1s no mechanisjn of degradacion without water 

present. The package would l as t indef i r i l cely in a dry environrnent as attested to 

by ramy ancient i r t i f a c t s discoi/ered bv archeologists in sucn enviroranents. 

The second b a c k f i l l mode ^nentioned above pertains to aack f i l l s '.-li th low 

periieabil 1 ty . In th is case water and solute transport are great ly i i n l b i t e d over 

an extended period of t is ie . Studies indicace that jegraaat io i rstes mnln oe 

j f e a t l y reduced in such cases (Haggbloi^ 1977). I t Is l i k e l y cM'c cor ros io i 

rates used in 3ARIER 4ere somewnat higli and that a reduced corrosion race would 

be observed as long as t!ie b a c k f i l l remained i n t a c t . Such ef fects .-lould reauire 

fur ther study i f i t became desirable to account for then in the perfortBance 

evaluat ion. 

Mote that i f a water exclusion back f i l l is orase'^it and i t s useful l i f e 

as a ca r r ie r Is kno'>Mn, then the coating delay feacure in BAPIE^ an De used ".3 

Introduce a delay ti-iie oefore cor^'osion deqins on a oa rc i cu l i r daon-ler-. 



Table 3-12. Permeability of Clays and Sand-Clay 
Mixtures (Endell, 1938). 

Weight 
Ratio 

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

Quartz sand 

Quartz sand : mica 

Quartz sand : kaolin 

Quartz sand : calcium bentonite 

Quartz sand : sodium bentonite 

9 

7 

1 

0 

9 

7 

1 

0 

9 

7 

1 

0 

9 

7 

1 

0 

1.0 X 10 

4.6 X 10 

4,2 X 10 

5.8 X 10 

4.9 X 10 

-4 

-4 

-4 

-4 

9.5 X 10 

8,9 X 10' 

2.5 X 10" 

3.0 X 10' 

4.3 X 10 

2.1 X 10" 

5.5 X 10" 

2.0 X 10" 

1.6 X 10 
-7 

3.0 X 10'^ 

impermeable 

impermeable 
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4. PACKAGE DESIGN DESCRIPTIONS 

The package designs evaluated in this study were a subset of a series 

of designs studied in previous wrk (Stula, 1980a) (Lester, 1979) with some 

additional refinements. The designs 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. ThuSs the purposes of the analysis was to provide a basis for programmatic 

planning and not an optimization of designs or search for the "best" designs. 

4.1 PREVIOUS WORK 

A large selection of design possibilities was studied in past work 

using a more simplified version of the "BARTER" 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 stabilizer was a cast-in-place 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.2s or B.l, etc. Table 4-1 is a table of concepts studied in the first 

series of evaluations in previous work (Lester, 1979) and Table 4-2 is a 

subsequent series from follow-on studies using the previous version of 3ARIER 

(Stula, 1980a). 

The results of the past studies yielded a list of concepts which were 

the best in performance in each of the major concept categories. These conceots 

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 sunwiarized in Table 4-4. 
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4.2 CAST STABILIZERS (Concept E) 

The cast s tab i l i ze r "E" concept showed promising results in previous 

work when the geology was a high creep medium ( i . e . , sa l t or shale). In e f f e c t , 

the cast s tab i l i ze r and the canister act l i k e a so l i d rod in res is t ing medium 

crushing forces. Included in the current group of Concept E cases were concepts 

E.3, £ .4 , and E.24, '^hich were analyzed with the old version of BARIER. Hew 

var ia t ions on th i s concept in t h i s study were designated rfith an "?J" su f f i x and 

included changes in materials and material thickness. 

4.3 HEAVY SLEEVE PACKAGES (Concept Bl) 

Another promising concept f ron past work was the "B l " design which 

incorporates a heavy-walled sleeve to l i ne the bore-hole. The sleeve serves as a 

defense against high crushing forces in a creeping medium. The s tab i l i ze r in 

th i s design is a segmented so l id or a gas f i l l e r . The only other barr ier element 

is the canister which contr ibutes very l i t t l e to long-term defense. Concepts 

31.7 and B l . l i were promising designs in the former evaluation using the old 

version of BARIER. These were reevaluated with the new model. In add i t ion, 

several var iat ions are introduced as su f f i x "U" cases such as 31.IN. These 

package design var iat ions are summarized in Table 4-4. 

4.4 COHBIMTION SLEEVE/CAST STABILIZERS (Concept 3E) 

This type of package was a new design analyzed in this study. 

Designated as "BE" it combines the heavy sleeve and cast stabilizer features. In 

a creeping medium this package offers a redundant defense against the medium 

crushing forces. The package design variations studied are summarized in 

Table 4-4. 
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Table 4-1. Summary of Conceots Studied in FY'79 with 
Previous Version of "BARIER" Code, (Lester, 1979). 

Concept 

A.l 

A.2 

A.3 

A.4 
1 

A,5 

! A.6 

A.7 

A®8 

A.9 

AalO 

Element 

stab 
can 

stab 
can 

stab 
can 

stab 
can 

stab 
can 

stab 
can 

stab 
can 

stab 
can 

stab 
can 

stab 
can 

Inside 
Material 

ID 

12.0 
13.5 

12.0 
13.5 

12.0 
13.5 

12.0 
13.5 

12.0 
13.5 

12.0 
13.5 

12.0 
13.5 

12.0 
13.5 

12.0 
13.5 

12.0 
13®5 

00 

13®5 
14.0 

13.5 
15.5 

13®5 
14.0 

13.5 
15 ®5 

13.5 
14.0 

13.5 
15.5 

13.5 
14.0 

13.5 
14.0 

13.5 
14.0 

13.5 
15.5 

Outside 
Material 

ID 

13.5 
14.0 

13.5 
15®5 

13.5 
14.0 

13.5 
15.5 

13.5 
14.0 

13.5 
15.5 

13.5 
14.0 

13.5 
14.0 

13.5 
14.0 

13,5 
15.5 

00 

13.5 
14.0 

13.5 
15.5 

13.5 
14.0 

13.5 
15.5 

13.5 
14.0 

13.5 
15.5 

13,5 
14.0 

13.5 
14.0 

13.5 
14.0 

13.5 
15.5 

F i l l e r 

00 

13.5 
40.0 

13.5 
40.0 

13.5 
20.0 

13.5 
20.0 

13.5 
40.0 

13.5 
40.0 

13.5 
20.0 

13.5 
40.0 

13.5 
20.0 

13.5 
20.0 

Inside 
Material 

304sst 
304sst 

304sst 
304sst 

304sst 
304sst 

304sst 
304sst 

he!ium 
304sst 

he!i urn 
304sst 

hel1um 
304sst 

hel1um 
304sst 

z i r c 
z i r c 

z i rc 
z i rc 

Outside 
Material 

3 0 4 s s t 
304sst 

304sst 
304sst 

304sst 
3Q4sst 

304sst 
304sst 

helium 
304sst 

heliura 
304sst 

helium 
3G4sst 

helium 
3C4sst 

z i rc 
z i rc 

z1rc 
z i rc 

Coating 
Delay 

(yrs) 

0.0 
Q.O 

0.0 
0.0 

0 . . 
0.0 

0.0 
O.Q 

Q.O 
0.0 

0.0 
O.Q 

O.Q 
0.0 

O.Q 
O.Q 

0.0 
0.0 

0.0 
0.0 

F i l l e r 

none 
sand-b 

none i 
sand-b ! 

1 

none ; 
sand-b ; 

none 
sand-b 

none | 
sand-b 1 

none | 
sand-b \ 

none ! 
sand-b ; 

1 
none • 
c l ino j 

\ 

none ; 
sana-b . 

I i 

none \ 
sand-b 

1 

Note: Unless otherwise noted, all dimensions are in inches. 
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Table 4 - 1 . (Continued) 

1 Concept 

1 B . l 

B.2 

B®3 

1 B®4 

1 8 . 5 

\ 
i 

3.6 
1 

B.7 

1 B.8 

1 

3.9 

Element 

stab 
can 
0 pack 

stab 
can 
0 pack 

stab 
can 
0 pack 

stab 
can 
0 pack 

stab 
can 
0 pack 

stab 
can 
0 pack 

stab 
can 
0 pack 

stab 
can 
0 pack 

stab 
can 
0 pack 

Inside 
Material j 

ID 

12.0 
13.5 
14®5 

12.0 
13.5 
14.5 

12.0 
13.5 
14.5 

12.0 
13.5 
14.5 

12®0 
13.5 
14.5 

12.0 
13.5 
14.5 

12.0 
13.5 
14.5 

12.0 
13.5 
14.5 

12,0 
13.5 
14.5 

00 j 

13.5 
14.0 1 
15.0 1 

13.5 1 
14.0 ! 
16.5 

13.5 
14.0 
15.0 

13.5 
14.0 
16.5 

13.5 
14.0 
15.0 

13.5 
14.0 
16.5 

13.5 
14.0 
15.0 

13.5 
14.0 
16.5 

13.5 
14.0 
15.0 

Qutsi de 
Material 

ID 

13.5 
14.0 
15.0 

13.5 
14.0 
16.5 

13.5 
14.0; 
15.0 

13.5 
14.0 
16.5 

13.5 
14.0 
15.0 

13.5 
14.0 
16.5 

13.5 
14.0 
15.0 

13.5 
14.0 
16.5 

13.5 
14.0 
15.0 

00 

13.5 
14.0 
15.0 

13.5 
14.0 
16.5 

13.5 
14.0 
15.0 

13.5 
14.0 
16.5 

13.5 
14.0 
15.0 

13.5 
14,0 
16.5 

13.5 
14.0 
15.0 

13.5 
14,0 
16.5 

13,5 
14.0 
15.0 

F i l l e r 

00 

13.5 
14.5 
40.0 

13.5 
14.5 
40.0 

13.5 
14.5 
20.0: 

13.5 
14.5 
20.0. 

13.5 
14,5 
20.0 

13.5 
14.5 
20.0 

13.5 
14.5 
20.0^ 

13.5 
1 14.5 
I 20.0 

13.5 
14.5 
20.0^ 

Inside 
Materi al 

s teel 
steel 
304sst 

s teel 
s teel 
304sst 

steel 
s teel 
304sst 

steel 
s teel 
304sst 

steel 
steel 
304sst 

steel 
steel 
304sst 

steel 
s teel 
z i rc 

steel 
steel 
z i rc 

steel 
steel 
copper 

Outside 
Materi al 

steel 
s teel 
304sst 

steel 
steel 
304sst 

steel 
steel 
304sst 

steel 
steel 
304sst 

steel 
steel 
3Q4sst 

steel 
steel 
304sst 

steel 
steel 
z i rc 

steel 
steel 
z i rc 

steel 
steel 
copper 

Coating 
Delay 

(yrs) 

0.0 
0.0 
0.0 

0.0 
0.0 
0,0 

0.0 
0.0 
0.0 

0.0 
0.0 
0.0 

0.0 
0.0 
0.0 

0.0 
0,0 
0.0 

0.0 
0.0 
0.0 

0.0 
0.0 
OaO 

Q.O 
0.0 
OaO 

F i l l e r 

none 
sand-b 
sand-b 

none 
sand-b 
sand-b 

none 
sand-b 
sand-b 

none 
sand-b 
sand-b 

none 
sand-b 
c l ino 

none j 
sand-b 
c l ino 

none 1 
sand-b 
sand-b 

1 

none ! 
sand-b | 
sand-b 

none 
sand-b 
sand-b 
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Table 4 - 1 . (Continued) 

:onceot 

' 3.10 

j 3.11 

! 
> 3®12 

, 3.13 

3,14 

i 

i 3.15 

31.1 
i 

i 

31.2 

31.3 

Element 

i 

! 

stab 
can 
0 pack 

stab 
can 
0 pack 

stab 
can 
0 pack 

stab 
can 
0 pack 

stab 
can 
0 pack 

stab 
can 
0 pack 

stab 
can 
sleeve 

stao 
can 
sleeve 

stab 
can 
sleeve 

r^- : 

I ns id t 
••laterial 

• ID ;00 

Ifc, oU 
13.5 
14 0 5 

i & o'J 

13o5 
14.5 

12 „0 
13,5 
1A.5 

13o5 
1J.„5 

12a3 
13.5 
P .5 

i t . o V 

13,5 
14,5 

12,0 
13.5 
14,5 

12.3 
13.5 
14,5 

12,0 
13,5 
14.5 

13 oS 
14 „0 
16 „ i 

13,5 
14. i] 
iSoO 

13 o 3 
14 oO 
16 o 5 

13o5 

13,0 

13.5 
14,0 
15,0 

1 ^ o 3 

l " 'oO 
15,0 

13.5 
14.0 
21,5 

13,5 
14.0 
21.5 

13,5 
14.3 
21,5 

Oytsi i<s 
'•%eir1sl 

!0 sOO 

13,5 
14,0 
^ U o ^ 

13,5 
14,0 
iSoO 

13,5 

16.3 

13 oS 
14 oO 
16 o 5 

13,5 
l^-,0 
15,0 

i3.,5 
li ,0 
16 , i 

13.5-13,5 

1 

j 

1 

S 3 1 b 

14,0!14,0 

n 5 

l 3 , u 

13,5 

27,0 

13.5!13,5 
14,0 14,0 
21,5 21,5 

13,5"13,5 
14,0:14,0 
: i , ! , 2 1 , 5 

3 

! 
1 J 

: 13.5!13,5 
14,0!14.0 
21.5j21,5 

5 

F i l l e r 

00 

Ins ids 
"Vst i r ia l 

l ^ . s ! s t ee l 
2Q,0 .:oDoer 

• 

1 

1 !,^ 

40 G 

i:.5 
1J„5 
='ij,3 

cooper 

sseel 
•: looer 

1 
13,5i steel 
l>-i„5l steel 
JO,01 sceel 

1 
i 

13,5. steel 
14,5i s ies l 
J-G, j'> s t e e l 

13,5i nellum 
14,5i steel 
40,01 steel 

13,5i steel 
14,5i steel 
43,31 i ron 

: 
! 

13,51 steel 
14,3! s tss l 
3G.3i i ron 

13 • 5 
14,5i 
43,0 

hel iusn 
St8€l 
i ron 

i 
j 0U'!3ld§ 

copper 

S'ii-al 
s t f i i l 
copper 

steel 
steel 
csoDer 

; te9 l 
3 '"ig'il 
lead 

s t a f l 
sceei 
lead 

helium 
S£se1 
l e i d 

steel 
steel 
i >*3n 

steel 
steel 
1 ron 

ne l iua 
steel 
i ron 

! 
Coacing 

Delay i 
(yrs) 1 

3 o; 
1.3; 
l i . J l 

1 
! 

O.G! 
0,0 

0.1 i 
3,0 ' 

i 

''* J < 

0.0 i 

-) 1 . 

}.0 
0,0 ' 

3.0' 

3,0 

0.0 
0.3 

: , 0 ' 
0.0' 
3,0' 

J.J 

j , 0 | 

F1]] . i r 

I 
none i 
sand-& , 
sand-b ' 

none 
sand-& , 
STHC-U 

none 
sand-b i 
sand-5 ' 

none 
sarid-b 
sand-b 

1 

sane-3 
sanii-o 

Tone 
S3n---D 
sa'^d-d 

none 
sand-o 

none 
sanc-o 
sana-D 

ions 
sana-o _ 
sand-3' 

i 

, - ' • : . 



Inb lp 4-1. ( t nn i imied) 

Cancep'CO Elefiant I I n s i d t 
I Mater ial 

Outs1ds IFn1er !ns1de 
Ma-eirial [ 
TTTor^i 

Outside 
Material ! Material 

00 

Coating 
Delay 

(yrs) 

F i l l e r 
1 

31,4 

31.5 

B1.6 

31,7 

31,8 

31.3 

stab 
can 

,sleeve 

stab 
can 
sleeve 

Bl . lO •stab 

31. i : 

\ C,l 

can 
sleeve 

siao 
can 
sleeve 

staD 
I can 
I 0 aacr. 

stab 
can 
sleeve 

scab 
can 
sleeve 

StaD 
can 
sleeve 

stab ' 
can ; 
sleeve ] 

f 

i3oS 
14„i 

12.0 
13,5 
14.5 

12«0 
13.5 
14,5 

12.0 
13.5 
14.5 

13,5 
PoO 

13,5 
14,0 
15 oO 

13 oi 
14,0 
£1,5 

13,5 
14,0 
15,0 

13,5 
14 „0 

13,5 
14,0 
11,0 

12,5 
14 oO' iAoO 

iSoO 1S,0 

13o5 13,5 
14,0 
15,0 

13, 
14. 
15, 

lOoO 13o5 
13,Si 14,0 
14,5 1S,0 

lOoO 
13,5 
U',5 

13,5i 
14,0! 
15,0 

13,5 
L4,0 
15,0 

13o5 
14,0 
23,0 

13. 
14. 
15 < 

I J , 5 1 13 cS 1J 
IKQ : 1A,0 lA 
21c5 2 1 , 5 21 

12o0 
13,5 
15,0 

13,5 

22,0 

13oS 
w ,8 
ta'd oO 

, 5 ; 

13,5^ 
13,3: 
I'l I 

i 

12,0 13,5 • 12,5i 13,5 
13,51 PoO ' isx\\ 1A„0 

it= oU i<^ o-J 

13,5 
l - \5 

14,0 
13,5 
1^,0 

15,0 I 15,0 

13,Si 
U,0] 
15,0 

I 

13,5 
14 cS 
43,0 

13,5 
14,5 
40,0 

a1r 
steel 
iron 

a1f 
s t s t l 
Iran 

steel steel 
steel ' steel 
3C4sst 1 304sst 

13.5' steel 
14,Si sweel 
20,Oi 304sst 

13,5i steel 
14..5i s t i s l 
30,Q| steel 

13,5! ne i iun 
1-3,5 steel 
30,0^ 304sst 

13,5 steel 
P , 5 i steel 
48,01 i ron 

I 

I 
13,5! steel 
15,0 
^3,0 

steel 
i ron 

13,5 steel 
14,5i steel 
48.Oj Iron 

i 

13,5, 3CAsst 
1-1,51 3G4sst 
^̂ 0,0! -CAsst 

steel 
steel 
304sst 

steel 
steel 
lead 

helium 
steel 
3QAsst 

steel 
steel 
zirc 

steel 
steel 
zirc 

steel 
steel 
zirc 

304sst 
304sst 
3C4sst 

0.0 
0,0 
O.Q 

0.0 
0,0 
3.0 

nofle 
sand-b 
sand-b 

none 
sand-D 
sand-b 

0.0j none 
0,0' sand-b 
0,01 sand-b 

3.0' none 
0.0' sand-b 
0,0< clino 

Q.O' none 
0.0 sand-o 
O.Q clino 

3.3 none 
0.0 I sand-o 
0,0 sand-o 

0.0 1 none 
0.0 none 
0.0 sand-D 

3.0' none 
0,0 sana-b 
0.0 sand-o 

3.0 
3.0 

none 
sana-o 

0.3s sana-o 



Table 4 - 1 . (Continued) 

Concept 

Ca2 

C.3 

C.4 

C.5 

C.6 

C.7 

Cl . l 

01,2 

CI,3 

Element 

stab 
can 
0 pack 

stab 
can 
0 pack 

stab 
can 
0 pack 

stab 
can 
0 pack 

stab 
can 
0 pack 

stab 
jean 
io pack 

stab 
can 
0 pack 
sleeve 

! 

'stab 
;can 
0 pack 
sleeve 

stab 

Inside 
Material 

ID 

12®0 
13.5 
16.0 

12.0 
13.5 
16.0 

12.0 
13.5 
14.5 

12.0 
13,5 
16.0 

12.0 
13.5 
16.0 

12.0 
13.5 
16,0 

12,0 
13.5 
14.5 
15,5 

12.0 
13.5 
14®5 
15.5 

12.0 

00 

13.5 
15.5 
18®0 

13.5 
15.5 
13.0 

13.5 
14.0 
15.0 

13.5 
15.5 
18.0 

13.5 
15.5 
16.5 

13®5 
15.5 
18.0 

13.5 
14.0 
15.0 
22.5 

13.5 
14.0 
15.0 
22®5 

13.5 

Outside 
Material 1 

ID 

13.5 
15.5 
18.0 

13.5 
15.5 
18.0 

13.5 
14.0 
15.0 

13.5 
15.5 
18.0 

13.5 
15.5 
16.5 

13.5 
15.5 
13.0 

13.5 
14.0 
15.0 
22.5 

13.5 
14.0 
15.0 
22,5 

13.5 

00 

13.5 
15,5 
18.0 

13.5 
15.5 
18.0 

13.5 
14.0 
15.0 

13.5 
15,5 
18,0 

13.5 
15.5 
24.5 

13.5 
15.5 
18,0 

13,5 
14,0 
15.0 
22.5 

13.5 
14.0 
15.0 
22,5 

13.5 

F i l l e r 

OD 

13.5 
16.0 
40.0 

13.5 
16.0 
20.0 

13.5 
14.5 
20,0 

13.5 
16.0 
20.0 

13,5 
16.0 
30.0 

13.5 
16.0 
40.0 

13,5 
14.5 
15.5 
45.0 

13.5 
14.5 
15.5 
30.0 

13.5 

( 
Inside 

Material 

304sst 
304sst 
304sst 

304sst 
304sst 
304sst 

z i rc 
z i rc 
z i rc 

z i rc 
z i rc 
z i rc 

304sst 
304sst 
304sst 

helium 
z i rc 
z i rc 

inconel 
1nconel 
304sst 
iron 

inconel 
inconel 
304sst 
iron 

helium 

Outside 
Material 

304sst 
304sst 
304sst 

304sst 
304sst 
304sst 

z1rc 
z i r c 
z i rc 

z i r c 
z i r c 
z i r c 

304sst 
3Q4sst 
lead 

helium 
z i r c 
z i rc 

Inconel 
inconel 
304sst 
Iron 

Inconel 
inconel 
3C4sst 
iron 

helium 

Coating 
Delay 

(yrs) 

0.0 
0.0 
0.0 

0.0 
0.0 
O.Q 

0.0 
0.0 
0,0 

O a O 
0.0 
0.0 

0.0 
0.0 
0,0 

0.0 
Q.O 
Q.O 

0.0 
0.0 

! 0,0 
0.0 

i 

\ 0.0 
1 0,0. 

O.Q 
0,0 

0.0 

F i l l e r 

none 
sand-b 
sand-b 

none 
sand-b 
sand-b 

none 
sand-b 
sand-b 

none 
sand-b 
sand-b 

none 
sand-b 
sand-b 

none 
sand-b 
sand-b 

none 
sand-b 
sand-b 
sand-b 

i 

none 
sand-b 
sand-b 
sand-b 

none 
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Table 4 - 1 . (Continued) 

Concept 

CI.3 

01.4 

01,5 

1 
1 

Cl®6 

j 

' 0,1 
1 
! 

0,2 

0.3 
! 

D.4 

Element 

can 
0 pack 
sleeve 

stab 
can 
0 pack 
sleeve 

stab 
can 
0 pack 
sleeve 

stab 
can 
0 pack 
sleeve 

stab 
can 
sleeve 

stab 
can 
sleeve 

stab 
can 
sleeve 

stab 
can 
sleeve 

Inside 
Material 

ID 

13.5 
14.5 
15.5 

12.0 
13.5 
14.5 
15.5 

12.0 
13.5 
14,5 
15®5 

12.0 
13.5 
14.5 
15,5 

12,0 
13.5 
14.5 

12.0 
13.5 
14.5 

12.0 
13.5 
14.5 

12.0 
13®5 
14.5 

00 

14.0 
15.0 
22.5 

13.5 
14.0-
15,0 
16.5 

13.5 
14.0 
15.0 
16.5 

13.5 
14.0 
15.0 
16,5 

13,5 
14.0 
21,5 

13,5 
14.0 
21.5 

13.5 
Id.O 
21.5 

13.5 
1 14.0 

16,5 

Outside 
Material 

ID 

14.0 
15.0 
22.5 

13.5 
14.0 
15.0 
16.5 

13.5 
14,0 
15.0 
16,5 

13.5 
14.0 
15.0 
16,5 

13.5 
14,0 
21.5 

13,5 
14.0 
21.5 

13.5 
14.0 
21,5 

13.5 
14.0 

j 16.5 

00 

14.0 
15.0 
22.5 

13.5 
14,0 
15,0 
16.5 

13,5 
14,0 
15,0 
16,5 

13,5 
14.0 
15,0 
16.5 

13.5 
14,0 
21.5 

13,5 
14.0 
21.5 

13,5 
14,0 
21.5 

13.5 
14,0 
16,5 

F i l l e r 

00 

14.5 
15.5 
45,0 

13.5 
14.5 
15.5 
40.0 

13,5 
14,5 
15.5 
24.0 

13.5 
14.5 
15,5 
24.0 

13,5 
14.5 
48.0 

13.5 
14.5 
48,0 

13,5 
14,5 
48,0 

13,5 
14,5 
24.0 

Inside 
Material 

inconel 
3G4sst 
iron 

3Q4sst 
304sst 
304sst 
steel 

304sst 
304sst 
304sst 
steel 

z i rc 
z i rc 
z i rc 
steel 

helium 
steel 
iron 

steel 
s teel 
Iron 

s teel 
steel 
iron 

steel 
steel 
z i rc 

Outside 
Material 

-inconel 
304sst 
iron 

304sst 
304sst 
304sst 
steel 

304sst 
304sst 
304sst 
s teel 

z i rc 
z i rc 
z i rc 
steel 

helium 
steel 
iron 

steel 
steel 
iron 

steel 
steel 
iron 

steel 
steel 
z i rc 

Coating 
Delay 

(yrs) 

0,0 
0,0 
0,0 

0.0 
0.0 
0.0 
O.Q 

0.0 
0.0 
0,0 
0.0 

0.0 
0,0 
0.0 
Q.O 

0.0 
0.0 

10,0 

0,0 
0.0 

10.0 

0.0 
0,0 

100,0 

0,0 
0,0 

I 100,0 

F i l l e r i 

sand-b 
sand-b 
sand-b 

none 
sand-b 
sand-b 
sand-b 

none 
sand-b 
sand-b 
sand-b 

none 
sand-b 
sand-b 
sand-b 

none 
sand-b 
sand-b 

none 
sand-b 
sand-b 

none 
sand-b 
sand-b 

none 
sand-b 
san.d-b 
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Table 4 - 1 . (Continued) 

C Concept £1eroent Ins ide 
Mater ia l 

Qy ts ld i 
Matir1a1 

TTTor 

F i l l e r ins ide i Oyeside 
Ma t i f i a l l "%cerial 

00 I ! 

Coating ' 
Delay | 

(yrs) I 

F i l l e r 

0.5 

01.1 

01.2 

01.3 

01,4 

D1.5 

02.1 

32.2 

02.3 

stab 
can 
sleeve 

stab 
can 
sleeve 

stab 
can 
sleeve 

I 

! Stab 
! can 

sleeve 

I stao 
\ can 
'• sleeve 

stab 
can 
sleeve 

stab 
can 
0 pack 
sleeve 

stab 
can 
0 pack 
sleeve 

stab 

12o0 
l3eS 
14,5 

12.0 
13,5 
14.5 

13,5 
14,0 
16,5 

13,5 
14 oO 
22o5 

12,0 13,5 
13.5 14,0 
14,5 22,5 

13 oS 
14,0 
16,5 

13,5 
14,0 
16o5i 

13o5 13,5 
14e0i 14,0 
22.Si 22.5 

13,5 
14,0 
22,5 

13.5 
14,0 
22.5 

12.0 
13.5 
14,5 

12,0 
13. 
14. 

13.5 13.5113,5 
14,0 14,Oj 14,0 
22.5 22,5i 22.5 

13.5 
14,0 
22.5 

12.a| 13,5 
13.3 14,0 
14.Sj 15.0 

12.a 13.5 
13.5 14,0 

13,5 
14.0 

13.5 
14,0 

14.5 
15.5 

12.0 
13.5 
14,5 

15,0 
23.5 

13,5 
14,0 
15,0 

15.5 23,5 

12.0 13.5 

22.Si 22.5 

13.51 13,5i 
14,01 14,Oi 
15,Oi 15.Oi 

13,5i 13,5 
14.01 14.0 
15,01 15.0 
23.51 23,5| 

13,5i 13,Si 
14.01 14.01 
15,0 
23.5 

13.5 

15.Of 
23,5 

13.5 

13,5 
14,5 
48,0 

13,5 
14,5 
A3o0 

s t e t l 
steel 
z i r c 

3G4sst 
304sst 
3Q4sst 

13,51 3C4sst 
14,5 
48.0 

304sst 
i ron 

13.5 helium 
14,5i 3QAsst 
48.0 i ron 

13.5 z i r c 
14.5i z i r c 
48,01 z i r c 

s t i € l 
s t i e l 
= 1PC 

304sst 
304sst 
304sst 

304sst 
304sst 
i ron 

fieliuffi ' 
3C4sst I 
i ron 

z i r c 
z i r c 
z i r c 

13,5 304sst 3043St 
14.5 304sst ; 304sst 
20,0 304sst • 304sst 

13.5 
11.5 
15.5 
48,d 

13.5 
14.5 
15,5 
30,0 

I 
inconeli 
incane"'! 
inconel\ 
1 ron 1 

inconel 
inconel 
inconel 
iron 

13.3 304sst 3C4sst 

1nconeli inconel 
inconel- Inconel 
1nconeli inconel 
i ron 1ron 

3,0 none 
0.0j sand-b 

100,0 sand-b 

0,0 I none 
0,0 I sand-b 
10,0 sand-D 

jaO' none 
0,0i sand-b 

130,0' sand-b 

0.0 I none 
0.0 sand-b 

100.0! sand-b 

0,01 none 
0,0' sand-o 

100.0 sana-b 

O.Oj none 
0.0| sand-o , 

100.01 sand-D, 

3.0i none 
0.0' sand-D 
0,0' sand-b 

100.01 sand-D 

3.0! none 
3.3 sand-b 
0.0 i' sand-b 

lOC.O sand-b 

!.0i "One 

1C2 



Table 4 - 1 . (Continued) 

Concept 

02.3 

02,4 

02.5 

02,6 

! 02,7 

D2.8 

E®1 

E®2 

Element 

can 
0 pack 
sleeve 

stab 
can 
0 pack 
sleeve 

stab 
can 
0 pack 
sleeve 

stab 
can 
0 pack 
sleeve 

stab 
can 
0 pack 
sleeve 

stab 
can 
0 pack 
sleeve 

stab 
stab 
can 

stab 
stab 
can 

Inside 
Material 

ID 

13.5 
14®5 
15.5 

12,0 
13.5 
14.5 
15.5 

12.0 
13,5 
14.5 
23,5 

12,0 
13®5 
14.5 
27,5 

12®0 
13®5 
14®5 
27.5 

12.0 
13,5 
14.5 
27.5 

12,0 
12,0 
13,5 

12,0 
12,0 
13,5 

00 

14,0 
15,0 
23.5 

13.5 
14,0 
15,0 
16,0 

13,5 
14,0 
15,0 
24.0 

13.5 
14®0 
15,0 
28,0 

13,5 
14.0 
15.0 
28,0 

13,5 
14,0 
15,0 
28,0 

12,0 
12,0 
14,0 

12,0 
12.0 
14,0 

Outside 
Materi al 

ID 

I4®0 
15.0 
23®5 

13®6 
14,0 
15.0 
16,0 

13.5 
14,0 
15,0 
24,0 

13.5 
14,0 
15,0 
28,0 

13.5 
14,0 
15.0 
28.0 

13,5 
14.0 
15,0 
28.0 

12,0 
12,0 
14,0 

12,0 
12,0 
14.0 

00 

14.0 
15,0 
23.5 

13,5 
14,0 
15,0 
16,0 

13,5 
14.0 
23®0 
24,0 

13,5 
14,0 
27.0 
28,0 

13,5 
14,0 
27,0 
23,0 

13.5 
14,0 
27,0 
28,0 

12,0 
13,5 
14,0 

12,0 
13,5 
14,2 

F i l l e r 

00 

14,5 
15.5 
30,0 

13,5 
14,5 
15,5 
48,0 

13.5 
14.5 
23,5 
48.0 

13,5 
14,5 
27.5 
48,0 

13,5 
14,5 
27,5 
48,0 

13,5 
14,5 
27,5 
48,0 

12,0 
13,5 
20,0 

12,0 
13,5 
20,0 

Inside 
Material 

304sst 
304sst 
Iron 

helium 
304sst 
304sst 
304sst 

helium 
304sst 
304sst 
304sst 

heliufn 
304sst 
304sst 
304sst 

304sst 
304sst 
304sst 
304sst 

z i rc 
z i rc 
z i rc 
z i rc 

lead 
lead 
304sst 

lead 
lead 
steel 

Outside 
Material 

304sst 
304sst 
iron 

helium 
304sst 
304sst 
304sst 

helium 
304sst 
lead 
304sst 

helium 
304sst 
lead 
304sst 

304sst 
304sst 
lead 
304sst 

z i rc 
z i rc 
lead 
z i rc 

lead 
lead 
304sst 

lead 
lead 
z i rc 

Coating 
Delay 

(yrs) 

0,0 
0®0 

100,0 

0®0 
0,0 
0.0 

100,0 

0,0 
0.0 
0,0 

100,0 

0,0 
0,0 
0.0 

100,0 

0,0 
0,0 
0,0 

100,0 

0.0 
0,0 
0,0 

100,0 

0.0 
0,0 
0,0 

0,0 
0,0 
0.0 

F i l l e r 

1 

sand-b ; 
sand-b i 
sand-b 

none 
sand-b , 
sand-b ! 
cl ino ; 

none 
sand-b \ 
sand-b 
cl ino 

none 
sand-b 
sand-b 
c l ino 

none 
sand-b 
sand-b 
cl ino 

none 
sand-b 1 
sand-b 
cl ino 

1 

i 
none ; 
none 
sand-b 

none 
none 
sand-b 
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Table 4 - 1 . (Continued) 

Concept 

• 

i E.3 

i 
I 

BASE 

clement 

stab 
stab 
can 

stab 
can 

I nslde 
Material 

ID 

12,0 
12,0 
13,5 

12,0 
13,5 

00 

12,0 
12.0 
14.0 

13,5 
13®6 

Outside 
Material 

ID 

12,0 
12.0 
14,0 

13,5 
13,6 

00 

12,0 
13,5 
14.2 

13,5 
13,6 

Fi l ler 

00 

12,0 
13,5 
20.0 

13,5 
13,6 

Inside 
Material 

lead 
lead 
304sst 

helium 
steel 

Outside 
Material 

lead 
lead 
zirc 

helium 
steel 

Coating 
Delay 

(yrs) 

O.G 
0,0 
0,0 

0,0 
0,0 

Fi l ler 

none 
none 
sand-b 

none 
none 
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Table 4-2. Sumnary of Concepts Studied in FY'80 Follow-on 
Work Using Previous Version of "BARIER" Code. 
(Stula^ 1980a). 

C o n c e p t E l e n e n t I n s i d e O u t s i d e F i l l e r l a s l d e O u t s i d e C o a t i n g F i l l 
fcteriai fcterlal fcterlal fcteria! D e l a y 

ID OD ID OD OB C y r s ) 

A . l ! s t a b 1 2 . e 1 3 . 5 1 3 . S 1 3 . 5 1 3 . 5 3 « 4 s s t 3©488t 
c a n 1 3 . 5 1 4 . 0 14.© 1 4 . 0 4 0 . © t i t a n i a t l t a n i a 

A. 12 mtah 12.® 1 3 . 5 1 3 . 5 1 3 . 5 1 3 . 5 3©4s81 3 0 4 s s t 
c a n 1 3 . 5 14.© 14.© 1 4 . 0 4 0 . 0 c t t - n i c n - n i 

B 1 . 1 2 s t a b 1 2 . 0 1 3 . 5 1 3 . 5 1 3 . S 1 3 . 5 s t e e l s t e e l 
c a n 1 3 . S 1 4 . 0 14.© 1 4 . 0 1 4 . 5 e t e e l s t e e l 
s l e e v e 1 4 . 5 2 2 . S 2 2 . 3 2 2 . 6 4 8 . © I r o a z i r c 

B l . 1 3 s t a b 1 2 . « 1 3 . 5 1 3 . 5 1 3 . 5 1 3 . 5 s t e e l s t e e l 
c a n 1 3 . 5 1 4 . 0 14.® 1 4 . 0 1 4 . 5 • t e e l s t e e l 
a l e e v e 1 4 . 5 2 2 . S 2 2 . 5 2 2 . 8 4 8 . © I r o n z i r c 

B 1 . 1 4 s t a b 1 2 . 0 1 3 . 5 1 3 . 3 1 3 . 5 1 3 . 5 B t e e l s t e e l 
c a n 1 3 . 5 1 4 . 0 14.© 14.© 1 4 . 5 a t e e l s t e e l 
s l e e v e 1 4 . 5 2 2 . 5 2 2 . 5 2 3 . 0 4 8 . © I r o n z i r c 

B 1 . 1 5 s t a b 1 2 . 0 1 3 . S 1 3 . 5 1 3 . 5 1 3 . 5 s t e e l s t e e l 
c a n 1 3 . 5 1 4 . 0 1 4 . 0 1 4 . 0 1 4 . 5 e t e e l s t e e l 
s l e e v e 1 4 . 5 2 2 . 5 2 2 . 5 2 2 . 7 4 8 . 0 3 © 4 s 8 t z i r c 

B 1 . 1 6 B t a k 1 2 . 9 1 3 . 5 1 3 . 5 1 3 . 5 1 3 . 5 a t e e l s t e e l 
c a n 1 3 . 5 14.© 1 4 . « 1 4 . 0 1 4 . 5 s t e e l a t e e l 
s l e e w 1 4 . 5 2 2 . 3 2 2 . 5 2 2 . 6 4 8 . 0 3 0 4 s s t z i r c 

B 1 . I 7 s t a b 1 2 . « 1 3 . 5 1 3 . 5 1 3 . 5 1 3 . 5 s t e e l s t e e l 
c a n 1 3 . 5 1 4 . 0 14.© 14.© 1 4 . 5 s t e e l s t e e l 
o l e e v e 1 4 . 5 2 2 . 5 2 2 . 5 2 3 . 9 4 8 . d 3 0 4 s a t z i r c 

B 1 . 1 8 B t a b 1 2 . « 1 3 . 5 1 3 . 5 1 3 . 5 1 3 . 5 s t e e l e t e e l « . » 

9 

0 

9 

9 

® 

0 

© 
0 

0 
0 

0 
0 

0 
0 
0 

0 

0 

0 
© 
0 

0 
© 
0 

0 
0 
0 

none 
sand 

none 
sand 

none 
sand 
sand 

none 
sand 
sand 

none 
Band 
sand 

none 
sand 
sand 

none 
sand 
sand 

none 
sand 
sand 
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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) 

«t tcept 

B l . 

Bl 

Bl 

Bl 

Bl 

B l 

Bl 

Bl 

Bl 

18 

19 

2 0 

21 

2 2 

2 3 

. 2 4 

2 5 

. 2 6 

Elewent 

can 
8 lee've 

s t a b 
can 
s leeve 

s t a b 
can 
m l eeve 

s t a b 
can 
m lee-ve 

s t a b 
can 
B leeve 

s t a b 
e a a 
a l e e v e 

o t a b 
can 
s l e e v e 

• t ab 
can 
8 leeve 

s t a b 
can 
a leeve 

. IMMU 
Mater 

ID 

13.5 
14.5 

12.0 
13.5 
14.5 

12.« 
13.5 
14.5 

12.0 
13.5 
14.5 

12.0 
13.S 
14.5 

12.0 
13.5 
14.5 

12.0 
13.5 
14.5 

12.© 
13.5 
14.5 

12.0 
13.S 
14.5 

e 
i a l 
OD 

14.0 
2 2 . 5 

13.5 
14.0 
2 2 . S 

13.5 
14 .0 
18.5 

13.5 
14.0 
18 .5 

13.5 
14 .# 
15.0 

13.5 
14.0 
15.0 

13.5 
14.0 
18 .5 

13.5 
14.0 
21 .S 

13.5 
14.« 
2 1 . 5 

Out* 
fc tep 

ID 

14.0 
2 2 . 5 

13.5 
14.© 
22 .S 

13.5 
14.© 
18.S 

13.5 
14.0 
18.5 

13.5 
14.© 
15.0 

13.5 
14.0 
15.0 

13.5 
14.0 
i a . 3 

13.5 
14.© 
2 1 . 5 

13.5 
14.« 
2 1 . 5 

Me 
i a l 
OD 

14.# 
2 2 . 7 

13.5 
14.0 
2 3 . 0 

13.3 
14,« 
18.7 

13.5 
14.© 
19.© 

13.5 
14.0 
IS . 1 

13.3 
14.© 
15. 1 

13.5 
14.0 
18.5 

13.5 
14.© 
2 1 . 5 

13.5 
14.« 
2 1 . S 

F i l l e r 

OD 

14.5 
4 6 . 0 

13.5 
14.5 
4 8 . 9 

13.5 
14.5 
4 8 . 0 

13.5 
14.5 
4 8 . » 

13.5 
14.5 
4 8 . 0 

13.5 
14.5 
4 8 . 0 

13.5 
14.5 
4 8 . 0 

13.5 
14.5 
4 8 . 0 

13.5 
14.5 
4 8 . § 

Ina lde 
h t e r i a l 

s t e e I 
I ron 

• t e e l 
• t e e l 
i r o n 

• t e e l 
s t e e l 
I ron 

s t e e l 
s t e e l 
i r o n 

s t e e l 
s tee 1 
i r o n 

s t e e l 
s t e e l 
Irott 

a t e e l 
s t e e 1 
3#4ss t 

• t e e l 
s t e e l 
copper 

• tee 1 
• tee 1 
Income 1 

Out»Me 
fcterial 

s t e e l 
3©4sBt 

s t e e l 
s t e e l 
304ss t 

s t e e l 
s t e e l 
z i r c 

s t e e l 
s t e e 1 
z I r e 

s t e e l 
s t e e l 
z i r e 

a t e e l 
s t e e l 
3 0 4 s s t 

a t e e l 
s t e e l 
304ss t 

• t e e l 
s t e e l 
copper 

• t e e l 
• t e e l 
i acone1 

Coatlaff 
Delay 

C-yrs) 

d . 0 

0.'> 
0 .# 

« . 0 
0 . 0 
0 . 0 

©.0 
0 . 0 
« . 0 

0 .# 
0.© 

0 . 0 

0.© 

0 .0 
©.0 

0 . 0 
0.© 

F i l l e r 

aaad -b 
sand -b 

aone 
sand-b 
sand -b 

none 
aand-b 
sand -b 

aone 
sand -b 
»and-b 

none 
sand-b 
8and-b 

none 
sand-b 
sand-b 

Bone 
sand-b 
sand-b 

none 
«and-b 
sand-b 

none 
• a a d - b 
• and -b 
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Table 4-2. Sumnary of Concepts Studied in FY'80 Follow-on 
Work Using Previous Version of "BARIER" Code. 
(Stula, 1980a). (Continued) 

CoBcept E le^mt ' iMide 
Ifater la l 

ID OD 

Omt«ide F i l l e r Inside Ontiiide C®»tla« 
faterial fcterial Material Delay 
IB OD OD Cyra) 

Ifa 
IB 

F i l l 

B1.27 

BI.28 

B1.29 

B1.30 

B1.31 

B1.32 

B1.33 

B1.34 

BI.35 

s tab 
can 
• leefe 

s tab 
can 
mleeve 

s tab 
can 
sleeve 

s tab 
can 
• leeve 

stab 
can 
sleeve 

stab 
can 
• leeve 

stab 
can 
•leeve 

s tab 
can 
• leeve 

s tab 
can 
• leeve 

12.« 13.5 
13.5 14.© 
14.5 21.5 

12.0 13.5 
13.5 14.# 
14.5 1S.0 

12.« 13.5 
13.5 14.0 
14.5 IS.© 

12.§ 13.5 
13.5 14.0 
14.3 IS.O 

12.© 13.5 
13.5 14.0 
14.5 26.5 

12.© 13.S 
13.5 14.0 
14.5 20.5 

12.0 13.5 
13.S 14.0 
14.5 2©.5 

12.© 13.5 
13.5 14.0 
14.5 26.5 

12.© 13.5 
13.5 14.0 
14.5 26.5 

13.5 13.3 
14.0 14.0 
21.S 21.5 

13.5 13.5 
14.© 14.0 
15.0 15.0 

13.5 13.5 
14.0 14.0 
15.0 15.0 

13.5 13.5 
14.© 14.© 
15.® IS.© 

13.5 13.5 
14.© 14.0 
26.5 26.5 

13.5 13.5 
14.0 14.© 
2©.5 21.8 

13.5 13.5 
14.0 14.0 
20.S 20.7 

13.5 13.5 
14.© 14.0 
26.5 26.S 

13.3 13.3 
14.« 14.0 
26.5 27.© 

13.5 s t e e l 
14.5 s t e e l 
48.0 3#48st 

13. 
14. 
40. 

s tee 1 
9tee 1 
copper 

13.5 s t e e l 
14.5 s t e e l 
40.© Incoael 

13.5 s t e e l 
14.S s t e e l 
4©.« iron 

13.5 s t e e l 
14.5 s t e e l 
48.0 304sot 

13.5 s t e e l 
14.5 s t e e l 
48.0 iron 

13.5 s t e e l 
14.5 s t e e l 
48.0 iron 

13.5 a t ee l 
14.3 s t e e l 
48.0 Iron 

13.5 s t e e l 
14.3 s t e e l 
48.» 3«4s«t 

s t e e l 
s t e e l 
394s8 t 

s t e e l 
s t e e l 
copper 

s t e e l 
s t e e l 
incone1 

s t e e l 
s t e e l 
iron 

a tee l 
s t e e l 
3©4sst 

s t e e l 
a tee l 
z i r c 

s tee 1 
Btee I 
z ire 

s t e e l 
e tee l 
iron 

stee 1 
• teel 
x i r c 

0 

0. 

0 
0 
0 

9 

® 

0 
Q 
e 

0 
0 

0 
© 
0 

0 
0 

0 

0 

0 

0 
0 
0 

0 
0 
0 

0 

9 
0 
0 

© 
0 

0 

© 

0 
0 

none 
sand 
sand 

none 
aand 
sand 

aone 
sand 
sand 

none 
sand 
sand 

none 
sand 
sand 

none 
sand 
aand 

none 
sand 
sand 

none 
sand 
sand 

none 
sand 
sand 
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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) 

CoBeept E l e ^ B t •.InmUe 0«t«l4e F i l l e r In* I4e OiBt«li« C««llBff 
& t e r i a l A t t e r i a l I f a t e r i a l b t e r l a l De lay 

ID OD ID OD OD Cyrs) 

F i l l e r 

B1.36 

E . 4 

E . 5 

E . 6 

E . 7 

E . 8 

E . 9 

E. 10 

E. 11 

tab 
an 
l e e i 

tab 
tab 
an 

tab 
tab 
an 

tab 
tab 

tab 
tab 
an 

tab 
tab 
aa 

tab 
tab 
an 

tab 
tab 
an 

tab 
tab 

can 

12.« 13.5 
13,5 14.0 
14.5 26.5 

12.0 12.0 
12.0 12 .0 
13.5 14 .0 

12.« 12.0 
12 .« 12.© 
13.5 14 .0 

12 .« 12.# 
12.§ 12.# 
13.5 14.© 

12.§ 12.0 
12.© 12 .0 
13.S 14 .0 

12 .« 12 .d 
12.a 12.# 
13.5 14 .0 

12.« 12 .d 
12.d 12 .d 
13.5 14 .# 

12.§ 12 .0 
12.§ 12 .§ 
13.5 15.5 

12.« 12.§ 
12.« 12 .« 
13.5 15.5 

13.5 13.5 
14 .0 14.© 
2 6 . 8 2 6 . 6 

12.© 12.© 
12 .« 13.5 
14.0 14,© 

12.« 12 .§ 
12.© 13.5 
14.« 14.© 

12.a 12.© 
12.© 13.3 
14.« 14.© 

12.« 12 .0 
12.0 13.5 
14.© 14 .d 

12.© 12 .d 
12.0 13.5 
14.© 14.0 

12.0 12.0 
12.« 13.5 
14.a 14.© 

12.0 12.0 
12.© 13.5 
IS .5 15.5 

12.© 12.© 
12.« 13.5 
15.5 15.5 

13.5 s t e e l 
14.5 s t e e l 
4 8 . 0 304««t 

12.0 lead 
13.3 lead 
20.§ zirc 

12.9 lead 
13.3 lead 
20.9 inconel 

12.§ lead 
13.S lead 
2 0 . 9 a t e e l 

12.§ 3049st 
13.5 3048«t 
2 0 . 0 3#4ss t 

12.9 s t e e l 
13.5 s t e e l 
2 0 . 9 s t e e l 

12.0 lme@ael 
13.5 Ine © ne1 
20.0 Inconel 

12.e lead 
13.5 lead 
2 0 . 0 3©4sst 

12.9 lead 
13.5 lead 
2 9 . 9 a t e e l 

a t e e l 
s t e e l 
z i r c 

l ead 
l ead 
z i r c 

l ead 
l e a d 
incoae1 

lead 
l ead 
s t e e l 

394sSt 
304ss t 
3©4ss t 

a t e e l 
a t e e l 
s t e e l 

incoae1 
i nc o ne 1 
Incone1 

lead 
lead 
304ss t 

lead 
lead 
• teel 

0. 
©. 
i . 

0, 
i 

©. 
9 
0 

0 
9 
0 

0 

0 

0 

0 

9 

0 
0 
0 

© 

0 

0 

0 

& 

0 

0 

0 

0 

0 
0 
0 

0 

9 

none 
saad-b 
•and-b 

none 
none 
sand-

none 
n@ne 
sand-

no ae 
none 
sand-

no ae 
aone 
sand-

none 
none 
aand-

none 
aone 
sand-

none 
none 
sand-

none 
none 
•and-

•b 

•b 

•b 

-b 

-b 

-b 

•b 

•h 
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Table 4-2. Summary of Concepts Studied in FY'80 Follow-on 
Work Using Previous Version of "BARIER" Code. 
(Stulas 1980a). (Continued) 

Comeept E l e ^ a t . l a a l d s tat«14« F i l l e r l B « i 4 e O m t a l d e C o * t t B « F i l l e r 
I f a t e r l a l H a t e r l a l fcterial fcterlal D e l a y 

ID OD IB OD OD C y r s ) 

E . I 2 mtab 1 2 . « 1 2 . 0 1 2 . § 1 2 . « 1 2 . « l e a d l e a d 0 . « a o n e 
s t a b 1 2 . 0 1 2 . 0 1 2 , a 1 3 . 5 1 3 . 5 l e a d l e a d 0 . 9 a o n e 
c a n 1 3 . 5 1 4 . 0 14.© 1 4 . 1 2©.® 3 « 4 e s t z i r c « .© s a n d - b 

E . 1 3 » t a k 1 2 . f 1 2 . 0 1 2 . « 1 2 . § 1 2 . « l e a d l e a d 9.9 none 
s t a b 12.© 1 2 . 0 1 2 . 0 1 3 . 5 1 3 . 5 l e a d l e a d 9.9 a o n e 
c a a 1 3 . 5 1 4 . 0 1 4 . t 1 4 . 3 2©.© 3©4BSt z i r c 9.9 • a n d - b 

E . 1 8 s t a b 1 2 . 0 1 2 . 0 1 2 . 0 1 2 . 0 1 2 . 0 l e a d l e a d 0 . 0 a o n e 
s t a b 1 2 . 9 1 2 . 0 1 2 . e 13 .S 1 3 . S l e a d l e a d 9 . 0 none 
c a n 13 .S 14.© 1 4 . 0 1 4 . § 2 0 . » 3 « 4 8 a t 3 0 4 s 8 t « .© c l i n o 

E , 1 6 s t a b 1 2 . « 1 2 . 0 1 2 . 0 12.© 12.© l e a d l e a d # .© none 
s t a b 1 2 . « 1 2 , 0 1 2 . 0 1 3 . 5 1 3 . 5 l e a d l e a d 9.9 none 
c a n 1 3 . 5 1 4 . 0 1 4 . 0 1 4 . 0 4 © . « 3 « 4 s s t 3©4*s t « .© c l i n o 

E . 17 e t a b 1 2 . § 1 2 . 0 1 2 . « 12.© 1 2 . » l e a d l e a d « . « none 
s t a b 1 2 . « 1 2 . 0 12.© 1 3 . 5 1 3 . 5 l e a d l e a d 9.9 none 
c a n 1 3 . S 1 4 . 0 1 4 . « 1 4 . 0 20 .© 3 0 4 s s t 3 # 4 « s t « .© b e n t 

E . 1 8 8 t a b 1 2 . « 12.© 1 2 . » 1 2 . § 1 2 . § l e a d l e a d « . « n o n e 
• t a b 12.© 1 2 . 0 1 2 . 0 1 3 . 5 1 3 . 5 l e a d l e a d » .© none 
c a n 1 3 . 8 1 4 . 0 1 4 . § 14.© 20 .® c o p p e r c o p p e r ©.© s a n d - b 

E . 1 9 s t a b 12.© 1 2 . 0 1 2 . » 1 2 . 0 1 2 . § l e a d l e a d « .© a o n e 
s t a b 1 2 . a 1 2 . 0 1 2 . « 1 3 . 5 1 3 . 5 l e a d l e a d « . § none 
c a n 1 3 . 5 1 4 . 0 1 4 . « 1 4 . 0 2 0 . 0 l e a d l e a d ©.0 » a n d - b 

E . 2 e mtBb 1 2 . « 12.© 1 2 . 0 12.© 1 2 . » l e a d l e a d ©.0 none 
B t a b 1 2 . « 1 2 . 0 1 2 . 0 1 3 . 5 1 3 . 5 l e a d l e a d ©.0 none 
c a n 1 3 . 3 1 4 . § 1 4 . « 14.© 2©.« i r o n i r o n 9.9 s a n d - b 

E . 2 I B t a b 1 2 . 0 1 2 . 0 1 2 . « 1 2 . § 1 2 . § l e a d l e a d « . d none 
• t a b 1 2 . 0 1 2 . 0 12.© 1 3 . 5 1 3 . 5 l e a d l e a d « .© none 
c a n 1 3 . 5 1 4 . « 14.© 1 4 . « 4 © . 0 3 © 4 s a t 3 0 4 s 8 t 0 . 0 s a n d - 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) 

Concept Ele^mt i l aa ide Ontald« 
& t « r i a l Materi*! 

ID OD IB OD 

F i l l e r ln»lde OBt»lde Coating* F i l l e r 
Ifaterial Miter ia l Delay 

OD Cyrs) 

E.22 

E.23 

E.24 

. ** A. IS 

Bl . Its 

CI.IS 

D.3S 

D1.2S 

tab 
tab 
an 

tab 
tab 
an 

tab 
tab 
an 

tab 
tab 
an 

tab 
tab 
an 
leei 

tab 
tab 
an 

pack 
leeve 

tab 
tab 
an 
leei 

tab 
tab 

can 
• lee-' 

12.« 12.0 
12.d 12.0 
13.5 14.0 

12.0 12.0 
12.» 12.§ 
13.3 20.3 

12.0 12.© 
12.» 12.© 
13.5 20.5 

12.0 12.0 
12.» 12.§ 
13.5 14.0 

12.0 12.0 
12.0 12.0 
13.5 14.0 
14.5 22.5 

12.0 12.0 
12.« 12.« 
13.5 14.0 
14.5 15.§ 
IS.5 22.5 

12.# 12,0 
12.0 12.# 
13.5 14.0 
14.5 21.3 

12.0 12.« 
12.» 12.# 
13.S 14.0 
14.3 22 .5 

12.9 12.« 
12.« 13.5 
14.0 14.2 

12.0 12.§ 
12.0 13.5 
20.5 20.5 

12.0 12.0 
12.0 13.5 
20.5 2©.7 

12.© 12.0 
12.0 13.5 
14.# 14.0 

12.§ 12.© 
12.# 13.5 
14.0 14.0 
22.5 22.7 

12.§ 12.9 
12.0 13.5 
14.8 14.0 
15.« 15.© 
22.5 22.5 

12.e 12.§ 
12.« 13.5 
14.0 14.0 
21.5 21.5 

12.0 12.0 
12.e 13.5 
14.0 14.0 
22.5 22.5 

12.© 
13.5 
^ ^ e I f flSW^S 

12.# 
13.5 
40.0 3©4ss t 

12.© I« 
13.5 l€ 
4©.© 3«4»»t 

12.» 
13.5 
40 .§ 3©4ss t 

12.§ 1 
13.5 1 
14.5 s 
48.0 i 

12.e 
13.5 
14.5 
15.5 
45. i 

12.0 1 
13.5 I 
14.5 8 
48.0 I 

ad lead 
ad lead 

at z i r c 

ad 
ad 

ad 
ad 

ad 
ad 

ad 
ad 
ee 1 
on 

ad 
ad 
cone 1 

It 
on 

3«4s 

ad 
ad 
eel 
on 

12.0 U 
13.5 
14.5 3«4sst 
48.§ iron 

ad 
ad 

lead 
lead 
30498t 

lead 
lead 
a i re 

lead 
lead 
304sSt 

lead 
lead 
s t e e l 
z i r c 

lead 
lead 
incoae1 
30488 t 
iron 

lead 
lead 
a tee 1 
iron 

lead 
lead 
304sst 
iron 

8.© aoae 
#. 0 BO ne 
©.0 sand-b 

0 . # 
0 . 0 
0 . 0 

0.# 
©.0 
9.9 

0.0 
0.© 

«.© 
0 . 0 
©.0 

none 
none 
«and-b 

none 
none 
•and-b 

none 
aone 
sand-b 

none 
none 
sand-b 
sand-k 

0.0 no ne 
0.0 aone 
0.0 sand-b 
©.0 saad-b 
9.9 saad-b 

®.§ none 
0.0 BO ne 
0,0 sand-b 

100.0 saad-b 

0.0 none 
0.0 none 
0.0 sasd-b 

100.0 sand-b 

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

"S" indicates a concept identical to one in the FY'79 study 
but with a cast solid lead stabilizer 

no 



Table 4-2. Sumnary of Concepts Studied in FY'80 Follow-on 
Work Using Previous Version of "BARIER" Code. 
(Stulat 1980a). (Continued). 

Concept Eleaeat \ laM lie #«t«Iie Fi l ler laaiie OatBlde Comtlng F i l l e r 
fcterlal fcterlal fcteylal fcterial Belay 

IB OD I I OD OD CfTs) 

D2.1S stab 12.@ 12.0 12.© 12,© 12.0 lead lead ©.6 aone 
stab 12.0 12.0 12.© IS.S 13.§ lead lead ©.© aone 
can 13.5 14.9 14.0 14.® 14.5 income! ineomel ©,© oaad-k 
a pack 14.5 IS.® 1§.@ 15,0 15.S incoael iBcoael ®.© oaad-b 
sleeve IS.5 23.S 23.S 23.S 48.0 Iron Irom 100.© oaad-b 
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Table 4-3. Best Concepts in FY'79 Performance Study 
(Stula, 1980a). 

Concept 

A.l, A.5 

A.IO 

B.8 

B1.7 

Bl.ll 

C.7 

Cl.l, CI.3 

CI.6 

D.l 

D.3 

0.5 

D1.2 

D1.5 

D2.1 

D2.8 

E.3 

I Release Begin 

Salt 

31 

1920 

27 

130 

140 

140 

2600 

Time (Yrs) 

Shale 

46 

1930 

41 

54 

150 

150 

3500 

- Oxic Conditions | 

Basalt-Granite 

24,700 

24,700 

1100 

49,400 

11,900 

24,800 

1700 

1900 



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

ORCEPl 

A. 1 

A.5 

A. 1© 

B,8 

Bl,7 

Bl. 11 

Bl.lH 

B1.2N 

B1.3H 

ELEMEHT 

STAB 
CAIf 

STAB 
CAN 

STAB 
CAN 

STAB 
CAN 
0 PACK 

STAB 
CAN 
SLEEVE 

STAB 
CAH 
SLEEVE 

STAB 
CAW 
SLEEVE 

STAB 
CAR 
SLEEVE 

STAB 
CAN 

INSIDE 
MATERIAL 
ID OD 

12.0 
13.5 

12.0 
13.5 

12.0 
13.5 

12.0 
13.5 
14.3 

12.0 
13.5 
14.5 

12.0 
13.5 
14.5 

12.0 
13.5 
14.5 

12.0 
13.5. 
14.3 

12.0 
13.3 

13.5 
14.0 

13.5 
15.5 

13.S 
15.5 

13.5 
14.0 
16.5 

13.S 
14.0 
15.0 

13.5 
14.0 
22.3 

13.5 
14.0 
15.0 

13.5 
14.0 
21.S 

13.5 
14.0 

ovreiDE 
MATERIAL 

OD 

13.5 
14.0 

13.5 
15.5 

13.5 
13.3 

13.5 
14.§ 
16.5 

13.5 
14.0 
23.0 

13.5 
14.0 
22.7 

13.3 
14.0 
15.0 

13.5 
14.0 
21.3 

13.5 
14.0 

FILLER 

00 

13.5 
40.0 

13.5 
20.0 

13.5 
2©.0 

13.5 
14.3 
2©.0 

13.5 
14.3 
30.0 

13.5 
14.5 
48.0 

13.5 
14.5 
48.0 

13.5 
14.5 
40.0 

13.3 
14.3 

CAP 

OD 

13.5 
40.0 

13.S 
20.0 

13.5 
20.0 

13.5 
14.3 
20.0 

13.S 
14.3 
30.0 

13.5 
14.3 
48.0 

13.5 
14.5 
48.0 

13.5 
14.5 
48.0 

13.5 
14.3 

INSIDE. 
MATERIAL 

304SST 
304SST 

a04SST 
304SST 

ZIRC 
ZIRC 

STEEL 
STEEL 
ZIHC 

Sl'EEL 
STEEL 
STEEL 

STEEL 
STEEL 
IROM 

STEEL 
STEEL 
moH 

STEEL 
STEEL 
IRON 

STEEL 
STEEL 

OUTSIDE 
MATERIAL. 

304SST 
304SST 

304SST 
a04SST 

ZIRC 
ZIRC 

STEEL 
STEEL 
ZIRC 

STEEL 
STEEL 
LEAD 

STEEL 
STEEL 
ZIRC 

STEEL 
STEEL 
IROM 

STEEL 
STEEL 
IRON 

STCEL 
STEEL 

COATIHG 
DELAY 
(YHS) 

0.0 
0.0 

0.0 
0.0 

©.0 
0.0 

0.0 
0.0 
0.0 

0.0 
0.0 
0.0 

0.0 
0.0 
0.0 

0.0 
0.0 
0.0 

0.0 
0.0 
0.0 

0.0 
0.0 

FILLER 

TONE 
SAND-B 

NONE 
SAND-B 

HONE 
SAND-B 

NONE 
SAND-B 
SAND-B 

NONE 
SAND-B 
CLINO 

HONE 
SAND-B 
SAND-B 

NONE 
SAND-B 
SARD-B 

NONE 
SAKD-B 
SAND-B 

NOHE 
SAND-B 
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Table 4-4. (Continued) 

COHCEPT ELEWHT WSIDE ODTOIDE FILLER 
MATERIAL MA-nSRIAL 

IB 0© no OD 

GAP IBS IDEI OUTSIDE COATING 
MA-raEiAL M A T E R I A L ; DELAY 

0 » (YRS) 

FILLER 

BI 

Bl 

BI 

Bl 

BI 

81 

81 

Bl. 

Bl. 

.3R 

.411 

,5M 

.6H 

.711 

.8H 

.911 

10N 

IIH 

SLEEVE 

STAB 
CAH 
SLEEVE 

STAB 
CAM 
SLEE¥E 

STAB 
CAH 
SLEEVE 

STAB 
CAH 
SLEEVE 

STAB 
CAM 
SLEEVE 

STAB 
CAM 
SLEEVE 

STAB 
CAN 
SLEEVE 

STAB 
CAM 
SLEEVE 

14,5 

12.# 
13.S 
14.5 

12.• 
13,5 
14.5 

12,© 
13.5 
14.5 

12.0 
13.S 
14.5 

12,® 
13.S 
14.3 

12.© 
13.3 
14.5 

12.® 
13,5 
14.S 

12,© 
13.3 
14.5 

26.5 

13.S 
14.© 
21.3 

13.5 
14.0 
21.5 

13.5 
14.9 
21.5 

IS.S 
14,@ 
15.© 

IS.S 
14.9 
26.3 

13.S 
14.0 
21.5 

13.5 
14.© 
21.3 

13.S 
14.0 
15,® 

2S.S 

13. S 
14,§ 
21.6 

13.3 
14.0 
21.8 

13.5 
14.0 
22.0 

13.5 
14.0 
15.3 

13.5 
14.© 
26.8 

13.5 
14.9 
21.6 

13.S 
14.® 
22.0 

13.5 
14,© 
13,9 

48. § 

13.5 
14..5 
48.® 

13.3 
14.3 
48.® 

13.S 
14.3 
48.® 

13.5 
14.5 
48.0 

13.3 
14.3 
48.© 

13.S 
14.3 
48,9 

13.S 
14.3 
48.© 

13.5 
14.5 
48.0 

48.© 

13..5 
14.3 
48.© 

13.5 
14.5 
48.© 

13.5 
14.5 
48.® 

13.5 
14,5 
48.© 

13.5 
14.5 
48.® 

13.5 
14.3 
48.© 

13.5 
14.5 
48.0 

13.3 
14.S 
48.» 

I ROM 

STEEL 
STEEL 
IRON 

STEEL 
STEEL 
IRON 

STEEL 
STEEL 

STEEL 
STEEL 
I HON 

STEEL 
STEEL 
IROH 

STEEL 
STEEL 
394SST 

STEEL 
STEEL 
304SST 

S'rKEL 
STEEL 
COPPER 

IRON 

STEEL 
S'l'EEL 
ZIRC 

STEEL 
STEEL 
ZIRC 

STKEL 
S'l'EEL 
ZIRC 

STEEL 
S'l'EEL 
ZIRC 

STEEL 
STEEL 
ZIRC 

STEEL 
STEEL 
ZIRC 

STEEL 
S-rEEL 

zmc 

STEEL 
STEEL 
COPPER 

0 . 0 SAHD-B 

0 
0 

0 
o 
9 

© 
0 
© 

© 

9 
0 
0 

Q 
t 

n 

9 

0 

© 
9 
® 

0 
© 
© 

0 
9 
© 

0 
0 
0 

© 
9 

© 
0 
9 

9 

9 

9 

HONE 
SAKD-B 
SAHD-B 

NONE 
SAND-B 
SAND-B 

TONE 
SAND-B 
SAND-B 

NOffE 
SAND-B 
SAND-B 

NOWE 
SAWD-B 
SAWB-B 

HONE 
SAND-B 
SAND-B 

NONE 
SAND-B 
SAflD-B 

WONE 
SAND-B 
SAKD-B 
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Table 4-4. (Continued) 

COMCEPT ELEWHT . IIS IDE 
MATERIAL 
ID 01 

OIJTCIDE FILLEE 

m OD 

GAP IBS IDE OOTCIDE COATIMC 
HATERIAL HATEEIALs DELAY 

OD (YIS) 

FILLER 

B1.121 STAB 
CAH 
SLEEVE 

12.t 13.3 13.5 13.5 IS.S STEEL STEEL @.® lOHE 
13.S 14.© 14.© 14.5 14.S STEEL STEEL 0,® @AHD-B 
14,5 21.S 21.S 48.§ 48.® COPPER. COPPEm §.© SAHD-B 

Bl.13H STAB 
CAW 
SLEEVE 

12,9 13.S 13..5 13.3 13.5 STEEL STEEL 0.® WONE 
13.5 14.0 14,© 14.5 14.5 STEEL STEEL ©.0 SAWB-B 
14.S 15.0 15.© 48,© 48.® INCOREL IHCOHEL' 0.® SANB-B 

B1.14K STAB 
CAH 
SLEEVE 

12.© 13.S 
13.5 14.© 
14.S 21.5 

13.S 
14.© 
21.5 

13.5 
14.S 
48.© 

13.S 
14.S 
48.© 

STEEL 
STEEL 
IlfCOWEL 

STEEL 
STCEL 
IHCOHELi 

@ , § 
®.@ 
© . 0 

TONE 
SAND-B 
SANB-B 

Bl.lSH STAB 
CAS 
SLEEVE 

12.® 13.5 
13.5 14.© 
14.5 IS.© 

13.5 
14.0 
IS,® 

13.5 
14.S 
48.© 

13,5 
14.S 
48,© 

STEEL 
STEEL 
304SST 

STEEL 
STEEL 
304SST 

0.® 
SOHE 
SAND-B 
SAHB-B 

01.161 STAB 
CAH 
SLEEVE 

12.© 13.5 
13.3 14,9 
14.3 21.5 

13,5 
14.0 
21,S 

13.S 
14.S 
48.0 

13.5 
14,5 
48.0 

STEEL 
STEEL 
304SST 

STEEL 
STEEL 
394SST 

©.§ 
©.© 
0.9 

HONE 
SAND-B 
SAND-B 

BI.171 STAB 
CAH 
SLEEVE 

12.® 13.S 
13.S 14.« 
14.5 IS.® 

13.5 
14.§ 
15,0 

13.S 
14.3 
48.© 

13.S 
14.5 
48.© 

STEEL 
STEEL 
ZIRC 

STEEL 
STEEL 

zmc 

0 . 0 
9.9 
©.© 

HOHE 
SAND-B 
SAHD-B 

B l . l B K STAB 
CAM 
SLEEVE 

12.9 13.S 
13.5 14.© 
14.S 21.S 

13.S 
14.® 
21 .5 

13.5 
14.5 
48.© 

13.5 
14.S 
48 .0 

STEEL 
STEEL 

zmc 

STEEL 
STEEL 
ZIRC 

0.0 
0.© 
0.© 

TORE 
SAHD-B 
SARD-B 

B1.19H STAB 
CAH 
SLEEVE 

12.0 13.3 
13.§ 14.0 
14.5 21,3 

13.5 
14.© 
21,6 

13.5 
14.5 
48.© 

13,5 
14.S 
48.© 

STEEL 
STEEL 
mow 

STEEL 
STEEL 

zmc 
0.© 
0.9 

NONE 
SAWD-B 
SAIID-B 

B1.20H STAB 
CAH 
SLEEVE 

12.® 13.S 
13,S 14.® 
14.5 21.S 

13.5 
14.t 
2S.S 

13.5 
14.S 
48.© 

IS.S 
14.3 
48.© 

STEEL 
SIXEL 
IROH 

STEEL 
STEEL 
Zinc 

9.9 
0.® 

HONE 
SAHD-B 
SAWD-B 
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Table 4-4, (Continued) 

CORCEPT 

Bl 

Bl 

Bl 

Bl 

Bl 

Bl 

Bl 

Bl 

Bl 

21H 

22N 

23W 

.24N 

.25N 

26N 

,27H 

.28H 

.2911 

ELEMEHT 

STAB 
CAH 
SLEEVE 

STAB 
CAH 
SLEEVE 

STAB 
CAM 
SLEEVE 

STAB 
CAW 
SLEEVE 

STAB 
CAN 
SLEEVE 

STAB 
CAN 
SLEEVE 

STAB 
CAH 
SLEEVE 

STAB 
CAW 
SLEEVE 

STAB 
CAH 
SLEEVE 

INSIDE 
MATERIAL 
ID OD 

12.0 
13.S 
14.5 

12.0 
13.5 
14.5 

12.9 
13.5 
14.5 

12.0 
13.5 
14.5 

12.© 
13.5 
14,5 

12.0 
13.3 
14.S 

12.9 
13.5 
13.0 

12.© 
13.3 
16.§ 

12.e 
13,5 
16.0 

13.3 
14.© 
21.5 

13,3 
14.0 
13,0 

13.3 
14,9 
26,5 

12.0 
14.0 
21.3 

12.© 
14,0 
21.5 

12,0 
14.0 
21.5 

12.® 
14.0 
22,0 

13.3 
14,0 
23,0 

13,5 
14,# 
23.» 

OUTSIDE 
MATERIAL 

OD 

13.5 
14,« 
22.© 

13.5 
14.0 
IS.3 

13.3 
14.0 
26.8 

12.© 
14,© 
21.5 

12.0 
14.© 
21.3 

12.« 
14.0 
21.5 

12.© 
14.© 
22.0 

13.5 
14.0 
23.0 

13.5 
14.0 
23.0 

FILLER 

OD 

13.5 
14.5 
48.© 

13.5 
14,5 
40.© 

13.5 
14..̂  
48. « 

12.0 
14.5 
48.0 

12.0 
14.5 
48.0 

12.0 
14.© 
48.0 

12.0 
14.0 
40.5 

13.5 
14.9 
49.3 

13.5 
14.0 
49.5 

GAP 

OD 

13.5 
14.3 
48.0 

13.5 
14.3 
40,0 

13.S 
14,5 
48.0 

13.5 
14.3 
48.© 

13.5 
14.5 
48.9 

13.5 
14.5 
48.0 

13.5 
15.0 
48.5 

13,5 
16.0 
49.3 

13.5 
16.0 
49.5 

IHSIDEl 
HATERIAL 

STEEL 
STEEL 
I ROM 

STEEL 
STEEL 
IRON 

STEEL 
STEEL 
IRON 

HELIUM. 
STEEL 
I ROM 

AIR 
STEEL 
moH 

HELIOTI, 
STEEL 
moH 

HELIUM 
STEEL 
IRON 

STEEL 
STEEL 
IRON 

STCEL 
STEEL 
IRON 

oirreiDE 
MATERIALI 

STKEL 
STEEL 

zmc 

STEEL 
STEEL 
ZIRC 

S'l'KEL 
STEEL 
ZIRC 

HELIUM 
STEEL 
IRON 

AIR 
STEEL 
IRON 

HELIOTI 
STEEL 
IRON 

HELIUM 
STEEL 
IRON 

STEEL 
STEEL 
IRON 

STEEL 
STEEL 
IRON 

COATIHG 
DELAY 
(YRS) 

9.0 
0.© 

0,© 
0.0 
©.0 

0.9 
©.9 
0.0 

0.© 
0.0 
0.0 

0.0 
0.© 

§.0 
0.0 

0.0 
0.0 
0.© 

0.0 
0.0 
0.0 

0.0 
0.0 
o.» 

FILLER 

HOKE 
SAHD-B 
SAND-B 

HONE 
SANO-B 
SAHD-B 

NOHE 
SAHD-B 
SAND-B 

HOHE 
SAND-B 
SAND-B 

RONE 
SAHD-B 
SAKD-B 

NONE 
HONE 
SAND-B 

HOHE 
HONE 
SAHD-B 

NONE 
HOHE 
S4HD-B 

NONE 
NONE 
SAHD-B 
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Table 4-4. (Continued) 

CONCEPT ELEWirr INSIDE 
MATERIAL 

ID OD 

OirreiDE FILLER 
MATERIAL 

OD OD 

GAP INSIDE; OUTSIDE COATINO 
HATERIAL MATERIAL; DELAY 

OD CYHS) 

FILLER 

BE.IH CA STAB 
CAW 
SLEEVE 

BR.2H CA STAB 
CAW 
SLEEVE 

BE.3K CA STAB 
CAN 
SLEEVE 

BE.4W CA STAB 
CAH 
SLEEVE 

BE.5H CA STAB 
CAH 
SLEEVE 

BE.6H CA ST;\B 
CAH 
SLEEVE 

BE,7H CA STAB 
CAH 
SLEEVE 

BE.BR CA STAB 
CAH 
SLEEVE 

BE,9H CA STAB 
CAH 
SLEEVE 

12.9 13.S 13.5 
13,5 14.0 14.0 
14.5 1S.0 13.0 

12.0 13.3 
13.5 14.0 
14.5 21.S 

12.9 13.3 
13.3 14.© 
14.3 26.5 

12.0 13.5 
13.5 14.© 
14.5 21.5 

12.0 13.3 
13.5 14.0 
14.3 21.5 

12.0 13.3 
13.5 14.e 
14.5 15.0 

12,0 13.5 
13.5 14.0 
14.5 26,5 

12.» 13.5 
ia.5 14.« 
14.5 15.0 

12.§ 13.5 
13.5 14.© 
14.5 21.5 

13. 
14. 
21. 

13'. 5 
14,0 
26. S 

13.3 
14.0 
21.6 

13.5 
14.0 
22.0 

13..5 
14.0 
15.3 

13.5 
14.0 
26.0 

13.5 
14.« 
15.0 

13.5 
14.» 
21.5 

13.5 
14.5 
48.0 

13.5 
14.5 
48.« 

13.5 
14.5 
48.0 

13.5 
14.5 
48.0 

13.5 
14.5 
48.8 

13.5 
14.5 
48.0 

13.5 
14.5 
48.0 

13.5 
14.5 
48.0 

13.5 
14.3 
48.« 

13,5 LEAD 
14.3 304SST 
48.0 IROH 

13.5 LEAD 
14.3 304SST 
48,© IROH 

13.5 LEAD 
14.5 304SST. 
48.© IRON 

13,5 
14.5 
48,0 

13.5 
14.5 
48,0 

13,5 
14. S 
48,0 

13.5 
14,5 
48.0 

13.S 
14.3 
48.9 

13.5 
14.3 
48.« 

LEAD 
304SST 
IRON 

LEAD 
304SST. 
IRON 

LEAD 
304SST. 
IROH 

LEAD 
304SST. 
IRON 

LEAD 
ZIRC 
IRON 

LEAD 
ZIRC 
IROH 

LEAD 
a04SST 
IRON 

LEAD 
304SST 
IRON 

LEAD 
304SST 
IRON 

LEAD 
304SST 
ZIRC 

LEAD 
304SST 
ZIRC 

LEAD 
304SST 
ZIRC 

LE.y) 
3©4SST 
ZIRC 

LEAD 
ZIRC 
IRON 

LEAD 
ZIRC 
IRON 

e 
0 
0 

0 
0 
0 

0 
0 

e 
0 
0 

0 
0 
0 

© 
0 
0. 

0 

0 

0 

0 
0 
0 

0 
0 

0 
0 
0 

0 
0 
0 

0 
9 
0 

9 
0 
0 

9 
0 
0 

0 
0 
0 

0 
9 

HOHE 
SAHD-B 
SAK0-B 

NONE 
SAND-B 
SAHD-B 

HOHE 
SAHD-B 
SAWD-B 

NONE 
SAN0-B 
SAHD-B 

NONE 
SAHD-B 
SAHD-B 

NONE 
SAND-B 
SAND-B 

NONE 
SAWD-B 
SAND-B 

NONE 
SAND-B 
SAND-B 

NONE 
SAND-B 
SAHD-B 
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Table 4-4. (Continued) 

CONCEPT ELEWHT IIS IDE 
MATEBIAL 
ID 00 

OIJTSIDE FILLEB 
MATERIAL 

OB 0 1 

GAP IHSIDEl OWraiDE COATIHG FILLER 
m i E R I A L flATERIALi DELAY 

OD (YHS) 

BE.l@N CA STAB 
CAM 
SLEEVE 

12.§ 13.3 
13.5 14.© 
14.5 26.3 

13.3 
14.® 
2$.S 

13.5 
14.3 
48.© 

13,5 LEAD 
14.5 ZIRC 
48,0 IROH 

LEAD 
ZIRC 
IRON 

0.§ HOKE 
9.0 SAND-B 
«.© SAWD-B 

BE. IIH CA STilB 
CAH 
SLEEVE 

12.9 13.3 
IS.S 14.® 
14.S 21.S 

IS.S 
14.0 
21.6 

IS.S 
14.5 
40 .0 

13.5 
14,3 
48 .0 

LEAD 
zmc 
IROH 

LEAD 
ZIRC 
ZIRC 0 , 0 

HOHE 
SAWD-B 
SAHD-B 

BS.12P CA STAB 
CAH 
SLEEVE 

12,© IS.S 
13.5 14.0 
14.5 21..? 

13.5 
14.© 
22.0 

IS.S 
14.3 
48.© 

13.3 
14.3 
48.© 

LEAD 
ZIRC 
IRON 

LEAD 
ZIRG 
ZIRC 

#.0 
0.# 
0.0 

HOHE 
SAND-B 
SAHD-B 

BE.13H CA STAB 
CAN 
SLEEVE 

12.® 13.S 
13.5 !4.© 
14.S 15.® 

13.3 
14,6 
15,3 

13.5 
14.3 
4a.® 

13.3 
14.S 
48.© 

LEAD 
ZIRC 
IRON 

LEAB 
ZIRC 
ZIRC 0.© 

HONE 
SAHD-B 
SAHD-B 

BE.i4H CA STAB 
CAH 
SLEEVE 

12,® 13.S 
13.5 14,0 
14.5 26.5 

13.5 
14.§ 
26.8 

13.3 
14.3 
48.« 

13.5 
14.3 
48.0 

LEAD 
ZIRG 
inOH 

LEAD 
ZIRC 
ZIRG 

©.© 
©.© 
0,9 

HOHE 
SAHD-B 
SAHD-B 

BE. IS if CA STAB 
CAM 
SLEEVE 

12.@ IS.S 
13.S 14.« 
14.5 15.0 

13.5 
14.© 
13.9 

13.5 
14.5 
4a. • 

13.3 
14.3 
48,0 

LEAD 
IHCOHEL 
IROH 

LEAD 
IWCONEL! 
IRON 

t.0 
9.© 
0,© 

NONE 
SAND-B 
SAHD-B 

BE.I6H CA STAB 
CAN 
SLEEVE 

12.® 13.S 
13.5 14,0 
14.5 21.5 

13.S 
14.© 
21.3 

13.5 
14.5 
48.0 

13.3 
14.5 
48.0 

LEAD 
IHCOHEL 
IROH 

LEAD 
IHCOHEL; 
IRON 

0.0 

0.0 

NONE 
SAHD-B 
SAWD-B 

BE.ITW CA STAB 
CAH 
SLEEVE 

12.@ 13.S 
13.5 14.0 
14.5 2S.S 

13.5 
14.0 
26.5 

13.S 
14.5 
48.0 

13.5 
14.3 
48.0 

LEAD 
IHCOHEL 
IROH 

LEAD 
IHCORELf 
IROH 

©.0 
0.0 

xWNE 
SAND-B 
SAND-B 

BE.18H CA STAB 
CAH 
SLEEVE 

12.© 13.3 
13.5 14.» 
14.5 21,5 

13.5 
14.0 
21.6 

13.5 
14.5 
48.9 

13,5 
14.3 
48.« 

LEAD 
IHCOHEL 
IROH 

LEAD 
IHCOHEL-' 
ZIRC 

@.0 
0.9 
«.9 

HONE 
SAND-B 
SAHO-B 
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Table 4-4, (Continued) 

CORCEPT 

BE,19H 

BE.20H 

BE,21N 

BE.22n 

BE.23N 

BE.24W 

BE.25H 

BE. 26 If 

BE.27S 

ELEMEIT 

CA STAB 
CAN 
SLEEVE 

CA STAB 
CAR 
SLEEVE 

CA STAB 
CAH 
SLEEVE 

CA STAB 
GAi 
SLEEVE 

CA STAB 
CAN 
SLEEVE 

CA STAB 
CAM 
SLEEVE 

CA STAB 
CAN 
SLEEVE 

CA STAB 
CAN 
SLEEVE 

CA STAB 
CAM 
SLEEVE 

IIS IDE 
MATERIAL 
ID 01 

12,0 
13.S 
14.S 

12.® 
13,3 
14.S 

12.# 
13.5 
14,3 

12.9 
13.S 
14.5 

12.© 
13.5 
14.3 

12.© 
13.5 
14.5 

12.© 
13.S 
14.§ 

12.© 
13.S 
14.5 

12.© 
13.S 
14.3 

IS.5 
14.0 
21.5 

13,5 
14,© 
13.0 

13.5 
14.© 
26.5 

13.5 
14.© 
21.3 

13.5 
14.© 
26.5 

13.5 
14.© 
21.5 

13.S 
14.§ 
21,5 

13.5 
14.© 
21.5 

13.S 
14.® 
21.3 

OO'reiBE 
MATERIAL 

0© 

13.« 
14.® 
22. @ 

13,5 
14,© 
15.3 

13.3 
14.t 
26.8 

14-.® 
21.5 

13,5 
14.© 
26.5 

!3.S 
14.© 
21,6 

13.5 
14.@ 
22.0 

13.5 
14.0 
21.5 

13.3 
14.® 
21.6 

FILLER 

OD 

13.5 
14.5 
48.® 

13.S 
14.S 
48,0 

13.3 
!4.5 
48.© 

13.5 
14.5 
48.© 

13.5 
14.5 
48.0 

13.3 
14.3 
48,0 

13.5 
14.5 
48.© 

13.3 
14.5 
4«.© 

13.3 
14.5 
48.© 

GAP 

01 

13.5 
14.5 
48.© 

13,3 
14.3 
48.@ 

13.S 
14,5 
48.© 

13.5 
14,5 
48,© 

13,5 
14.3 
48.0 

13.5 
14.3 
48. § 

13.S 
14.S 
4a. 0 

13.5 
14.5 
48.0 

13,5 
14.3 
48.© 

mSIDEj 
MATERIAL 

LEAD 
IHCOHEL 
IROH 

LEAD 
IHCOHEL 
IROH 

LEAD 
IHCOHEL 
IRON 

LEAB 
ZIRC 
IROH 

LEAD 
ZllG 
mow 

LEAD 
ZIRG 
IROH 

LEAD 
ZIIC 
IROH 

LEAD 
3©4SST 
I ROB 

LEAD 
3#4SST 
IRON 

orreiDE 
MATERIALI 

LEAO 
IHCOHELt 
ZIRC 

LEAD 
INCONELi 
ZIRC 

LEAB 
IHCOHEL! 
ZIRC 

LEAD 
ZIRC 
IRON 

LEAD 
ZIRC 
IRON 

LEAD 
ZIRC 
ZIRG 

LEAD 
ZIRG 
ZIRC 

LEAD 
304SST 
IRON 

LEAD 
3©4SST 
ZIRC 

COATIHG 
DELAY 
(YIS) 

®.© 
0,0 
0.0 

0.© 
©.© 

0.© 

0.© 
©.9 

©.0 
0.© 
0.9 

©.0 
0,® 
0,0 

o.» 
0.© 
©.0 

9.0 
0.0 
0.0 

0.0 
©.9 
©.0 

FILLER 

HOHE 
SAND-B 
SARD-B 

HONE 
SAHD-B 
SAHD-B 

RONE 
SAND-B 
SAHD-B 

HONE 
SAHD-B 
SANO-B 

NONE 
SAHD-B 
SAKD-B 

NONE 
SAND-B 
SAND-B 

NOHE 
SAND-B 
SAHD-B 

HOHE 
BEHT 
BEHT 

NOHE 
BEHT 
BEHT 
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Table 4-4. (Continued) 

CONCEPT ELEMEHT msiDE 
MATERIAL 
ID OD 

OUTSIDE FILLER 
MATERIAL 

00 OD 

GAP IHSIDEl OUTSIDE COATING 
MATERIAL MATERIAL) DELAY 

OD CYBS) 

FILLEB 

BE.28M CA STAB 
CAH 
SLEEVE 

12.0 13.5 13.3 13.5 
13.3 14,# 14,© 14.5 
14.5 21.3 21.5 48.® 

13.5 LEAD 
14.5 304SST 
48.9 IROH 

LEAD 
304SST 
IRON 

0,0 
0,0 
0.0 

NONE 
CLIHO 
CLINO 

BE.29H CA STAB 
CAH 
SLEEVE-

12,0 13,5 
13.3 14.0 
14.3 21.S 

13.5 
14.0 
21.6 

13.3 
14.3 
48,0 

13,5 
14,5 
48,0 

LEAD 
O04SST 
IRON 

LEAJ) 
a04SST 
ZIRC 

0.0 

0,0 

NONE 
CLIHO 
CLINO 

BE.30H CA ST.\B 
CAH 
SLEEVE 

12.0- 13,5 
13.5 14.0 
14.5 13.0 

13.5 
14.9 
15.0 

13.5 
14.5 
20.0 

13.5 
14.5 
20.0 

LEAD 
304SST 
IRON 

LEAD 
304SST 
IRON 

0.0 
0.0 
t.o 

NONE 
SANO-B 
SAHD-B 

BE.3IW CA STAB 
CAN 
SLEEVE 

12,0 13,5 
13,5 14.© 
14.5 13.0 

13.5 
14.« 
15.0 

13.3 
14,5 
36.® 

13.5 
14.5 
36.0 

LEAD 
304SST 
inoH 

LEAD 
a04SST 
IROH 

9.9 
0.0 
0.0 

HONE 
SAHD-B 
SAND-B 

BE.32H CA STAB 
CAH 
SLEEVE 

12.0 13.3 
13.5 14,# 
14,3 1S.0 

13.5 
14.0 
13.3 

13.5 
14.5 
20.0 

13.5 
14.3 
20.0 

LEAD 
304SST 
IROH 

LEAD 
304SST 
ZIRC 

0.0 
0.9 
0.0 

HOHE 
SAND-B 
SAND-B 

BE.33lf CA STAB 
CAW 
SLEEVE 

12,9 13.5 
13.3 14,® 
14,5 15.0 

13.3 
14,0 
15.3 

13.5 
14,5 
36.0 

13.3 
14.3 
36.0 

LEAD 
304SST 
IRON 

LEAD 
304SST 
ZIRC 

0.0 
0.0 
0,0 

NONE 
SAHD-B 
SAHD-B 

BE.34H CA STAB 
CAH 
SLEEVE 

12.0 13.S 
13.3 14.0 
14.3 21.5 

13.5 
14.0 
21.5 

13.3 
14.5 
40.0 

13,5 
14.3 
40,0 

LEAD 
304SST 
IROH 

LEAD 
304SST 
IRON 

0.0 
0.0 

100.0 

NONE 
SAHD-B 
SAHD-B 

BE.351f CA STAB 
CAH 
SLEEVE 

12.0 13.3 
13.5 14.0 
14.5 21,3 

13.5 
14.0 
21.6 

13.5 
14.5 
48.0 

13.5 
14.3 
48,0 

LEAD 
304SST 
IROH 

LEAD 
304SST 
ZIRC 

0.0 
0.0 

100.0 

NONE 
SAND-B 
SARD-B 

BE.36H CA STAB 
CAH 
SLEEVE 

12.0 13.5 
13.3 14.0 
14.3 21.3 

13.3 
14.0 
21.3 

13.5 
14.9 
47.8 

13.3 
14.3 
47.8 

LEAD 
ZIRC 
IRON 

LEAD 
ZIRC 
mow 

0 .0 
0 .9 
0 .0 

HONE 
NONE 
SAHD-B 
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Table 4-4. (Continued) 

COHCEPT ELEMEHT IHSIDE 
MATERIAL 
ID OD 

OUTSIDE FILLER 
MATERIAL 

OD OD 

GAP IHSIDEi OUTSIDE COATIHG 
MATERIAL MATERIAL! DELAY 

OD iYBS) 

FILLER 

BE,37H CA STAB 
CAN 
SLEEVE 

12,0 13,S 13.5 13,3 13.5 LEAD LEAD 
13,5 14,0 14.0 14,0 14.5 ZIRG ZIRC 
14.5 21.S 21.3 40.0 48.0 IRON IRON 

0.0 
0.0 
0.0 

NONE 
HONE 
SAHD-B 

BE.38H CA STAB 
CAH 
SLEEVE 

12.0 13.5 
13.3 14.0 
15,0 22,0 

13.5 
14.0 
22.0 

13.5 
14.0 
48.3 

13.5 
13,0 
48.5 

LEAD 
ZIRC 
IRON 

LEAD 
ZIRC 
IRON 

0.0 
0,0 
0.0 

NONE 
HONE 
SARD-B 

BE.39N CA STAB 
CAH 
SLEEVE 

12,0 13.5 
13.5 14.0 
16.0 23.0 

13.5 
14,0 
23.0 

13,5 
14.0 
49.3 

13.3 
16.0 
49.5 

LEAD 
ZIRC 
IRON 

LEAD 
ZIRC 
IROH 

0.0 
0.0 
0.0 

HONE 
NONE 
SAND-B 

C.7 STAB 
CAH 
0 PACK 

12.0 12.0 
13.5 15.5 
16.9 18.0 

12.0 
IS.5 
18.« 

12.0 
16.0 
40.0 

13.5 
16,0 
40.0 

HELIUM. 
ZIRC 
ZIRC 

HELIUM 
ZIRC 
ZIRC 

0.0 
0,0 
0.0 

HOHE 
SAHD-B 
SAND-B 

C1.1 STAB 
CAN 
O PACK 
SLEEVE 

12.0 13.5 
13.3 14.0 
14.5 1S.0 
15.5 22.3 

13.3 
14.9 
15.0 
22. S 

13.5 
14.5 
15.3 
45.0 

13.5 
14.S 
15,3 
45,0 

IHCOHEL 
IHCOHEL 
304SST 
IROH 

IHCOWELI 
IHCOHELI 
304SST 
IRON 

0,0 
0,0 
0,0 
0,0 

NONE 
SAHD-B 
SAND-B 
SAND-B 

CI,3 STAB 
CAN 
O PACK 
SLEEVE 

12,0 12,0 
13.S 14.0 
14.5 15.0 
IS.5 22.5 

12.9 
14.0 
15.0 
22.5 

12,0 
14.5 
15.5 
45.0 

13,5 
14,5 
15.5 
45.© 

HELIUM. 
IHCOHEL 
3048ST 
IROH 

HELIUM 
IHCOHEL.f 
304SST 
IRON 

0,0 
0.0 
0.0 
0.0 

NOHE 
SAND-B 
SAND-B 
SAHD-B 

C1.6 STAB 
CAH 
0 PACK 
SLEEVE 

12.0 13.5 
13.3 14.0 
14,5 15,0 
13,5 16.5 

13,5 
14.0 
15.0 
16.5 

13.5 
14.5 
15.5 
24.0 

13.5 
14.5 
15.3 
24.0 

ZIRC 
ZIRC 
ZIRC 
STEEL 

ZIRC 
ZIRC 
ZIRC 
STEEL 

0.0 
0.0 
0.0 
0.0 

NONE 
SAHD-B 
SAHD-B 
SAHD-B 

». 1 STAB 
CAN 
SLEEVE 

12,0 12,0 
13,5 14,0 
14.5 21,5 

12.0 
14.© 
21.5 

12.0 
14.5 
48.0 

13,5 
14,5 
48.0 

HELIUH 
STEEL 
IRON 

HELIUM 
STEEL 
IRON 

9.0 
0,0 
10,0 

HOHE 
SAHD-B 
SAND-B 

121 



Table 4-4. (Continued) 

HCl 

» 

1 

Dl 

Dl 

02 

D2 

E 

E 

:PI 

3 

5 

2 

5 

1 

8 

3 

4 

E.24 

ELEMEHT 

STAB 
CAR 
SLEEVE 

STi%B 
CAH 
SLEEVE 

STAB 
CAH 
SLEEVE 

STAB 
CAH 
SLEEVE 

STAB 
CAH 
0 PACK 
SLEEVE 

STAB 
CAH 
0 PACK 
SLEEVE 

CA STAB 
CAH 

CA STAB 
CAH 

CA ST.IB 
CAH 

IHSIBE 
MATER lAJ. 
IB OD 

12.© 
13,5 
14.S 

12.& 
13.5 
14.3 

12.® 
13.5 
14.5 

12.© 
13. S 
14.S 

12.« 
13. S 
14.5 
15,5 

12.® 
13.S 
14.5 
27,5 

12,9 
13.5 

12.0 
13.5 

12.0 
13.5 

13.5 
14.0 
21.S 

13,3 
14,0 
16,3 

13.5 
14,« 
22.5 

13.3 
14.0 
1S,« 

13.3 
14,® 
15.0 
23.5 

13,5 
14.© 
15.« 
28.0 

13.5 
14.« 

13.5 
14.0 

13.5 
3®, 3 

OU-MIDE 
HATERIAL 

OD 

13.5 
14.® 
21.3 

13.5 
14.0 
16.5 

13.3 
14.0 
22.5 

13.5 
14.0 
15.® 

13,5 
14.® 
15.0 
23.5 

13.5 
14.® 
27.0 
28.0 

13.S 
14.2 

13.5 
14.© 

13.S 
2t.7 

FILLER 

00 

13.5 
14.S 
48.0 

13.S 
14.5 
48.0 

13.5 
14.5 
4a.« 

13.5 
14.3 
20.0 

13.5 
14.3 
13.5 
48.0 

13.5 
14.3 
27.3 
48.0 

13.3 
20.0 

13.3 
20.0 

13.5 
40.« 

GAP 

OD 

13,3 
14,5 
48,0 

13.5 
14.3 
48.0 

13.5 
14.S 
48.0 

13.3 
14,3 
2§.0 

13-S 
14.S 
15,5 
48.0 

13.S 
14.5 
27.5 
48.0 

13.5 
20,0 

13.3 
20.0 

13,5 
40.9 

IHSIDE, 
HATERIAL 

STEEL 
STEEL 
IROH 

STKEL 
STEEL 
ZIRG 

304SST 
304SST 
IROH 

304SST 
304SST 
304SST 

IHCOHEL 
INCONEL 
IHCOHEL 
IRON 

ZIRG 
ZIRC 
ZIRC 
ZIRG 

LEAD 
3©4SST 

LEAD 
ZIRC 

LEAD 
304SST 

OUTSIDE 
MATERIALi 

STEEL 
STEEL 
IROH 

STEEL 
STEEL 
ZIRC 

3©4SST 
304SST 
IROH 

304SST 
3©4SST 
394SST 

INCOREL! 
IHCOHEL' 
INCONEL' 
IROH 

ZIRC 
ZIRC 
LEAD 
ZIRC 

LEAD 
ZIRC 

LEAD 
ZIRG 

LEAB 
ZIRC 

COATIHC 
DELAY 
CYHS) 

19®.9 

@.0 
0.0 

100.© 

0.0 
©.t 

100. 0 

n.0 
10©.® 

0,© 
©.0 
0.0 

100,0 

©.© 
©.© 
0.0 

190.0 

0.9 
0.0 

0.0 

0.0 

FILLER 

HOHE 
SAWD-B 
SAHD-B 

NOHE 
SAND-B 
SARD-B 

NOHE 
SAWD-B 
SARD-B 

HOHE 
SARD-B 
SAHD-B 

NONE 
SANB-B 
SAND-B 
SAND-B 

NONE 
SAND-B 
SAHD-B 
CLIHO 

NONE 
SAHD-B 

NONE 
SAND-B 

NOHE 
SAHD-B 
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Table 4-4. (Continued) 

COHCEPT ELEMEHT IHSIDE OOTOIDE FILLER GAP IHSIDEl OUTSIDE COATIWG FILLER 
MATERIAL MATERIAL MA-raRIAL MATERIAL' DELAY 
ID 01 OD 0© OD (rmy 

E.IR CA STAB 12.0 13.5 
CAW 13.5 14.@ 

•E.2R CA STAB 12.® 13.3 
CAM 13.5 14,© 

E,3K CA STAB 12.© 13,5 
CAH 13,5 14.« 

E.4W CA STAB 12.0 13.S 
CAH 13.5 14,0 

E.5H CA STAB 12.® 13.5 
CAM 13,3 14.© 

E.6H CA STAB 12.© 13,5 
CAH 13.5 14.0 

E,7« CA STAB 12.0 13.5 
CAH 13.5 14,0 

E,aK CA STAB 12,© 13.5 
CAH 13.S 19.5 

E;9H CA STAB 12.0 13.5 
CAH 13.3 19.S 

E.19R CA STAB 12.® 13.5 
CAH 13.S 19,3 

E. UH CA STAB 12.© 13.3 
CAR 13.S 19.5 

13.5 
14,0 

13.5 
14,0 

13,5 
14.§ 

13.S 
14.9 

13.S 
14.0 

13.5 
14,§ 

13.5 
14.© 

13,5 
19.5 

13.5 
19.S 

13.5 
19.5 

13.5 
19.5 

13.5 
48.® 

13.3 
48,0 

13.5 
48.0 

13.5 
48.0 

13.5 
48.8 

13.5 
48.© 

13.5 
48.0 

13.3 
48,0 

13.3 
48.0 

13,3 
40.® 

13.S 
48,® 

13.5 
48.© 

13,5 
48. § 

13,3 
48.0 

13,5 
48.0 

13.S 
48.0 

13,3 
48.0 

13.5 
48.0 

13.5 
48.0 

13.5 
48.® 

13.3 
48.0 

13.5 
48.0 

LEAD 
STEEL 

LEAD 
ZIRC 

LEAD 
INCOREL 

LEAD 
304SST 

LEAD 
COPPER. 

LEAD 
LEAD 

LEAD 
IRON 

LEAD 
STEEL 

LEAD 
ZIRG 

LEAD 
IHCOHEL 

LEAD 
304SST 

LEAD 
STEEL 

LEAD 
ZIRG 

LEAB 
IHCOHELI 

LEAD 
304SST 

LEAD 
COPPER 

LEAD 
LEAD 

LEAD 
IRON 

LEi\B 
STEEL 

LEAD 
ZIRC 

LEAD 
IHCOHEL-

LEAB 
3©4SST 

0.® 
0.® 

0.0 

0.0 
0.0 

9.9 
©,© 

©.0 

©.0 
©,0 

0.0 
0,9 

0,0 
o.§ 

0.® 

NONE 
SAND-B 

HOHE 
SAMD-B 

NONE 
SAND-B 

NONE 
SAND-B 

HONE 
SAND-B 

HOHE 
SAHD-B 

MORE 
SAHD-B 

HOHE 
SAHD-B 

HONE 
SAHD-B 

HOHE 
SAHD-B 

HOHE 
SAHD-B 
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Table 4-4, (Continued) 

COHCEPT ELEMERT INSIBE OOraiDE FILLER GAP INSIDE. OUTOIDE COATING FILLER 
MATERIAL MATERIAL MATERIAL MATERIALI DELAY 
m OD OD OD OD CYBS) 

E. 1211 CA STAB 
CAH 

12.0 13.5 
13.3 19.3 

13.5 
19. S 

13,3 
48,0 

13.5 LEAD 
48.0 COPPER. 

LEAD 
COPPER 

0.0 HOHE 
0.0 SAND-B 

E. 13H CA STAB 
CAN 

12.0 13.5 
13,5 19.3 

13.5 
19.5 

13.5 
48.0 

13,5 LEAD 
48.0 LEAB 

LEAD 
LEAD 

0.0 WORE 
0.0 SAHD-B 

E.14N CA STAB 12.0 13.3 
CAH 13.5 19.S 

13.5 
19,.1 

13.5 
48.0 

13.5 LEAD 
48.0 moH 

LEAD 
IRON 

0.0 HONE 
0.0 SAHD-B 

E.15N CA STAB 12.0 13.5 
CAN 13.3 14.0 

13.5 
14.0 

13.5 
36.0 

13.3 LEAD 
36.0 ZIRC 

LEAO 
ZIRC 

0,0 NOHE 
0,0 SAND-B 

E,I6H CA STAB 12.0 13.3 
CAM 13.5 14.0 

13.5 
14,0 

13,5 13,3 'LEAD LEAD 
36,0 36.0 INCONEL IHCOHELi 

0 . 0 NOHE 
0 , 0 SAND-B 

E. 1711 CA STAB 1 2 , 0 1 3 , 5 
CAN 13,5 14,0 

13.3 
14.0 

13.5 
20,0 

13.5 LEAD 
20.0 ZIRC 

LEAD 
ZIRC 

0.0 HONE 
0.0 SAHD-B 

E.18N CASTAS 12.0 13.S 13.S 
CAH 13,8 14,0 14,0 

13,3 
20.0 

13.5 
20.0 

LEAD 
IHCOHEL 

LEAD 
IHCOHEL; 

0.0 NONE 
0.0 SANO-B 

E.19H CASTAS 12.0 13.5 13.5 
CAH 13.3 14.0 14.0 

13.5 
48.0 

13.5 
48,0 

LEAD 
ZIRC 

LEAD 
ZIRC 

0.0 NONE 
0,0 BENT 

E.20N CA STAB 12,0 13,3 
CAH 13,3 14.0 

13.3 
14.0 

13.5 
48.0 

13,5 
48,0 

LEAD 
IHCOHEL 

LEAD 
IHCOHELi 

0,0 HOHE 
0.0 BENT 

E.?1H CA STAB 12,0 13.5 
CAH 13.5 14,« 

13.S 
14.0 

13.5 
48.0 

13,5 LEAD 
48,0 ZIRC 

LEAO 
ZIRC 

0.0 NONE 
0,0 CLINO 

E.22R CA STAB 12,0 13,5 
CAH 13.5 14,0 

13.3 
1 4 , 0 

1 3 . 5 1 3 . 3 
4 8 . 0 4 8 . 0 

LEAD 
IHCOHEL 

LEAD 
IHCOHEL. 

0 , 0 HONE 
0 , 0 CLIHO 
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Table 4-4. (Continued) 

COHCEPT ELEMEHT • IHSIDE OlTreiDE FILLER GAP IHSIDEi OUTSIDE COATIHC FILLER 
MATERIAL MATERIAL MATERIAL MATERIAL! DELAY 
ID OD OD OD OD CYIS) 

E.23H CA STAB 12,0 13,3 
CAH 13,S 14.0 

E,24H CA STAB 12,« 13,5 
CAH 13.3 14,0 

E.2SH CA STAB 12,0 13,5 
CAN 13.5 14,0 

E.26H CA STAB 12.0 13.3 
CAN 13,5 14,0 

E.27H CA STAB 12,0 13.5 
CAM 13.5 14.0 

E.28N CA STAB 12,0 13.S 
CAH 13,5 14.0 

E.29W CA STAB 12.0 13.S 
CAH 13.5 14.0 

E.30H CA STAB 12.0 13,5 
CAH 13.5 14.© 

E.31H CA STAB 12.0 13.5 
CAH 13.5 14.0 

13.5 
14.0 

13.5 
14.0 

13.5 
14.0 

13.5 
14.0 

13.5 
14.0 

13,5 
14.0 

13,5 
14.0 

13.5 
14. 1 

13,5 
14.5 

13,5 
48,0 

13,5 
48,0 

13.3 
48.0 

13,5 
48.0 

13.5 
4a, 0 

13,3 
48.0 

13,5 
40.0 

13.5 
40.0 

13.3 
48,9 

13.5 
48,0 

13.3 
48,0 

13,3 
48,0 

13.S 
48.0 

13,5 
48.0 

13.3 
48.0 

13,3 
48.0 

13,5 
48.0 

13,5 
48.0 

LEAD 
STEEL 

LEAD 
ZIRC 

LEAD 
IHCOHEL 

LEAD 
304SST 

LEAD 
COPPER. 

LEAD 
LEAD 

LEAD 
IROH 

LEAD 
STEEL 

LEAD 
STEEL 

LEAD 
STEEL 

LEAD 
ZIRG 

LEAD 
IHCOHEL-

LEAO 
304SST 

LEAD 
COPPER 

LEAB 
LEAO 

LEAD 
IROH 

LEAD 
ZIRG 

LEAD 
ZIRC 

0.0 
0,0 

0,0 
0,0 

0,0 
0,0 

0.0 
0,0 

0,0 
0,0 

0,0 
0.0 

0.0 
0.0 

0.0 
0.0 

0.0 
9.9 

HOHE 
SAWD-B 

HOHE 
SAHD-B 

HOHE 
SAHD-B 

HOHE 
SAHD-B 

NONE 
SAHD-B 

HOHE 
SAHD-B 

HOHE 
SAHD-B 

TORE 
SAND-B 

HOHE 
SAND-B 

izs^^^m. 
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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 media: 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, performance of these "best" case designs was evaluated 

with the current version of the BARIER code. This comparison is 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 generally predicts leach begin times in basalt which are lower than 

In 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 noted 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 u t i l i z ing a solid cast 

stabi l izer (Concept E) appeared to be one of the more promising package design 

candidates. As a result , a large part of the current study deals with Concept E 

and i ts design variations. 

Results of calculations for the Concept E package design variations are 

tabulated in Table 5-4. Calculations were perforaed primarily in creeping 

geologic media with most of the cases evaluated in sal t . Comparison of package 

designs varying only in canister material shows a large variance in leach begin 

time. Along with a signif icant dependence on canister thickness (E.Li - E.14M), 

this indicates that corrosion resistance is the l i f e determining factor for the 

Concept E design. The use of dif ferent backf i l l materials and variable backf i l l 
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Table 5-1. Comparison of Previous Best Package 
Designs with Current Results. 

Geology 

Sal t 

Shale 

Basalt 

Package 
Design 

A . l 

A. 5 

Bi.n 

C l . l 

C I . 3 

D,3 

D1,2 

D2,l 

E,4 

A,l 

A.5 

Bi .n 

C l . l 

C I , 3 

0,1 

Dl ,2 

D2.1 

E.24 

A.10 

B.8 

B1.7 

C.7 

CI.6 

D,5 

D1.5 

D2,8 

Leach Begin 

Previous 

14 

14 

1,900 

13 

13 

120 

130 

120 

6,300 

30 

30 

1.900 

27 

27 

37 

140 

140 

14,000 

25,000 

25,000 

810 

49,000 

12,000 

25.000 

1.700 

19.000 

Time, (y rs ) 

Current 

1 

5 

1,000 

20 

20 

110 

no 

120 

2,500 

1 

820 

1,100 

80 

80 

80 

MO 

200 

13,000 

10,000 

10.000 

4,000 

20,000 

4.900 

10,000 

1,800 

13.000 

Ralease Begin Time 
fo r Plutonium, (y rs ) 

(Oxic Condit ions) 

2,8 X 10^ 

5 

2,9 X 10^ 

2.8 X 10* 

2.8 X 10* 

2.8 X 10^ 

2.8 X 10* 

2,8 X 10^ 

2,500 

2,8 X 10* 

820 

2.9 X 10* 

2,8 X 10* 

2.8 X 10* 

2.8 X 10* 

2.8 X 10* 

2.8 X 10* 

4.1 X 10* 

2.9 X 10* 

1.0 K fO* 

4,000 

4 . 6 X 10* 

4,900 

3.8 X 10* 

1,800 

4.1 X 10* 

Release End Time 
f o r Plutonium, ( y r s ) 

(Oxic Condit ions) 

2.8 X 10^ 

4.0 X 10^ 

2.8 X 10^ 

2.8 X 10^ 

2.8 X 10^ 

2.8 X 10^ 

2.8 X 10^ 

2.8 X 10^ 

3.9 X 10^ 

2.8 X 10^ 

4.0 X 10^ 

2.8 X 10^ 

2.8 X 10^ 

2.8 X 10^ 

2.8 X 10^ 

2.8 X 10^ 

2.8 X 10^ 

2.9 X 10^ 

2.9 X 10^ 

4,2 X 10^ 

2,7 X 10^ 

2,9 X 10^ 

3.5 X 10^ 

2.9 X 10^ 

4.1 K 10^ 

2.9 X 10^ 
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Table 5-2. Previous Best* Package Design Results with Current BARIER Model, (Continued) 

SIMIIIIIR 
MUniM 

JMSM 

l l r M l a ^ 

S t M l 

Use I 

< l i c « l a y 

i l M l 

J » 4 i i l 

I 

Itntluf 

mnmhi 

M4ii l 

M4SM ( I .O- IhRk l 

l l r c d i o j ( 1 . 0 " 
I h l c k ) 

l<KOl»!l 

i t e c l 

JU4'jiI 
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« 1 4 i i l ( t o . I " i l r t l 

IHICKMS!) 
(INCIICS) 

o.ii 

1.9 

1.0 

o.n 

a.ti 

1.0 

a.2& 

0 .21 

a.ii. 

a.» 

a.a 

0.25 

0.26 

0 25 
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U.2!. 

i.% 

mitfiiM. 

ilHU 
IIIICMItiS 
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i l r c d l o y 
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Table 5-3. Best Package Designs in Current Study (Oxic Conditions). 

Geology 

Salt 

Shale 

Basalt 

Package 
Design 

BE.12N. 
BE.25N 

B1.18N 

E.9N 

B1.21N 

BE.25N 

E.13N 

B1.9N 

BE,12N 

Leach Begin 
Time, (yrs) 

5,000 

29,000 

30,000 

2,600 

5,900 

3,800 

12,000 

5,900 

Release Begin Time 
for Plutonium, (yrs) 
(Oxic Conditions) 

3.3 X 10^ 

5.4 X 10^ 

8.1 X 10^ 

3.0 X 10^ 

3.4 X 10^ 

3,2 X 10^ 

6.7 X 10^ 

3.4 X 10^ 

Release End Time 
for Plutonium, (yrs) 
(Oxic Conditions) 

2.9 X 10^ 

2.8 X 10^ 

2,9 X 10^ 

2.8 X 10^ 

2.9 X 10^ 

2.9 X 10^ 

2.9 X 10^ 

2.9 X 10^ 
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Table 5-4, Concept E Results in Current Study, (Continued) 

USICN 

I . I 2 H 

I . U N 

I . I 4 N 

I 15N 

1.3 

l . l 

1.3 

£.4 

t . 4 

1.4 

1.24 

1.24 

I .'4 

M O M 

iUU 

Stala 

S l ia l * 

S M l 9 

Sa l t 

Shale 

UuU 

Sal t 

SiMie 

lMi .a l t 

Sa l t 

ShaU 

eaaal t 

S I M I I I I I M 
M K R M 

lead 

l u d 

tead 

lead 

t t a d 

Lead 

lead 

tead 

lead 

l ead 

l u d 

lead 

l ead 

CMISI IK 
mitsiM 

Copper 

l a i 

I ron 

l l r M l o j j 

304SSI ( • O . r l i r e ) 

3U4SSI ( • O . r l i r e ) 

J04SSI ( • 8 . 1 * l i r e ) 

l l r c a l o ^ 

l l r e a l o y 

l l r e a l o ^ 

* 4 S S I ( • 0 . 10 " l i r e ) 

JU4SS1 («0.10" l i r e ) 

»4SSI { l O . 10" l i r e ) 

U N I S I t N 
IIIICKNtSS 
(INCIItS) 

3.0 

1.0 

3.0 

0.25 

0.25 

9.25 

0.26 

0.25 

0.25 

0.25 

0.25 

0.25 

0.25 

S l i m 
miiRiM. 

... 

... 

... 

... 

... 

... 

... 

... 
— 
— 
... 
... 
... 

SIIIVC 
THicniiss 
flKHlS) 

... 

... 
— 
... 
... 
— 
... 
... 
— 
— 
— 
... 

M C W I l l 
M I C k l M 

Sand-t 

Sa«d- i 

Sand B 

S u d - B 

Sand-S 

SaiHl-a 

Sand-B 

Saml-B 

Sand-I 

Saod- l 

Sa»d-B 

SSRd-8 

Sand-S 

M C M I l l 
I I I ICUIISS 
( IM.H l '5 | 

14.25 

14.25 

14.25 

U . O 

i . t 

2 .9 

2.a 

3.0 

3.0 

i.a 

i .M 

».»» 
9.65 

m i . M i l l 

u».. rs) 
652 

552 

'552 

651 

601 

492 

610 

505 

« 4 

512 

5 M 

521 

545 

t i M i i a i b iN 

MOI IC 

2 ,MO 

3,mm 

i . m 

J.300 

i.ioa 

4 , ) M 

4,)0O 

t.U» 

1.300 

3.300 

9.aao 

11,OM 

ii.oao 

IIHl iMHJ 
MIC 

2.300 

l . M M 

»50 

3.300 

l . M O 

l . M M 

J.WM 

2,5tn 

3.300 

) , 3 W 

%.im 

I I . IMO 

11 , I IM 

taleais aegln llm 
t o r Plut&niim, ( ^ r i ) 

(Dais C M d l t l o M ) 

1.1 a 10* 

1.2 a l a * 

2 .» • 10* 

3.2 M 10* 

I . O M 

z.tm 

i.ma 

2 .MO 

J.WO 

3,3«0 

1.0 , 10* 

« . l a IS* 

4 . 1 n 10* 

t o r r i y l c m l i a . ( y r i l 
( O i l e C s o d l l t s s i i l 

2 .« a 10^ 

2 ,» a 10* 

i.» a la' 

2.» a 10* 

J . » a 10* 

l . » « 10* 

J .» > 10* 

l . » a 10* 

l . » > 10* 

J .» a 10* 

2 . 1 1. W * 

i . i a 10* 

2.S , 10* 



thickness was found to 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 -^re 

found to give the longest leach begin times. This is due primarily to the 

relatively small corrosion rates for Zircaloy. 

As can be seen 1n Table 5-4, the radionuclide release breakthrough is 

delayed an enormous amount of time when appropriate backfill is used. 

5.3 HEAVY SLEEVE CONCEPT (Concept Bl) 

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 

supDort. A protective sleeve cladding 1s also included 1n certain cases to 

increase the corrosion resistance of the sleeve. Previous work (Lester, 1979) 

had shown that backfill thickness had little or no effect on package performance 

but that sleeve design was significant in creeping media. 

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 material 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 is, 

sleeve cladding thickness is significant only In those cases where sleeve 

thickness exceeds a 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 in basalt. This 1s due to the high creep rate In salt and the negligible 

creep rate assumed in basalt. 

As with the E concept, when a backfill is used, radionuclide release 

occurs at very long times after package failure, is attenuated by a large factor 

and is spread out over very long times. 
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Table 5-5. Concept Bl 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 COMCEPT (Concept 3E) 

A package design utilizing both a solid cast stabilizer and a heavy 

sleeve had oeen thought to be an attractive concept on the basis of results of 

previous work (Stula, 198Ga). 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 evaluated in salt. Results of 

calculations for the Concept BE design variations are presented in Table 5-6. 

Comparison of package designs varying only in canister material show a 

large variance in leach begin time which indicates a significant dependence on 

corrosion rate. As In the Concept Bl package design, sleeve thickness is 

sufficient to prevent immediate crushing of the package, '.̂ ith sufficient sleeve 

strength, corrosion resistance of the sleeve cladding is important in determining 

package lifetime. Backfill thickness was found to have no effect on leach begin 

time. Calculated leach begin times in salt are generally much less than 

corresponding times in shale and basalt. 

As in all other designs the backfill greatly delays and attenuates 

radionuclide release, 

5.5 PEAK WASTE TEMPERATURE 

Use of design packages with many layers and/or low conductivity 

materials could result in very high waste temperatures, A maximum temperature 

criterion of 553°K (380°C) 1s used to reject package designs. Calculated peak 

waste temperatures for all package designs evaluated are included in Tables 5-2, 

5-4, 5-5, and 5-6. Of the design cases evaluated, only four (E.19M - E.22M) 

exceed the maximum temperature criterion. 

The package design characteristics having the most pronounced effect on 

peak waste temperature are type of backfill material and backfill thickness. The 

effect of type of backfill material is shown in Table 5-7 where use of backfill 

materials with relatively low thermal conductivities sucn as bentonite and 

cl inoptilolite result in higher peak waste temperatures than in the case when 

sand-bentonite (10 percent) is used. The effect of backfill thickness is also 

shown in Table 5-7. Peak waste temperature increases significantly with 

increasing backfill thickness. Types of barrier wall materials (metals) and 

barrier wall thicknesses have little, if any, effect on peak waste temperature. 
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Table 5-6. Concept BE Results in Current Study. (Continued) 
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Table 5-7. Effect of Backfill Material and Thickness 
on Maximum Waste Temperature. 

Package 
Design 

BE.IN 

BE.30N 

BE.31N 

BE.5N 

BE.32N 

BE.33N 

BE.26N 

BE.28N 

BE.34N 

E.2N 

E.15N 

E.17N 

E.19N 

E.21N 

Geology 

Salt 

f T 

Backfill Material 

Sand-Bentonite (lOS) 

Sand-Bentonite (10%) 

Sand-Bentonite (lO'O 

Sand-Bentonite (10?^ 

Sand-Bentonite (lOS) 

Sand-Bentonite (10°^ 

Bentonite 

Clinoptilolite 

Sand-Bentonite (10:0 

Sand-Bentonite (101) 

Sand-Bentonite (10"̂ ) 

Sand-Bentonite (101) 

Bentonite 

Clinoptilolite 

Backfill 
Thickness 
(Inches) 

16.5 

2.5 

10.5 

16.35 

2.35 

10.35 

13.25 

13.25 

13.25 

17.0 

11.0 

3.0 

17.0 

17.0 

Peak Waste 
Temperature,( K) 

595 

501 

564 

593 

499 

562 

624 

624 

557 

599 

568 

505 

698 

698 
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5=6 SEMSITIVITY STUDIES 

Sensitivity analyses were perfonned to deterraine the effects of certain 
package physical characteristics and geologic conditions on package perfonnance. 
Previous sensitivity study results were reported in (Stula, 1980a) for evaluation 
of the l i s t of best package concepts for sal t and shale media as determined in 
FY'79 work (Lester^ 1979). In 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 s tabil izer . However, for non-cast 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 i s , the AT 
between repository and waste is constant and dependent on waste heat generation 
ra te . Repository temperature was found to have a small, but significant effect 
on canister thickness at failure for the non-cast stabilizer designs. The 
cr i ter ia used to determine minimum canister thickness required to withstand 
geologic creep forces are temperature dependent. Thus, leach begin time is 
Inversely related to canister thickness at failure. For cast stabilizer designs, 
no effects on canister thickness 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 vwuld be utilized in any particular corrosion 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.27M, the maximum waste temperature 
increases linearly with increasing waste heat generation 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 by conduction and radiation, use of 
Equations (3.2.3) - (3.2.5) with package design 3E.39M shows essentially a linear 
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Table 5-8. Effect of Repository Pressure on Package Performance. 

Package 

A.10 

A.10 

A.10 

E.24 

E.24 

E.24 

Geology 

Salt 
1 

1 f 

Repository 
Pressure, (psi) 

1700 

2500 

3000 

1700 

2500 

3300 

Repository ^ 
Temperature, ( K) 

465 

466 

466 

466 

466 

466 

Can Thickness 
at Failure, (in) 

.321 

.491 

.603 

0 

0 

0 

Radiation 
Dose, (R/hr) 

.230 

.245 

.254 

.089 

.089 

.089 

Leach Begin 
Time, (yrs) 

6790 

5090 

3970 

2600 

2600 

2600 

• • 



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

Package 

A.10 

A.10 

A.10 

A.10 

A.10 

E.24N 

E.24N 

E.24N 

E.24N 

E.24N 

Geology 

Salt 
1 

i f 

Repository 
Temperature, ( K) 

373 

423 

466 

523 

573 

373 

423 

466 

523 

573 

Peak Waste 
Temperature, ( K) 

401 

451 

494 

551 

601 

506 

556 

599 

656 

706 

Can Thickness 
at Failure, (in) 

.464 

.478 

.491 

.509 

.526 

0 

0 

0 

0 

0 

Leach Begin 
Time, (yrs) 

5360 

5220 

5090 

4910 

4740 

2600 

2600 

2600 

2600 

2600 



Tdble 5-10. Effect of Waste Heat Ijerierdtioii Rdte on Maxiiiiuiii Waste reiii|jeratun-». 

f'dckage 

IJ2.1 

02.1 

IJ2.1 

1)2.1 

BL.2/N 

BL.27N 

BL.27N 

BL.27N 

Bi:.39N 

Bl.39N 

BE.J9N 

Bl-. 39N 

Geology 

Salt 

, ^ ' 

Waste Heat Generation 
Rate Q/L, (Matts/incli) 

0.5 

2.73 

4.73 

7.0 

0.5 

2.73 

4.73 

/.O 

O.i) 

2.73 

4.73 

7.0 

Air Gap Thickness 
Between Can and Sleeve 

(inches) 

0 

0 

0 

0 

0 

0 

0 

0 

1.0 

1.0 

1.0 

1.0 

Repository 
Temperature, ( K) 

466 

466 

466 

466 

466 

466 

466 

466 

466 

466 

466 

466 

Maximum Waste 
Temperature, ( K) 

475 

615 

551 

592 

483 

557 

623 

b99 

475 

516 

552 

593 



dependence of maximum v«ste temperature on waste heat generation ra te . This 

indicates that for r e l a t i ve l y small a i r gap thicknesses wi th in a package, the 

rad ia t ion component of heat t ransfer is o f minor importance in comparison to the 

conduction component. The e f fec t of varying a i r gao thickness on maxlmun waste 

temperature is shown 1n Table 5-11 fo r small a i r gaps. 

Var iat ion of back f i l l compaction coef f ic ien ts was found to nave no 

e f fec t on package l i f e or any other performance character is t ic with the exception 

of net pressure on a bar r ie r at f a i l u r e . However, th is e f fec t i s r e l a t i ve l y 

minor over the range of compaction coe f f i c ien ts considered, ftet oressure of a 

bar r ie r at f a i l u r e with a " s t i f f " b a c k f i l l i s generally on the order of 5 psi 

higher than that fo r a bar r ie r with a " so f t " bacx f i l l in non-cast s tab i l i ze r 

package designs. This e f fec t i s shown in Table 5-12. For cast s tab i l i ze r 

designs, net pressure of a bar r ie r at f a i l u re is independent of back f i l l 

compaction c o e f f i c i e n t s . 

The e f f ec t of var ia t ion of b a c k f i l l thickness on radionuclide transport 

resistance is shown in Table 5-13. I t can be seen that most of the radionuclide 

t ransport resistance as calculated by the RELEAS subroutine is a t t r i bu ted to tne 

back f i l l thickness except in the s i tua t ion where the back f i l l thickness i s 

extremely small ( less than one inch) . Radionuclide release y'ates reach steady 

state more gulckly as the b a c k f i l l thickness i s decreased, detai led resul ts of 

these s e n s i t i v i t y calculat ions are included in Appendix F. 

The e f fec ts of s o l u b i l i t y of U-238 on radionuclide release rate are 

evident in the resul ts of each package design evaluated. " C the high s o l u b i l i t y 

case, the release rate reaches steady state more quickly and is s i gn i f i can t l y 

higher than in the low so luD i l i t y case. 



Tdble 5-11. Effect of Air Gap Thickness on Maximum Waste Temperature. 

Package 

BE,39N 

BE.39N 

BE.39N 

BE.39N 

B1.26N 

B1.27N 

B1.28N 

B1.29N 

Geology 

Salt 

1 ' 

Waste Heat Generation 
Rate Q/L, (Watts/inch) 

4.73 

4.73 

4.73 

4.73 

4.73 

4.73 

4.73 

4.73 

Air Gap Thickness 
Between Can and Sleeve 

(inches) 

0.125 

0.25 

0.5 

1,0 

0.25 

0.5 

1.0 

2.0 

Repository 
Temperature, ( K) 

466 

466 

466 

466 

466 

466 

466 

466 

Maximum Waste 
Temperature, (°K) 

556.6 

556.0 

554.8 

552.2 

559.1 

557.9 

552.4 

547.7 

• • 



Table 5-12. Effect of Backfill Compaction Coefficients 
on Net Pressure on a Barrier at Failure. 

Package 

B1.4N 

B1.19N 

B1.4N 

B1.19N 

E.IN 

E.23N 

E.IN 

E.23N 

Medium 

Salt 

1 1 

Barr ier 

Canister 

Canister 

Sleeve 

Sleeve 

Cast S tab i l i ze r 

Cast S tab i l i ze r 

Canister 

Canister 

Back f i l l Compacti 

A 

0.44 

47.5 

0.44 

47.5 

0.44 

47.5 

0,44 

47.5 

on Coeff ic ients 

K 

253 

0 

253 

0 

253 

0 

253 

0 

Net Pressure on Barr ier 
at Fa i lu re , (PSIA) 

-2522.6 

-2523.1 

-2869.1 

-2870.4 

-2500 

-2500 

-2500 

-2500 



Table 5-13. Effect of Backfill Thickness on Radionuclide Transport Resistance. 

Package 
Design 

BE. IN 

C.2N 

Backfill* 
Thickness, 
(Inches) 

16.5 

10.5 

2.5 

1.25 

0,5 

17.0 

11.0 

3.0 

1.5 

0.5 

Radionuclide Transport 
Resistance Due to 

Backfill, i%) 

97.6 

96.2 

85.8 

75.2 

54.8 

98.4 

97.6 

91.6 

84.5 

64.5 

Release Begin Time 
for Plutonium, (yrs) 
(Oxic Conditions) 

2.9 X 10^ 

2.9 x 10^ 

40 

40 

40 

5.9 X 10^ 

3.1 x 10^ 

2500 

2500 

2500 

Release End Time 
for Plutonium, (yrs) 
(Oxic Conditions) 

2.9 x 10^ 

2.9 x 10^ 

4.1 x 10^ 

4.2 X 10^ 

4.2 x 10^ 

2.9 x 10^ 

2.9 x 10^ 

3.9 X 10^ 

4.3 X 10^ 

4.2 X 10^ 

*Sand-Bentonite (lOX) 



5. CONCLUSIONS AND RECOMMENDATIONS 

The objective of the System Study on Engineered Barriers (SSE3) 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 a limited number of engineered barrier package designs have been 

analyzed in 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-closure, 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 coimon materials. Furthermore, judicious use of backfills to sorb 
radionuclides and/or exclude water can greatly reduce radionuclide releases after 
failure of canisters and overpacks as well as greatly delay the onset of 
radionuclide release. 

The results indicate that a few inches of backfill tnickness are 
sufficient to supply the necessary barrier to radionuclide release. Radionuclide 
retention times for U-238 as long as 10 years (e.g. Concept BE.ZSSO were 
calculated in many cases. Large backfill thicknesses are of l i t t l e 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 i t 
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contributes ^ery little and ne'>fer contributes to stress aoplication if a very 

"soft" material is used. The key question with regard to backfills remains 

whether the backfill material will retain its properties over long periods of 

time (more than 1,000 years). As was reported from previous studies (Lester, 

1979) there is a serious question that a backfill would be intact in an 

environment capable of leaching material from a ceramic fuel material. 

The new code version demonstrates, as did the previous version, that \n 

creeping geologic media (salt or shale) the most important requirement is to 

withstand the media crushing pressure. This requires a heavy sleeve and/or a 

solid, "crush-proof" waste form (i.e., a cast stabilizer). Corrosion is 

important in that it steadily weakens a sleeve wall and eventually causes 

failure. In the case of the "crush-proof" stabilizer, corrosion results in a 

breakthrough which allows repository water to contact the waste. 

In general, the results using the new BARIER model roughly correspond 

to those from the previous model. While corrosion rates in the new data, base 

tend 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 conservative. 

5.2 AREAS OF UfJCERTAIMTY 

The current performance calculation capability is quite 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. Generally, where such uncertainty exists, credit is not taken for 

possible lesser consequences. For instance, V'̂ hen a particular parameter value is 

not well known, bounding values are used and the limit yielding the worst 

consequences in the bounded range is 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. 
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^^6.2.1 Corrosion Rate 

Corrosion of package barriers is a dominating failure mechanism. To 

accurately assess the life of the package the corrosion rate as a function of key 

parameters and of time is needed. Extensive study of literature supported by 

hand and computer-assisted searches was performed to develop 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 include other 

parameter effects such as temperature and radial ton. Three deficiencies were 

encountered: (1) total lack of data in some categories for some materials, (2) 

data available but in chemical environments not corresponding to the repository 

condition of interest, and/or (3) ranges of parameters (temperature, pressure) 

not corresponding to those of interest. It was possible to divide corrosion 

rates into two temperature ranges and choose high values in known data ranges. 

One difficulty was encountered in choosing "highest values"; unreasonable rates 

sometimes result which lack common sense. In most of these instances the 

environment was too different from the repository. Such values were deleted. 

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 generally very low at 

failure time compared to levels giving measureable effect. However, more 

Information, especially in typical chemistry, is definitely needed or much 

overdesign will be required. 

Another area of particular concern is local corrosion on joints, seams 

or other discontinuities in the bulk metal. Corrosion data is typically on base 

metal samples although some weldment testing has been done. Nevertheless, it is 

possible to Introduce safety factors. For example, the literature gives guidance 

on corrosion allowances for non-base metals and one can design in conservation. 

In general it is felt that package designs could proceed now if a large 

degree of overdesign is tolerable. To reduce cost and increase general 

confidence more pertinent corrosion data would be useful. Of special concern is 

the need to extrapolate over long periods of time. This is unavoidable and can 

be done with more confidence if based on comprehensive data. 
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6.2.2 Back f i l l Properties 

Two basic categories of back f i l l propert ies are used in the current 

BARIER code: (1) Physico-mechanical and (2) chemical. The physico- mechanical 

propert ies are volume-pressure compaction charac ter is t i cs (oulk modulus) and 

internal f r i c t i o n charac ter is t i cs (shear modulus and Mohr slooe) which determine 

the behavior of the b a c k f i l l under external stress and how the reoosi tory stress 

1s transmitted to the inner package components. The chemical chara te r i s t i cs are 

those parameters a f fec t ing radionuclide and water transport and include 

retardat ion factors ( k ^ ) , d i f f u s i v i t y , porosity and t o r t u o s i t y . 

Data are l im i ted in both categories but reasonable bounding estimates 

can be made and are used in the current study. As with corrosion, increasing 

knowledge allows more precision in design. Confidence In the design 1s possible 

with current data but th ick b a c k f i l l s may be needed to ensure su f f i c i en t 

perforaance. The greatest uncertainty is the a b i l i t y of b a c k f i l l s to reta in 

the i r propert ies over long periods in envrionments of i n t e res t . However, 

geologic data on montraoril lonites and s imi lar materials provide some ins ignt in 

the i r s t a b i l i t y thus al lowing the bounding process. The most pessimistic 

conclusion leads to s ign i f i can t funct ional l i f e t imes (thousands of years) so that 

the problem i s again one of design precision rather than of design i n t e g r i t y . 

The v i t a l importance of the b a c k f i l l i s evident in the resu l ts of tn i s 

study. Therefore, i t would be useful to expand understanding of these mater ials 

as a design support a c t i v i t y . Increased confidence and design orecision in the 

b a c k f i l l v i l l i y i e l d many benef i ts . 

6.2.3 Waste Leaching 

This study has been restricted to disposal of unreprocessed, spent 

fuel. Mevertheless, all that is discussed here applies to any other waste form. 

Consider the relationship of intrinsic (microscopic) data to global 

(physical system) data. The package is a global system the descrlotion of which 

is based on intrusion data. Data obtained to date is intrinsic (Katayana, 1976, 

1980); that is, the measurements of leach rate are taken witnout the resistance 

due to contaminants present. If the intrusion leach rate is large compared to 

global system transport then the leachate around the waste form becomes saturated 

with a given species. In this case solubility data are needed. Solubility data 

154 



from Katayana were used because in all cases the transport rates were orders of 

magni tude below 1ntrusi on rates. 

The release rates are sensitive to solubility 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 
3 10 whether one is concerned whether breakthrough times are 10 years or 10 years. 

However, as more detailed precision package design 1s done and more refined risk 

analysis 1s carried out, increased confidence in the pertinent numbers will be 

needed. It is recommended that solubility numers be emphasized in future 

testing. Leach rate measurements should be done in demonstration testing 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. !1uch data are available on the Dehavior of swelling clays 

and protective coatings but not as a function of long periods of time, ^ork in 

this area would be beneficial in providing a measure of redundancy to design. 

6.3 RISK nODEL DEVELOPMENT RECQHMENDATIGM 

The SARIER code was not developed for the purpose of risk analysis but 

rather to provide scoping studies which could be used to maKe research and 

development decisions, Hoviever, in recognition of the amount of effort expended, 

the code was designed with ease of extention to a risk moael in mind. Thus the 

code provides a baseline for development of a near-field risk model. 



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. I t 
is based on one principal scenario but many sub-scenarios could be evaluated from 
the results (see discussions in Section-2), I t carries this principal scenario 
to the consequence conclusion: release to the geology of specific radionuclides 
as a function of time. What i t lacks i s 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 likely be 
identified as the actual job of incorporating this model into risk methodology is 
undertaken. 

6.3.2 Mear-Term 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 transport 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 effects are different. More accurate representation of 

radiodecay in the backfill may be desirable for shorter-lived radionuclides. 

The model for resistance effects of failed barriers could be coupled to 

corrosion mechanisms to allow a more accurate representation of the barrier 

resistance in radionuclide release. However, note that in many cases this 

represents less than 10 per cent of the total radionuclide release resistance. 

Code function changes such as automatic variance of time increment to 

accommodate fast or slow rates of package degradation and to allow more efficient 

use of computational time would be desirable. In addition, further refinement of 

data manipulation and output format more appropriately tailored to interfacing in 

a risk model would be desirable. 
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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 limited for scoping purposes and 

was not meant to cover all the design choices 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-limited, 

6.3,3 Long-Term Improvet^ents 

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-linear effects. In addition, feedback between crack propagation/penetration 

and calculated stresses might be a desirable feature. Of particular importance 

is the improvement of the data base so that more applicable chemical-physical 

environments are represented .and more accurate temperature dependency is 

available. It is not likely 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 in a backfill and water transport 

are all 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 corrosion and radiation field calculations could be closed. When 

this is done the radiation field subroutine will require expansion to include 

photon sources other than spent fuel (such a change might be desirable now in tne 

near-term). 

The current model envisions a lithostatic 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 asyrmetry may actually shorten package life. It 

would be desirable to do more sophisticated stress calculations. Furthermore, 
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the conservative assumption is now made that full overburden stress is applied at 
time = 0. At high temperature in sal t this is quits reasonable as creep rates 
are high at low temperature. In other media (e .g . , shale) consideration of rate 
of stress build-up could be a useful addition. 

158 



7. REFERENCES 

American Society of 'Mechanical Engineers, 1977. Asme Boiler and Pressure 
Vessel Code, Section VIII, Division 1, July. 

Ahlstrom, P. E,, 1978. "Ceramic and Pure-Metal Canister in Buffer Material", 
Proceedings of the Conference on High-Level Radioactive Solid Waste 
Forms, MURE6/CP-0005, L. S. Casey, Ed., December. 

Berry, W. E., 1971. Corrosion in Nuclear Applications, John Wiley & Sons. 

Bird, R. B., et al, 1965. Transport Phenomena, John Wiley & Sons. 

Blazer, R, V., and J. J. Owens, 1956. "Special Corrosion Study of Carbon and 
Low Alloy Steels", ASTH Symposium on High Purity Water Corrosion. 

Braithwaite, J. W., and M. A. Molecke, 1979. Scientific Basis for Nuclear 
Waste Management and Technology, Vol. 1, G. J. f4cCarthy, ed.. Plenum 
Press. 

Bulischeck, T. S., and D. Van Rooyen, 1980. "Stress Corrosion Cracking of 
Alloy Goo Using Constant Strain Rate Test", NACE Corrosion/80, Preprint 
of Paper Ho. 183, March, 1980. 

Butler, G., and H.C.K. Ison, 1966. Corrosion and Its Prevention in Water, 
Reinhold Publishing Co., New York. 

Byerlee, J. 0., 1967. "Frictional Characteristics of Granite Under High 
Confining Pressure", J. Geophys. Res., Vol. 72, No. 14, July 15. 

Carslaw, H. W., and J. C. Jaeger, 1967. Conduction of Heat in SoliJs, Oxford 
University Press. 

Cataldi, H, A., and C. F. Cheng, 1958. "Investigation of Erosion and 
Corrosion of Turbine Materials in Wet Oxygenated Steam", Trans. ASHE, 
Vol. 80. 

159 



Cheng, C. F., 1980. "Canister Corrosion of a System Study on Engineer'-.J 
Barriers", Internal Letter, Science Applications, Inc. 

Cooper, A. R. and L. E. Eaton, 1962. "Compaction Behavior of Several Ceramic 
Powders", J. Am. Ceram. Soc, Vol. 45, No. 3, March 1. 

Copson, H, R., and W. E. Berry, 1960. "Qualifications of Inconel for Nuclear 
Power Plant Applications", Corrosion, Vol. 16, No. 1. 

Danckwerts, P. V., 1951. Transactions of Faraday Society, Vol. 47, p. 1014. 

Datsko, J., 1966. Material Properties and Manufacturing Processes, J. Wiley & 
Sons, Inc., New York. 

Dennison, I. A., and M. Romanoff, 1946. "Soil Corrosion Studies: Ferrous 
Metal and Alloys", J. Research, NBS, Vol. 44. 

Endell, et al, 1938. "Uber Zusammenhange Zwischen Wasserhaushalt der 
tomminerale and Boden physikalischen Eigenschaften bindiger Boden", 
Veroffentl. deut. Forsch. Bodenmech, 5. 

Ford, F. P., and M. J. Povich, 1979. "The Effect of Oxygen Temperature 
Combinations of Stress Corrosion Crack Susceptibility of Sensitized Type 
304 Stainless Steel in High Temperature Water", Corrosion, Vol. 35, No, 
12. 

Gael, J., et al, 1979. "Incorporation of Solid High Level Waste into Metal 
and Non-Metal Matrices", Proceedings of the Conference on High-Level 
Radioactive Solid Waste Forms, NUREG/CP-0005, L. A. Casey, ed., December, 

Haggblom, H., 1977, Diffusion of Soluble Materials in a Fluid Filling a 
Porous Medium, KBS Technical Report 9, Stockholm, Sweden. 

Hammer, N. E, Corrosion Data Survey, 5th ed., NACE, Houston, Texas. 

International Nickel Co., Inc. General Seawater Corrosion, GM 3-785719 (2). 

Katayama, Y. B., 1976. Leaching of Irradiated LWR Fuel Pellets in Oeionized 
and Typical Ground Water, BNWL-2057, July, 

160 



Katayama, Y. B., 1980. Status Report on LWR Spent Fuel IAEA Leach Tests, PNL-
3173, Battelle Pacific Northwest Laboratories, March. 

LaQue, F. L., and H. R. Copson. Corrosion Resistance of Metals and Alloys, 
2nd ed., Reinhold Publishing Co, 

Lester, D. H., et al, 1979. System Study on Engineered Barriers Task 3 -
Barrier Performance Analysis, Final Report, SAI01379-990LJ, Science 
Applications, Inc, prepared for Office of Nuclear Waste Isolation, 
September. 

Low, P. F., and J. F. Margheim, 1979. "The Swelling of Clay. I. Basic 
Concepts and Empirical Equations", Soil Sci, Soc. Amer. Jour., Vol, 43, 
pp. 473-481. 

Marks, L. S., 1952. Mechanical Engineers' Handbook, 5th ed., McGraw-Hill 
Publishing Co. 

Mattson, E., and E, Fredrickson, 1968. "Pitting Corrosion in Copper Tubes: 
Causes of Corrosion and Countermeasures," British Con, J., Vol. 3, No. 5, 
September. 

Nelson, G. A., 1967. Corrosion Data Survey, NACE, Houston, Texas, 

Neretnieks, I., 1978. Transport of Oxidants and Radionuclides Through a Clay 
Barrier, KBS Teknisk Rapport, February 20. 

Posey, F., and A. A. Palko, 1979, Corrosivity of Carbon Steel in Concentrated 
Chloride Solution", Corrosion, Vol. 35, No. 1, January. 

Powell, B. E., and L. V. Lucey, 1966. Physical Studies of Water Formed 
Corrosion Products on Copper, Final Report to the International Copper 
Research Assoc, British Non-Ferrous Metals Tech. Center, London, 
England, March. 

Pusch, R., 1978a. Highly Compacted Na Bentonite as Buffer Substance, KBS 
Report 174, Stockholm, Sweden. 

Pusch, R., 1978b. Self-Ingestion of Highly Compacted Bentonite into Rock 
Joints, KBS Report 173, Stockholm, Sweden. 

161 



Rockwe 11, T . , 1950 RHJC lur__ : i i i eld in i n - ; ign I itMial, ' Ich. :&-{ h 11 Puh I i ; li i ng 
f n . 

• ' rh l i c l i i inq, H., 19Sf' BmaiJarv La\e^ riie-jijy^, .L l .2 ; i i f i . irdi islai 'uj , --Itli ed„, 
McGraw-Hill Puhlishing Co., Nea Yorl . 

r.chumachei , M., ed . , 1979„ Sea^_Jj.=iiIgr lor t u j i'jti_ Haii'lbuul:., Noyes DaU I 'mp,, 
Pari Ridye, Mew Jersey. 

Smith, J . n.. 1970. CiiQinical Etigina-, Ing ! inel ics, ricliraw-Hi11 Ffiblishing 
Co., MM York. 

Speidel, M. 0 . , Iy77, "Sirc-Si Ca. roci i i i i f i ar! iimwiJi in tl i ist-eni'ic '"Uinltfss 
5 t e e l " , Cot r OS ion. Vol , 3!., Uo» o. 

Stu la, Ro T . , et a l , 1930a. Systeiii Sfcu'iy Q» tnginee. ed Bar r ie rs , Tas! 1 -
Ii i l:erini_Report, ;.Ai01379-107nLJ/F, lcierii,e Appl icat ions, Inc. prepared 
for Off ice ef ?Ji!flcar Misle I - .u la l iu iu ' ia ich. 

St i l l3 , R. T.5, ec a l , 19Cnii. Syble-ii '".ti.dy OH Crigitieercd Bart i e rs , Tisk__ j ^ 3 
ftiler iiii Repuit, DARIEFJ Code li^er nami i l , SAfOlHO-^B/LJ, Science App l i 
cat ions, Iric. , prepared For Off ice JF fj i icl iai Hasre I so la t i on , July. 

Syre t t , B. C , 1977. "Aurreated CoMOGief! of Loijpei in r l0" i ot Pure Hater 
Co»-itamiiiai'ed wi ih Oxyycn and S>i1fi'J-;", Cot i oaiun. Vol 33, fin. 7. 

Toddj B., irid P. A. Lov.- t i , 195ti. "l.tlei-c siig Hafcei i a l s fo. Sea Waier 
Systems", in f1a«'iiie Erif|iiiee> ing Pra^.tice, VoL l . Pari I ' l , IHatituLe oF 
Marine Engineers, England. ~ " ^ 

T u t h i l l , A. H., and C. W. '".ciiin no l la r , 1465. "Rui-I^Hnas far Selection of 
Marine " ig te i ia ls"^ Ocean Sciesire anJ Emjineei inq fcmference, Mas ine Tecfi-
riology Society^ June, Internat ional ?l ic 'el Co., Inc. Publ icat ion - 2?! 
11-76 (5M 2= 7̂6) 5303. 

U.S. Oepart.iieni: of Energy, iy79a. Or a f t b nw i r otTiie' i la 1 I'lipac t jil_aj._efen_t__^_ 
Manaqe.nent of Conniiercially Generated Radioactive VJastes, Vols. 1 and°2. 

16"' 



•

'J.S, nepat tiieiit of Enet gy, ly7yh. lechnology fot ConiTiorcial Radioactive Waste 
Mrn ocy^meii I, Vul'^, f iliv,.no,h '•, DuE/r i-nuy.:, H^y. 

IJesterinan, R. E., et a1, i979. ^Tellniinai y lonceptiial 'Jes jjii_s_Fo? Advanced 
p3d.aqgs Fnr Hrj .If-oLigic p'ln"'^?-'! -''F Spent FJIP], PNL-Z'QQO, Pacific 
florths-e'it Lahfsi a to r i e s , April , 

• 

153 •'m&^K 



0 



B. NOMENCLATURE 

SYHBOL 
PROGRAM 
VARIABLE 

'S'̂ 2 

A 

B 

B 

B' 

B n 

Co 

D 

r(i),j 

S'S 
G' 

AN 

A 

B 

BULK 

BBULK 

B1,B2 

DFL 

I- rurc, 
SHEAR 

Gl ,G2 

BSIIEAR 

EQUATION 

3.6.3 

3.5.19 

3.4.4 

3.6.1 

3.4.13 

3.4.7 

3.5.28 

3.4.13 

3 .4 .1 

3 .5 .6 

3.5.5 

3.4.44 

3 . f ) . l 

3.4.14 

3.4. 14 

3.4.8 

3.5.13 

UNITS 

Dimensionless 

gns/ml 

Ksi 

Dimensionless 

Ksi 

Ksi 

gi!)/inl 

Ksi 

Ksi 
7 

cm/yr 

2 cm /yr 

Dimensionless 

Dimensionless 

Ksi 

Ksi 

Ksi 

3, 
cm /yr 

EXPLANATION 

Coefficients used in caluculation of buildup 
RADCLC subroutine 

in 

Parameter in n-th term of Fourier series in RELEAS sub
routine 

Empirical coefficient used in backfill pressurii-vessel 
relationship in STRESS subroutine 

Buildup factor in flux calculation in RADCLC subroutine 

Bulk modulus of Barrier wall in STRESS subroutine 

Instantaneous bulk modulus of backfill in STRESS sub
routine 

Parameter in n-th term of Fourier series in RELEAS sub
routine 

Coefficients in bulk modulus equation for barrier wall 
in STRESS subroutine 

Cohesion force in yield model of STRESS subroutine 

Diffusion coefficient in species of interest in licfuid 
in RELEAS subroutine 

Effective diffusion coefficient for porous medium 

Joint efficiency for longitudinal seam in loop stress 
calculation in STRESS subroutine 

Function used in flux calculation in RADCLC subroutine 

Shear modulus of barrier wall in STRESS subroutine 

Coefficients in shear modulus equation for barrier wall 
in STRESS subroutine 

Instantaneous shear modulus of backfill in STRESS sub
routine 

Mass conductance at X - t in RELEAS subroutine 



SYMBOL 

"° 

I 

K 

K 

^l 

L 

^ 

P 

, < " : 

pO 
1̂ 
p 

h 
p] 

•̂2 

f̂3 

Po 
^Vore 

Q 

Qi 

r PROGRAM 
VARIABLE 

HLCA 

I 

— 

K 

AKL 

— 

— 

— 

— 

— 

P 

REPRES 

LPRtSS 

— 

REPRES 

___ 

l!rAT((|/L) 

---

EQUATION 

3.5.28 

— 

3.5.29 

3.4.4 

3.5.28 

3.2.2 

3.5.5 

„ = _ 

3.4.31 

1.4.32 

3.2.6 

3.4.1 

3.4.29 

3.4.36 

3.4.36 

3.4.29 

3.4.1 

J.2.3 

UNITS 
i 

cm"/yr 

Dimensionless 

gm/yr 

Ksi 

gm/yr 

Inches 
2 

gm/cm -yr 

Ksi 

Ksi 

Ksi 

Watts/in 

Ksi 

Ksi 

Ksi 

Ksi 

psi 

Ksi 

Watts 

(Jill 

EXPLANATION ,_ ^ _ 

Mass conductance at x=£ times area available for trans
port in RELEAS subroutine 

Barrier identification number for any package design 
case (1-1 for Innermost barrier) 

Parameter in Equation (3,5.29) of RELEAS subroutine 

Empirical coefficient used in backfill pressure-volume 
relationship in STRESS subroutine 

H^ multiplied by concentration difference across the 
resistance at x=t. in RELEAS subroutine 

Length of waste heat generation surface (cylindrical) 

Flux of species of interest due to diffusion in RELEAS 
subroutine 

Pressure on a transverse cylinder in Figure 2-3 

Initial internal pressure on a barrier in STRESS sub
routine 

Initial pressure at Ri in STRESS subroutine 

Variable used in PKTEMP subroutine for maximum waste 
temperature calculation 

Absolute value of mean stress In yield model of STRESS 
subroutine (repository pressure) 

Pressure at R-j in STRESS subroutine 

Pressure at R̂ , in STRESS subroutine 

Pressure at R^ in STRESS subroutine 

Internal pressure on a barrier 

Pore water pressure in yield model of STRESS subroutine 

Radial waste heat generation of packaged waste 

Initial radionuclide quantities 



SYMBOL 

R 

•R. 

R 

S 

S1,S4 

S3 

S.. 

Â 

PROGRAM 
VARIABLE 1§MT|0N_ 

IDIAii 

001 AM 

• IDIAM? 

FDIAM 

Rll 

CORRAT 

PMAXW 

S1,S4 

S2 

S3 

SV 

rCENT 

'4AX1MP (for in-
lermosL barrier 
layer only) 

TOUTER 

3.4.23 

3.5.43 

3.4.29 

3.4.29 

i.4.o6 

J.4. 36 

J.b.l 

i.3. I 

1.4.23 

3.4.44 

3.4.45 

3.4.45 

3.4.45 

3.6.1 

3.5.65 

3.4.12 

].2.3 

3.2.4 

UNITS 

Inches 

Dimensionless 

Dimensionless 

Inches 

Inches 

Inches 

Inches 

cm 

in/yr 

in/sec*" 

psi 

psi 

psi/oc 

'-'C 
3 

Photons/ciii' /sec 

yr 

«C 

OK 

OK 

, ^ ^̂ .ifiPMiyiii^ , , ̂ . . . 
Outside radium of cylinder in STRESS subroutine 

Reynolds number 

Retard factor in RELEAS subroutine 

Radius of inner surface of innermost barrier layer in 
STRESS subroutine 

Radius of outer surface of Innermost barrier layer In 
STRESS subroutine 

' Radius of outer surface of second innermost barrier la:er 

jl Radius of outer surface of filler or backfill 

Radius of waste assemble 

Corrosion rate 

d^'R/dt2 

Allowable stress for material in lioou stress calculation 
in STRESS subroutine 

Constants in equations to calculate allowable stress in 
STRESS subroutine 

Same as above 

Same as above 

Source intensity (cylindrical) in flux calculation in 
RADCLC subroutine 

Time at vihich zero inventory is obtained in the waste 

Temperature of barrier wall in STRESS subroutine 

Temperature at inner surface of barrier layer 1= MAXTMP 

for ifinerinost barrier) 

Temperature at (iUter surface of outermost (gas yap) 
barrier layer (- temperature of geology for outermost 



SYMBOL 

K 
TR 

T1J4 

T2 

T3 

T c 

U' 

U 

V 

V 

^0 

V* 

\ 

Y 

'v'z 

a 

a 

''I'^Z 

b 

h 

1 PROGRAM 
VARIABLE 

TINNER 

REPTEM 

T1J4 

T2 

T3 

TEMP 

— 

— 

— 

— 

— 

VSTAR 

— 

Yield 

Y1,Y2 

— 

— 

— 

— 

. . . 

EQUATION 

3.2.3 

3.2.1 

3.2.1 

3.2.1 

3.2.1 

3.2.7 

3.4.36 

3.4.25 

— 

3.4.3 

3.4.3 

3.4.3 

3.5.19 

3.4.12 

3.4.12 

3.4.27 

3.6.1 

3.6.3 

3.4.27 

3.6.1 

UNITS 

\ 

OK 

oc 

oc/yr 

yr 
OK 

Inches 

Inches 

in/sec 
3 

cm 

cm 

Dimensionless 

Dimensionless 

Ksi 

Ksi 

Dimensionless 

cm 

Dimensionless 

Dimensionless 

Dimensionless 

• 

EXPLANATION 

Temperature at outer surface of filler or backfill 

Temperature at repository surface 

Constants used in repository temperture calculation 

Same as above 

Same as above 

Temperature at outer surface of barrier layer (TEMPER 
subroutine) 

Radial displacement at R2 in STRESS subroutine 

Radial displacement - STRESS subroutine 

Fluid velocity around a transverse cylinder in Figure 2-3 

Backfill volume after compression by pressure P̂  

Original backfill volume 

Indication of pressure-volume relationship of backfill 

Parameter in n-th term of Fourier series in RELEAS sub
routine 

Yield strength in yield model of STRESS subroutine 

Coefficients in yield stress equation for barrier wall 
in STRESS subroutine 

Constant in strain equations in STRESS subroutine 

Distance to the point of interest from the edge of the 
waste cylinder in the RADCLC subroutine 

Coefficients used in calculation of buildup factor in 
RADCLC subroutine 

Constant in strain -uations in STRESS subroutine 

Number of mean free paths to point of interest in the 
RACLC subroutine 



• 

SYMBOL 

b 

1 C, 

S, 
c 

s 
e 

B̂ 
63 

f(x) 

f 

f(t) 

y 

\ \ 

K', 

B̂R 

k 

k c 

PROGwi 
VARIABLE 

— 
— 

— 

CONC 

— 
EM 

EOUTER 

EINNER 

— 

— 

— 

— 

HZ 

IIL 

COEFF 

— 

— 

EQUATION 

3.5.33 

3.5.27 

3.5.2 

3.5.1 

3.5.9 

3.2.4 

3.2.5 

3.2.5 

3.5.52 

3.4.26 

3.5.27 

3.4.26 

3.5.3 

3.5.2 

3.2.7 

3.5.1 

3.5.44 

UNITS 

Dimensionless 

gm/ml 

gm/ml 

gm/ml 

gm/gm 

Dimensionless 

Dimensionless 

Dimensionless 

gm/ml 

Dimensionless 

gm/yr 

in2 

cm" 

cm" 

Watts/in^-°K 

cm/yr 

cm/yr 

EXPLANATION 

Radio-diffusion parameter in RELEAS subroutine 

Concentration of species of interest in liquid at 
infinite distance in a slab in RELEAS subroutine 

Concentration at l of species of interest in liquid in 
RELEAS subroutine 

Concentration of species of interest in liquid in RELEAS 
subroutine 

Grams of species of interest absorbed on one gram of solid 

Effective emmisivity across gas gap of a barrier layer 

Emissivity at outer surface of barrier gas gap 

Emissivity at inner surface of barrier gas gap 

Concentration profile in the backfill at zero inventory 
in the waste package 

Constant in radial displacement equation in STRESS sub
routine 

Rate of transport of species of interest out of waste 
canister 

Constant in radial displacement equation in STRESS sub
routine 

Mass conductance at x~0 divided by diffusion coefficient 
for species of interest in the backfill 

Mass conductance at x=i divided by diffusion coefficient 
for species of interest in the backfill 

Estimated overall heat transfer coefficient between 
repository and failed barrier surface 

Constant in Equation (3.5.1) in RELEAS subroutine 

Constant in Equation (3.5.44) in RELEAS subroutine 



SYMBOL 

k 

k 
k^i 

kl2 

k23 

k3B 

I 

q 

r 

"̂A 

•̂B 
•̂1 

2̂ 

"^ 
t̂r 

t 

tf 

S 
t' 

u(x) 

1 PROGRAM 
VARIABLE 

K 

KD 

MCOND(MAT) 

MC0ND(MAT2) 

FCOND(BAK) 

MCOND(MATGAP) 

L 

— 

— 

IDIAM 

GDIAM 

ODIAM 

0DIAM2 

roiAfi 

— 

TIME 

TFINAL 

TS 

— 

EXACT 

EQUATION 

3.5.12 

3.5.9 

3.2.3 

3.2.3 

3.2.3 

3,2.4 

3.5.1 

3.5.15 

— 

3.2.3 

3.2.3 

3.2,3 

3.2.3 

3.2.3 

3.5.30 

3.2.1 

3.5.31 

3.5.25 

3.5.35 

3.5.17 

UNITS 

cm/min 
2 

cm /yr 

ml /gm 

Watt/in-°K 

Watt/in-°K 

Watt/in-°K 

Watt/in-°K 

cm 

gm/yr-cm2 

inches 

inches 

inches 

inches 

inches 

inches 

gm/yr 

yr 

yr 

yr 

yr 

gm/ml 

EXPLANATION 

Permeability of porous media 

Constant in exponential terms which generate transient 
response of series in RELEAS subroutine 

Equilibrium constant relating concentration of species of 
interest in liquid to that absorbed on solid in RELEAS 

Thermal conductivity of innennost barrier layer 

Thermal conductivity of second innermost barrier layer 

Thermal conductivity of filler or backfill 

Thermal conductivity of barrier gas gap 

Thickness of Backfill in RELEAS subroutine 

Transport flux through a slab in RELEAS subroutine 

Radius of barrier package layer relative to waste 
centerline {r=0) 

Radius of inner surface of innermost barrier layer 

Radius of outer surface of barrier gas gap 

Radius of outer surface of innermost barrier layer 

Radius of outer surface of second innermost barrier layer 

Radius of outer surface of filler or backfill 

Constant rate of transport of species of interest out or 
waste canister 

Time elapsed since package emplacement 

Time when quantity of radionuclides in waste is zero 

Time at which constant transport conditions prevail 
(steady state time) in RELEAS subroutine 

Time elapsed since package emplacement 

Concentration profile in backfill at constant transport 
conditions (steady state profile) 

• 



SYMBOL 

v(x,o) 

w(x,t) 

X 

^0 

1̂ 

^0 

y 

ŝ 

z 

z 

Zo 

z 

IX 

"] 

'̂n 

J 1 

3 
V 

Ar 

PROGRAM 
VARIABLE 

— 

SERIES 

X 

THICK,THICK2 

THICKJHICK2 

— 

Y 

— 

— 

--

Y 

— 

— 

— 

R(N) 

BETA 

POISS 

THICK 

EQUATION 

3.5.52 

3.5.17 

3.5.1 

3.3.1 

3.3.1 

3.5.28 

3.5.27 

3.5.48 

3.5.30 

3.6.1 

3.5.31 

3.4.24 

3.5.21 

3.5.25 

3.5.19 

3.5.53 

3.4.1 

3.4.8 

3.2.7 

UNITS 

gm/ml 

gm/ml 

cm 

inches 

inches 

gm 

gm 

cm 

gm 

cm 

gm 

2 
in/sec 

cm~l 

cm"' 

cm"^ 

cm"^ 

Dimensionless 

Dimensionless 

inches 

EXPLANATION 

Concentration profile in the backfill for the insulated 
condition 

Time-dependent concentration profile in the backfill 

Distance from arbitrary reference point 

Previous barrier layer thickness 

New barrier layer thickness after corrosion over an 
increment of time 

Initial quantity of waste in RELEAS subroutine 

Quantity of species of interest remaining in waste before 
constant transport prevails in RELEAS subroutine 

Location of soluble substance-solution interface in a 
solid in RELEAS subroutine 

Quantity of species of interest remaining in waste after 
constant transport conditions prevail in RELEAS subroutine 

Self-shielding distance factor in RADCLC subroutine 

Quantity of species of interest in waste at time when 
constant transport conditions prevail in RELEAS subroutine 

d^L/dt^ 

Parameter in Fourier series in RELEAS subroutine 

Parameter in Fourier series in RELEAS subroutine 

Parameter in n-th term of Fourier series in RELEAS sub
routine 

N-th positive root of Equation (3.5.54) 

Constant slope of Mohr envelope in yield model of STRESS 

Poisson's ratio in STRESS subroutine 

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



SYMBOL 

At 

Aa-/ 

PROGRAM 
VARIABLE 

Ao (i 

t 
z 

L 

*-R 

I) 
n 

A 
11 

A 
II 

\ 

A 

X 

l> 

(' 

o 

0 

DELTA 

TORTUR 

THICK 

EP 

ETA 

LAMBDA 

DECAYC 

BLAMB 

CLAYD 

EQUATION 

3.31 

3.4.16 

3.4.18 

3.4.17 

3.5.6 

3.4.44 

3.4.36 

3.4.16 

3.5.16 

3.4.16 

3.4.16 

3.4.38 

3.5.40 

3.5.65 

3.4.16 

3.5.27 

3.4.10 

3.5.11 

3.4.23 

3.2.4 

3.5.66 

3.5.44 

UNITS 

yr 

Ksi 

Ksi 

Ksi 

Dimensionless 

inches 

in/in 

Dimensionless 

in/in 

in/in 

in/in 

Dimensionless 

Dimensionless 

Dimensionless 

Ksi 

Ksi 

gni/ml 

Ib/ in^ 

watt/in^-°K^ 

Dimensionless 

cm 

EXPLANATION 

Time increment 

Change in radial stress - STRESS subroutine 

Change in axial stress - STRESS subroutine 

Change in angular stress - STRESS subroutine 

Tortuosity of porous medium with respect to diffusion in 
RELEAS subroutine 

Wall thickness used in hoop stress calculation in STRESS 
subroutine 

Change in axial strain at Rn in STRESS subroutine 

Void volume of porous 'medium in RELEAS subroutine 

Change in radial strain - STRESS subroutine 

Change in axial strain - STRESS subroutine 

Change in angular strain - STRESS subroutine 

Constant defined by Equation (3.4.39) in STRESS subroutine 

Parameter in RELEAS subroutine^ A =nll 

Parameter in RELEAS subroutine, A -mil 

Lame constant for barrier wall in STRESS subroutine 

Radiodecay constant of species of interest in RELEAS 
subroutine 

Lame constant for backfill in STRESS subroutine 

Bulk density of porous medium in RELEAS subroutine 

Density 

Boltzman constant 
2 

Parameter in RELEAS subroutine, 0=kt/8, 

Infinite transport distance in a slab in RELEAS 
subroutine 



• 

SYMBOL 

;j 

'm 
"z 

'\) 

R 
'4 
,)0 
0 

BAK 

BFAIL 

CLPRES 

CLTEMP 

COAT 

FLUX 

IB 

IGE 

IL 

WATER 

MAT 

MAT 2 

PROGRAM 
1 VARIABLE 

— 

— 

— 

— 

— 

— 

— 

BAK 

BFAIL 

CLPRES 

CLTEMP 

COAT 

FLUX 

IB 

IGE 

IL 

IWATER 

MAT 

MAT2 

EQUATION 

3.4.23 

3.4.16 

3.4.18 

3.4.17 

3.4.19 

3.4.20 

3.4.19 

— 

— 

— 

— 

— 

3.6.1 

— 

— 

— 

— 

UNITS 

Inches 

Ksi 

Ksi 

Ksi 

Ksi 

Ksi 

Ksi 

Diisiensionless 

Dimensionless 

psi 

\ 

yr 
2 

photons/cm /sec 

Dimensionless 

Dimensionless 

Dimensionless 

Dimensionless 

Dimensionless 

Dimensionless 

EXPLANATION 

Outside radius of cylinder in STRESS subroutine 

Radial stress in STRESS subroutine 

Axial stress in STRESS subroutine 

Angular stress in STRESS subroutine 

Initial radial stress in STRESS subroutine 

Initial axial stress in STRESS subroutine 

Initial angular stress in STRESS subroutine 

Identification code for backfill material type 

Designates backfill integrity in STRESS subroutine 
(= 0 indicates failure) 

Internal pressure on barrier at time of repository sealing 

Internal temperature on barrier at time of repository 
sealing 

Coating delay time in CORODE subroutine 

Gamma ray flux at a particular package location 

Number of barriers in a package design case (I~IB for 
outermost barrier) 

Identification code for geology 

Identification code for type of barrier 

Identification code for type of repository 
water 

Identification code for type of material in inner barrier 
layer 

Identification code for type of material in second inner
most barrier layer 



SYMBOL 

MAFGAP 

WFAIL 

PROGRAM 
VARIABLE 

MATGAP 

WFAIL 

JJIIAJION^ UNITS 

liiiiiensionless 

Dimensionless 

EXPLANATION 

Identification code for barrier yas gap material 
type 

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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iVAIIil- I HA 11-IH I 
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I I iisi m m 1 = 21 .i»i VII.I i ) S k ' . A€«:i '^s="si '«iN' ,!• i i ,r=iiAnFii 
IWAIHl- i i -ouni 
l,0 lO 4 
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«^iisr 
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KUH' 
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Mill-
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SUM' 

I Nil 
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ALL HAIIUi; iS 'AnE AVAII .AHI.K 
iiiF, <:ormow MA mix . . . 

TO s i i n i M n r r i N F , s I I Y 
IX. . . 

INCIJIIIL •COMMOW.NI'.W 
r o i i i i n= 11( icF. i f 2 7 : i . « 
DO l « 0 1- 111. I . - I 
l l - l HMAMI I ) .L(l.«;iMAril I ) ) «:0 H I «>ll 
XY= I I . 0 
111 = 2 n 
irAHH-tt 
•| mnHi- loni i . i i 
I H I IMAMI I ) . H I . 0 1 ) I A r i 2 < 1)» F. i NNFII= KMA'H MAI 21 I ) ) 
I H I i n AMI I ) . V.T. OH IAM2I 1 ) 1 KINNI-11^ KHAKI IIAKC I ) -i-1 > 
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r H ) U I L I i * * 4 , « M - ( ' i INNKIS-'IOlllI-HI^MCOHDI MATCAPI I ) ) / A L O O U i l H AMC 1 1 / 
21 I) I AMI D H - I I K A I " 

I H A l l S I f ) . L T . AHS( . 0 I ) > € 0 TO Bft 
l i : i»NH ICONT* I 
I H i i ;oNr.«r. i»«i a i 'wi 4e 
i H i ' I I .11 0) i;i) 10 ao 
I H i '. i;r «.o) i:o lo 4« 

3 « I H AllSi fUXV) .1 I . AIISI I ' -XY) ) CO TO CIS 
CO 10 (17 

ari i ) i - i > i / 2 . < » 
:i7 I inwi H--riNHF.iUDi 

xv= r 
i ;o IO 10 

4 « ii-i Aiisi i n x Y ) . i . r . A i i s i p - x v ) ) c;o 10 4r» 
i ;o 10 4 7 

4 3 IM = I H / 2 . « 
4 7 1 i r i H H l - I I N N H l - I H 

XY=I* 
VM i l) 10 

411 Will II i ! 0 I I , 4 ' I ) . I 
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i;i) 10 'ir> 
<»0 1 inri i II l o i i i H i 
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SUBROUTIIfE STRESS M 
mci.um: • CONT'ON . W E W • 

n«= IIHAMI fNnX»/2. ^ 
IF T l I ' J K . L i : . 0 . O O P « O l ) GO TO 10© 
Rl=no+THICK 
P2=l. HArCl INI)X>/2. 
R3=FI)IAIH IHDX)/ '2. 
TCENT=TEMP-273. 
IFICREKIM ICE) . E a . ' B O ' ) CO TO 2 # 0 
YI ELD= YH M) -f Y2C M) *TCENT 
B!;LK= B H M) •^B2( M) * T C E N T 
SlfEAR=CH M) -̂ G2C M) *TCENT 
IFI I H>IAN( INI»X)-0DIAM2( INBX)) . L T . . 0 1 ) GOTO 140 
I F ! BFAIL. F.a.O.©) GO TO 8 0 
IFCKCINDX).LT.0.©1> GO TO 5 0 
VSTAR=-A( INDX)-•SQRTCAI INDX) * 2 . -••4. *KC INDX) *REPRES( ICE) ) 
VSTAn= VSTAR^2. /K( INDX) 
GO r o 6 0 

m V S T A R = R 1 - : P R E S ( IGE)/AC INDX) 
t o nHlH,K=AI IRDX)*C VSTAR+1.)-^2.*KC IWDX)*VSTAR*CVSTAR-»-l.) 

P««.-'IF,\I{= 1.5*nBlJI.K*( l . - 2 . * P 0 f S S ( INI)X))/C l . -fPOISS( INDX)) 
LAM»DA= Bin,K-2. 5t:SI!EAR/3. 
BLAm?^ lHir , ,K-2 . *BSHEAR/3. 
r-l Nr-MRi*<nM..i;2. / ( LAP!BDA-«-SHEAR) •«-R0**2 . /SHEAR)/2 . / ( R ! * * 2 . - R 0 * « 2 . ) 
DH'IOM=l)ENO!1+R2«(B2**2./« BLAPOI-t-BSHEAR)+R3**2./BSHEAR)/2. 

1 / ( n ; ; * i ! 2 . - R 2 * * 2 . ) 
DF,N0M=DF,!\OMT2.*( n n * * 2 . - R 2 * * 2 . ) 
EPP.KSS= HF.PRF.SI ICE» *B2*H3««2 . «( 1. / ( BLAMB-I-BSHEAR) + I . /BSHEAR) 
Epnr.-?s= FPR'-i'-ss.^PENori 
ETA=-;ORT' 0 . I48148*BF.TA( !NDX)**2.*C 1 , - P 0 I S S ( I N D X ) ) * * 2 . 

1 - ( l . - 2 . * P 0 I S S ( I N D X ) ) * * 2 . / 3 . ) 
PMINB=REPnE^< IGE)«( l . - E T A ) / C 1.-ETA*R2!«:«2, /R3**2. ) 
iF* FPm:SS.LT.Pr! INB) GO TO 150 
lFAiL= I 

8 0 NU= I 3 . *BUI.K-2. sKSHEAR) / ( 3 . *BITLK-^SIIEAR) / 2 . 
prf^V.'-l YIFLD/2 . )*( I . - R 0 * * 2 . / n i « * 2 . ) /SORT! 1 .-NU-l-NU*«2. ) 
H r p i ' - i - - r i . t i ' ^ s i : i o o o . 
IF(I'J'F».F.SS.i;T.rM\XW) GO TO 100 

9© WFAIL= 1 
.IF.n'RN 

10# WA1L=« 
RFTHW 

140 ij '̂ l-.,--̂  =nr,i nES< I G E > 
NTrti< = -EP 1FSS«IO00 
*;<) TO o o 

15^ ^!^\IL=:0 
•:p.ll- -^'S^llFPRESC IGE) 
NTi'i. •.'=:- E r n r . s s * i o o o 
»;o TO no 

c 
C INTERNAL PRESSURE DOMINATES - NO CREEP 
C 

2nC II\TCENT.I;E.S3(M)) S = S H M ) - S 2 { M ) * T C E N T 
;F(T';F,NT. »T.sa( M)) s=s4( m 
rm\'.---fTfrK Sf-EI INDX)/(R0+.6*TII1CK)/1©00. 
Fm!«:i.= i cLPRKsi iNnx)*TErfP/c:LTEMr( I N D X ) - i s . ) / i o o © . 
NTI '•>-.•= FOIir.F* IOOO. 
i r < i • \XW-M>R«:K) 1 0 0 . 1 0 0 , 9 0 
LriK 



SWniMHJTIHE RAPCI.C; 
INGLIIDE ' VAmmm. NEWI 4«7 t l , 407!l 1 ' 
IHHF.NSIflN XrillllK<4» ,\'MIIIIIM9) ,Ti ' I l lH9i .PHIIC')) 
DI MENS I ON T' RO) . HI |H rt»» . IM tlO) 
IHflF.NSION A l ( 4 ) .A2<4) .ALPI IH4) , AI PH.: 4) .MXimr(4) .MXlllllW*) 

Dr . r iw iT ioN « r \ A . I I A I I I . I V S 

II ~ iWILIHIP FAGTOIl, ill .IMAX+I > =T«TAL IHIILIMIP FACTOR 
SV - HOUHGK I N T K M S I T Y 
IM» =HAilHIS o r FUEL ASSKMRLY 
FLUX - I'llOTON FLUX 
x n m i r = AHHAY o r ArrKKiiATiow C O K F I ' I C I K N T S r em B A C K F I L L M A T E H I A I - S 
XMIIIlil = APflAY OF AITEHrATION COF.I I" H : IKKTS FOIl IIAIIIIIEII MATKillALS 
Pllll - AIlIlAY OF I'llOTOri HKLEASE HATE VS TIMK 
Tl'llll = AilllAY o r TiriFj^ COIUIKSPOWIHW; TO Pim 
XMU = ir.HI'OllAHY ATi-KNilATI')N COEFFICIENT 
T = Tr.ril'OllAllY MATKIIIAL THICKNESS, THEN XHW*T 
AIM; = ' iwironAiiY s u n O F X W J ^ T T I " I O I I C I I M A T E I U A L ^ ! 
HID = AllHAY r o i l MATEIIIAL i i r S 
.iriAX = WIIMIIF.II , » r TIIIGKNESSIS OUT T« IM)SE POINT 
AI.A2,ALI*il l .AI.Pi i2 = IWII.DOr FACTOR COKmCIKHT.-i 
riXllilF = IIALKFII.L HATKIUAL €ll«)SS 'SEF TO KIIH.IMIP FACTOR 
MXIlllll = llAilRIF.Il MATKIIIAL CROSS lUFF.IllKNCK TO IHJILIMIP rACTOIl 

STOP CODES 
i i l l NEED TO INCREASK IIIMEKSIOH Oi T . Hil>. AND II 
2 2 2 2 TIME r Wi;¥ Oil S lllllCF, INTEMSITY EXCEEDED 

DATA M x n i i F / f t . a . r i . a / 
DA'I'A MXr'lll-' 1 . 1 . 1 , 1 , 2 , 2 , 1 . 0 . 0 / 
D.VfA A l / « l . 2 . a . 10 . I 1 / 
DVFA A 2 / - l l . - | . 3 . ~ < > . - | 0 / 
DATA Al.l»lli /~.0I1I . - . 0 4 , - . 0 m i . - . 1 0 4 / 
DATA ALI'iiJ/ . «2r»r», . 17 . . W.I, . « 3 / 

DATA x n i i n r / © . . « . l a o . ^ i . 14 f t ,« . l a o / 
DATA Nllllllil -« . 4 7 0 . « . 3 6 7 , « . 4 7 2 . « . 4 6 2 , 0 . 5f» \ 0 . 7>J7, 

* . 4 7 f l . » . 0 . 1 1 . 0 / 
DATA TPIIIt'-n. 1. I0.3<». IfMl.aOO. l<MIO,tMMMK I » « « / 
DA'i'A i'HH/ri. ri 1 E M r». 4 . 70K+ 1 5 . 2 . 43K+ I .S . 1. 4 «•> IS . 2 . 95E+ 14, 

•«.<»riE« l2 .2 . r»f ,E» l « , 2 . » l » - > l « . I.IIC.E+IO/ 

GET HATr,IIIAL Til iCKMESSES 

.) « 
DO HI 1=1,INDX 
.J= . l f i 
IF I . I . C r . S O ) STOP I i l l 
TI .IMODIAW D - I D I A f H I) 
HI 01.11 = MAT! I ) 
. l - . I H 
IF i . i . c T . s o ) s'mr i 11 
TI . IM0DIAM2( l ) -O IHA !< I ) 
rni)<. l)^NAT2( I ) 
IF I I .Kll. IWIIK) GOTO l« 
.l=.l» I 
IF l . i .CT.f iO) STOI* I I I I 

• i l J ) = FIIIAm IMOIIIAri2l I) 
Ml III.I) '- - IIAH I) 
.1= .̂1+1 
IF I . I . C T . S O i STOP i i l l 
TI .N=GDIAm I) • FDIAW II 
HIIH.f)=HATi;AI'( I) 
HMITINIIE 
.iriAX^J 
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C 'I VPK 2OII0 . < . 1 , Tl .1» , MI IN .1) . , 1 - I . .IMAX) 
2IHI0 I OIUIA H 1.1. I- I 0 . a . I 3 » 

€ 
c CAi.cui .A' iE AIM; 
c 

IMI 20 .1= I ..IMAX 
I I I MIIH .)) .€¥.. I « ) GOTO 12 
I f - H I I IN J » ) I I . 12, l a 

I I XNU= Xri l l l lFI AHS( f! I IH .1) » I 
com ir> 

12 XflUMI. 
«;oi'« 1.1 

13 XMU-XriimiH Mi l l ' i>) 
IS 'i« . I M M . i M x n i i / . ! . r i 4 
211 A U G - A I I C ^ l l . l l 

C 'IVI'L 2IMII , l . l . T I . I ) . .M I . . inAX) 
2 « « i i-oiiriAri iTi. H ' E i o . a i 

c 
V. CAi.CHI.AlE IIIIIIDIIP FACTOItS 
C 

110 2 1 .1= I . .10 
2 1 m . i > = i . 

.) 1 = JHAX« I 
III) .111 .»= I.. I MAX 
IF I f i l m .1) . G E . 10) GOrO 2 3 
II I HUH .1) ) 2 r 2 3 . 2 4 

2 2 n i i ^ n x i i i i H - r i i i H .1)) 
c o m 2r» 

2:1 n i i - » 
c o m 2 5 

2f MIl^MXimiUMIfU.I) ) 
2 5 I H Mil. NF, .«) c o m a « 

111 . IM I . 
c o m r»i» 

ai l IK .1 M A M Nil) *¥.Xri - Al.ril 11 MID « T I . I I ) •••A2< MB) 1-Exri -ALPH2( MR) *T( J ) ) 
.Irt IK .1.1 M i l l .1.1) «IH .J I 

€ I VI'l. 2IIIH . I . I .HI .1) . .M I . .L I ) 
c 
C CLI SOIIIICF I N I F . N S I T V 
c 

IMI 7 0 1= i .<» 
II n i r i i . i n i i H 11 > nr»,«. r» .7« 

7 « MINI IMIIh 
C IN II lll'OI.AII-. SFfl lLOC 

r»r> i n i i - i 
SONI = n i n < i f i i ) 
SI wo-rum n 
i(»Ni- - uiiiii ini» 
r i wi= i r i i m n 
SV soNKv«siwo soni ) tM r i iMi-'.-'iiiNEi/rrrwo-ToriE)) 
com 7S 

fiS sv-rmu n 
i ; o m 7r> 
S I o r 2 2 2 2 

C NOIi r iM.I /AI ION FACIOH 

7r> SV a urn. o'» t s v 

C C A I C D I A I I I LUX UN I IS AIIF. IMH.H I I .ENS ' l l l l 
I I u,\ i iM i . i ) i s v M I i i r .c i AUG) oi»iAri:i< irJDX* 

C I I I I UNCI All<:i 
c ivri. :»IHK;,II( I.I» . S \ , I r.oiMArH IHIIXI 

2iH>:; I oiiMAK i i ' - i i . H ) . a » 
HI I HIUl 
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s i m i i o i r r i H E I I K L E A S 
IWCHIIIE •COfinOfJ.NEW 
«F.AL*II Ci.AYOI».CLAYIl».CANI».r .P,CLAYI>,NIICLII» 
iir.AL«4 AV. FDATA.TFIHAL 
COfiflOH /A.IAX-' GLAYOD.CI.AYID.GAWift, EP,CLAYD, NIIKX 
COPIflON / D A T I W / WIICLIIW l » , 10) 
COrinON / P T A / I IHI. lilXK 
COriMON . 'SCII i lA/ FI IATAI2 , l « ) . T r i N A L . A V . I S . I T 
l»iriEWSI«H AMANEI K I . 3 ) 
DATA C n . N C / 2 . r » 4 . 4 / 
DATA (AWAMKI l . . l » , . J = l . 5 ) / ' I J " 2 3 i r , ' ( I l K r . ' l l SOL* , * l l l l l l . I ' 

I . ' I T ) ' / 
DATA CANAME<2,J) , . l = l , { I ) / ' l l - 2 3 n * . • < LOW . ' SOLU* , ' I l I L I T ' 

1 , ' Y ) • / 
DATA (ANAME(3 . . I ) ..1= l , 0 > / ' r i , i m r , •NIllMi • . ' 2 4 © ' . ' 

i , • ' / 
DATA I AMAI1KI4..I) , . l = l , r i ) / ' A H E H I ' , •Gl l l f f • . ' 2 4 1 ' , ' 

1, • ' / 
DATA I f l l l C L I W l . J ) , J = 1 , 1 0 1 / 4 7 1 4 2 0 . , r i . 3 E - 0 7 . l . © 7 E - 0 3 . I . O f l E - 1 0 . 3 I .,1 

1 , f l « . . 4 * 0 . / 
DATA (N«€I,IIK2..I) ,.1=1. I©>/47I429. ,3. 3E-07 ,3.0E-I I , i.53E-IO 

I , 3 I . S , i ««(>. , 4t0. X 
DATA <WIICLIW<3,J ) . . 1 = 1 . l © ) / 2 9 5 3 . ,©.0C. 1 . 3 . H E - 1 1 , 2 . B K - © 3 , 3 1 . 5 

I . i2«»«. . 4 * 0 . / 
DATA C N I I C L I W ( 4 . . I ) , . I = I , 1 0 > / r » 3 ' ) . . 3 , 2 2 . 3 . O E - 1 1 , I . r i E - « 3 , 3 I . 5 

1,4<M>0. , 4 : r « . / 
11111= 11)11 
I IIXK= 2 
ICODE=1 
CLAVOD^CMtGDIAfK 111) 
CLAYI» = Crri-OI»IAH2( 111) 
CANII»=Cri»IDIAHI I DONE) 
•iT.STHCLAYOI>-CI.AYID 
• i L S I 2 = CI ,AVID-CANI» 
I F I T E H T I . L T . O . O IC0I»K=2 
I r ( 1 E S T 2 . L T . 0 . 1 ) ICO»E= 3 
IF( I C O D E . G T . 1 ) CO TO 9 9 9 
DO FBOO N I I E X = I . WC 
AI}C= WIICI. I IH NDEX. 4 > * T I ME 
HUflLIIHWDKX, i«)=WIJCLilHMI)EX. I ) * E X P ( - A I I G ) 

am CONTINUE 
Mi = llAK( I I I H I 
i ;o 'IO < I 0 . 2 » . 3 « , 4 « ) . Ml 

l » E P = I . 
CI,AVi»= I . 
CO I O 5«» 

2 « Fl ' = « . « l 
CLAYD=2. 
CO 1 0 5 0 

3 « E r = « . I 
CI,AYI»==2. 
CO 1 0 SO 

4 « LP ••«».! 
CI.AYD--2. 

8 » HII FIT. ( IOIJ,4«l) 
4'» F O I i r i A T I / , I X , ' N U C L I D E GEOLOGY RELEASE HATE IWFOIIHATIOW , / ) 

IH) l « « HI)EX= i .NC 
IFI l l l X K . r . l J . 2 ) CO TO « 2 
Wliri 'E I lOD. 'H l ) CI.AYOll.CLAYID 

911 F O I i r i A I ' i a X , ' B A C K F I L L OD = • . I P E I O . 3 . ' , I » = • , i r K I 0 . 3 , ' CM?) 
WIII1E I IOII,«)7) CAHID 

9 7 HHiriAT<2X. "CAN III = ' , I P E I O . 3 , ' C M ' ) 
Wiir iK < imi.<>«,» El ' .CLAYD 

9(t F0l l f lA1- |2X. 'CLAY VOID HIACITON = ',V4.2,\ DENSITY = ' , 
i F 4 . : » . • C H / C C ) 

0 2 IF( NDCI.IIH MDF.X. III! . L T . I . ) C O T O ' ) * » 
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CALL IIF.IXAL 
GO T« ( 2 » i . 3 0 I > , IS 

2 § l AV=A¥*l©0. 
WillTK (I0II .2CI2) (ANAMECKIIEX,J)sJ=I .S) .TIME.Af 

2 « 2 FOiiriATC IX, HAS. • RELEASE TO GEOLOGY BEGINS A T ' , ITEIO. 3 . ' YKAHS, E 
lACKFILL 1 8 ' . O P F I I . I . ' f S OF TIIAMWPOIIT IIESISTANCE, IllILEASE 
2 RATES ARE!'> 

IMI 5® I KA=I, 10 
FDAPAI 2 . KA> = rRATA< 2 . KA)*NWJIJ»I HPEX,2) 
rOAfAl i . K A ) - r » A T A ( I . K A ) + T I N E 

i « i COWTINUE 
Wll I -l-R ( I (Ml 8 2©3) ( rDATAt 1 . J ) . J = 1 . 10 ) 

2«3 rC)liriAT< IX . ' T IMECf lD ' . 10< IK . IPEl©. 3 ) ) 
WIIITK U « l l . 2 « 4 ) l | - | )ATA<2,J) , . I - I , 10) 

2 » 4 FOIiriAT( IX. 'HATIUCI/VII) ' . 10( IX. I P E I W . 3 ) ) 
TriNAL='ITINAI,»TiriB 
WIIITK <1<HJ,2«5> HIATAI2, 10) .FPATAI 1, I©) .TFINAL 

2«B FOIlflATt IX.'COWSTANT GEOLOGICAL RELEASE BATE O f . 1 P K I 0 . 3 . * CI 
1/Yll OCCUIIS rilOH* , l l ' K I O . a , • Y E A R S T O ' , I P K I © . 3 , ' YEAIIS*./) 

€« TO 100 
3 t l AV=AV-«IOO. 

CO TO C40 1 ,402) , I T 
4«1 no B02 KA=I .10 

I F ( r » A T A < 2 , K A > . L T . » . ) rDATAI2,1A>=0. 
FDATAC 2 . KA> = FDATAC 2 , KA) *NUI1LIIM NDKX, 2) 
ri)ArA< 1. KA) ^ FIIATAI I , KA» +TinK 

8 0 2 CONTIMIIE 
IIO 0 0 3 KA- 1. 1© 
TSS=flMTAI l .KA) 
11'( I'DATAt 2 . KA) . € T . ©. ) C« "TO CI04 

S « 3 COWTINIJK 
0 » 4 WHITE < lOU.202) ( AWAI1E< NDEX. .1) . J= 1, 5 ) . T S S . A¥ 

WillTK I I 0 U . 2 0 3 ) (FlIATAC l . . l ) . . I = l , 10) 
WillTK I H M I . 2 I 4 ) i r i » A T A < 2 . J ) ; J = I , 10) 

2 1 4 r«HMAT< IX. ' nATEICl /VH) ' . I § l IK, I P E I O . f l ) ) 
WHITE C l « I J , 3 0 2 ) rPATAC i , I©) ,rDATAC2, 10) 

3 « 2 roilMAT* iX.'COWSTANT GEOLOGICAL RKLEASK RATE DOES i » T OCCUR 
1. IlKLKASE r.MDS AT* . I P E i O . 3 , ' YKAKS AT A IlELEASE HATE OF' 
2. i i 'K io .a . ' i:i/Yir ./> 

CO TO l©0 
4 1 2 WHITE C I 0 I I . 4 0 3 ) I ANAME< illKX, J ) , J= 1. 0 ) 
4©;i roiiriATI IX.SAS, 'DOI 'S N O T HKACII I © PKIlCEiT OF CONSTANT GFM 

ILOCICAL IlKLKASK BATE') 
WIIITK C 1011,413) 

4 1 3 FOHHATI IX.'THAWSIENT IlKLKASE RATE TOO'SMALL Ttt CALCULATE'. /) 
€.» TO 100 

f f WIIITK U O I I . 9 5 ) IANAMECNI)EX.J), .I-1.JI) 
9 8 rOliriATI IX. HAS,'IlELEASE CALCULATION NOT PEIU-'CMIMKI) IlKCAIISK') 

Wlirre CIOl l .94 ) WIICLIIHHDEX. 10) 
94 roilMATC IX. ' IMITIAI. INVENTOIIYOF ' , IPEIO. I I , ' CEAW IS TOO SMALL' 

1 . / ) 
I « « COMTIMIJK 
9 9 9 CONTINIIK 

r.wi) 
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siifi iMHrriNK iir . i .cAi. 
i n i ' L IC I r ilF.AI.UI <A-II.O-'/,) 
l i F M . U l K , I . .K I I ,NI ICL ID 
HI-.Ai.t-4 AV.FDAFA.TFINAL 
COIiriON /A.IAX • CI .AVOD.CLAYID.CAi lD .F . f ,CLAYD, NDEX 
COriHON / T O A D / III I O « ) . X N L ( 100) , K. DXL. IILCA.CONC, DECAYC 
COflNOH / D A T I W / NIJCLIDI 1 0 , l « ) 
COfiriON / I ' T A / IIJU. i n x K 
COriflON / S C U I I A / FI».VrAS2. 10) . I T I N A L . A V , I S , I T 
DIMKNSION AN< 1 0 0 ) 
DA1A •lOilTDII.IIF.ICilT, DELTA, NTKRN/4, , 3 r . n . S » , 3 . 1 4 1 0 9 2 6 , 3 0 / 
I P = « 
H»J= HHJ 
CIIArLS=l<H)CI.ID( NDKX. 10) 
DFL=NIICLIDlNDI'.X.ri) 
CONC= NIICI, IDI WDKX, 3 ) 
KI)=WIICI.IWN»F.X,6) 
DKCAYC=NIICLID8 W»EX,4> 
¥.= F.I' 
L= I C I . A Y O P - C I . A Y I D ) / 2 . 
i)FLX= I CLAYIW-CAN ID) / 2 . 
I I I .C=DFL/DKLX/IO. 
II/,C= l o . - m i . c 
K = » r i . / < I . + K D « : L A Y D / E ) / T O n T i m 
DC-K*»FI,/10IITUII 
AIIF.A=3. i4* I IE iCi r r» :CLAYiD 
lli,CA=iiLC*AllF.A 
ll/,CA=ir/C-*AIIF.A 
lli,= III.C/DC 
N/,= 10. t i l l . 
ll/,2=li'/.*H7. 
111,2-lli.*IIL 
111.11/.= IIL-»-ilZ 
A=L*L*liI . l i / . 
II=L*III7.MII,) 
11= I . - i - l l i . ^ lL - i - l . / i lZ ) 
AV=L*IIL/II 
IFI AV. I . T . O . I I ) CO TO 5")9 
CONC^CONCfAV 
CALL CLAMI'I K, L . DF.CAYC, DC,CllArLS,COWC. AIIEA) 
CO TO tifef. 

0 9 9 IFI I I I X K . E 0 . 2 ) CO TO 170 
HI! TIE ( I 0 I I , 6 « 0 ) IILC 

6m FOIir iATiyX. •C0NDIJC1ANCE AT X=L = ',m:ift.2,' C P I / S E C ) 
WIIITK I iOI J , f .OI ) IIL 

6 » l HII IPIAT(2X, 'SMALL IIL = ' , I P E I O . 3 , ' I / C M ' ) 
Wll i iy . 1 1 0 1 1 , 6 0 2 1 DECAYC. DC 

6 « 2 F 0 I U I A T I 2 X . ' H A D 10 DECAY CONSTANT - ' , I P E I O . 3 , * i /YEAI l , 
i D I F F COEFF = ' . I F E I O . a , ' CMfCfl/YEAR" ) 

WHITE ( 1011 ,603 ) K . L 
* t 3 l - 0 l i r i A T I 2 X , ' K = • , I P E I O . 3 . ' c n * C N / Y E A I l . L = ' . I P K I O . a . 

r cpi') 
Wll TIE I 1 0 1 1 , 6 0 4 ) II, CONC 

6 « 4 l -OHriAT<2X. ' I i = ' . l i ' E I O . S , * IINnLES.*^, CONC = ' , I P E I O . 3 , 
I ' c r M C C ) 

Wll L IE I IIMI, fl 14) AIIEA 
6 1 4 H)HriA1' l2X. • INSIDE AHEA = • , i P E i 0 . 3 , ' CMi^CM') 

K H H E I | o y , 6 « r » ) AV 
6 0 5 l-0HriA1'l2X, • A VALUE = • , 1 I ' E I 0 . 3 . ' D N I T L E S S ' ) 

IFI l l ' . E O . W ) CO TO I 7 « 
WIU I E I lOIJ, I i , ' ) ) 

169 FOIINATI l a X . 'HOOT' . I » X . * Fl HOOT) • , 9 X . * A( N) ' ) 
I 7 « IH) 2 0 0 . ) - I .NIEIIf l 

Xi.-=< .1-1) CDEI.I'A 
Xll-Xl.t |)EI.1'A 
I v= I . 
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i iAi j . n n o t m x i . . w i . r x . x , A . m 

Ai,riiA=ii( J i 
AI.= Al.rilA*L 
A2=AIJ*IIA* ALPHA 
TOII'= H*( i A2+IIZ2» *L+I A2+II7,2) / I A2+IIL2I *IIL-HIZI 
AM( J ) = H7.*l.*0i:«S( AIJ /ALI'IIA-C L+IIZ/A2+ I . /II7J *D81 Nl ALl 
AN< J)=2.*AIJ ' i lA*Il l ,*AN( J>/TEMP 
AN<J>=€«N€*ANIJ> 
K N U J I =« < A2*-II7.2) /< A2-IILir/J ) *W30SI AIJ 
XNLIJ> = XNLC J>*AN(.I> 
i r c I P . E a . O . O i l . IIIXK.E0.2> € 0 TO 2 0 0 
Wlir re I HIU, 19'*) J . W J» .FX.ANC J l 

I f f TOIWIATIRX. I 2 . 3 C 2 X , l l ' E i a . f t ) ) 
2 « « COWTINWK 

T S = 4 . 6 € i r i / l l « l)*IM 0 * K ) 
IF ( inXK.Ef t .2> C« TO 2 0 2 
WHITE I 1011,20 I > TS 

2 « l r«IIMAT<2X.'STKAPY STATE TIWK^ M P E i e . S . * YEAHS'I 
wniTi : 1 1 0 0 , 1 7 1 1 

i T i ronriATi i i x , ' x * , i 2 x . ' S E R I K S ' , i©x, ' E X A C T ' I 
2 1 2 8TEI '= l , / i© . 

III.EAI>=C]0N««1I1^II 
x=^o. 
IM) 4 0 0 1 = 1 , I I 
SEIIIKS=0. 
DO ;iriO J=I,MTEI1M 
AI.I'IIA-IM J ) 
AX=AI.PilA*X 
XN=W;CIS« AX)*lK*IISiN(AX5/Al.r i lA 
HKIII l':S=SKIl I r.S+AN( J ) *XN 

39© CONTINIJK 
KXA€T= III.EAIWt X+ I , / I I7J 
i r c IDXK.r.«.2> « 0 T « 3 9 9 
WHITE ( I W I . J I S H l ,X ,SEHIE8,EXACT 

3 » 1 roHriAT(2X, I 2 , 4 I 2 X , IPEI3 .6 I1 I 
3 9 9 X=X8-STEP 
4 0 « CONTINUE 

i r t i n X K . E O . 2 ) € 0 T « 2 « 3 
WHITE C I « I J , 7 2 I I CRAMS 

7 2 1 H)imATI2X, •ttlJANTITY OF NUCI.IPE AT T = © ' - ' . I P E l ^ . a , ' C M S ' l . 
2«; i iixi.=€ow:*iii,*< i , + 1 . x i r / j / i i 

IIXZ=CIIM€*lII./||/irZ 
IS= I 
XI-=0. 
Xil=TS 
FX= I . 
IMI 100 KK=l ,2n 
X T = ( X n t K I J / 2 . 
VMS=V.nMlS 
CM.h IIKriAIN(XT,rr,«MS> 
•i>:s-r-n"*FX 
i F c i i : s T . i . T . « . ) « » TO n o 
Xl .^XT 

rx= FT 
V.U TO 100 

0© KH-= XT 

l # « CONTIMIJE 
rr= I 
€ 0 T« < 1 0 1 . HKI) . IS 

l « l il"( I I IXK.E«.2) <.'<» I'O 2 0 4 
HHITK C HHI, l « 2 ) VMS 

I « 2 H»HriAT«2X. •laiAHH A'l' KTF.AHY KTATÎ , = ' s I P K i a . a ) 
204 STF.I ' -TS/IO. 

V.n TO 105 • 
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1»3 I H IIIXK.F0,2) € « 'TO 2«3 
MU II. i HW, |fH> XL 

l»4 l"IU«AT^:iX. • ! iriK WHEN INVKKTOEY HIT 7.EI10 = ' . I P E I O . a ) 
2«»a 1 l-,ST= XL/'re 

IF< i i ' S r . i ; r . « . i ) I T = 2 
STFr=XI . / l » . 

1«B TIMK=0. 
I K IIIXK.EO.2) <;« 'lO 206 
HHITK < I Oil, 120> 

I2« H»HMAT< SX. 'TIMK' ..IX. 'fillAfLS i.KFT* ,2X, * HECIAY RATE' . fIX, 
r i H I ' l ' HATK'.:iX. •CF.Oi. RATE. llfl/YEAIl* > 

2«« AKI,= III.<;A*(IIXI,-<:ONI:) 
IM) 109 KK=I. 10 
Ti r i i - :=T iMi '>srKP 
SIIP1I = ©. 

swu-o. 
siiH4=o. 
Sllfl5 = 0 . 
«AZ=0, 
IMI 107 J= I.NTEIIM 
r.x=o. 
Ant;i = K*n( J )* i i ( J> 
AIH;=AIM:I*TIMK 
i ¥ i AIM; . I T . 2 3 . ) KX= »EXP( - AIMJ) 
SUM I = SUM I + XNI.C J > t¥.K/( PF.CAVC-AIMJ11 
MIH2=SIIM2tXNi , ( . l ) /< i>E€AYC-AIM3l) 
s«iri;i=Hiiri3»-( AN( J > / ( - A I M ; I ) »*EX 
siini=sijri4+AN( .!)/< ~AIM;I ) 
(:A/.=:«A/,tAN( J> *KX 
siiro=siJrirs+xNL(.i)*KK 

1»7 CON 11 HUE 
C A / . = ( : A / . » I I X Z 
T I -- I I I ,<:A r su r i l + A K I . / O E C A V C 
'|-J = CIIAI'I.S-|||,CAJS(JriIi-AKI,/I>F,OAYC 
F.X=0. 
AIM;=:|>E«:AYI;-«TIPIE 
IK AIM;.LT.2;I. > EX=I>KXI'(-AHC) 
Y= r u ratF.x 
i»FCAY=l»F,«:AYOV 
I;HATI',= II/.<;A-M:A/ 
I K I T . I ' , 0 . 2 ) <: i iArK=o. 
IHIAlF.= l i l .CA*<«>N<;-SI(r i3-UXIJ 
rilAI'Ai I.KK)=TiriB 
FI>AIA(2.KK)=WlArK 
I K IIIXK.EO.2) iM T« 109 
WIU'IF. < lOII. HMD TiriF.. Y.I)F.€AY.I>nA•re,Gi^ATE 

l « 0 ioiiriAT<ri<2x. i i ' F i o . : i ) » 
i «9 «:0NriNiiF. 

' l o rAi.<;=ii/.iJA i-c S I I H ; I » I I X Z - ^ T I H K - S I I M 4 ) 
I K I r .K« i .2» nriAi,<;=<K 
I K IIIXK.FQ.2) V.U ru 2«7 
Will i r . < t o i l , 141) 10TAL I ; 

141 I OliriAr<2X. • HH'AI. I I.IIXi;i» 1 0 i;F.(H.«r»Y = ' . I P E I © . 3 , * R E A M H ' ) 
2«7 €<» lO < Kl«. i;i2> . IS 
i:i« ll'« illXK. F.a.2> €0 •!<> 20H 

will ih < ioi i , i ; i i ) 
i ; i l MJIIflAMaX, •rilOFil.F. IN CLAY I S S T E A D Y S T A T K IJSTF.n AimvK'i 
2«ll II iriAI.M l>1.0<;< < IIFI.'AVC^YHmATF.I/IHl.VITJ )/-MKCAYll 

<;XIIIA = 1I ' INAI .H;HAi r . 
I K IIIXK. 10 2> V.U Hi f,f,f, 
Hill i i : < imi, I4*.> II- iNAi, 

i4fc i o i i r iAH2x . • iNvi.rnoiiY <;oF.H ' lo zi-:no AFTF.H S I K A U Y STATF. 
I IN • . i r i ; i « . ; i , ' YF.AIIN' » 

will IK < I oil , 147) €XIIIA 
147 M»|iriAi<2X. MIIOIOCY c r . l S • . l i 'F, l». ;». • MOHF. l.'nAMS AFTF.II 
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I STKADY STATK') 
€ » T« 6 6 6 

132 i r c IIIXK.K0.2I C« T« 2 0 9 
WHITE < lOIJ, l a m 

133 r«IIMATI2X.'PIMM-'ILE WHEN INVENTOEY HIT ZKRO FOLLOWS'I 
2 0 9 CM T« I 1 7 4 , 1711) . IT 
175 I F ( i n X K . E 0 . 2 > € « 'TO 6 « 6 

WHITE I IOII, i7a> 
173 rt»flflATI2X,'WOT FAE ENOIICII FIWM TIM»>® TO CALCIJLATC'> 

iM T« 6 6 6 
174 IF« 1I1XK.EII.2) CCI TO 2 1 1 

WHITE I i« l l , 134) 
134 FWWIATI 9X, • X' , 7X, • C«NI]BMTIIATI«i' I 
2 1 1 TIMK^XI. 

X=0. 
STF.P=L/ |©. 
110 139 1=1,11 
8F.IIIKS=©. 
IMI 1311 .1= I.NTKIIM 
Al.ri lA=il( J» 
AK=ALPIIA*X 
XN=ll€OSS A X I « | | Z * n s i i l AX)/ALPHA 
KX-0. 
AI!C= K*lll .1) *n« J l *TIMK 
i Fi APc. i ; r . 2 ; i . i KX= IIF.XP< - A I I C I 
SF.IllKS=SKillKSi-AN« JI*XN*BX 

I 3 e «:f»wTiNiiE 
swi i r . s=SKniKs*i iLKAO*i X*-1 . / i r / i 
i r ( IIIXK.E«.2> V.U TCI 2 1 2 
WillTK I l«U, I.'I7> X.SKEIFii 

137 r«ilHATC2«4X, IPEIO,«>> 
2 1 2 X=X*STEP 
139 CONTIWIF. 
« 6 6 i r U n X K . E 0 . 2 l € 0 T« 6 6 0 

WHITE I i«y,f>r»7) 
«*7 r«IIMATI2X,'F.ND'I 
6€M OWTIWIIE 

FNII 
SllilllOIITINE EEHAIMI XT.FT .CrB) 
i r i l i J € i T IIEAi.*ll IA- I I , 0 -7 . I 
nF,Ai.*II K 
<;«firillN / T » A » / IM lflO),XNLI 1001 ,K,lJXL,IILCA.CONC,IIECAyC 
NTKiiri=99 
F1-= I . 
AKi,^llL€A*C IIXI.~€(W€I 
TiriF.= XT 
SIIHI = 0 . 
si)ri2=«. 
IMI C.i« .1= i.NTF.iin 
l'".X=0. 
AllCI = K*ni J I ^ I M J I 
AISI.'=AII«i*TiHK 
iF< AiHi . i ,T .2 ; i . ) K X = P E X P < - A I M ; I 
SUM I ^ SUM I + XNI.C J } :i-r.X/l IIFilAYI]-AIIC1) 
Sytl2 = S'HM2»-XNI.C J ) / I I IK€AYC-AroJ i ) 

6 1 0 €«>WTIMIIK 
Tl = IILCA-t-SIIM I + AKL/IJF.CAYfi 
T2-i;MS"ill.CAfKllfl2-AKL/l>E4:AY« 
F,X-«>. 
AiM;=»i':€AV«:-rriiiK 
iF« A i i n . i . T . 2 : i . ) F.x=iM':xri-Aiic) 
Y=TI»'l2fF.X 
IF< Y.LT. i . l V.ti TO 6 2 2 
€ 0 T« 6 i : i 

6 2 2 F T = - 1 . 
6 III €M.S=Y 
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P'llinOirriMF, C:i,AMPCK.I..TOXAY«,PC,«nAMH.€ONR,AIIKAI 
| t l i ' | J ( ] | T |IF.AI.*:|I IA~II.O--y.) 
I"F,AI.*« k ' . l , 
IIFAI,-i:4 AV. FIIATA.TI"INAI, 
COriMOW / I ' T A / lUII.IIIXK 
«]OMM«N /W:U1IA/ F»ATA(2. iO> ,TFIWAI..AV. I S , IT 
»ATA n K. NTKIVI/;! . 1 4 1 5 9 2 6 1 ) 0 , 9 9 / 
A K = K * l f l E / | J * * 2 
nA=IM]*AllF.A 
TS=4.C»«ri/AK 
Pl.= P I E / I . 
8 T K P = L / | « . 
X=». 
1011= I till 
I F ( i n X K . E 0 . 2 l € « TO 2 0 1 
WHITE < t o n , m9) 

I B t F»liriAT«2X, ' IN THE CLAfrEB EOUTINE') 
WIIITF. C IOII, 160) K.L 

I 6 « FOHriATI2X,'K = ' . i P E i O . a , ' CM*Cri/YEAn, L- ' . I P E I O . J I . 
r vAv i 

Wll ITE I 1 Oil , 1 6 1 ) eEfiAYC. DO 
161 F0IWlATI2X,'IIAiH« nF.€AY CONSTANT = ' , 1 P E I © . 3 , ' l /TCAE. 

I DIFF € « E F r = * , I P E I 0 . 3 . ' €M*€n/YKAE'> 
wniTK < IOII. 162) €ONC 

162 F0nriAT12X,'CONIIF.MTIIATION ATiX=L = ' . I P E I O . a , ' « K / C C ' ) 
WillTK < NHI, 169) CIIAMS 

tm F0m'IATI2K, 'CIIArS AT STAIIT = ' . I P K I O . J D 
WHITE I lOIJ, 170) 

i 7 » F«»nriAT(2X.'A €IIK€K OF THE 8 E I I I E 8 ' ) 
WHITE I IOII, 171) 

171 rOHHATI I I X , ' X ' . I2X. ' S E R I E S ' , I0X. 'EXAC3T' ) 
2 0 1 1)0 4 0 0 1 - 1 , 1 1 

SF. i l lKS-». 
no .'ISO J=I.«TF.IIM 
A=J 
S K I l i r i i = S E i y E S t C - i . ) * * J * D S l N C A » P L * X ) / A i 

3S« COMTIMIIE 
SKHI E8= 2 . *€0NC*SEIII F.8/P IE 
KKA€T=€0W€*X/|. 
i F U B X K . K « . 2 ) € « TO 2 0 2 
HillTF. I IOI I , a s 1) I .X .SEII IES,EXA€T 

3 8 1 F«linAT«2X, I 2 , 4 ( 2 X . I fKI I I . f t ) ) 
2 » 2 X^XfSTEP 
4 « « CONTINDK 

I Ft IIIXK.EO.2) « « TO 2011 
WHITE I I O U , 4 0 I ) I S 

4 » i FOIIMAT< ax , 'STEADY 8TATK TIME = ' . I P E l O . a , ' YEAIW') 
2 0 3 IS=I 

Xl.= 0 . 
Xil=TS 
FX= 1. 
1)0 100 ICK= 1 .23 
X T = I X i H X L ) / 2 . 
€HS=€IIAHS 
«:AIJ, m.F.FTcFT,XT,AK,««MC.I-,DA,BECAYC,<;iis.WTKUM)• 
TF,S'T=FT*FX 
I F( •fF.H'i'. LT. O. ) V.O TO 110 
Xi,= XT 
FX= FT 
<:0 TO 100 

8 » XH^XT 
i s ^ a 

l«© CONTINUE 
iT= I 
v.n TO c 1 0 1 , i « ; i ) . I H 

iOI I F ' lBXIC.F.a.2» CO TO i!ir» 
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WHITE < IOI), 102) CMS 
102 FOIWIAT<2X,'CIlAPiS AT STKABY STATE = ' . I P E I O . t D 
Ian STEP=TH/ |« . 

CO TO i »a 
i « 3 iF< IIIXiC.F.0.2) «;0 "TO 2©4 

WIITE i IOII, 104) XI. 
i « 4 F0IIHATI2X.'TiriF. WHEN INVENTOHY HIT ZEIM) - ' . I P F . i O . f l ) 
2 » 4 TF.J{1'= Xi. / ' re 

i F r r E S T . i ; r . @ . I) iT=2 
STKP=Xi./iO. 

tm T1ME=0. 
iF( iIIXK.Ett.2) € 0 TO 2 « 3 
WHITE ( IOII, 120) 

12© FOHMATinX. 'T i r iE ' , 5X. 'CnAW L E F T ' , 2 X . ' DECAY RATK'.aX. 
r n i F F HATE',3X, 'CF.0L HATE, CM/YEAH'> 

208 AKi = COHC*I»A/l. 
110 109 KK= 1. 10 
Til ' IE=TI»>8TF.P 
SUM1=0. 
SIIM2 = 0 . 
SI IM;I=O. 
s i i r i4=o. 
8l)n3 = «K 
siifiri=o. 
110 107 .l^l.NTEHM 
EX=0. 
A=J 
AnCi=AK*A*A 
AII€=AIICI*TIME 
I F< AllC. i.T. 2 3 . ) EX= DEXPI - A I O 
Sllfll=SIIMi*EX/( DF.CAYC-ARCI) 
StlN2 = STJI12«-1. /< DECAYC-AHCi) 
S I C N = « - 1 . ) « * . I 
SIIM:I=SWI:IKS icN*F.x 
8lin4 = Sliri4«-8iCM*EX.'«-AH«) 
Hiifir!=8i)rir»9-sicw/< -AIM;) 
snri6=8ijrif.+EX 

i@7 c o r n HUE 
TI = -AKl*l2 .*Sl lMI-« | . / | )ECAYO 
T2-CIIAflS>AKi*<2.*Sim2«-i./l)ECAyC) 
EX= 0 . 
AIIC=l)ECAyC*TiME 
IFC AHC. I.T. 2!l. ) EX= DKXI'C -AllC) 
Y=Ti*T2*EX 
CIIATE= AK i *C 2 . *SIJfl34-1. ) 
iF< rr . i ' ; f j .2) C H A T E = © . 
l)ECAY=l)F.CAyC*Y 
l»llATE= AK1 *C 2 . *SIIM6* I . ) 
FOATAI l,KI<)=TIPIE 
FI)ATA(2,KK»=CIIATE 
IF( I H X K . E 0 . 2 I CO TO lO'l 
WHIl'E « IOII. IOII) TIMK, Y. DECAY, P H A T E . C H A T E 

ma FOHNATI Si 2X. II 'EIO. Jl) I 
i«i«> corn-1 w UK 

TOTAi.c= AK I * c 2 , ts i irM Ki" I i>iK-2. *siirra) 
IF< i T . E 0 . 2 > •IOTAI.C--0. 
IF< illXK.I':0.2) CO TO 206 
WHITE i IOII, 141» TOTAH; 

141 FOIiriAT«2X.'TOI'AI. FLUXED TO CF.OI.OCY = ' . I P K i e . a , ' CIIAMS') 
206 CO l O i i : i« . i;i2> , IH 
i;i« •rFIMAI,= l l)I.Oi;< l l»F.CAyC«yM»IATE)/l>HATE) ) / I > E C A Y C 

CXrilA = TFIWAI.*CHATE 
IF( i l lXK.E0.2l CO TO 666 
WHITE i IOII, I ; I I ) 

Kli FOHflAT«2X. •PIIOFII.E IN CI.AY IS STEADY STATE LISTKI) AilOVK') 
Wliny. i |l»ll. 141.) "ITIWAI. 
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146 FOHriAT<2X. • iriVENTOIIY COES TO ZERO AFTEIl STRAIIY STATE 
I ill ' , IPEHI.SI . ' VF.AIIS*) 

wmiT . < IOII. 147) CKI'llA 
147 ronr iAT(2X. • CF.OI.OCY CF.TS ' . I P K I O . a , ' Hour. CilAlK AFTF.II 

I STE'\l»y STATE') 
CO •§•« 6 6 6 

i a 2 IF( IIIXK.KII.2) CO TO 2011 
wiiiTr, ( I o n . l a a ) 

1113 FOHMATiax. 'I ' lSOFII.r. WHEN INVENTOEY HIT ZKHO FOLLOWS') 
20fl CO TO < 1 7 4 . i7ri) . IT 
175 IF( IIIXK.F.CJ.2) CO TO 6 6 6 

WHITE i IOII, 176) 
176 rOHriAT<2X.'NOT FAE ENOIICII FilOM T1ME=0'T« CALCULATE') 

t ;0 JO 6«.6 
174 IF( m X K . r . « . 2 ) CO TO 2 0 9 

WHITE i IOII, i ; i4) 
134 F0miATC9X, ' X ' , 7 X , 'CONCKNTIIATIOM' > 
2©9 T I » > X 1 . 

X=0. 
STF . r=L/ IO . 
1)0 iJW 1= i i I I 
SF.n iES=0. 
n o 1311 J= I.NTEHM 
EX^O. 
A=. l 
AllC=TiriE*AIC*A*A 
I F( AflC. LT. 2 3 . ) EX= DEXPt - AHC) 
SEIliF.S=SERIF,S+C- i . ) **.I*I)S1NC A*PL*X)*EX/A 

138 CONTIMIIE 
SEIl I F.S= 2 . *€ONC*SEIIIES/P1 E*CONC*X/L 
I F ! i H X K . E 0 , 2 ) CO TO 2 1 0 
WHITE I lOU, l a ? ) X.SEHIES 

137 FOHMAT(2<4X. i l ' K I O . a ) ) 
21© X=X«-STEP 
139 CONTINUE 
6 6 6 llETIinM 

EHl> 
SllllllOUTINE IM.ErT( FT, XT, AK.CONC, L , BA. DECAYC,CW, HTERM) 
i r r L I C l T IIEAI,*II CA-I1,«-ZI 
BEAL*I1 L 
AKi=€OW«*PA/L 
FT^ I . 
TiHF.= Kr 
s i i r i i = o . 
s i i r i2=o . 
IMI 6 1 0 J = I.NTEHM 
KX=©. 
A^J 
AIICI = AK*A*A 
AIIC=All«i*TiME 
I F( APR. LT. 2:1. ) EX= DEXI'C -AllC) 
s i i r i i ^ s i m i ^ E x / c D E C A Y C - A I I C D 
SIJri2=SIJM2* I . / ( DF.CAYC-AIICI) 

61© CONITWIJE 
TI =•• ~ AK I * I 2 . *HIIM i + 1. /DF.CAYC) 
•1-2̂  CHS s- AK I * < 2. *SIIM2«-1. /PECAYC) 
E X - 0 . 
AHC=i)l'XAYC*TIHE 
IF< AIM;. I.'l'. 2:1. > EX^DEXIM -AllC) 
Y=TI»T2*EX 
IF< Y. i .T. i . ) CO 'm 6 2 2 
CO TO ftia 

6 2 2 FT=- I . 
6 13 CMS^Y 

IIETIIHN 
FN II 
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APPENDIX B 

DATA BASE FOR CORROSIOfI MODEL (CORODE) 

Corrosion rates were determined on the basis of the following 

(1) materials considered included only mild steely Zircaloy-2s Inconel-eoo^ 

304SSTg copper3 lead and cast iron 

(2) the barrier package was assumed to be f i l led with medium "Brine B" or 

ground water of "low ionic strength" at one of two temperature ranges 

(25°C-100°C and 100°C»250°C) 

(3) corrosion rates (mils/yr) were selected from open l i te ra ture (Chengs 

1980) 

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

Tables B-1 and B-2 sunmarize the corrosion rates in 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 descaled metal loss 

(2) crack propagation - maximum crack penetration rate associated with 

pitt ing 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. 

I t was noted in (Braithwaite and Molecke, 1979) that solution 

corrosivity increases in the order: BRIME B <Sea Water <Brine A for the barrier 

materials, Thus^ the corrosion rates in Table B-1 taken from data in sea water 
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Table B-1, Corrosion Rates of Barrier Materials in Brine B. 

Material 

W l d Sts f l 

: i rea loy -2 

Ineont]-6Q0 

304 SST 

Copper 

Lead 

Cast Iron 

•'siFp. Range, "c 

25-100 

100-250 

25-100 

100-250 

25-100 

100-250 

25-100 

100-250 

25-100 

100-250 

25-100 

100-250 

25-100 

100-250 

Hetal Loss 
(m i l s / y r ) 

Anoxic 

1 

-

2.8 

<»s 

-

<h 

-
1 

<\ 

<H. 

<H 

-

<'i 

3 

'h 

12 

3 

-
36 

-

Oxic 

. 

3 

27S 

-
<!, 

-

<H 

4 

4 

. 

5 

3.9 

-

<H 

47 

0.6 

47 

-
54 

-

50 

Reference 

Posey 1 Paiko 
Brai thwaite 1 Holscke 

Schumaeter 

8ra i thwai te 4 Molsekg 

S r a i t h w i t s i Holecke 

I n t e m a t i o n i l Nickel Co. 

Srai thwaite S Molteke 

Internat ional Nickel Co. 

Rt innart 

Srai thwaite 1 Molecke 

Todd 1 Lovett 

T u t n i l l ^ Schi l lmolsr 

Braithwaite 1 Molecw 

Schumacher 

Braithwaite 1 Molecke 

Geel, et a l . 

Sraithwaite 1 Molecke 

Schumscher 

Haimier 

Rabald 

Nelson 

1 ; 
Crack Prooagation'** 

(m i l s /y r ) 

Anoxic 

<H9 

<h? 

<h? 

• 

^•n? 

-

SP 

<\P 

20P 

-

<i,P 

-

5P 

<hP 

<HP 

<HP 

12P 

40G 

-

Oxic 

27P 

<i»P 

<!,P 

<iiP 

<HP 

<HP 

-

30P 

-

3.7x10*5 

5P 

<Hf 

<,P 

<HP 

lOCG 

300G 

Reference 

i ra i t hwa i te 1 ftoleeks 

Senumacner 

Sraithwaite 4 "lolecKS 

Internat ional Nicxel Co. 

Internat ional Nickel Co. 

Braithwaite 1 Molecke 

Internat ional fjiexel Co. 
ScRumacher 

Braitnwaite i Molecke 

Todd i Lovett 

Schumacher 

Braithwaite 1 "lolecKe 

Soi idei 

T u t h i l l i Scni l lswier 

Braithwaite 1 Molecke 

Geel, et a l . 

Sraithwaite & "olecne 

Hammer 

Tu th i l l 1 Schi l lmolsr 

T u t m l l 4 Seni l ' iB 'S ' -

' g t h i l 1 4 Scni ' l - io 'er 

(a) estimated «rom naximuiu crack penetration associated with ? (pitting corrosion,, S(stress corrosion) 
or 3 (grasnnization) data. 

B-2 



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

Material 

Mild Stsel 

Z1rca1oy-2 

Inconel-600 

304 SST 

Copper 

Lead 

Cast Iron 

Temp. Rangt, °C 

25-100 

100-210 

25-100 

100-250 

25-100 

100-250 

2S-1Q0 

100-250 

25-100 

100-250 

25-100 

100-250 

25-100 

100-260 

Metal loss 
(mils/yr) 

Anoxic 

0.5 

1 

<h 

<H 

<h 

<S5 

-

<H 

-

<h 

-

<»i 

-

2 

. 

<h 

<h 

4 

2 

-

0x1 e 

O.S 

2 

<H 

<H 

<h 

<% 

-

-

<\ 

-

<h 

T2 

-

-

2 

<% 

<H 

<h 

• 

2 

Reference 

Demson i Romanoff 

Blazer 4 ^ e n s 

Berry 

Berry 

Copson i Berry 

Cflpson S Berry 

Demson i Rownoff 

Remhart 

Copson I Berry 

Cataldi k Cheng 

Syret t 

Hamner 

LaQut i Copson 

Demson 1 Ronanoff 

Butler & Ison 

Oemson 4 Romanoff 

HaMKr 

Cataldi i Cheng 

Crack Propsgation^*' 
(mils/yr) 

Anoxic 

2P 

2P 

<V 

<%? 

<hP 

2%S 

. 

<%P 

-

<%? 

. 

<»iP 

-

<*iP 

-

<%? 

IP 

35P 

a? 

. 

Oxic 

2P 

19P 

<hP 

<\P 

<HP 

. 

<HP 

. 

1.2xl0^S 

-

3.8x1oS 

-

<isP 

. 

<h 

0.6P 

IP 

6P 

-

35P 

Reference 

Demson i Ronanoff 

Cataldi S Cheng 

Berry 

Berry 

Copson & Berry 

Bulischeck 4 Van Rooyen 

Copson 4 Berry 

Oemson & Romanoff 

Ford i Povich 

Bferry 

Ford & Povich 

Demson i Romanoff 

Mattson i Frednckson 

Harrmer 

LaQue ^ Copson 

Demson i Romanoff 

AhlStrom 

Demson 4 Romanoff 

Hamner 

Cataldi i Cheng 

(a) estimated from maximum crack penetration associated with P (pitting corrosion), S(stress corrosion), or 
G (graphmzstion) data. 
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or Brine A for use in Brine B can be considered to be conservatively high. For 
Brine 3 

(1) Mild Steel - Hot brines are very corrosive with corrosion rates 
increasing with brine velocity, oxygen concentration, temperature and 
other oxidation (Braithwaite and Holecke, 1979). In addition, mild 
steel does not usually pit severely or stress crack in hot solution. 
However, at low temperature oxygen tends to promote pi t t ing. A 
corrosion rate equation (Posey and Palko, 1979) for metal loss in 
anoxic 4M fJaCl is in good agreement with (Braithwaite and Molecke, 
1979). 

(2) Zircaloy-2 - The corrosion rates in brine solutions are insign-'flcantly 
low and the rates are not affected by the oxygen concentration and 
temperature range considered (Braithwaite and Molecke, 1979). 

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

(4) Type 304 Stainless Steel - The corrosion rates for metal loss are much 
lower than for mild s teel , but austenitic types are susceptible to 
pitting and stress corrosion. At low temperature (25°C-100°C), oxygen 
concentration increases pitting rate while at high temperature 
(100°C-250°C) oxygen concentration promotes stress corrosion cracking 

(Schumacher, 1979)(Todd and Lovett, 1956). (Speidel, 1977) reported a 
4 crack propagation rate of 3.7x10 nils/yr for sensitized type 304L 

stainless steel in 42 percent HgCl at 13G°C. In view of the chloride 

concentration mechanism, the same order of magnitude of crack 

propagation rate might be expected in oxic Brine B. 
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(5) Copper - At low 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)» 

(6) Lead - The corrosion rates for metal loss increase with temperature and 

oxygen concentration (Braithwaite and Moleckej 1979). 

(7) Cast Iron - The corrosion rates in crack propagation associated with 

graphitization mask the rates for metal loss. Oxygen significantly 

increases graphitization and leads to very high corrosion rates 

(Tuthill and Schillmoler, 1965). 

Corrosion data taken from inorganic reducing acid (pH-5.6) or oxidizing 

alkaline (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) Mild Steel - The corrosion rates for metal loss are small 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). 

(2) Zircaloy-2 - The corrosion rates are negligible in anoxic or oxic 

waters. No stress corrosion or pitting occurs (Berry, 1971). 

(3) Inconel-600 - The corrosion rates are negligible in anoxic or oxic 

waters. Mo 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). 

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

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

) Copper - The corrosion rates in anoxic or oxic water are insignificant. 
However, studies (.Syrett, 1977) on the corrosion of copper in 30°C 
water contaminated with sulfide, oxygen, or both have shown that the 
presence of either sulfide plus low oxygen or oxygen alone causes low 
corrosions rates. If sulfide and oxygen are both present in certain 
concentration ranges, a dramatic increase in corrosion rate for metal 
loss may result . Pitting corrosion or stress corrosion is not likely 
in anoxic or oxic waters. Pitting of copper is usually a cold water 
phenomenon (Mattson and Fredrickson, 1968). Cold water pitting is 
associated with the formation of a orotective 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 Ison, 
1966). 

) Cast Iron - The corrosion rates for metal loss are small in anoxic or 
oxic waters. However, high pitting corrosion rates have been reported 
both in reducing alkaline ground water (pH 7.1) and low sulfide 
(Denison and Romanoff, 1945) and in high purity water with oxygen at 
285°C (Cataldi and Cheng, 1958). 
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APPENDIX C 
DATA BASE FOR BARRIER FAILURE HODEL (STRESS) CRITERIA 

In the STRESS subroutine a number of material properties are used in 
the calculations. Properties were obtained from various sources and in some 
cases were estimated where no 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 Wvision 2̂  Section 
VIII (1977). These were usually available as a function of temperature. Some 
temperature functions were obtained by extrapolating 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-I of the kSAE Code. A linear f i t with intercept =15.7 
KSI and slope -0.011 KSI/°C was obtained from these data. 

Only one value for copper was available in Table ANF-2.2 of the code. 
For specification *SB-11 copper the value reported 1s 10 KSI at 20°C. 
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. 

Inconel (Ni-Fe-Cr alloy BOOH spec SB-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 A . 

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 of 30.7 
KSI and slope of -0.053 KSI/°C. 

The compressive yield strength used for cast iron was 20 KSI at 20°C 
and was from the Mechanical Engineers Handbook (Marx, 1952). Extrapolation to 
zero at the melting point {1S38°C) gave an intercept of 20.3 KSI and slope of 
"0.013 KSlA. 
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Table C-1. Compressive Yield for Carbon Steel 

(from ASME Div. 2, Section VIII, Table ACS-1) 

Temperature 
(oc) 

38 

93 

149 

204 

Yield Strenqth 
(KSI) 

15.0 

14.6 

14.2 

13.7 

Table C-2. Compressive Yield for Inconel Alloy 800 H 

(from ASME Div. 2, Section VIII, Table ANF-2.3) 

Temperature 
(OC) 

38 

93 

149 

204 

Yield Strength 
(KSI) 

25.0 

23.1 

21.7 

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) 

Temperature 
(OC) 

38 

93 

149 

204 

Yield Strength 
(KSI) 

30.0 

25.1 

22.5 

20.8 

Table C-4. Material Properties (x 10 KSI) 

(from Mechanical Engineers Handbook, by (Marks, 1952)) 

Material 

Carbon Steel (rolled) 

Cast Iron 

Copper (annealed) 

Inconel 

Zircaloy 

Shear Modulus (G) 

11.3 

6.7 

5.8 

11.0 

4.8 

Bulk Modulus (B) 

20.2 

12.0 

17.9 

-

3.9 

Poisson Ratio (v) 

0.265 

0.255 

0.355 

0.44 
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Sim i la r l y , the y i e l d strength for Zircaloy was extrapolated from 43 KSI 

at 20°C (Marks, 1952) to zero at 1760°C for an intercept of 43.5 KSI and slope of 

»0.0247 K S l A . 

Wall Materials - Bulk and Shear Modulus 

Table C-4 gives values of bulk and shear moduli fo r various mater ia ls 

(Marks, 1952). Assuming a Poisson r a t i o , v , of 0.3 for Inconel the bulk 

modulus, 3, was estimated from the shear modulus, G, by 

B ^ s f f e ) = | ^ " ) ( ^ ) = 2 3 . 8 X 1 G 3 K S I (C. l ) 

Extrapolat ion to zero at melt ing points shown in Table C-5 gave resul ts shown in 

Table C-6 fo r the temperature f i t s of shear moduli . 

Detai led data for stainless steel moduli were avai lable (Datsko, 1966). 

The temperature f i t s developed for shear modulus had a slope of - 3.77 KSI/°C and 

an in tercept of 10,000 KSI. 

Bulk moduli are r e l a t i v e l y insens i t ive to temperature and no reasonable 

basis fo r extrapolat ion was ava i lab le . Stainless Steel data were avai lable 

(Datsko, 1966). Table C-7 shows the temperature f i t s used for bulk modulus. 

Mall Materials - Tensile Yield 

The ASME code c r i t e r i a fo r tens i le y i e l d were used in the STRESS 

subroutine. Wall thickness required is related to the allowable s t ress, S. The 

values of S are obtained versus temperature from ASHE, Div is ion 1 , Section V I I I . 

Four coef f i c ien ts are used to describe S as a funct ion of temperature that is 
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Table C-5. Melting Points Used for Shear Modulus Extrapolation 

Material 

Carbon Steel 

Cast Iron 

Copper 

Inconel 

Zircaloy 

Temperature (°C) 

1538 

1538 

1083 

1455 

1760 

Table C-6. Temperature Fits for Shear Modulus 

Material 

Carbon Steel 

Cast Iron 

1 Copper 

Inconel 

Zi real oy 

Intercept (KSI) 

5.84 x 10^ 

6,78 X 10^ 

5.9 x IQ-̂  

11.2 x 10^ 

4.88 x 10^ 

Slope (KSI/OC) 

-3.8 

-4.4 

-5.5 

-7.57 

-2.77 



Table C-7, Temperature Fits for Bulk Modulus 

Material 

Carbon Steel 

Cast Iron 

Copper 

Inconel 

Zircaloy 

Stainless Steel 

Intercept (KSI) 

17,900 

12,000 

17,900 

23,800 

3,861 

19,310 

Slope (KSI/OC) 

0 

0 

0 

0 

0 

1,05 

Table C-8. Allowable Stresses for Internal Pressure 

Material 

Carbon Steel 

Zircaloy 

Inconel 

304SST 

Copper 

Cast Iron 

SI 
(PSI) 

12500 

13451 

21200 

19316 

7399 

6000 

S2 
(PSI/OC) 

0 

26.7 

0 

16.3 

19.5 

0 

S3 
(°C) 

50 

38 

50 

38 

38 

50 

S4 
(PSI) 

12500 

12436 

21200 

18700 

6660 

6000 
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S = SI - S2 (T) T > S3 (C.2) 

S = S4 T < S3 (C.3) 

where T = °C and S =̂  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 introduced to satisfy the logic in the code. 

Backfill Materials - Bulk Modulus 
The pressure-volume relationship of a packed granular material was 

represented by 

P„ = A 

3 
where V - original volume,-(cm ) 

(^ - l) - K(H2 - if (C.4) 

3 volume after compression by ?„, (cm ) 

P^ - external pressure, (KSI) 

^ / = empirical constants, (KSI) 

The bulk modulus was obtained by 

B = A(V* + 1) > 2 KV* (V* + 1) (C.5) 

where 

'ir-')--^, or f 1f K = 0 (C.6) 

C-7 



A typical soft sand in the literature (Byerlee, 1967) gave values of A =.0.44 KSI 

and K = 253 KSI. 

A stiff sand modeled after a powder compaction model was also 

considered (Cooper and Eaton, 1962). This gave values of A = 47.5 KSI and 

K = 0 KSI. Balues of A and K were input and the value of B was calculated by the 

code. 

Poisson Ratio and Mohr Slope - Backfill Material 

The shear and stress distribution properties of the backfill were 

characterized by a Mohr circle slope, g which relates yield and imposed external 

pressure, and the Poisson ration, vs which relates bulk and shear moduli. Data 

for high fractured rock or concrete with low porosity (1. e., the fragments are 

fitted together rather than jumbled) suggest a value of 3 - 1.2 and Poisson 

ration of 0.25 to 0.4 (Byerlee, 1967). Pre-compacted fine sand or sand/clay 

mixtures indicate that values would be more in the range g = 0.6 and 

0.35 <_ V <_ 0.45. 

For the backfills considered in this study the appropriate values were 

6 = 0.6 and v = 0,4. 
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APPENDIX D 

INPUT/OUTPUT DESCRIPTION 

This appendix is designed to guide the user through the steps necessary 

to operate the BARIER code. First, a description of the input data required to 

operate the code is presented. Then, the input techniques and requirements for 

execution are discussed including operator-machine interactions and procedures. 

Finally, a description of output data and format is presented. 

D.l INPUT DATA 

All non-internal physical data required to execute BARIER are contained 

1n five external data files: 

(1) CORRAT - contains, corrosion rate 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 repository physical data for each of the four 

geologies of concern (salt, shale, granite, basalt) 

(3) MATMAT - contains all material stress and other related 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 individual case has its own 

separate file name 
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(5) DATSET - dummy variable representing a file listing all "BARFIL" 

files to be run 

The corrosion rate data contained in CORODE 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 v«ter 

over two temperature ranges (25°-100°C, 100°-250°C), Each corrosion rate is 

assumed constant over its temperature range and is taken from the maximum of 

rates corresponding to specific corrosion mechanisms. A listing of CORRAT with 

current data is provided in Appendix E, 

The repository physical data for the four geologies is contained in 

GEOMAT and includes the variables shown in Table D-1. The format of GEOMAT is 

(A5, FIO.O, A5, 5F10.0) and a listing with current data is provided in Appendix 

E. 

Physical constants utilized in the STRESS subroutine are contained in 

MATMAT and include the variables shown in Table 0-2. The format of MATî lAT is 

(lOFlO.O) and a listing with current data is provided in Appendix E. 

For each specific package design case to be evaluated by BARIER, a 

B.̂ RFIL data file must be provided. BARFIL is actually a dummy variable name 

equivalent to a specific file name corresponding to a specific package desijn. A 

complete physical description of the specific package design is supplied to 

BARIER by this file. The variables included in BARFIL are shown in Table 0-3, A 

value for each of the variables in Table 0-3 is suoolied for each barrier of a 

particular package design. The forraat of BARFIL is (5X, IS, 7F1G.0, /, 215, 

2F10.0, 215, 2F10,0, 2F5.0) and a sample listing is provided in appendix £. 

For each radionuclide of concern, input data to the RELEAS subroutine 

are stored in an array fJUCLID (I,J), The i-th radionuclide is 
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Table D-1. GEOMAT Variables 

Variable 

LABEL 

REPRES 

CREEP 

EGEO 

" ) 

" 
- ) 

COEFF 

Definition 

- Geology 

- Repository pressure, psia 

- Signifies creeping geology (yes or no) 

- Emissivity of repository surface 

" 

Constants used in repository temperature 
correlations 

" 

Overall heat transfer coefficient between 
repository and barrier, w/in2-0K 
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Table D-2. MATMAT Variables 

Variable 

Yl 

Y2 

Bl 

B2 

Gl 

62 

SI 

S2 

S3 

S4 

Definition 

- Coefficient for yield strength temperature correlation, Ksi 

~ Coefficient for yield strength temperature correlation, Ks1/°C 

" Coefficient for bulk modulus temperature correlation^ Ksi 

- Coefficient for bulk modulus temperature correlation, Ksi/°C 

- Coefficient for shear modulus temperature correlation^ Ksi 

~ Correlation for shear modulus temperature correlation^ Ksi/ C 

- Hoop stress yield temperature correlation constants psi 

- Hoop stress yield temperature correlation constant, psi/°C 

- Hoop stress yield temperature correlation constant^ °C 

- Hoop stress yield temperature correlation constant, psi 
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Table D-3. BARFIL Variables 

Variable Definition 

IL - Type of barrier (stabilizer^ cant overpack, sleeve) 

IDIAM - Inside diameter of inner barrier layer^ in. 

ODIAM - Outside diameter of Inner barrier layer^ in. 

0DIAM2 - Outside diameter of second innermost barrier layer, in. 

FDIAM - Outside diameter of third barrier layer (backfill), in. 

GDIAM - Outside diameter of outer barrier layer (gap), 1n» 

A - Backfill pressure-volume coefficient, psi 

K - Backfill pressure-volume coefficient, psi 

MAT - Type of material in inner barrier layer 

MAT2 - Type of material in second innermost barrier layer 

E - Joint efficiency in stress calculation, dimensionless 

COAT - Coating delay time (for corrosion), yr 

BAK •• Backfill material type 

MATGAP - Gap material type 

CLPRES - Internal pressure on barrier at time of repository sealing, psi 

CLTEMP - Internal temperature on barrier at time of repository sealing, 
°K 

BETA - Backfill Mohr circle slope, dimensionless 

POISS - Backfill Poisson ratio, dimensionless 
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1 = 1 : Uranium-238 (high solubility) 

2 : Uraniuni-238 (low solubility) 

3 : Plutonium-239 

4 : Amer1cium-241 

The columns of flUCLID ( I J ) contain the following radionuclide specific 

information: 

j = 1 : grams at t = 0 

2 : conversion factor for grams to curies 

3 : concentration, gm/ml 

4 : X in, yr'"^ 
2 

5 : diffusion coefficient (liquid), cm /year 
6 : kj, ml/gm 

Columns 7 - 1 0 are zeroed out but available for use. Use is made of column 10 

where the radionuclide quantity at some time t > 0 is stored. 

The value of D used in the RELEAS calculations is that for a substance 
6 2 

in water and is conservatively estimated to be 10' cm/sec or 31.5 cm /year 

(Smith, 1970). However, the value of D used to calculate H is 0.1 D to account 

for the fact that the corroded barrier has a decreased diffusivity due to void 

volume and tortuosity. The other input data for all radionuclides are 

£ = 0.01 to 0.1 

5 = 4 

p = 1 to 2 gm/ml 

The radionuclide specific data are the initial radionuclide quantities, 

Q̂ -, tne equilibrium constants, k., and the concentrations, c. These data are 

1 

2 

3 

4 

5i 

471420 

471420 

2953 

539 

X 

1.5x10-1° 

1.5x10-1° 

2.8x10"^ 

1.5x10"^ 

50 

1300 

1200 

4000 

c 

1.07x10-^ 

3.3x10-11 

3.3xl0-ll 

3.3x10"!^ 
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The concentration estimates were obtained from the experimental value 

for Plutonium (Katayama, 1976), except for the uranium-high concentration value 

which approximates that of the uranyl carbonate complex (Neretnieks, 1978). The 

k. values were obtained from the same reference for the uranyl carbonate complex 

solubi l i ty , except for the case of uranium-high solubili ty which was 

conservatively set a t 50. Since americium-241 is a decay product, an in i t ia l 

quantity for i t was calculated so that the quantity a t large time ( i . e . , after 

the parent has decayed) would be correct if the parent were not transported out 

of the fuel bundle. This resul ts in a conservative in i t ia l quantity for 

aiiier1cium-24l because the parent (plutonium) does transport out of the fuel 

bundle. 

D.2 INPUT TECHNIQUES AND REQUIREMEMTS 

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 f i les and some control parameters obtained by 

interrogation on the terminal, A driver f i le must be prepared l is t ing the BARFIL 

f i les by name for each package design case to be evaluated. This driver f i le has 

the dummy variable name OATSET in the program and can be given any valid name 

which i s entered on the terminal when requested. The general form of DATSET i s 

shown in Table D-4 where each BARFIL f i le i s identified (e .g . , A.l) along with 

the corresponding number of barriers in that particular package design case. The 

format for DATSET i s (AlO, 12). Thus, an unlimited number of independent and 

consecutive package design cases may be evaluated with one input message. 

Upon execution of BARIER, the input information shown in Table D-5 i s 

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 f i l e . 
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Table 0-4. General Form of DATSET, 

FILE 

A.l 

A.2 

A.3 

E.l 

B.2 

C l . l 

E.l 

NUMBER OF BARRIERS 

2 

3 

2 

3 

3 

4 

2 
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Table 0-5. Input Information Required for BARIER Execution 

(1) Name of the driver file containing the list of BARFIL files 

(2) Time increment (DELTA) by which time will be varied when 
performing successive calculations leading to barrier 
failure, yrs 

(3) Geology code (IGE), (1-salt, 2-basalt, 3-gran1te, 4-shale) 

(4) Water code (IWATER), (1-anoxic brine, 3-anoxic water) 

NOTE: The code increments IWATER so that both anoxic 
and 0x1c cases are automatically run. 
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0.3 OUTPUT DESCRIPTION 

Al l output from BARIER i s stored in a data f i l e ca l led PERF0R.DAT. 

Output for a l l cases l i s t e d in OATSET i s maintained in th is f i l e un t i l a 

subsequent execution of BARIER wi th a d i f f e ren t DATSET f i l e . Each time a DATSET 

f i l e i s evaluated by 3ARIER, output from the previous program execution is 

overwri t ten in PERFOR.OAT. Output pr in touts may be obtained by wr i t i ng 

PERF0R.DAT fo l lowing termination of BARIER execution. 

Output from a sample problem is provided in Appendix E. For each 

design case, per t inent input data is pr inted f i r s t and i s followed by spec i f ic 

performance data for each type of environment (water) to be analyzed. Star t ing 

wi th the outermost package b a r r i e r , data at the time of f a i l u r e of each bar r ie r 

is p r i n ted . This includes bar r ie r f a i l u r e t ime, net pressure on the bar r ie r at 

time of f a i l u r e , bar r ie r thickness^and temperature, repository temperature, and 

rad ia t ion dose. Leach begin t ime, or the time of f a i l u r e of the innermost 

b a r r i e r , i s pr inted next and i s followed by nuclide geology release rate 

information from the RELEAS subroutine. For each package design case and water 

environment (br ine or water) spec i f ied , BARIER analyses are performed for both 

the anoxic and oxic environments and are pr inted separately in the output on 

successive pages. 

The output data from the RELEAS subroutine are the radionucl ide release 

rates as a funct ion of time at the backf i l l -geology in ter face as defined in 

Equations (3.5.1) - ( 3 . 5 .4 ) . There are three types of release output data 

possible: 

(1) When there is a s u f f i c i e n t quanti ty of a radionucl ide at the beginning 

of the leach time tor each steady state t ranspor t , the output w i l l be 

ten release values for O . l t , 0.2t , e t c . , where t is the time to 
s s s 

reach steady state. The release rate at steady state is the value 

reported at t , The time is then printed for the initial quantity of 

radionuclide to decay and diffuse away until none re^nains. 

(2) When there is not a sufficient quantity of the radionuclide at the 

beginning of the leach time to reach steady state, the ti,ne .-/hen tne 

quantity goes to zero is divided by ten and release rates are reported 

for O.lt, 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 transport to O.lt no release rates are 

reported because the concentration profile at the backfill-geology 

Interface is too flat for all times. 

(3b) When there is less than one gram of radionuclide at the start of the 

release calculation, the calculation Is 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 radionuclide quantities are 

important in the transport rates. In order to obtain a printout of the Fourier 

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. 
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APPENDIX £ 

SAMPLE PROBLEMS 

Examples of sample problems and BARIER input data are provided in this 

Appendix. Files GEOMAT.DAT, CORRAT.DAT, and MATMAT.OAT contain input data 

required to run any and all package design cases. File COMMOfl.SIE.'̂  is included 

throughout BARIER and is shown here for completeness. Files 02.1, BE.27isi, and 

E.UM represent particular barrier package designs (BAi^IL file) which are 

evaluated by BARIER. 

In these sample problems, a time increment of 1.0 year, a salt geology, 

and an anoxic and oxic brine will be the remaining input control variables. This 

information is entered on a remote terminal upon request. Output for these cases 

is also presented. 
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- . 0 2 5 
- . 0 2 2 
- . 0.13 
- , 009 
«.« 
- OKI 

17900. 
.1116 1 . 

23a«0. 
i<>;ji« 
I 7 ' J0« . 

0 . 
12000. 

0 00 
0 . « 0 
0 . 0 0 
1.05 
0 . 0 0 
0 . 0 0 

o.» 

51140. 
4110 1 . 

11200 . 
10900 . 
5 ' ) 0 0 . 

0 . 
6 7 0 0 . 

COMMON. HI-W 

-3 a 
- 2 . a 
-7.«.7 
- 3 . 7 7 
- 3 . 3 

0 . 0 
- 4 . 4 

12500. 
I 3 4 S I . 
21200. 
J9316. 
73'»». 

«. 
6000. 

«.e 
26.7 

0 . 0 
16.3 
19.5 
0 . 0 
0 . 0 

3 0 . 
3 0 . 
5 0 . 
3 0 . 
aa. 

0 . 
5 0 . 

12500 
12436 
21200 
10700 
6660 

0 
6000 

PARAMh 1 !• 11 I UAH- !i . I I : H ) - 4 . IITIH' I « . 111 AK= 4 
mM. MAKirilM l lAIF .NIJ . I AfinilA, IDIAM,LAI1FL,K,MC»NI>.NTPIIS 
I.OPIflON / f l A i m X / IIHAM* IIIAIU ,1)1)1 AMC illAlll .11)1 An< inAlU , A< IIIAIU . IIFAT. 

1 Kt IIIAIU ,MA1( IIIAIU , h ( IHAiU ,«:»>AI« I UAIU . I O U C F , MCONIX IHIIU . 
2 I1AK< IIIAIU ,«II1AI12( lllAfU ,nAI2C IIIAIU , 11.( IISAIU ,WI'AII..IM IA« IBAIU 
3 , < - « i i m A n n , 7 > , i i r i n A i i , K ; « N I H II>AK> , H A I < : A I » 
t i i i iAiu .1 A I I H ( ifiH>> .HH'm<*« I < : H » . cn i -FPf iv.tm . I ' o i s s f I B A I U , 
n I n i<;i-o», i2< I ( ; K » ) . ni» H i K u , I K n ; n > ) . N l l • n ^ M H A H i r r i i u , 
«> n n i - . iNDX.H. I C K . I H A H . H I P i t f i . I I I . D H I A , i i i H : k 2 . 
7 c;i r i l l »*( IIIAIU . n ii-ni'< I I I A I U , i m r , H M I N K . i w A i E i i . n ' n f S S . 
il ' IIIK K. l ItAII ( K.I'O) .III Lr i r i , l l l< l I I H, M.I'NT. lOIJ.III Al l . I-CHH ICI-n) , 
9 «;iMAri« IIIAIU , VH IMIIU ,Y24 IPIlIU , i l l* ItTltt} , II2C IHIIU , 
1 € i < i f i i i u , IP2C IHIIU , S H IMIIU ,S2« i f r i i u , s : » i r r i n ) , s t » i r n i u , 
2 HIAk« IIIAFI . M A K i n i M O H - K l«;i l»» , IlAI I « H ; i O ) , f K K . H OX 

I K I K ; H » IIAK 

«:oN«:n'r i»2. i 

:i 

1 

,1 

7 

1 12 
;i 
2 1 '1 
3 
'114 
'I 
i i n 
7 

(»«tl 
1 0 

5 0 0 
1 0 

.S«»«l 
1 t> 

r .oo 
1 » 

ft r»«« 
0 0 

14 «<»« 
« 0 

ir. «<M> 
0 « 

2 • r.(M» 
100 «> 

I.I 

1» 

15 

2' l 

n o o 

« 
««« 

2 
00(1 

2 
TiOO 

^ 

13 
10 

14 
10 

If! 
i n 

411 
10 

5 0 0 
15 

,100 
15 

n o « 
n 

0 0 0 
15 

« 
9 

» 
« 

13 5 0 0 
3 2 5 0 

14 5 0 0 
3 2 3 0 

15 5 0 0 
3 J 5 0 

411 0 0 0 
3 2 5 0 

0 0 
0 6 

« 14 
0 (, 

0 4 1 
0 6 

0 4 4 
0 6 

« 
0 

0 

0 

4 

4 

4 

4 

» » 
2 5 3 

2 5 3 

2 5 3 

n 

0 

0 

E-2 



t- •« 9*0 

Q-Q 0*0 

«• sr;« 
OOO'IH' 

0 • sr.r. 
om-Kt 

«•© ©I 

«wriH- «•« «i 
«oa*Ki 

z 
OWfi'fii 

0 
(MIS'CI 

0*0 
00!}"C»l 

O'O 
OOS'VA 

Wl *• 
0«fi*cif: 

0*1 9 

mm-zio 

Nil "J J.4at)M(l3 

«• !iC« 

«oo•||^ 
0 • set; OO!!-*! 
«-f3«;i; 

«os-t;i 

«•(> 
00«' 

O'O 
OOfl 

O'O 
«Ofi' 

01 
•llfr 

01 
•i'l 

«l 
•tl 

1 
OOI' 

1 
mm' 

« OOfl' 

* i ip 

•f-i 

•CI 

«•« 
mm • i r; 

0-0 
000 ••n 

iro 
o«fi-i;i 

»• i 
»»!! • 

O'i 
owe 

«'I 
000' 

s 
•I'll. 

* 
•i:is 

y 
•KIO 

z 

•• 
9 

azz-im .iJ'A'Mirj 
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vjmv.v.rr i >2 . i 

« K » I , « M ; Y : S A L T 
I I F . I ' O S I T O I I Y I'llFS.SHIIK (I'.S I ) : 2 5 0 0 . 0 « « « 
<:nF.F,i'in« HKIHI IP I ? Y F S 
MAKinilH WA.'̂ IF, I K r l P . : aSOAUK) 
KI.KMFNT l . l » . O .K . O.iS. 

iNfJi'lt irtriFii oiiTF.il 
KOI,10 SOI.IO KOI,SI» 

C IN) i IN) C IH) 
HI-EEVK 1 5 . 5 0 0 2 3 . 5 0 0 2 3 . 5 0 0 411. « 0 » 411 .000 
OI'AIIK 1 4 . 5 0 0 1 5 . 0 0 0 i ! $ . « 0 » 1 5 . 0 0 0 1 5 . 5 0 0 
r.AB 1 3 . 5 0 0 1 4 . 0 0 0 1 4 . 0 0 0 I 4 . ( i 0 n 1 4 . 5 0 0 
STAB S 2 . 0 0 0 I 3 . 5 O 0 1 3 . 5 0 0 K I . 5 0 0 1 3 . 5 0 0 

O . l l . 
r i i . i . r . i i 

< IN) 
«AI' 
i IN) 

H A K K F I I . I , I N N K I I O U T K H 
C O K m i l l K N l - S - SOI, III .SOI.III 

A K 

0 . 4 4 2 5 3 . 0 0 
0 . 4 4 2 5 3 . 0 0 
S>.44 2 5 3 . 0 0 
0 . 0 0 0 . 0 0 

,101 SIT €OAT FIIJ .KII CM' 
KFF 1)KI,A7 MATKIUAI, MATKHIM. 

I VUH> 

I HON 
I r icoiiL 
i r i cor i i . 
l t l«]0[ l l . 

I n»ri 
I w;«r iL 
iriiiONi. 
i i« :oNi , 

I . 00 - 100 .0 
I . 0 0 0 . 0 
l . 0 « ' o . « 
1.00- o . » 

SAND-II 
«AII»-Il 
snrii»-ii 
WMIK 

rioriK 
tlOflK 
IIOIIK 
IIOIII-: 

KF.AI. 

I r;-'. I ) 

1 5 . 0 0 
1 5 . 0 ' ) 
1 5 . 0 0 
1 5 . 0 0 

SKAI, 
Tiail* 

<K) 

3 2 5 . 0 0 
: i : ' 5 . 0 0 
:i;^!i. on 

BA<:(fFnj, nnr.Kvifj. 
t:mm 
r.i.nvK 

0 . en 
O.ftO 
f».C.O 
o . <.o 

I'lHSSON 
RATIO 

O.AO 
0 . 4 « 
«.,A0 
O.-10 

BAHHIKII PFIirOHMANCF. 

HHinr . . MA'reiii 

SLEEVE 
orA<;K 
CAN 

I.EA«:il IIE«IH 

ANOXH; 
FAII. imK 

TiriF,( YIK) 
1 9 2 . 0 0 
2 6 3 . 0 0 
3 0 1 . 0 0 

UK «YF.AIiS) = 

NKT 
rnr.ss<i'siA> 

- 2 H H I . 6 5 
- 2 5 2 2 . 0 4 
- 2 5 2 3 . 0 7 

7 5 6 . 0 0 

TIIICKriKS.S 
< IN) 
» . 3 2 » 
0 . 171 
0 . 160 

ELEMKUT 
TKfll'< lO 

4611.111 
4 6 9 . « 7 
4 6 9 . 3 0 

IIKI'OSITOIIY 
TErilMK) 

4 6 6 . 0 0 
4 6 6 . 0 « 
4 6 6 . 0 0 

IIAI> ItOSE 
« l f IIIU 

I . H 3 7 K - 0 I 
1.5 ')9E1-0I 
2 .K3!»E<00 

i 
nWCUBE €EOI.O«V IIFI.EASK HATE INFOIUIATIOH 

l l - l » > «III«;il .SOiJI I I I I . r iT) lir.l.F.ASK -m « ; E « I , 0 « V I I E C I M S A T 7 , , ' J 6 « E f » 2 YKAIW, I I A « : K F I I , L I S 119.9% o r TIIANSPOIIT ME.'JI.STANCE, IIEI.EASE RATKS ABE! 
TIHF<Vn) 6 . 4 9 I I F . » 0 3 I . 2 2 4 K H M 1 .790F .«»4 2 . 3 7 2 F . H I 4 2 . 9 4 7 E « « 4 3 . B 2 i r . H » 4 4 . 0 9 5 E « 0 4 4 . 6 6 9 E t 0 S 5 . 2 4 3 E H » 4 B . « I 7 E » 0 4 
IIAH.HIIXYIU l .3651 'M»H I . 4 0 7 E - 0 7 2 . I I06F,-07 3 . 7 9 7 F . - 0 7 4 . 4 4 I E - 0 7 4 . H t 9 F . - 0 7 , 1 . I O I l F - 0 7 5 . 2 7 I E 0 7 n.:i7, 'IF. n ? n . 4 ; r r F . Oi' 
COHHTArr rF.Oi.OCMIAI. HF.I.EA.SF. IIATF, OF ,1 .43IIF . -07 C | . 'Vl l OCCIIliS FllOH ! i . n i 7 E « « 4 VF.AILS TO l . 7 9 6 E « 0 « VICAIW 

11-2311 U.OH SOI .Wi l l , ITY) IIH.EASK ' ro . <;EOi,0«;Y IIEIJINS AT 7 . n 6 0 E H » 2 YEAilS, HACKFII.l. lH 119. 9 S OF THAriSI'tttiT HE<5 ISTAm:'''., 
•|TI1f:«VH) 2 . 0 7 3 E H W 4 . I 3 H K « 0 ! I 6 . 2 0 3 l - ; ) « 5 l l . 261IE i0 .1 l . « 3 3 E « 0 6 1 .2}0FMM. 1.446EM>6 1.6531-;:'>'» H.",» '>K:06 2 
HATr.««;i/VIU 4 . « 4 9 F . 1 6 4 . 9 9 6 K - 1 5 9 . 9 6 4 E - I 5 I . 3 4 9 E - I 4 I . B 7 7 E - I 4 1.72' iF. 14 i . l l l 4 E - i 4 I . r.?;iK - 1 J l .90;5 ' - : 14 I, 
l.-OnHTAN'r « ; F 0 I . 0 ( ; | ( ; A I . I I E I . E A K F . I I A I F . o r I . 9 3 I E - I 4 C I . ' Y U «i:<:i)ltS F I I O H 2 . 0 ( . 6 F » 0 ( . YFAILS T O 4 . 6 2 6 E » I 0 VF.AIW 

liMi.KAsr.; HA'IT«: 

9;!ii% 1-^ 

MW.: 

r i . i r r o n n i M 2 4 0 I I F I . E A S E ' I O C;F.OI,O<;Y IIF.CJINH A T 2 . 9 2 O E H ) 4 Y E A H S . H A < ; K F I I . L 1.1 i ! 9 . 9 ; ! o r TiiArif;r«r.T I I K ' ! I » ' I ' A H I ; K , r.r'-.i.F./^'iF. r,A'n-:« n n E : 
T i n r j V I U 2 . 9 2 « E » « I 4 l l . 7 6 5 E « 0 4 l l . 6 I O E t 0 4 1.I45F.H>; | l . 4 3 0 E > 0 , 1 l . 7 l t l ' ; < 0 5 I . 9 9 9 E S 0 3 2 . .'?n31''.i Oil 2 . lICc'JE: 0 5 •.i.PM'Mi'ini 
n A T E d l l / V H ) 4 . 5 1 3 E 2 0 C>.92(.K-14 4 . 2 6 0 E - i a 3 . 2 0 2 E - I I 1 . 0 4 7 E - 1 0 2 . 2 6 9 E 10 3 . i n 5 E - I O 5 . " r , 9 K - I O 7 . I ! ' J ' ! ' : 10 <>. «,"(nF. - IO 
i.-onHTANr « ;F .OI .OI ; I< ;AI , I IE I .EA.SK H A T E D O E S N O T OS;«;IIII , I I E I . E A S E END--^ A T 2 . H 5 2 E M » 5 Y E A H S A T A I IEI .KA?;K H A T E O F 9 . '>o i r c l o «:I-^YIS 

AMFillCHIM 2 4 1 DOF.I NOT llKAi;il l « l'iaU;ENT OF CONSTANT < ; E « I , 0 C H ; A I , I I E I . E A K E HATE 
THAH.'IIEnT IIKI.EA.S-E BAIT, TWO KMAI.I. TO CALCULATE 

http://oiiTF.il
http://iiei.ea.sk
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C o n c e p t 0 2 . 1 ( C o n t i n u e d ) 

WATER! I U U N E . O X H : 
ELEMENT FAll. l lUi; NET 

T l flE< VIW) nil'.S.>J< I'.S I A) 
SLEEVE 1 1 3 . 0 0 - 2 7 3 0 . 3 3 
«PA«K 2 0 . 0 0 - 2 5 2 2 . 0 1 
CAN 2 3 . 0 0 - 2 5 2 3 . 5 2 

LEACH IIECIN TIME (YEAILS) = 1.16.00 

NUCLIME «E01.0CY' RELEASE RATE INH)RflATION 

W-23U < I I H ; 1 I . S O I . O I U L I T Y ) H E L E A . S E TO CEOLOCY IIECINS AT l . ! i 6 0 E > « 2 VEAItS, HACKF 11,1. I S fVt.T-i « F TIIAHSI'OIIT IIKS'I.STANCE. IVCLKAKE IIATIS ARE: 
T i n E i V l l ) r».ll91lEH»3 1 . I 6 4 E S 0 4 1 . 7 3 l l E * « 4 2 . 3 I 2 E « 0 4 2 . l i » 7 E * 0 4 3 . 4 6 ! E * 0 4 4 . 0 3 5 K S 0 ! . 4.(M<)KHi% S. tSV.lVJ-tn B .Tn7K:OA 
RAl 'EJCI 'YIU I . 3 6 5 E - 0 I I l . 4 0 f E - « 7 2 . B 0 6 E - 0 7 3 . 7 9 7 E - 0 7 4 . 4 4 I E - 0 7 4 . I 1 4 9 E - 0 7 O . l f t H E - 0 7 5 . : i 7 1 E « 7 5 . 3 7 3 E - 0 7 5 . 4 3 « r . 0 7 
CONSTANT < ; E « I . 0 « ; | C A I . H E L E A N E HATE OF 0 . 4 3 I I E - 0 7 C l / Y l l OCCHIIS FllOH 51.757Efr04 YEAIN TO t .T>iW.tm W.MZi 

0 - 2 3 U <I.«W SOI.IJIIII . rrY) H F I . E A S E T O «;F.01.0«;y U E C I N S A T I . 5 6 « E H ) 2 Y E A R S , I I A C K F H . L I H 119.9« « F •IIIAtrJ'.'OIlT I'.E'.-ISTAIICE. I!I'.I.I-.A'!E RATI'S MIK: 
TIMK«VR) a . « « . 7 E » « 5 4 . 1 3 2 E 8 0 5 fc.l97E«05 « . 2 6 2 E f 0 5 l . 0 3 3 E « 0 6 l . 2 3 9 E « « 6 l.44fcEH>f. I . 65 ' JEKV, I . i;'i ')K! Of. 2 .0< . ! ; r i "f. 
HATE<CI/VIO 4 . U 4 9 E - I 6 4 . 9 9 6 E 15 9 . 9 6 4 E - I 0 I . 3 4 9 E - I 4 l . n 7 7 E 14 I . 7 2 2 E - I 4 I . J I I 4 E - I 4 l . r , ? 2 E - | l I .'JO.'SK 14 1 . 9 3 I E 14 
C O W S T A W T C E O L O C I C A I . I I E I , E A . S E R A T E O F l . 9 3 I E - i 4 C I / Y H OCCJIIHS FltOH 2 . 0 6 S E t O 6 YEAILS '10 4 . f c 2 6 E M 0 YEAl'.S 

Pl.Ul-ONIIIH 2 3 9 RELEASE TO CEOLOCY IIECIN.S AT 2 . I M . 6 E t 0 4 VEAIIS, IIACKFII.I. IS 1I9.9K OF 'LIlAtlSrOHr IIES I.STAIICE. I'.ES M.KT. RATIM ABE: 
T IHEJVn) 2 . n 6 6 E t 0 4 5 . 7 1 7 E H M I I . 5 6 H E 4 0 4 1 .142F .*05 j . 4 2 7 E H K ' l l . 7 l 2 E t « 5 1 . 9 9 7 E H ) 5 Z.'.^Kl'-.Ki.l 2 . 1 K r / K ; 0 5 li .><.•<'.'••'V.i 
H A I E U : ! . VH) 6 . 6 9 I E 2 0 7 . i l l E - l 4 4 . 3 3 4 E - I 2 a . 2 4 2 E - I I I . 0 3 1 I E - I 0 2 . 2 1 1 7 E - I 0 3 . 9 2 1 E - I 0 K. {•'J'JE-IO 7 . i ; ; . 3 E - 1 0 i).')-",l- 10 
CONSTANT CEOI.OCICAI, HELEASE IIA'IE »OE.S HOT OCCDH, RELEASE ENDS AT 2 . « ! I 2 E « « S YEAILS AT A IIELEA:»K IIAIE OF 9 . 9 S 5 E - 1 0 CI Yll 

THICKNESS 
( IN) 
0 . 100 
« . 17« 
0 . I 5 « 

El EMENT 
TEfllM K) 

461). ilO 
4 6 9 . 0 7 
4 6 9 . a » 

IIEPOSITOliY 
•lErilMK) 

4 6 6 . 0 0 
4 6 6 . 0 0 
4 6 6 . 0 0 

IlAI) IIOSE 
( l l ' l l l l ) 

1 . i 3 2 E t 0 0 
2 . I40t ' :>03 
l . 7 2 0 E t 0 3 

AMEIIICHIPl 2 4 1 IKIES HOT REACH 10 PERCENT OF CONSTANT CF.OI.OCICAI. RELEASE HATE 
THAN.SIENT RELEASE IIAIE TOO KflALL TO CALCULATE 

http://HELEA.se


CONCEPT nE.27N 

CE«l.rM;Y: SALT 
HEPOSITOnV l'IIF..s-SI)HE I PS I ) : 2 5 0 0 . 0 0 « « 
c i tEi - . r iNc riEDiufi '/ vi-.s 
MAXIMUM HASTE lEfll'. : 
ELEMENT I.I). O.I). 

INNF.II i t inr . i i 
SOI J III SOLID 

( IN) < IN) 
SLEEVE 
CAH 
CA.ST ST 

6 2 3 . 3 1 K) 
0 . 1 ) . 0 . 1 ) . 0 . 1 ) . 

OUTER FILLER «;AP 
SOLID C IN) ( IN) 

( IN) 
I 4 . , S 0 0 2 1 . 5 0 0 2 1 . 6 0 0 411. 0 0 0 ' 4 « . 0 « » 
1 3 . 5 0 0 1 4 . 0 0 0 1 4 . 0 0 0 1 4 . 5 0 0 1 4 . 5 0 0 
I 2 . 0 O 0 1 3 . 5 0 0 1 3 . 5 0 0 13 .500^ 1 3 . 5 0 0 

BABBIKH PE11F01IHANCE 

nACKFlLI, INNER OUTER 
COEFFICIEWI'S SOLID SOLID 

A K 

•lOINT. COAT FILLER CM' 
F.FF • DELAY MATF.IUAI. nATESUAI-

< VllS) 

0 . 4 4 2 5 3 . 0 0 IROW '/.IHC 1 . 0 0 : 0 . 0 BFriT NOriE 
0 . 4 4 2 5 3 . 0 0 3 0 4 S S T 304 i !ST 1 . 0 0 0 . 0 IIEIIT IIOIIE 
0 . 0 0 0 . 0 0 LEAH LEAD 1 . 0 0 0 . « rMMiE IIOtlE 

.SRAI. 

< i ' ! ; i ) 

O. O') 
O.O'J 
o.o:> 

SP-AL 
TF.FIP 

«!') 

3. ' ;5 . € 0 
:r.v.i. 0 0 
3:;!i . c « 

I IAd 'E I I J . 

J-I.Oi'K 

0 . 6 0 
0 . 6 0 

PACKFIIJ , 
r o i . ' K o n 

PATIO • 

0 . 4 « 
0 . 4« 
0 . 4 0 

MOTT.IIs BR INK, ANOXIC 
KI.EMEBT F A i m H E WCT ' n i l C i a i E S S ELEHEUT REPOSITORY RAll »OSE 

TIMEIVRS* PHE.SSJI'.S|AS < IN) TEMPI K) TEHPI K) < l l / IIR) 
Hl.f.EVr. 51111.00 2 ! l « 0 . « « 0 . 0 0 0 4 6 9 . 1 4 4 6 6 . 0 0 I . 4 7 0 E - 0 3 
CAN 6 2 6 . 0 0 ' 2 5 0 0 . 0 0 0 . 0 0 0 4 6 9 . 3 1 1 4 6 6 , 0 0 l l .HK.E-O. ' i 
CAST HTAB 6 3 . 0 0 " 2 5 0 0 . 0 0 8 . 0 0 0 469 .110 4 6 6 . 0 0 I . I 2 I 5 K - O I 

I.E*CII Bl'.CIN TIME C YEAILS) = 1277 .00 

M 
I 

OS 

BWCIJBE CKOLOCY HELEASE RATE inFORMATION 

I I - 2 3 0 «IIICH SIM.IIIIII.ITYI RELEASE I B . CEOLOCY BEIJINS AT 1 . 2 7 7 E * « 3 YEAilS, BACKFILL I S 99 ' .0JI « F TPAtlSI'OUT RESISTAHCE, RKLEAPE lUkTES AREs 
T i n E < ¥ R ) « . 7 I I 9 E » « 4 l . 3 4 5 E » « ? l 2 . 0 l i E » 0 3 2 . 6 7 7 E * » 5 I 3 . 3 4 3 E 4 - 9 S 4 . « 0 9 i ' > » 3 4 . 6 7 n E + 0 r i r e . 3 4 2 E : 0 ! l Cs.OOJJKlO!} 6 . 6 7 A E ! 0 ! » 
IIATKICI/YII) l . 2 t t 3 E - 0 9 i . 3 2 I E - 0 l l 2 . 6 3 5 E - 0 0 3 . 5 6 7 E - 0 I I 4 . I 7 I E - 0 I I 4 . r » 5 5 E - 0 0 4 . 7 9 H E - 0 I 1 4 . 9 S I E - 0 I 1 r..O'%'5E-OII ! l . l « 9 E - o n 
CIWBTAHT CEOLOCICAL IIEI.EASE RATE OF f l . - | 0 9 E - 0 l l C f / Y H OCCIIILS FROM 6 . 6 7 4 E H ) r » YEAHS TO I .ISI3E«-06 YEAIK 

W-238 (l ,«M KOI,IIBII,rrY> RELEASE m KEOI.OCY IIEBINS AT l . 2 7 7 E * « 3 Y I ' ; A I W , IIACKEII.I. I S 9 9 . 0 ' / . OF T H A M S P O U T IJESIKTAnCK, KKLEAHP': RATES ARE: 
TIHE«Y1I» 2 . 3 9 9 E » » § 4 . 7 9 7 E « 0 6 7 . l 9 4 E « - 0 6 9 . 5 9 2 F . « « 6 I . I 9 9 E « 0 7 l . 4 3 9 E » » 7 l . 6 7 9 E t 0 7 I . 9 I I 5 E K ) 7 2 . I!I.'IK»07 .'!. 3'>I».K: 0 7 
HATr.<Ci/-VH) 4 . f l 8 r » E - | 7 4 . 6 9 3 E - I 6 9 . 3 5 9 E - I 6 I . 2 6 7 E - I 5 i . 4 f l l E - l 5 I . 6 I J 1 E - I 5 l . 7 0 4 E - i r 6 I . T S B E - I T B l . 7 9 3 E - i r B l . l l i 4 E - i 5 
COflHTABT €E«i .»CICAI . RELEASE BA'I E OF I . I I I 4 E - I S CI^VH OCCIIILS FROM 2 . 3 9 « E - » 0 7 YEAILS TO 6 . 1 6 9 1 ' > l « YEARS 

r u m w m i M 2$9 D O E S N O T R E A C H I « P E B C E N T o r C O N S T A N T C E O L O C I C A I . I I E L E A S E iwn: 
TRABHir.llT HEI.EME BATE IIOO SMALL T«. CALCULATE 

A K H I C H I M 2 4 1 i)rtE.S HOT BEACH I© PERCENT OF COBSTABT fir.OI.OCICAL BEI,KA8K IIATE 
TIlAHSir.NT IIELEA.SE HAW. "fiOO SMALL TW CALCULATE 



• 
• 

C o n c e p t B E . 2 / i l ( C o n t i n u e d ) 

WATER! IIIIINE.OKIC 
ELEMENT FAII.UllE WET 

T I riEl VIM) PIll'.SSl I'S IA) 
SLEEVE 3 1 2 . 0 0 - 2 5 0 0 . 0 0 
CAN 9 . 0 0 - 2 5 0 0 . 0 0 
CAST 8TAU 1 6 . « » - 2 3 0 0 . 0 0 

LEACH IIE€IN TIME < YEAILS) - 1137 .00 

NUCI.IWE CEOI.OCY RELEASE RATE INFORHATION 

U-23U UIICII SOI.IIIIII.ITY) IIF.I.EA.SE TO CEOI.OCY HFC INS AT 5 . 3 7 « E f 0 2 YEAILS, ISACKFILL IS 9 ' ) . 0 ; ! OF THAri.'^l'OHT liK'-J IfiTACICK, (!ri,l-:A';F, P.ATF.S MW.: 
TIHEIYH) 6 . 7 1 5 E J 0 4 l . a 3 H E H ) 5 2 . 0 0 4 E t « 5 2 . 6 7 0 E i a 3 3 . 3 3 6 E * 0 ! I 4 . OOrSI'UOis 4 . (.6J!K!*,:i .•». r/S^I-E'tMi 6 . COO!-.: 0 ! | h .hr,;:-.-<•"•. 
« A T E ( C I / Y I U I . 2 I I 3 E - 0 9 1 . 3 2 I E - 0 I I 2 . 6 3 5 E - 0 I I 3 . 5 6 7 E - 0 I I I . I 7 1 E - 0 U 4.1»r»5E-0« 4 . 7 9 « E « B 4 .9511 ' ' . t r i ».O-'Cl-'.-OK ! i . UVT. r » 
COHSTANT CEOLOCICAL HELEASE KA'rE OF 0 . I 0 9 E - 6 H C I / Y l l 0C;<:II1LS FllOH fc.6f.6EH)a YEARS ' r e I . « I 2 K * 0 6 YEAIUi 

U-2311 II.OH SOUIHII . ITV) RELEASE 'rO CEOI.OCY RFC INS AT r s . 3 7 0 E * 0 2 YEARS, IIACKFILI. I S 9 9 . 0 7 ! OF 'IIIAII'JnKlT IIF.'! I({TA|ICE, »!'-;i.K'"-.r': CATI--'! MW.: 
T i n E ( Y l l ) a . 3 9 1 l E t 0 6 4 . 7 9 6 E » 0 6 7 . I 9 4 E « 0 6 9 . 5 9 I E ) 0 r . 1 . l 9 9 E f 0 7 i . 4 3 9 E H ) 7 l . 6 7 « E H > 7 t .>i VY-'AOi 2 . l5 . 'M-; i07 :i.:f'l-.::>M 
BATEHJI/VH) 4 . H 5 5 E - 1 7 4 . r . 9 3 E - l 6 9 . 3 5 9 K - I 6 I . 2 6 7 E - 1 5 l . 4 1 I I E - i r » I . 6 I I S E - I 5 1 . 7 0 4 E - i r » I . 7ii."l'-'. • 15 l . 7 9 3 E - i r . I .IJI- 'I- , IT. 
COWSTANT CEOLOCICAL HELEASE HATE OF I . I U 4 E - 1 3 C I / Y K OCCOIW FROfS 2 . : i 9 C E » 0 7 YKAIK 'TO 6 . I 6 9 E » I 0 YKAII'-J 

P L I t T o n i i m 2 3 9 IIOFS NOT REACH 10 PERCENT OF CONSTArfP CEOLOCICAL IIEI.EASE IIA'rE 
'rilANSIENT IIELEANE IIA'rE TOO SHALL TO CALCULATE 

Tllir .KtIESS EI.EriENT IIEI'OSI'IOIIV R,\l» IIDSE 
« IN) ' l 'Efir(K) ' lEr i l 'KO Ul- ' l l lU 
0 . 0 0 0 4 6 9 . 0 6 4 6 6 . 0 0 2.-I.f. IE-Or. 
0 . 0 0 0 4 6 9 . ; | 7 4 6 6 . 0 0 ' I . .'^HTKiC;) 
0 . 0 0 0 4 6 9 . 7 7 4 6 6 . «<) 2.6; i . ' JKiO') 

I 

AMEIIICIDH 2 4 1 DOES NOP REACH l » PERCENT OF €«N.STAWT CEOLOCICAL IIEI.EANE IIATK 
THANSIENT RELEASE HATE TOO SMALL TO CALCULATE 



COKCEfT E . l i n 

r.EOLOGY: SALT 
IIEPOSITORY PRESSURE « P S I ) ! 2500.000® 
CREEPIKfi HERHIPI.? YfS 
MAX I HUH WASTE 'rEMI*. 
EI-EMEKT 

CAn 
CABT ST 

BSIWIEE 

I . I ) . O.I). 
INMER IHHEH 
SOLID SOLID 

(IH) -iin» 
13.500 19.BOO 
12.000 13.goo 

i'Eiii-'OiimncE 

1163. 7$ K) 
O . I ) . O.I>. O.IK 

OII'l-Ell r i l - L E H CAP 
SitLUi ( IK) < im 

( IN) 
19.500 4IB.O0O: 40.000 
13.500 13.50®: 13.500 

BACKFILL INKER OII'n-:R 
€OEFFIOIEri>l< SOLID SOLII» 

A K 

J O i r n COAT FILLER CAP 
EFF • DELAY HA't'EIUAL H A T E I U A I . 

tVl lSJ 

®.4 t 253.0® 3U4SST 304SST 
®.00 0 . 0 0 LEAD LEAD 

,00 
.00 o .® 

BANU-U 
HONF. 

NOME 
NONE 

SEAL 
rilESS 
IPS I) 

&.m 
0 .0® 

SEAL 
T E i r 

u o 

020.&® 

BACKFILL BACKFILL 
ra i i i i i roissoH 
HLOI'E RATI® I 

« . 6 « 
« . 60 

« .4® 
« . 4 ® : 

WATER: BRIKE,ANOXIC 
ELEIIEMT FAILURE NET THICKNESS ELEMENT IIEI'OSITOIIV IIAIS DOSE 

TIHF.IVRS) PRE.SS«I'SIA> SIM) TEMI'I KS TEfllM K) UI/IIIU 
CAB 7S00.0® -SSOa.OO @.®®0 4 6 9 . a a 466.@0 a.®63E-®4 
CAHT OT'AB 63.0® -2S®«j.®0 ®.ft©® 469.0© 466.@0 ».®20E-®2 

LEACH BE€IK TIME «YEARS) = ?r i63 . @@ 

W 
I 

^UCLIUE «;E0L08;V RELEASE RATE INFOItH&TIOII 

0-230 I m e n 801,1111 il,ITY» IIEI.EASE T«l CEOI.OCY IIECINS AT 7.li63E»®3 YEARS. IIACIO-'ILL IS 93 .3% OF TRAHSI'OUT IIIvSISTAUCE, lUa.EASK RATES AHE! 
TIHE<Yll) I .S33E*04 2.3I®E*©4 3.«II7E*®4 8.I864E404 4 . 6 4 I E » « 4 8.4IIIEMIJ «. .I9§E*04 6 .972E»0I 7.749E4-04 II.B26l->«4 
I1ATE<CI/YR) I.OIOE-Oll l.®4IK~®7 2.@76E-®7 2.I109E-07 3 . 2 e 5 E - 0 7 a.0IHlF.-07 a . 7 ? 9 E - 0 7 0.fl99E--07 3 .976E-®? 4 .024E-07 
COmTAKT CEOLOCICAL RELEASE BATE OF 4.®24E~@7 Cl/Yll OCCURS FHOfI «'.G26E*04 YEAILS 'TO 2.49IEI-05 YEAILS 

M-23II 1I.0W SOLHIIILITY) RELEASE. TO CEOLOCY UEfilHS AT 7.063E*®3 YEARS. BACKFILL IS 93 .3% OF TRANSPORT HE5IISTANCE, RELEASE RATES Ml£i 
TlflE<YiU 2.I170E*®S 0.6f.4Ef«B e.459E4®Sl I . i 2 5 l > 0 6 l .405E»06 l.6a4E*®6 l . 9 6 4 E t 0 6 2 . 2 J 3 E ) « 6 2.S23E*06 2.IW2I'>06 
H A ' I ' E I C I / Y H ) 3.51I7E-I6 3 . 6 9 6 E - I S 7 . :W2E-I5 9 . 9 7 7 E - I 0 1 . I 6 7 E - I 4 i . 2 7 4 E - | 4 I . 3 4 2 E - I 4 I.3415E-I4 I . 4 I 2 E - I 4 i . 4 2 9 K - l 4 
CONSTANT €EOIi)UlCAL IIELEA.SE iWK OF I . 4 2 9 E - I 4 CI/YH OCCIIILS FllOfI 2' .a»2E««6 YEAHS TO 4.ll22Ef 10 YEARS 

I'LU'TONlUM 2S# RELEASE T« CEOI.OCY IIECINS AT 3.S33E»@4 YEAILS, IIACKFILI. IS 9 3 . 3 S OF •rilAHSPOHT HESJISTAHCE. IIF.LEASJE IIATIS AM.: 
TIHEIYB) 3.033K804 6.3I®E»»4 'l.®iS7E4®4 l . i a6E*®5 I.464E*©5 l.742K»®5 2.®I9E^©5 2 .297E*05 2 .07a i '>05 2.II52K405 
RATEICI/Vni H.734E-20 4 . 0 3 7 E - I 6 I . 3 I 7 E - I : i 2.2HOE-I2 I . 2 3 I E - I 1 a . 7 2 3 E - l l II. 1 I 2 E - I I I . 4 4 2 E - I 0 2.240E.-I® 3. I6IIE-I® i 
CSMHTIHT CEJMiMJICAI. HELEASE HATE DOES NOT OCCUR, RELEASE ENDS AT 2.aCi2E*0S YEARS AT A RELEASE IIATE OF a.lf t i lK-l® Ci/Yll 

SHKHICIlin 241 
IBITIilL INVKNTOilY iW 

RELEASE S:AI,CWI.&TI0II NOT PEItfOIWEI* BKCAUSE 
6 . 3 7 9 E - r a €IUMI l e IW) H M L t 

http://IIELEA.SE


• 
• 

Concept F.IKJ (Contimipd) 

WATER! l i n i H E . O K l C 
r i .EMFNr FAII-Illir. N E I ' 

T l P i r i VllS) I'HFN.SI I 'S IA) 
v.An 100 «)«e 2 5 0 0 . 0 0 

CA.sr s i A i i 1 6 . « o : n » o o . « « 

l.KACII IIF.CIN I T M K « Vf-ARS) ^ 1 I6 .« I« 

BOCI.lllK CFOIOCV H K I F A S E IIAIE INFOllHAI'lON 
11-2311 ( i l lCI I SOIUDII . ITY) UN.EASE H) CF.OI OCY RFC INS AT I . I 6 0 E » ® 2 YEARS, HACKFILI. IS 9 3 . 3 - / . OF TRANSPORT RESISTANCE, WEI EASE RATI''^ ARE: 
r i M U V R ) 7 . I I I I 6 E » « 3 l . 5 6 « . K » 0 4 2 . 3 4 3 E H H 3 . I 2 » E « 0 4 3 . I 1 9 7 E » « 4 4 . 6 7 3 K « » 4 B . 4 5 0 E M I 4 6 . 2 2 7 E t « 4 7 . 0 0 4 E » 0 4 7 . 7 1 I I E « 0 4 
ilATECCI Yll) l . 0 i « E « ) l l 1 . 0 4 I E 0 7 2 . 0 7 6 F . « 7 2 . I I 0 9 E - 0 7 3 . 2 I I 5 E 0 7 3 . 5 i y i E - 0 7 3 . 7 7 9 E ~ 0 7 3 . 1 I 9 9 E 0 7 3 . 9 7 6 E 0 7 4 . 0 2 4 E 0 7 
c o n s r A N i ' «;r-oio«:ir.Ai, iii L E A S E H A I E O F 4 . « ) 2 4 r . « ) 7 c i vii O C C U R S F H O M 7 . 7 I I I E H ) 4 Y E A R S T O 2 . 4 i 7 r , H ) n YEAILS 

U - 2 3 B (LOW S O I . i m i l . r n i ' ) H K I . F A S K -H) . C E O I . O C V R E C I N S A T l . i 6 » K * 0 2 Y E A R S , B A C K F I L L I S 93 .3^5 o r ' IHAnsrORT IIESlS'i'AHr.K, R E L E A S E nATTS ARE! 
TIMF.lYll) 2 . 7 9 « . E » 0 » n . 5 9 0 E H » 3 II,3II4I-.H»5 I . 1 IIIEM»6 1 . 3 9 7 E « 0 6 l . 6 7 7 E * 0 6 1.956EH>r> 2 . 2 ' . I 6 K H ; 6 2 . 3 I 5 K I 0 6 2 . 7 9 5 E i 0 6 
I I A T O C I Y I U 3.511, 'r . 16 :».69«.K 15 7 . 3 7 2 E I 3 9 . 9 7 / E 15 1 . I 6 7 E 14 I . 2 7 4 E - I 4 I . 3 4 : ; E - I 4 l . t l l l S K - M I . 4 I 2 E 1 4 l . - t lWE 14 
CONSi'ANr CFOi.OCICAI. IIEI.KASF. IIATF. OF I . 4 2 9 E - I 4 CI VII OCCIIILS FROM 2 . 7 9 . 1 E « « 6 YEAILS TO 4. l l2"aE*IO VEAIIS 

PLirroWHIN 239 RFLEASE TO CI'.Ol.OCV ilEC I N.S Al ' 2 . I » . 3 E » 0 4 YEARS, IIAIIKFII.L I S 9 3 . 3 S OF TBAHSPOUr RF,;; I STANCE. IIKI.F.ASE ilA'Il-'S AHEs 
T inE4YIU 2 . I M . 3 E » 0 4 S . 7 I 4 F M S 4 H . n 6 6 E « 0 4 I . I 4 2 E ) « 5 l . 4 2 7 E » 0 5 l . 7 l 2 K t 0 0 l . 9 9 7 E » 0 5 2 .2I I2EM>5 2 . 5 6 7 E « 0 5 2 . I I 5 2 E 1 0 5 
HAIT.lCl Yll) 4 . r ( i ; i E 2 « 6 . 3 6 7 F - I 6 1 . 7 7 7 E 13 2 . I I 4 6 E 12 I . 4 6 S K I I 4 . 2 9 7 E I I 9 . i 5 5 E 11 i . 6 0 0 F , 10 2 . 4 K 3 E 10 3 . 4 3 4 E 10 
C O n s l A N l ' CI'OLOCICAI. IILLFASE IIAIF DOES NOT OCCUR, RELEASE-ENILS AT 2 . 1 l ! l 2 E t 0 5 YEARS A I" A RELEASE HATK OF 3 . 4 : i 4 E l « CI. 'VH 

AnEHI«:HIM 2 4 1 DOF.S N O T HF.ACII I « PERCENT OF COH.STAHT CEOLOCICAL KKI.EASE HAW. 
•IIIAMSIFNr HFI FASE RAIT, '100 Sfl.1l I, TO CAI.r.lll.ATE 

TIII«;KWESS ELEMENT HEPOSITOHY IIAII nosK 
< IN) TF.MP(IC) ' IT . r i r iK) U I T I I I ) 
® . « 0 0 4 6 9 . 3 6 4<i6.O0 4.441»F.<00 
O.OOO 4 6 9 . 7 7 4«,6.«0 9 . 0II3E1«'» 

http://Sfl.1l




DISTRIBUTION LIST 

ACRES AMERICAN INC 
\ S 8URGLSS 
R STRUBLF 

ALLIED GENERAL •NUCLEAR SERVICES 

P r HICHBFRGER 

M A kOLB 

ALLIS-CHALMERS 

GARRK KJ S O I O V B 

AMERICAN NUCLEAR INSURERS 

D O T l l l - S H t R M A K 

ANALYSIS & TECHNOLOGY INC 

I M A Z O U R 

ANALYTIC & COMPUTATIONAL RESEARCH 

INC 

B SA<,^R 

APPLIED MECHANICS INC 

JOHN R WILLIAMS 

ARGONNE NATIONAL LABORATORY 

J H O V \ ' \ R D K I T T l L 

W J MFC H A M 

MARTIN SUTZ 

MARTIMJ STtl-MDttR 

ARINC RESEARCH CORP 

H P HIMPLER 

ARTHUR D. LITTLE INC 

CHARIESR H \ D L O C l v 

A T O M I C ENERGY CONTROL i O A R D 

I L H \ L L A C H 

A T O M I C ENERGY OF C A N A D A LTD 

M O I I KF 

A N N Q L I W 

F P bAROliST 

A T O M I C ENERO RESEARCH ESTABLISHMENT 

D P H O D O M N S O N 

JOHN R \ t 

A T O M I C INDUSTRIAL F O R U M INC 

AUSTRALIAN A T O M I C ENERGY C O M M I S S I O N 

BABCOCK & WILCOX 

INFORMATION S t R \ | t L ' . 

BATTELLE COLUMBUS DIVISION 

SANFORDG B I O O M 

JOHN T M C G I N M S 

JEFFRIE I MFANS 

NEIL F MILLER 

sTFPHEN M C O L O M 

I H O M X ' . M 1 R \ ! N I R 

KENNFIH R > \ ICS 

BECHTEL CROUP INC 

I H O M \ S b B-\[R 

D O N B CRANDALl 

IFSIIF J JARDINF 

N A N O R M A N 

R I L H A R U ] l O S U r i 

BFNDIX FIELD ENGINEERING CORP 

lOHN C PACtR 
BHABHA ATOMIC RESEARCH CENTRE 

\ S L k l M O R ' \ N 

K T THOMAS 

BLACK & VEATCH 

M JOHN ROBINSON 

BRITISH NUCLEAR FUELS LTD 

R S \AILkS 

BROOKHAVEN NATIONAL LABORATORY 

G F R A I D B I D A 

DONALD I ( L \ R k 

^ ^ DAVIS 

^ B O R ^ G LANF 
^ W l R SOD 

HElhN l O D O S O W i2 

BUNDESMINiSTERIUM FUR FORSCHUNG 

ROlF -PFTERR\ND l 

BURNS A N D ROE INDUSTRIAL StRVICIS CORP 

JOHN PIRRO 

C.F.H.F. 

B i l l D l I SING 

C.R. WATTS ASSOCIATES 

t l ' R l l S l W T T S 

CALIFORNIA DEPT OF CONSERVATION 

PIRR-^ A M I M I T O 

CALIFORNIA DEPT OF HEALTH SERVICES 

BEXFRIFF VUFR*-

CALIFORNIA INSTITUTE OF TECHNOLOGY 

LEON f S|L\FR 

CAMP, DRESSER. A N D MCKEI INC 

DAVID \ W O O D R U I E 

CAPITAL AREA G R O U N D WATER 

CONSERVATION C O M M I S S I O N 

A N r L R C \ N J R 

CASTUS VALLEY ORCHARDS 

t \ R L \ N D F R S O \ 

CAYUGA LAKE CONSERVATION 

ASSOCIATION INC 

D s klEFER 

CENTRAL WASHINGTON UNIVERSITY 

J R H I M H O R N ! 

CENTRE D ETUDE DE L ENERGIE NUCLEAIRE 

RENF HLREM\NS 

CENTRE D ' INFORMATIQUE CEOLOGIQUF 

GHISLVIN D t MARSIL\ 

CITIZENS ASSOCIATION FOR S O U N D ENERGY 

Jl \ N I T \ IL l iN 

C O L U M B I A UNIVERSITY 

H L B F R l SIM D I G U 

CONVERSE W A R D 

\ M HALE 

CORNELL UNIVERSITY 

l O H ^ BIRD 

C O U N C I L O N E C O N O M I C PRIORITIES 

MVRVIN RESMKOFF 

CYGNA I N I I G Y SERVICES 

D O r N \ ! l ) G \ R D f FR 

DAMES & M O O R E 

RON KF \ R 

O L O / I e ' - f O L I 

DAPPOLONIA CONSULTING ENGINEERS INC 

! I S \ k D O N O H L I 

ABB\ 1 ORRE^T 

\ M I R \ H A ^ 1 D ^ 

P[TIR( kHSAIi 
C «iRL F SC HLBIRT 

D A W C O N MANAGEMENT CONSULTING 

SERVICE 

D W I U A VVFBSTFR 

DELAWARE CUSTOM MATERIEL INC 

H O U A R D N O V I l f H 

DEPT OE THE ENVIRONMENT 

F ^ FFXTFS 

DIVISION OF ENVIRONMENTAL SAFETY 

RESEARCH 

FI \RL TO N A k A M L R A 

DRAVO ENGINEERS A N D CONSTRUCTORS 

kENBLA IL 

DUKE UNIVERSITY 

THOMAS O W I S 

DYNATECH R/D COMPANY 

STIPHFN F SMITH 

E.l. DU PONT DE NEMOURS & C O M P A N Y 

D O N M D F t . O R D O N 

E.R. JOHNSON ASSOCIATES INC 

F R JOHNSON 
Ci I JOHNSON 

I A R I H SCIENCES CONSULTANTS INC 

H \ R R \ L CROISF 

EBASCO SERVICES INC 

/{ B ^ I R S A l l l M 

EDS NUCLEAR INC 

1 SI N [ J \ R ^ R \ J \ , 

EC & C I D A H O INC 

G t O R G t B LFVIN 

M D M C ( O R M \ C k 

r H S M I l H 

R K I I V R D TALLMAN 

ElECTROWATT ENGINEERING SERVICE 

H N PATAk 

ELSAM 

A V JOSHI 

EMiASS% OF THE UNITED STATES 

M A I D I I H A I ] I [ N - R \ I A N D I R 

ENERCOR INC 

i O H N RODO-^FVK H 

ENERGY FUELS NUCLEAR INC 

D O N M PILLMORL 

ENERGY RESEARCH GROUP INC 

MARC GOLDSMITH 

ENERGY RESEARCH LABORATORY HITACHI 

INC 

M A k O F O K I k L C Hi 

ENVIRONMENT CANADA 

CLALDL BARRALD 

ENVIRONMENTAL POLICY INSTITUTE 

DAVID M BFRK k 

FREDMIL IXR 

ENVIRONMENTAL RESEARCH GROUP INC 

P F I I R G t O L l . N s 

ENVIROSPHFRE C O M P A N Y 

BOB HAINES 

EXXON NUCLEAR I D A H O COMPA^J^ INC 

D L t O N D O I T A 

V\ B kLRR 

EXXON PRODUCTION RESEARCH 

GAR\ V t A I M I R L 

FENIX & SCISSON INC 

JOSF A M A ( H A D O 

CHARLENf S " A R k M A N 

FLORIDA INSTITUTE OF TECHNOLOGY 

JOSEPH A ANGFLO JR 

FLUOR ADVANCED TECHNOLOGY DIVISION 

JOVNV M t t l ' R R \ 

FLUOR ENGINEERS & CONSTRUCTORS INC 

R A Y M O N D I D l G A l 

FORD, BACON & DAVIS UTAH INC 

PRESTON H HI NTFR 

ROBERT F OVFRM^FR 

B L R I O N j THAMFR 

FOSTER-MILLER ASSOCIATES INC 

NORBERTPAAS 

FREIE UNIVERSITAET BERLIN 

HANskARI BRl EHl 

GENERAL A T O M I C COMPANY 

ROBERT M Bl RGO'iNF 

ROBERT I C AMP AN A 

GENERAL COURT OF MASSACHUSETTS 

T I M O I H V I B l Rk [ 

GEOLOGICAL SURVEY OF CANADA 

R O O M 3"")0 

GEORGIA INSTITUTE OF TECHNOLOGY 

GEOHRE'i G L I C H H O l / 

A l lRFDSCt lNE 'DER 

GEOTRONS 

J A M F S M l R t l R 

GERMANTOWN FRIENDS SCHOOL 

HFRB BAsSOU 

F-1 
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GIBBS & HILL INC 
ROBFRT PRIFTO 

GILBERT/COMMONWEALTH 
JLRR\ 1 ELLIS 

COLDER ASSOCIATES 
fLI/\BETH ElsENHOOD 
(IFMFNT M k VLLN 

GTC GEOLOGIC TESTING CONSULTANTS LTD 
JOHN F PKkFNS 

H & R TECHNICAL ASSOCIATES INC 
Wi l l I AM R RHVNl 

HAHN-MEITNER-INSTITUT FUR 
KERNFORSCHUNG BERLIN 

kl \ l S E C k \ R ! MAASS 
HANFORD ENGINEERING DEVELOPMENT 
LAiORATORY 

ALBERTO Bl ASFVAliZ 
ROBFRT tIN/IGER 
R L kNFCHI 
\\ F ROAkE 

HARDING LAWSON ASSOCIATES 
FRANkC kRESSE 

HARVARD UNIVERSITY 
RAYMOND SIEVtR 

IDAHO BUREAU OF MINES AND GEOLOGY 
EARI H BFNNEn 

IMPERIAL COLLEGE OF SCIENCE AND 
TECHNOLOGY 

B k ATklNSON 
INSTITUT FUR TIEFLAGERUNC 

VVFRNTBRFVVnZ 
kLALSkl HN 
E R SOLTFR 
PFTERIERPMWN 

INSTITUTE FOR CHEMICAL TECHNOLOGY 
RIINHARDODOJ 

INSTITUTE OF GEOLOGICAL SCIENCES 
NEIl A CHAPAIAN 

INSTITUTE OF RADIATION PROTECTION 
kAI JAkOBSSON 

INTERA ENVIRONMf NFAL CONSULTANTS INC 
f ! PEARSON JR 
ROBERT Win MS 

INTERNATIONAL ENERGV SYSTEMS CORP 
JOHN A BOWIES 

INTERNATIONAL ENGINEERING COMPANY 
INC 

TERR\ L STFINBORN 
M \ \ / \ S I A W S k \ 

INTERNATIONAL RESEARCH AND 
EVALUATION 

R DANFORD 
IRT CORP 

I STOkES 
ISTITUTO SPERIMENTAIE MODEILI E 
STRUTTURE S.P.A. 

F CERA 
J.F.T. AGAPITO & ASSOCIATES INC 

MICHAEL P HARD\ 
JACKSON STATE UNIVERSITY 

ESTLSSMITFI 
JAPAN ATOMIC ENERGY RESEARCH INSTITUTE 

TAROnO 
JGC CORPORATION 

MASAHIKO MAkINO 
JOINT RESEARCH CENTRE 

GIRARDi FRANCESCO 
JORDAN GORRILL ASSOCIATES 

JOHN D TFWHEV 
KAISER ENGINEERS INC 

V\ J DODSON 
J S RITCHIE 

KANSAS DIPT OF HEALTH AND 
ENVIRONMENT 

GFRAIDW ALLEN 
K8S 

1 ARSB NIISSON 
KELLER WREATH ASSOCIATES 

IRANkVARFATH 
KERNFORSCHUNGSZENTRUM KARLSRUHE 
GMBH 

k D CI OSS 
R kOSTER 
HORSTPFNIINGHAI s 

klHN ASSOCIATES 
HVRR'i KlHN 

KLM ENGINEERING INC 
B GFORGF k N I A / E W \ t / 

KYOTO UNIVERSITY 
K)RITERL^ INOLF 

LAWRENCE BERKELEY LABORATORY 
IOHN A \PPS 
THOMASDOl 
NORMAN M FDEISltIN 
BRIAN kXNLHIRO 
s k l \INIR 
ROBIN sPFNfER 
J WANG 

LAWRENCE LIVERMORE NATIONAL 
LABORATORY 

LVNDEN B BALLOL 
JOHN H CAMPBELL 
D D JACKSON 
R C ARROIL MANINGER 
1 AVARENCl D RAMSPOIT i2i 
W G SI TCLiFFE 
TF< HNf( AL INFORMATION EJFPARTMFNT 

1-53 
RICHARD VAN kONWFNBlRG 

LEHIGH UNIVERSITY 
D R SIMPSON 

LOS ALAMOS NATIONAL LABORATOR\ 
ERNEST A BR\ ANT 
GiORCE A COWAN 
BRl CE R FRDVL 
ClA l OF HERRICK 
K k S Pill AV 
kLRI WOLfSBFRG 

LOS ALAMOS TECHNICAL ASSOCIATES INC 
R I kINGSBl RV 

LOUISIANA TECH UNIVERSITY 
IIBRARV 
NORMAN WIlRlAi 

MACLAREN PIANSEARCH INC 
VLEXBLCHNFA 

MASSACHUSETTS INSTITUTE OF 
TECHNOLOGY 

JOHN DEL ECH 
RICHARD k LESTER 
MARSHA I tVi.NF 

MCDERMOTT INC 
kAREN L ILJRLOW 

MCMASTER UNIVERSITY 
I W sHfMILT 

MECHANICAL TECHNOLOGY INC 
WARREN BESSLER 
STANLEV W DOROFF 

MEMBERS OF THE GENERAL PUBLIC 
DAVID H BOiTZ 
JAMES BOYD 
WILIIAMI CONAWAV 
WILIIAMV t O N N 
DP DALTOVICH 
DANNIELE D DLDEk 
FRANC ESFARIEV 
SHIRIFV M GIFFORD 

DCJLG! \SH GREFNIFI 
C F HAJFk 
n C LANGSTAIF 
DWID 1\IE 
MAX MCDCJVAFLI 
A[ \N D PAsrtRNAk 
SHAIIFRS PHIiBRiCk 
ROGFRJ POWERS 
PAl L SHEVAMON 
M I SZl [JNskl 
J!V1M\ 1 WHITf 

MICHAEL BAKER, JR INC 
C J TOLFIJlt 

MICHIGAN DEPT OF PUBLIC HEALTH 
DCJN VAN FAROWE 

MICHIGAN DISTRICT HEALTH DEPT NO 4 
IDGARkRrn 

MICHIGAN LECISIATIVF OFFICE OF SCIENCE 
ADVISOR 
MICHIGAN TECHNOLOGICAL UNIVERSITY 

GAR\ I DOVANIV 
MINNESOTA GEOLOGICAL SURVEY 

MATTs W \ l TON 
MISSISSIPPI ATTORNEY GENERALS OFFICE 

MAC k CAMERON 
MISSISSIPPI CITIZENS AGAINST NUCLEAR 
DISPOSAL 

STANlfV DEAN FlINT 
MISSISSIPPI DEPT OF ENERCl AND 
TRANSPORTATION 

JOHN W GREEN U 
MISSISSIPPI DEPT OF NATURAL RESOURCES 

C HARIFSl BLALOCk 
MISSISSIPPI DEPT OF WILDLIFE 
CONSERVATION 

JOSEPH W JACOB JR 
MISSISSIPPI STATE BOARD OF HEALTH 

FDDIt s El ENTF 
J WARREN GRFFN 

MISSISSIPPI STATE HOUSE OF 
REPRESENTATIVES 

jERRV OktFFF 
MITRE CORP 

LESFER A IITUNGFR 
MITSUBISHI METAL CORP 

TATSLiO ARIMA 
NASA JOHNSON SPACE CENTER 

MIC HALF R HELFFRT 
NATIONAL ACADEMY OF SCIENCES 

JC3HNT HOUOWAV 
PITFRB MVFRS 

NATIONAL BOARD FOR SPENT NUCLEAR 
FUEL, KARNBRANSLENAMOEN 

MlsR\DELL 
NATIONAL BUREAU OF STANDARDS 

RIIFY M CHUNG 
WILLIAM P REED 

NATIONAIE GENOSSENSCHAFT FUR DIE 
LAGERUNG RADIOAKTIVER ABFALLE 

MARLIESkLHN 
NATURAL RESOURCES DEFENSE COUNCIL 

THOMAS B COCHRAN 
NEVADA DEPT OF ENERGY 

ROBFRT R LOLX 
NEW ENGLAND NUCLEAR CORP 

KLRR\ BLNNIRT 
NEW JERSEY DEPT OF ENVIRONMENTAL 
PROTECTION 

IFANETTF FNG 
NEW MEXICO ENVIRONMENTAL EVALUA' 
GROUP 

ROBFRI H NEIll 

" # 
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NEW YORK DEPT Of HEALTH 
D A ^ ^ ( F L R O D M D 

NEW ^ ^ STATE ELECTRIC & GAS CORP 
LEWIS L STALE'* 

NEW YORK STATE ENVIRONMENTAL 
FACILITIES CORP 

PICkFTT T SIMPSON 
NEW YORK STATE ERDA 

JOHNC DEMPSFV 
NEW YORK STATE CEOLOCICAL SURVEY 

ROBERT H FAkLNDIN\ 
NEW YORK STATE PUBLIC SERVICE 
COMMISSION 

FREDHAAG 
NEW YORK UNIVERSITY MEDICAL CENTER 

MERRIL FISENBLD 
NORTH DAKOTA GEOLOGICAL SURVEY 

DON I HAIAORSON 
NTR GOVERNMENT SERVICES 

THOMAS V RL\NOLDS 
INUCLEAR ASSURANCE CORP 

JOHN V HOI STON 
RHONMEL SMITH 
DAVID A lAEBSTER 

INUCLEAR SAFETY ASSOCIATES INC 
JOSEPH A LIEBERMAN 

NUCLEAR SAFETY RESEARCH ASSOCIATION 
kAZL MORI MATSl O 

INUCLEAR SYSTEMS ASSOCIATES INC 
CHARlESj DIVONA 

NUCLEAR WASTE WATCHERS 
HHLNIETARTI 

hJUSCORP 
V\ G BELTER 
JOSEPH! D!Nl NNO 
BARR> N N \ n 
DOl GLASD ORVIS 
DOIGLASW TONkAV 

NWT CORP 
W L PEARL 

|OAK RIDGE NATIONAL LABORATORY 
H C ClAIBORNF 
ALLEN G CROFI 
LESLIE R DOIF 
JOHN I ENSMINGER 
CATHY S FORE 
DAVID C kOCHFR 
ELI END SMITH 

OFFICE OF NWTS INTEGRATION 
R<3BtRT E HHNEMAN 

OHIO ENVIRONMENTAL COUNCIL 
STEPHEN H SFDAM 

OHIO STATE UNIVERSITY 
R N CHRISTENSEN 
M A CORNVAILL 

OKLAHOMA STATE OEPT Of HEALTH 
R 1 CRAIG 

ONTARIO HYDRO 
C I LFE 
( RAIG J SJMPSON 

ONTARIO RESEARCH FOUNDATION 
IVDIAM LLCkEVICH 

OREGON DEPT OF ENERGY 
DONALD V\ GODARD 

ORGANIZATION FOR ECONOMIC 
COOPERATION AND DEVELOPMENT 

J P OilVIER 

PACIFIC NORTHWEST LABORATORV 

#BONNER 
J BRADIEV 
BLRkHOLDJR 

I I CLARk 
HARVEY DOVE 

ORVILLEF HILl 
FIOYDN HODGES 
J H JARRllI 
MAXR kRllIER 
DONALD E LARSCJN 
R D NEISON 
R WILLIAM NELSON 
R E NlGHTiNGALF 
R JEFFSERNE 
R E WESEERMAN 
J H WESTSIk JR 

PARSONS, BRINCKERHOFF, QUADt, & 
DOUGLAS, INC. 

T C CHEN 
F R kLESEL 

PB-KBB INC 
DILiPk PALL 
MARkt STEINER 

PENBERTHY ELECTROMELT INTERNATIONAL 
INC 

EARRV PENBERTHY 
PENNSYLVANIA OFFICE OF VOCATIONAL 
REHABILITATION 

ANDREW CHOPAk 
PENNSYLVANIA STATE UNIVERSITY 

MICHAEL GRtT/ECk 
WILLIAM A JESTER 
VAILLIAM B VAHITE 
MICHAEL ZOLENSkV 

PERRY COUNTY SCHOOLS 
MANJEl A COCHRAN 

PHYSIKALISCH-TECHNISCHEBUNDtSANSTALT 
PETER BRENNECKE 

POINT BEACH NUCLEAR POWER PLANT 
GLENN A REED 

PORTLAND GENERAL ELECTRIC 
j W LENISCH 

POWER AUTHORITY OF THE STATE OF NEW 
YORK 

MYRON M kACZMARSkY 
POWER REACTOR AND NUCLEAR FUEL 
DEVELOPMENT CORPORATION 
PRESQUE ISLE COURTHOUSE 
PRINCETON UNIVERSITY 

PETER MONTAGLE 
G F PINDER 

PROCESS AND ENGINEERING DEVELOPMENT 
GERAIDI RITTER 

PUBLIC SERVICE INDIANA 
ROBERTS WEGENG 

QUADREX CORP 
FRANCISJ kENESHEA 

RADIAN CORP 
BARBARA MAXEY 

RE/SPEC INC 
GARY D ( ALLAHAN 
PAbL F GNIRK 

RENSSELAER POLYTECHNIC INSTITUTE 
JAMES VAI 

RIDIHALGH, EGGERS & ASSOCIATES INC 
PHJLIPE ECJGERS 

ROCKWELL HANFORD OPERATIONS 
RONALD C ARNEFI 
HARRY BABAD 
G S BARNEY 
R A DEJl 
R j GIMERA 
KARl M LA RLE 
MiCHAFl J SMHH 
k THIRL MALAI 
DAVE A T! RNER 

ROCKWELL INTERNATIONAL ENERGY SYSTEMS 
GROUP 

W s BENNETT 
HAPRY p r \ i i M \ r 
LAWRENCl J SMITH 

ROGERS & ASSOCIATES ENGINEERING CORP 
ARTHl RSLIHFRLAND 

ROYAL INSTITUTE OF TECHNOLOGY 
IVARSNtRFTNIEkS 
ROGER THl NVIk 

S.E. LOGAN & ASSOCIATES INC 
SEANLEY E LOGAN 

S.M. STOLLER CORP 
ROBERT W kUPP 

SAN DIEGO GAS & ELECTRIC COMPANY 
lOLISBERNATH 

SAN JOSE STATE UNIVERSITY SCHOOL OF 
ENGINEERING 

R N ANDERSON 
SANDIA NATIONAL LABORATORIES 

G C ALLEN 
R I HLNTFR 
IHOMASO h i NTER 
] kElTH JOHNSTONE 
O I JONES 
R W lYNCH 
MARTIN A MOlECkL 
ANTHONY M l El FR 
E J NOWAk 
RICHARD I PEPPING 
C F RLDOLFO 
SCOT I blNNOC k 
A W SNYDER 
\ E STEPHENSON 
DANIEL M T ALBERT 
LYNND TYllR 
WENDEIL D WEVRT 
WIPPGENTRVl FILES 

SAVANNAH RIVER LABORATORY 
C \ROLJANT7EN 
WILIIAMR MCDONHI 
S V\ ORFAIiSR 
JOHN A STONE 

SCIENCE APPLICATIONS INC 
JEKREY ARBIIAL 
IFRRY J COHFN 
J DCJNALD DIXON 
RAIPH FILLWOOD 
J AMES I HAMMELMAN 
RON \LD HOI MANN 
J ROBERT LARIVllRF 
DAVID H 1 ESTER 
P i l l RE MCCiRAlH 
JOHNE MOSUR 
KRISHAN k WAHI 
ROBIRT \ VODER 

SIERRA GEOPHYSICS INC 
STEPHEN I GUI ITT 

SIX-COUNTY COMMISSIONERS 
ORGANIZATION 

C AILENFVWCLFl 
SNAKE RIVER ALLIANCE 

UMMCNl l ! 
SOUTH DAKOTA OFFICE OF ENERGY POLICY 

STFVIN M VALGMAN 
SOUTHWEST RESEARCH AND INFORMATION 
CENTER 

DONHANCOCk 
ST BONAVENTURE UNIVERSITY 

C \RL J TW AROG 
ST MARTIN HIGH SCHOOL 

RAYMOND J WIRTHNIR 
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STANFORD UMVIRSITV 

k O N R A D B k R A l skOPI 

GEORGE \ PARks 

IRWIN RIA 'SON 

STEARNS-ROGER SERVICES INC 

VERY! FsCHLN 

STONE & WEBSTER ENGINEERING CORP 

P A I R i r i A ANN OCONNELl 

\ POKI 

EVERETT N W VSHER 

STUBBS OVERBECK & ASSOCIATES INC 

TED I k O L B O H M 

STUDSVIK ENERGITlKNIfc. AB 

ROLF M O B I O M 

SWISS FEDERAL OFFICE OF ENERGY 

L NIEDIRER 

SYSTEMS SCIENCE A N D SOFTWARE 

PETER 1 \ G l S 

T .M. GATES INC 

F O D D M GATES 

T.T.I. ENGINEERING CORP 

D O N A I D C T O N I k A 

TECHNICAL INFORMATION PROJECT 

D O N A L D PAY 

TECHNICAL RESEARCH CENTRE OF f INLAND 

O L I I J H I I N O N E N 

SILJARl M M L k V I N E N 

kARI SVARI 
sEPPO V L O R I 

TEKNEKRON RESEARC H INC 

ANTHONY F M O S C A I I 

TEXAS A&MUNI \ERSIT% 

GARY ROBBiNS 

TEXAS BUREAU O f RADIATION CONTROL 

D O N A I D C J ANDERSON 

TEXAS DEPT OF HEALTH 

DAVID k LACk fR 

TEXAS ENERGY & NATURAL RESOURCES 

ADVISORY COUNCIL 

TERRY BARRON 

CAROL k I N G 

TEXAS STATE REPRESENTATIVE 

PETE LANFY 

THE ANALYTIC SCIENCES CORP 

jOITNW BARTLETT 
CHARLES M KOPLIk 

THE CLARION-LEDGER 

MARkSCHLEfFSTFIN 

TRW INC 

PETER A l IXANDER 

E R CHRISTIl 

TUN ISMAIL A T O M I C RESEARCH CENTRE 

PUSPAII IIBRARY 

TUShlCEE INSTITUTE 

I R A G DILI O N 

TVO POWER COMPANY 

VEIJORYHANFN 

U.H.D.E. 

IRANkSTEINBRl NN 
U.K. DEPT. OF THE ENVIRONMENT 

RADIOAC TIVL VAASIl M A N X G r M E N l 

DIVISION 

U.S. ARMY CORPS OF ENGINEERS 

ALAN B l C k 

U.S. BUREAU OF l A N D MANAGEMENT 

EDWARD K SCHERlCk 

GREGORY F THAYN 

U.S. BUREAU OF MINES 

GFORGE F N l E W i A D O M S k l 

U.S. BUREAU OF RECIAMATION 

REGE LEACH 

U.S. DEPT OF ENERGY - A lBUQUERQUE 

OPERATIONS OFFICE 

K i O W f R Y 

lOsFPH M M C G O L G H 

D C J R N F R F S( H i RER 

U.S. DEPT OF ENERGY - ASSISTANT GENIRAL 

COUNSEL FOR ENVIRONMENT 

s H G R l l N L l K j H 

U.S. DEPT OF ENERGY - C H I C A G O 

OPERATIONS OFFICE 

R sf lBY 

U.S. DEPT OF ENERGY - DALLAS SUPPORT 

OFFICE 

C I RTJSI ( VRIbON JR 

U.S. DEPT OF ENERGY - DIVISION OF IVASTE 

REPOSITORY DEPLOYMENT 

W WADE BVI I A R D | R 

I W BINNFTT 

C R COOEFY 2, 

WARRFN H s ( [ R 

I H O M A S P l O N G O 

HARRY W SMEDFS 

RXlPHsTFIN 

U.S. DEPT OF ENERGY - I D A H O OPERATIONS 

OFFICE 

J A M l s f lE tJNARD 

i H s \ k O 

JCJHN R WHIIsFFT 

U.S. DEPT OF ENERGY - MATERIALS SCIENCE 

DIVISION 

R J G O I F S C H V I I 

U.S. DEPT OF ENERGY - NEVADA OPERATIONS 

OFFICE 

M P k l N I C H 

U.S. DEPT OF ENERGY - NWTS PROGRAM 

OFFICE 

I B A I L L I F l t 

M Bl ANCHARD 

1 A C ASFY 

R JAHOTI 

I K M C C l A!N 

J O NEFl 

k k Wl 
R C WLNDIRLIC I I 

U.S. DEPT OF ENERGY - OFFICF OF WASTE 

ISOIAT ION 

JCJsrPH A IFARY 

JANI l SHVHIFN 

U.S. DEPT OF ENERGY - OFFICE OF WASTl 

PRODUCTS 

G k OERIL! 

U.S. DEPT OF ENERGY - R i C H l A N D 

OPERATIONS OFFICE 

R B G O R A N s O N 

D J SQL IRES 

U.S. DEPT OF ENERGY - SAVANNAH RIVER 

OPERATIONS OFFICE 

REGINAT HARRIS 

1 B H I N D M A N 

U.S. DEPT OF ENERGl - WIPP PROGRAM 

! AWRINCF I I H A R M O N 

U.S. ENVIRONMENTAL PROTECTION AGENCY 

DIVISION OF ( RIT1RIA& STANDARDS 

D O N A L D H I NTFR 

J X M l S N F l H l l s E l 

U.S. CEOLOCICAL SURVEY - COLUMBUS 

A M I ASA i A JR 

U.S. GEOLOGICAL SURVEY - DENVER 

RICHARD WXDDFL l 

U.S. C E O I O C I C A L SURVEY - MENLO PARK 

JOHN BREDIHOtFT 

JACCJBRl BIN 

U.S. G E O L O C I C A l SURVEY - RESTON 

' M I N G C H O I 

iOU\ ROBfRFSON 

EDWIN ROEDDIR 

f l G INL H R O s E b O O M J R 

PFFFR R STEVFNs 

D W I D B STIWXRI 

U.S. HOUSE SUBCOMMITTEE 0 \ ENERGY A N D 

THE ENVIRONMENT 

MORRIS k L D A I L 

U S. NUCLEAR REGULATORY C O M M I S S I O N 

J ( A tV IN BEIOTF 

R bOYlE 

INRK O l r O N T I 

XUCHAt l C CI IL INGFORD 

J j D W I S 

JCJSFPH 1 DCJNOGHLE 

I 1 OOYIE 

PA l I F GOLDBERG 

H l G I I - i r V E l WASTE LICENSING BRANCH 

HIGH LIVEL WASIE TFCHNICXI 

l i N D A ! LEHMAN 

LIBRARY 
j A M F s f M A I XRO 

JOHN B MARTIN i"il 

JOHNC MCKINLEY 

HLBIRT MIRER 

R JOHN STARMtR 

tVFRlFT A W I C k 

U.S. SENATE COMMITTEE O N ENERGY A N D 

NATURAL RESOURCES 

W I l l i s D SMITH 

U H D E G M B H 

OLINGIR 

UNC NUCLEAR INDUSTRIES 

ED POWERS 

U N I O N OF CONCERNED SCIENTISTS 

MICHAEL F A D I N 

UNIVERSITY OF A L A B A M A AT B I R M I N G H A M 

J W A l F f R MASCJN 

UNIVERSITY OF ALBERTA 

F W SC HVAARIZ 

UNIVERSITY OF ARIZONA 

J A X k D A F M F N 

J A M L S C J M C C R X Y 

ROY U POST 

UNIVERSITY OF CAI IFORNIA AT BERKELEY 

FC3DD 1 XPORTE 

I H O M A S H PJGFORD 

UNIVERSITY OF CALIFORNIA AT LOS ANGELES 

D O k R F N I 

UNIVERSITY OF CALIFORNIA AT SAN DIEGO 

RIC I I A R D i WILLIS 

UNIVERSITY OF DELAWARE 

FRANK \ k l 1 \ C k l 

UNIVERSITY O f f L O R I D A 

DAVID I CI ARk 

DOIORFSC JENklNS 

UNIVERSITY OF ILLINOIS AT URBANA -

C H A M P A I G N 

ALBFRT J MACHIF IS 

UNIVERSITY OF LOWELL 

JAMFSR SFIEFF 

UNIVERSITY OF LULEA 

JXN NIISSON 

UNIVERSITY OF MISSOURI AT KANSAS CITY 

EDWIN D GOEBFL 

UNIVERSITY OF MISSOURI AT R O l l A 

X R V I N D k l M A R 

UNIVERSITY OF M O D i R A 

M ANTONINI 

UNIVERSITY OF NEVADA AT RENO 

BECKY WEIMFR 

m 
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UNIVERSITY OF NEW MEXICO 

R O ^ ^ C FIXING 
U N I V ^ ^ OF OKLAHOMA 

DANIF l F BOXTRIGHT 

UNIVERSITY OF OTTAWA 

Tl NCERORFN 

UNIVERSITY OF PITTSBURGH 

B ! C O H I N 

UNIVERSITY OF SOUTHERN MISSISSIPPI 

C H A R I E S R BRENT 

JAMES W PINSON 

UNIVERSITY OF TENNESSEE AT KNOXVILLt 

J B 11 SSELl 

UNIVERSITY OF TEXAS AT AUSTIN 

T H O M A S C c,l SLAV SON 

JOE D ITDBI ITER 

UNIVERSITY OF TEXAS AT SAN A N T O N I O 

D O N A L D R I IWJS 

UNIVERSITY OF TOKYO 

R Y O M l l KIYOSE 

UNIVERSITY OF UTAH RESEARCH INSTITUTE 

IIBRARY 

JNIVERSITY OF WASHINGTON 

M A ROBkIN 

JNIVERSITY OF WESTERN ONTARIO 

W L L I A M S lYLE 

JNIVERSITY OF WISCONSIN 

B C HXIMSC3N 

JNIVERSITY OF WISCONSIN AT FOND D U LAC 

JOHN B HEIL 

JNIVERSITY OF WISCONSIN AT MILWAUKEE 

H O W X R D P i N C L S 

UTAH BUREAU OF RADIATION CONTROL 

DARREJJ M WARRFN 

UTAH GEOLOGICAL A N D MINERAL SURVEY 

M A G I YONITANJ 

UTAH SOUTHEASTERN DISTRICT HEALTH 

DEPARTMENT 

ROBLRI L FLRLOW 

\ANDERBILT UNIVERSITY 

F R A N k l PARkER 

VERMONT STATE NUCLEAR ADVISORY PANEL 

VIRGINIA C ALLAN 

VIRGINIA DEPT OF HEALTH 

ROBERTO WICk l lN " -

VIRCINIA MILITARY INSTITUTE 

HENRY D SC HRIIBFR 

VIRGINIA POLYTECHNIC INSTITUTE A N D 

STATE UNIVERSITY 

WAITER HIBBARD 

DAVID R WC}NES 

WASHINGTON DEPT OF SOCIAL A N D HEALTH 

SERVICES 

T STRCJNC 

WASHINGTON HOUSE OF REPRESENTATIVES 

RXY ISAACSON 

WASHINGTON STATE SENATE 

D O N N C H X R N U Y 

WAYNE SIAIEUNIVERSITI 

J X i l i s X U O O D Y \ H i 

WBAI -FM 

WARRFN IIFBOED 

WEST DADE REGIONAL LIBRARY 

l O l ROES bl XNC () LOPIZ 

WES? VALLEY NUCIEAR SERVICES COMPANY 

INC 

RK HARD M ttlNVR 

WEST VIRGINIA GEOLOGICAL A N D 

ECONOMIC SURVEY 

RCJBlRi B TRW IN 

WESTINGHOUSE ELECTRIC CORP 

GEORGI V B H A I l 

( XROl A klZlS 

D NEWBY 

GFORGI P SXBOI 

WESTINGHOUSE WIPP PROJECT 

VXFSIINGHOl Sl ELK IRIC C O R P O R X i K J N 

WISCONSIN GEOLOGICAL A N D NATURAL 

HISTORY SURVEY 

MIC HAELC M l DRFY |R 

WISCONSIN PUBLIC SERVICE CORP 

PXl I W O Z N l A k 

WOODWARD-CLYDE CONSULTANTS 

X S H O k P X I W A R D H X N 

WP-SYSTEM AB 

IV X R S X C J E S O R S 

W Y O M I N G GEOLOGICAL SURVEY 

D X N l l l N MILLIR 
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