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ABSTRACT 

This volume, Y/OWI/TM-36/22, 11 Nuclear Considerations for Repository 

Design, 11 is one of a 23-volume series, 11 Technical Support for GElS: Radio-

"'· active Waste Isolation in Geologic Formations, 11 Y/OWI/TM-36, which supple­

ments the 11 Contribution to Draft Generic Environmental Impact Statement 

on Commercial Waste Management: Radioactive Waste Isolation in Geologic 

Formations, 11 Y/OWI/TM-44. The series provides a more complete technical 

basis for the preconceptual designs, iesource· req~irements, and environ­

mental so~rce terms associated with isolating commercial LWR wastes in 

underground repositories in salt, granite, shale and basalt. Wastes are 
considered from three fuel cycles: uranium and plutonium recycling, no 

recycling of spent fuel and uranium-only recycling. 

Included in this volume are baseline design considerations such as 

characteristics of canisters, drums, casks, overpacks, and shipping con­

tainers; maximum allowable and actual decay-heat levels; and canister 

radiation levels .. Other topics .include safeguard and protection considera­

tions; occupational radiation exposure including ALARA pro~rams; shielding 

of canisters, transporters and forklift trucks; monitoring considerations; 

mine water treatment; canister integrity; and criticality calculations. 

xi 



PREFACE 

Project Background 
. One of the major problems related to the production of electricity 

by light-water nuclear reactors is the management of radioactive wastes 

generated by the use of nuclear fuel. However, the subject is considered. 

amenable to a rational solution, and the technology involved is considered 

to be well within the cap~bilities of our present-day technological base. 

An important step toward ttie realization of cHI effective waste manage­

ment program is the preparation ot the gener1c env1ronmenLal iHIJ.ldLL ::.tate. 
ment for commercial waste management. A pivotal issue in waste management 

is the means of providing long-term, permanent storage of these wastes in 

a manner that best assures their isolation from the biosphere. Analyses 

spanning two decades have generated the widely supported concept for pro­

viding final isolation of these nuclear wastes in deep geologic formations. 

Therefore, the Office of Waste Isolation* was assigned the responsibility 

for preparation of those sections of this generic statement dealing with 

deep geologic waste isolation. 

The original concept for deep geologic disposal was first advanced· 

in 1957 when a National. Research Council Advisory Committee of the National 

Acadamy of Sci~nc.ec; c;11ggested the burial of solid radioactive wastes in 

salt deposits. To date, the majority of ttie research, development, and 
demonstration (RD&D} activities have been in salt. The current United 

States Department of Energy (DOE) National Waste Terminal Storage (NWTS) 

program calls for the selection of two sites overlying suitable salt for­

mations by 1979, followed by the construction and start-up in 1985 of one 

NRC-licensed· repository designed for the permanent disposal/isolation of 

commercial nuclear wastes in a salt formation at one of these two s1tes. 

In addition to this activity in salt, vigorous RD&D programs have been 

initiated to determine the appropriateness of various hard rocks as host 
media for a repository. 

*Operated by Union Carbide Corporation-Nuclear Division for the Depart­
ment of Energy. 
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The deep-geologic-isolation portion of the generic statement considers 

repositories located in salt, granite, shale, or basalt. The repositories 

are designed to handle wastes from the nuclear fuel cycle in which the 

spent fuel is considered a waste (no reprocessing), or from either of two 

fuel cycles that include reprocessing--the cycle with uranium and plutonium 

recycle and that with only uranium recycle. To prepare this contribution, 

the Office of Waste Iso 1 at ion contracted with Dames & Moore, Parsons 

Brinckerhoff Quade & Douglas, Inc., and Science Applications, Inc. In 

order to prepare this description, generic sites were defined, prec~ncep­

tual repository designs c~mpleted, and resource requirements and effluents 
from the repositories identified. The preconceptual repository designs 

for the salt host formation were based on more than two decades of analy­

sis and in situ experimentation. The data base upon which the repository 
design for the non-salt host formations were based is more more sparse 

s i nee repository-oriented ana lyses of these formations have been proceeding 

only for the last couple of years. For each of the host rocks additional 

analyses were performed during the conduct of these studies. Details of 

this additional technical work are described within the twenty-three 

volumes of this report. 

For an overview of these preconceptual repository design studies, 

the study objectives and scope, and the major study assumptions, the reader 

is referred· to Volume 1 of this series, the 11 Executive Summary 11 

(Y/OWI/TM-36/1). 

vo·lume Summary (Y/OWI/TM-36/22) 

This volume is a collection of independent solutions of problems that 

arose during the preconceptual design studies. These problems are quite 

diverse, although each has to do with nuclear material considerations. 

For repository design purposes, it is necessary to know the types of 
.. 

wastes expected to be received, the characteristics of the waste canisters 

and shipping containers, e.g. the size, weight, decay-heat load, radiation 

levels, contamination levels, and how they are to be handled, so that the 

designer can begin the preliminary design of the receiving, handling, and 

xiii 



storage facilities. This volume sets forth the baseline design considera­

tions for the waste materials expected to be received at the repository, 

for shipping casks and shipping containers, and for methods of receiving 

the canisters and drums at the repository. The design considerations pre­

sented here are preliminary. There are ongoing programs, both at OWl and 

at other installations, intended to better define optimum canister materials 4
. 

and sizes. 
Special nuclear material (SNM) must be safeguarded to prevent its 

diversion and to prevent the sabotage of equipment whose failure could 

result in its dispersal and endangerment of th~ public. Safeguard require­

Ments tor nuclear facilities have be~r1 developed by both the nnE and NRC 

but, to date, detailed safeguard requirements have been developed primarily 

for comm~rcial nuclear power plants and little attention has been given 

specifically to waste repositories. However, the NRC is currently 

strengthening the safeguards requirements for both nuclear power plants 

and for fuel-cycle facilities. Therefore, .in view of the current state 

of the waste-repository effort and the future uncertainty of NRC regula­

tions, it appears impractical to discuss detailed safeguards requirements. 

Hence, this volume discusses safeguards considerations as they apply to a 

waste repos'itory only in a general way. 

Since a National Waste Terminal Storage facility will handle large 

quantities ·of radioactive material, its radiation-control program must 

ensure that radiation doses to occupational personnel are within accept-

·able limits. A radiation-ptotection program (defined in 10CFR20) must 

limit. the maximum dose to individual operating personnel and, additionally, 

must ensure that the cumulative dose to the operations staff is as low as 

reasonably achievable (AI ARA). Radiation-exposur·t! r·~qulrements should be 

factored into the layout and design from the be~inning. Early emphasis 

should also be placed on equipment rPliability and anod decontam·inaLion 
procedures. 

Projected dose problems could occur in the cask-handling area, can­

ister-storage feed room, canister-hoist shaft, canister-transfer galleries 

and transporter facilities. The hoist-shaft and transporter problems would 

likely be peculiar to mining facilities. The design of a shielded trans­

porter for emplacing HLW canisters has been recognized as a problem and 

xiv 

..... 

'~ 



has been undergoing study in an ongoing program. In contrast, drums contain­

ing LLW-TRU or LLW have been defined as safe for surface contact, and handling 

1~ with normal forklift trucks having unshielded cabs has been assumed to be 

an appropriate procedure. However, the specifications by BPNL of more 

radioactive drummed wastes have required shielding calculations to be made 

• for drum handling. ·Calculations described indicate that for a 4-pallet x 

4-pallet x 2-pallet. storage configuration, and for a 0.25 mrem/hr dose 

rate to the forklift operator, the cab would require lead shielding of 

7.8 em for 5-year wet waste from a fuel reprocessing plant (FRP), 6.8 em 

for 10-year FRP wet waste and 8. 7 em for material that has been contami­

nated with small amounts of 10-year PWR spent fuel. 
A program of measuring and monitoring is described which will verify 

that the in-plant effluent control of radioactive materials is in accord­
ance with 10CFR20 which restricts off-site doses to absolute values and 

to values that are as low as reasonably achievable (ALARA). This program 

will measure repository contributions to off-site exposure by direct radia­
tion, radioactivity in breathing air, deposited radioactivity, and radio­

activity in consumed materials such as water, milk, plants, meat, and fish. 
Because of the geologic characteristics of granite, shale, and basalt, 

repositories built in these formations have a potential to allow water to 

enter the mine by permeation through the layers of rock constituting the 

formation. The water may enter the repository as a result of permeation 

either downward through the overlaying strata or by upflow through the 

lower layers. Since this water must be removed from the mine area in order 

to perform the normal underground activities of transporting and embedding 

waste canisters, waste repositories in granite, shale, or basalt formations 

must include provisions for handling this waste and for possible treatment 

6f the water before discharge. The chief concern in this volu~e i~ that 

the water may become contaminated with radioactive isotopes before being 

pumped out of the mines and, hence, could require radwaste treatment before 

discharge. This report considers only the radioactive contamination of 
groundwater and does .not address the issue of contamination by dissolved 

solids. For salt, water permeation is an extremely unlikely event (Class 

8 or 9) and a water treatment system, therefore, does not seem appropriate. 

XV 



Containment of the radioactive wastes.by the canisters or drums in 

which they are packaged is essential to smooth repository operations since 

a· breaching of one of these contain~rs while it is being handled within f~~l 

the repository leads to operational difficulties and possibly to undesir-

able releases to the envir9nment. Additionally, the baseline repository 

design assumed a period during which the stored canisters must remain in 

a readily retrievable state. Therefore, the preconceptual GElS designs 

are based on a requirement of canister integrity throughout the retrieva­

bility period (five years). 
In addition, analysis of potential nuclide transport after decommis­

s1oning ot the facilities indicates that in the ~ase of the hard-rock 

(granite, shale or basalt) repositories it could be desirable to extend 
the canister integrity to allow· more t1me for radioactive decay of some 

of the more soluble isotopes. This reduces potential concentrations that 
could be transported to the biosphere by groundwater circulati.on from the 

repository. Canister integrity is less fmportant for the repository de­

signs in salt, since flooding of a salt repository is an extremely unlikely 

event (Class 8 or 9). 

Since the assurance of canister retrievability is the driving consid­

eration for canister integrity in salt, the canister integrity requirements 

are dictated bythe length of the retrievability period. If retrievability 

is not required, or the retrievability phase of repositot'y operation has 

been terminated, canister integrity in salt is not required. Chapter 6 

discusses the primary sources of canister stresses, the severity of cor­

rosion as it would impact canister retrievability, HLW stainless steel 

corrosion, and the corrosion of carbon steel drums in air. 

Studies were made of criticality problems associated with the tempo­

rary storage of eight HLW-glass-containing canisters in one shipping cask. 

Following verification of computational methods, r.r~lculations indicat~ci 

that the system of 8 canisters is very subcritical (keff <0.3). However, 
a refined calculation is recommended which includes a more accurate repre­

sentat·i on of the actua 1 geometry and a more accurate determination of the 

S102 content. These calculations should include the fissionable actinides 

above plutonium and should account for reflector effects provided by the 
cask itself. 
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1.0 BASELINE DESIGN CONSIDERATIONS 

1.1 INTRODUCTION 

For preliminary repository design purposes, it is necessary to know 

the types of wastes expected to be received, the characteristics of the 

waste canisters (e.g.the size, weight, decay-heat load, .radiation 

1 eve 1 s, contamination 1 eve 1 s, and methods of handling), and simi 1 ar 

information on the shipping containers for the packages. Once the 

material to be received has been defined, the designer can begin the 

preliminary design of the receiving, handling, and storage facilities 

for the repository. The purpose of this section is to set forth the 

baseline design. considerations for the waste materials expected to be 

received at the. repository. Baseline design considerations for shipping 

casks and shipping containers are also presented to cover the methods of 

receiving the canisters and drums at the repository. It should be 

emphasized that the design considerations presented here are preliminary 

and that there .are ongoing programs, both . at OW! and at o.ther 

installations, to better define optimum canister materials and sizes. 

1.2 FUEL-CYCLE AND WASTE-FORM CONSIDERATIONS 

In this study, three alternative fuel cycles are considered. They 

are as follows: 

Cycle No. 

I 

II 
III 

Fuel Cycle 

Total recycle 

Spent unreprocessed fuel (SURF) cycle* 

U-only recycle 

For purposes of this study, the following burn-ups were assumed for 

each recycle mode: 

PWR: 33,000 MWD/MTHM at 30 MW/MTHM 
BWR: 27, 500 MWD/MTHM at 20. 7 MW/MTHM 

*Also referred to as the 11 throwaway 11 or once-through fuel cycle. 
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The HLW and spent fuel are assumed to be 10 years old when received 

at the repository. All other waste is assumed·to be 5 years old. 

The high-level wastes, the intermediate-level wastes, and the 

cladding hulls from Cycles I and III, and the spent fuel assemblies from • 
Cycle II are assumed to be packaged in canisters. Furthermo.re, the 

intermediate-level wastes and the cladding hulls from Cycles I and III 

are assumed to be packaged in the same size canisters as the high-level 
wastes in the glass form from Cycles I and III. 

A separate set of criteria was developed for packaging the low-level 

transuranic (LL-TRU) wastes from Cycles I and III. These will be packaged 

in drums and can be handled by contact means. Since it is expected that 

low-level non-transuranic wastes (LLW-nonTRU) from these two cycles will 
be handled independently of transuranic contaminated wastes (as they ar.e 

currently handled), these wastes are not considered in this study. How­

ever, the small amount of low-level wastes assumed to arrive at a spent 
fuel repository from Cycle II are assumed to be handled in the same 

manner as the LL-TRU wastes from the reprocessing cycles. 
The waste forms considered for this study, as a function of the 

fuel cycle, are as follows: 

o High-Level Wastes in the Glass Form, Intermediate­
Level Wastes and Cladding Hulls 

0 

Fuel Cycle Type of Waste 

I Total Recycle PWH-HLW (Glass) 

BWR-HLW (Glass) 

ILW-TRU 

cw 
III U-only Recycle (Pu with HLW) PWR-HLW (Glass) 

BWR-HLW (Glass) 

ILW-TRU 

cw 

High-Level Wastes in the Calcine Form 

Fuel Cycle Type of Waste 

I Total Recycle PWR-HLW (Calcine) 

BWR-HLW (Calcine) 
III U-only Recycle (Pu with HLW) PWR-HLW (Calcine) 

BWR-HLW (Calcine) 
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0 LWR Spent Fuel Assemblies 

Fuel Cycle 

II Spent Unprocessed Fuel 

(SURF) Cycle 

o Low-Level Wastes 

Fuel Cycle 

I and III (LLW-TRU) 

II (LLW at 1 esser amounts 
than I and III) 

Type of Assembly 

PWR or BWR 

Source 

MOX fuel fabrication and 
reprocessing 
Reactor operations and 
other sources 

1.3 GLASS- AND CALCINE-CANISTER DESIGN CONSIDERATIONS 

1~3.1 Canister Descriptions 

1.3.1.1 HLW Glass Canisters 

The HLW glass canister chosen for this study is one foot in 

diameter (ID) by 10 feet in length with an active length of 8 feet 

(Figure 1-1). The glass waste canister is a standard 12-inch pipe with 

a 3/81
i wall thickness. The base 1 i ne concentrated g·l ass waste has a 

specific volume of about 3 ft 3 /metric ton of heavy metal reprocessed. 

Since the glass waste volume ·is 6.28 ft 3 / canister, the resulting waste 

density is 2.09 MTU equivalent*/canister. The weight of a filled 

canister is 1,720 pounds. 

1.3.1.2 HLW-Calcine Canisters 

The HLW calcine canister chosen for this study is 8 inches in 

'diameter by 10 feet in length with an active length of 8 feet (Figure 

1-1). The ca·lcine-waste canister is a standard 8-inch pipe with a 5/16 11 

wall thickness. 

The calcine waste has a specific volume of 1.5 ft3 /MTU. Therefore, 

the equivalent fuel density is 1.85 MTU equivaient/canister and the 

weight of a filled canister is 660 pounds. 

* MTU equivalent/canister refers to the amount of spent reactor fuel 
that must be reprocessed to fill one waste canister. 
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1.3~2 Canister Decay-Heat Levels 

The maximum allowable decay-heat level of HLW canisters is dictated 
1 by the allowable canister temperature and thermomechanical stress 

2 ,.. 
considerations for the rock form chosen for disposal. The maximum 

decay heat levels are as follows: 

MAXIMUM ALLOWABLE DECAY HEAT LEVELS 

Rock Type 

Salt 
Granite 
Shale 
Basalt 

HLW Glass Canisters 

3.2 kW/canister 
1. 8 kW/cani ster 
1. 3 kW/cani ster 
1. 2 kW/cani stef· 

HLW Calcine Canisters 

2.6 kW/canister 
1.5 kW/canister 
1.1 kW/canister 
. 1. ·1 kW/cani stAr 

The standard glass and calcine canisters (2.09 and 1.85 MTU equiva­

lent/canister, respectively) have decay-heat power levels of 2.8 and 2.5 

kw/canister when filled with PWR HLW. For BWR HLW, the values are 2.3 

and 2.0, respectively, for glass and cal~ine. To achieve the .lower heat 

loads for granite, the waste is uniformly mixed in a ratio of 40 percent 

inert material and 60 percent waste. For shale and basalt, the ratio is 

57 percent inert material and 43 percent waste. This information is 

used to generate the actu~l decay-heat levelsj as ~ummarized below: 

ACTUAL DECAY HEAT-LEVELS 

PWR HLW PWR HI W BWR HlW BWR IILW 
Glass Calcine Gl as·s Calcine 

Rock Canisters Canisters Canisters Canisters 
~ kW/Canister ~~/.~~nister kW/Canister kW/Canister 

-··· -. . ... - .. 

Salt 2.8 2.5 2.3 2.0 
Granite 1.7 1.5 1.4 1.2 
Shale 1.2 1.1 1.0 0.8 
Basalt 1.2 1.1 l-0 0.8 

· 1.3.3 Canister Radiation Levels 

The vertical mid-plane canister radiation levels for HLW glass and 
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HLW calcine canisters in salt are given in Tables 1-1 and 1-2. For 

granite and shale canisters, it is assumed that the radiation levels 

will decrease by_ an amount proportional to the inert-materia1 volume 

fraction. The radiation levels used for repository design purposes are 

higher than the ~xpected radiation· levels and ar~ given in Table 1-3 . 

1.4 SPENT-FUEL CANISTER DESIGN CONSIDERATIONS 

1.4.1 Canister Descriptions 

For Cycle II with no recycle of spent-fuel, the spent-fuel 

assemblies are encased intact in a spent-fuel-assembly canister and are 

assumed to be shipped to the repository 10 years after removal from the 

reactor. 

1.4.1.1 PWR Assembly Canisters 

The repository was designed to accept PWR fuel-assembly canisters 

with a 1411 outside diameter and an overa 11 1 ength of 16 feet. The wa 11 

thickness of the canister was taken to be 3/811
• The_ weight of a 

standard 17x17 PWR ·assembly is approximately 1,500 pounds3 and the 

calculated weight of an empty canister is approximately 900 pounds. The 

repository is designed to accept assembly canisters weighing up to 3,000 

pounds. 

1.4.1.2 BWR Assembly Canisters 

The_ repository was designed to accept BWR assembly canisters with a 

10 3/411 outside diameter and an overall length of 16 feet. The wall 

thickness was taken to be 1/411
• The weight of an 8x8 BWR assembly is 

approximately 600 pounds3 and an empty canister weighs approximately 500 

pounds. 

1.4.2 Canister Decay-Heat Levels 

The decay-heat power levels of assemblies irradiated as described 

in Section i.2.2 and cooled for 10 ye~rs are as follows~ 
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PWR 0.55 kW/assembly· 
. BWR 0.18 kW/assembly 

1.4.3 Canister Radiation Levels 
For the burn-up and cool-down assumptions used in this study, the 

canister radiation levels were calculated and are·given in Table 1-4. 
Also shown in Table 1-4 are the values used for the repository design 

purposes~ 

1.5 DESIGN CON~IDEAATIONS FOR LLW-TRU OR l.l.W DRUMS 
1.5.1 Drum Description 

Fur ll1e pw·poses of thi :;· :;tudy; it wa!; assumed that the LLW~ TRU from 

Cycles I and III or LLW from Cycle II will be stored in DOT type 17C 
drums. These drums have a 23 1/2 11 outer diamter, and 18 gauge wall ,-,and 
are 34 1/2'' high. The weight of a filled drum is assumed to be 900 pounds. 

1.5.2 LLW-TRU or LLW. Drum Decay Heat Level 
The average decay heat level of an LLW-TRU or·LLW drum was calculated 

to be 1.2x10- 3 kW. For repository design purposes a maximum value of 
3.0x10-3 kW ~as used. 

1.5.3 LLW-TRU or LLW Drum Radiation Levels 
The average radiation levels of the waste·drums when received are 

shown in Table 1-5. Also shown are the values used for repository design. 

1.6 GENERAL CANISTER AND DRUM DESIGN CONSIDERATIONs· 
1.6.1 Surface Contaminati~n Levels 

Per 49CFR173.397, the maximu111 l:cir~iste~' and dt·um contam1nnt1on level~ ... 
were assumed to be: 

220 dis/min/cm2 beta-gamma emitting nuclides 
22 dis/min/cm2 alpha emitting nuclides 
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However, the maximum canister and drum contamination levels by 

transferable radioisotopes were assumed to be: 4 

. ~ . 

100 dis/min/cm2 beta-gamma emitting nuclides 

3 dis/min/cm2 .alpha emitting nuclides 

1.6.2 Materials of Construction 

All canisters are assumed to be fabricated from 304L stainless 

steel. All drums are assumed to be fabricated from carbon steel. 

1.6.3 Handling Considerations 

It is assumed that all waste canisters wi ll be equipped with a 

. standardized 1 i ft i ng and handling device. For purposes of this study 

the device was assumed to be less than 1211 high and located at the top 

and center of the canister. 

It is also assumed that all drums w.ill be handled by conventional 

drum~handling techniques. 

1.6.4 Backfilling of Canisters and Drums 

All canisters are assumed to be backfilled with 5 psig of helium to 

provide a controlled storage environment. LLW-TRU ~nd LLW drums are not 

pressurized with gas. 

1. 6. 5 Overpacks 

Canisters and drums that 1 eak will be overpacked to pr.ovi de 

additional containment. The overpacks are assumed to be fabricated from 

cr!rbon steel. Overpacked canisters and dr·ums wi 11 be handled by the 

same methods as regular canisters and drums (Section 1.6.3). 

1.7 DESIGN CONSIDERATIONS FOR SHIPPING CASKS 

1.7.1. Shipping Cask Description 

It is assumed that all canisters will be shipped in a shipping 

cask. The repository has been designed to accept loaded shipping casks 

up to 22 1 in 1 ength and 10·1 in diameter that weigh up to 125 tcms 

(shipping cask plus lifting yoke weight). 
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Currently, the NLI 10/24 rail cask is the only cask that has been 

.referenced for the transportation of waste that requires shielding. The 

NLI 10/24 cask has been NRC certified for use by rail and meets all the 

design criteria required for shipping waste canisters from any of the 

fuel cycles considered. The cask is rated at 70 kW heat load 

unventilated and 34,100 lbs. payload. 

The cavity diameter is 45 11 and length is 179.5 11
• Design work is 

currently underway at NL Industries, Inc. to modify the cavity length to 

approximately 200 11
, which will then accommodate 16 1 -long spent-fuel can­

isters. 

The shipping-cask load1ng assumptions used for repository design 

are as fo 11 ows: 

HLW - Cycles I & III Glass: 
Calcine: 

ILW, Cladding- Cycles I & III 

Spent Fue 1 - PWR: 
BWR: 

8 Canisters per cask 
12 Canisters per cask 

8 Canisters per cask 

7 Canisters per cask 
12 Canisters per cask 

Heat-load, payload, and criticality questions have been considered 

and approved for the configurations listed above. Sufficient room in 

the cask for a cani~ter rack or basket was also taken into account. 

1.7.2 Canister Positioning inShippingCask 

The canisters are assumed to be placed in the shipping cask in the 

vertical position for removal by a lifting device. If the canisters are 

held in place by some device inside the shipping-cask to prevent 

movement and damage during shipping, it is assumed that the device does 

not inhibit vertical canister removal. The shipping-cask lifting device 

is assumed to be suitable for crane-hook operations. 

1.7.3 Shipping Cask Handling 

The shipping cask is assumed to be shipped in a horizontal 

position. It is assumed that equipment is available to raise the cask 
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to a stable vertical position with a crane hook. Lifting and 
positioning devices that are compatible with the repository crane and 
special tools needed for tie-down removal are assumed to be supplied by 
the shipper. 

After the tie~downs have been removed and the shipping cask placed 
in a vertical position, the shipping cask is assumed to be capable of 
being moved, using a crane hook with a yoke, and placed in a stable 
vertical position on a flat concrete floor. 

1.8 DESIGN CONSIDERATIONS FOR DRUM-SHIPPING CONTAINERS 
1.8.1 Drum Shipping Container Description 

For purposes of this re~ort, it is assumed that all LLW-TRU or LLW 
drums are shipped in shipping containers (regardless of the fuel cycle 
chosen). The repository has been designed to accept loaded shipping 
~ontainers up to 8'x8'x20' long with a maximum weight of 44,300 lbs . 
when filled with 42 drums. Normal shipments are assumed to utilize the 
DOT type 88 .cargo containers. 

1.8.2 Drum Positioning in Shipping Containers 

The drums are assumed to be placed in the vertical position inside 

the shipping container and to be loaded so that unloading can be 

accomplished with the use of forklifts. 

1.8.3 Shipping Container Handling 

The shipping container is assumed to be shipped in a horizontal . 

position and to be capable of being removed from the shipping vehicle by 

the repository crane. 

1.9 GENERAL SHIPPING CASK AND SHIPPING CONjAINER CONSIDERATIONS 

1. 9. 1 Atmosphere 

All shipping cask and container atmospheres are assumed to be dry 

when received at the repository. Air or inert atmosphere in the 

shipping container wi 11 be acceptab 1 e at the repository. · 
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1.9.2 Shippin9Vessels 

The repository is capable of receiving shipping casks-and shipping 

containers via railroad car or truck. The maximum car or truck length 

is assumed to be 66 ft. All rail cars are assumed to ~eet American 

Association of Railroads standards for unrestricted service. 
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Figure 1-1. HIGH- LEVEL WASTE CANISTER. 
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TABLE 1-1 

CANISTER RADIATION LEVELS*-~TOTAL RECYCLE 

Average Gamma Average Neutron 
Radiation Intensity Radiation Intensity 

rem/hr rem/hr 
Average Heat 

Type of Waste per Canister 10 I From 10 I From 
Waste Form kW At Surface Center-1 i ne At Surfq.ce Centerline 

PWR-·HLW Glass 2.8 8.8 X 104 ' 4.0 X 103 3.8 X 101 1. 7 X 10° 

BWR-HLW Gla:;s 2.3 7.1 X 104 3.2 X 103 3.9 X 101 1. 9 X 10° 

PWR-HLW Calcine 2.5 8.1 X 104 7.1 X 103 8.0 X 101 6.8 X 10° 

BWR-HLW Calcine 2.0 5.3 X 104 4.6 X 103 4.7 X 101 4.0 X 10° 

ILW No Solids 1. 2 X 10-3 4.7 X 101 2.2 X 10° 1.3x 10-2 5.4 X 10-4 

cw Metals 1. 5 X 10-2 1.1 X 102 4.8 X 100 2.7 X 10-2 1.3 X 10-3 

*For canisters in a 5alt repository. For canisters in granite and shale repositories these values should be 
muHiplied by factors of approximately 0.60 and 0.43, respectively. 
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TABLE 1-2 

:ANISTER RrlDIATION LEVELS*--U-ONLY RECYCLE (Pu with HLW) 

Average Gamma Average Neutron 
Radiation Intensity Radiation Intensity 

rem/hr rem/hr· 
Average Heat 

Type of Waste per Canister 10 I Fran: 10 I From 
Waste Form kYJ At Surface Centerline At Surface Centerline 

·. PWR-HLW Glass 2.6 8.5 X io4 3.9 X 103 1.4x 10° 6.2 X 10-2 

BWR-HLW Glass 2.- 6.8 X 104 3.1 X 103 1. 7 X 100 7.9 X 10-2 

PWR-HLW Calcine 2.3 5.9 X 104 5.1 X 103 2.0 X 10° 1. 7 X 10-1 

BWR-HLW Calcine 1.6 4.2 X 104 3.6 )( 103 l.5x 10° 1.3x 10-1 

ILW Solids 1.2 X 10-3 4·.6 X 101 2.2 )< 1 o0 4.7 X 10-4 2.1 X 10-5 

cw r~eta 1 s 1.5 x-10- 2 1.1 X 102 4. 7 x· 10° 1.1 X 10-3 4.7 X 10-5 

*For canisters in a salt repository. For canisters in granite and shale repositories these values should be 
multiplied by factors of approximately 0.60 and 0.43, respectively. 
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TABLE 1-3. 

RADIATION LEVELS USED FOR REPOSITORY DESIGN PURPOSES 

Average Gamma Average Neutron 
Radiation Intensity Radiation Intensity 

rem/hr rem/hr 

Type of Waste 10 I From 10 I From 
Waste Form At Surface Centerline At Surface Centerline 

PWR;_HLW Glass or Calci111e -2.0 X 105 1.0 X 104 l.Ox 102 l.Ox 101 

BWR-HLW Glass or Calcine 2.0 X 105 1.0 X 104 l.Ox 102 1.0 X 101 

ILW Solids l.Ox 102 
1.0 X 101 l.Ox 10-1 5.0 X 10-3 

I cw Metals 1. o x 1 a3 l.Ox 101 1.0 X 10-1 5.0 X 10- 3 __, 
<..n 
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Type of Assembly 

PWR-Calculated Value 

PWR-Design 

BWR-Calcu1ated Value 

BWR-Design 

., 

TABLE 1-4 

RADIATION LEVELS FOR PWR AND BWR SPENT FUEL ,1\SSEMBLIES 

Average Gainma 
R.adi at ion Intensity· 

rem/hr 

10 I From 
At Surface Centerline 

3.5 X 10 4 1.8 X 103 

7.0 X 104 3.5 X 103 

2.6 X 104 1 . 3 X 103 

5.:0 X 104 2.5 X 103 

Average Neutron 
Radiation Intensity 

rem/Jlr . · 

10 I From 
At Surface Centerline 

3.0 X 10-l 1.8 X 10-2 

1.0 5.8 X 10-1 

2. 2 X 10-1 1. 3 X 10-2 

1.0 5.8 X 10-1 



. TABLE 1-5 

AVERAGE RADIATION LEVELS OF THE LLW-TRU OR LLW DRUMS* 

Average_Gamma Average Neutron 
Radiation Intensity Radiation Intensity 

rem/hr rem/hr 

10 I From 10 1 From 
Fuel Cycle At Surface Centerline At Surface Centerline 

U & :?u Recycle 4.7 X 1 o- 3 2.2 .X 10-4 1. 3 X 10-2 5.4 X 10-4 

Spent Fuel Cycle 9.4 X 10 -3 4.4 X 10-4 1.3x 1 o- 2 5.4 X 10-4 

U-Only Recycle (Pu with HLW) 4.7 X 1 o- 3 2.2 X 10-4 4.7 X 10-4 2.1 X 10-5 
I 

10-2 10-3 10-2 10-3 __. 
Repository Design Values 2.0 X 1.0 X 2.0 X l.Ox ......., 

*LlW-TRU wastes from Cycles I and III; LLW only from Cycle II. 
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2.1. INTRODUCTION 

2.1.1 Background 

2.0 SAFEGUARD CONSIDERATIONS 

Since the ~cquisition of strategic quaniities_ of special nuclear 

material (SNM) by terrorist groups could lead to endangerment of the 

public health and safety, SNM is safeguarded to prevent its diversion 

and to prevent the sabotage of equipment whose failure could result in 

the dispersal of SNM. Safeguard requirements for nuclear facilities 

have been developed by both the DOE and NRC. A waste repository for 

disposal of waste generated by commercial nuclear plants must meet the 

NRC requirements set forth in 10CFR70 and 73 and any future safeguards 

requirements developed by NRC for waste repositories.* 

·To date, detailed safeguard requirements have been developed 

primarily for commercial nuclear power plants. Less consideration has 

been given to the development of criteria for other fuel cycle faci­

lities and little attention has been given specifically to waste 

repositories. However, the NRC is currently strengthening the safe­

guards requirements for both nuclear power plants and other fuel cycle 

facilities. 

As a result, the NRC has indicated that requirements for fuel-cycle 

facilities will be reviewed and,· in all probability, be further 

strengthened in the future. 1 Therefore, given the current state of the 

waste repository effort and the future uncertainty of NRC regulations, 

it would be impractical to discuss detailed safeguards requirements at 

this time. The purpose of this section, then, is to discuss general 

safeguards considerations as they apply to a waste repository. 

2.1.2 Environ.l!lental·Impact of Safeguards 

Safeguards ·considerations involve such things as the number and 

strength of physical barriers (walls, fences, doors, etc), the number 

*If the nnE were to construct and operate the repository 1 DOE 
requirements could also apply. For purposes of this report, only NRC 
requirements were considered. 
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and location of entry ports, the number of guards, and the extent of 

searches and escorts. While the actual level of required safeguards may 

vary depending upon waste form, fuel cycle or rock type chosen, it is 

not expected that the relative environmental impact of safeguards will 

be significantly different for the different waste-form, fuel-cycle or 

rock-type concepts. Also, the incremental environmental impact of 

future changes in regulations is not expected to be significant. 

·2. 2 WASTE FORM CONSIDERATIONS 

When developing safeguards criteria, consideration must be given to 

the type and form of mat.Pri .;~. 1 to be safeguarded. 10CFR73. 6 states that 

special nuclear material which is not readily separable from other 

radioactive material,and which has a total external radiation d~~P rate 

in excess of 100 rems per hour at a distance of three feet from any 

accessible surface without intervening shielding, is exempt froni the 

requirements of 10CFR73.30 through 73.36 and of 73.60, 73.70 and 73.72. 

HLW .from Cycles I and III and spent fuel assemblies in shipping casks 

meet the requirements 10CFR73.6. Therefore, it can.be expected that, 

because of the waste form, safeguard requirements for a waste repository 

will be less stringent than for nuclear power plants and reprocessing 

plants. 

2.3 lrEM ACCOUNTABILITY 

Because of the form of the waste being rP.r.PivPrl and the largc.quan 

tit i es of waste to be received, the repository can be expected to 

develop rigorous item-accountability requirements. A recommended 

item-accountability plan is described in this section. This 

dccountab1lity plan is in accordance with 10CFR70 and consistent with 

the intent of NRC Regulatory Guides 5.1, 5.26, 5.28, 5.29, and 5.49. 

2.3.1 Facility Organization 

Responsibility for nuclear-waste accountability should be assigned 

to a single individual at an organizational level sufficient to provide 

independence of action. The nuclear-waste custodian service should be 
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separated in ~ manner t~at ensures that the activities of one organiza­

tional unit (or·individual) controls and checks on the activities of 

another organizational unit (or individual). 

An up-to-date manual of approved accountability procedures should 

be maintained and reflected in the facility process specifications, 

packaging instructions, and standard operating procedures. A forma 1 

program for the training and periodic requalification of personnel 

assigned to nuclear-waste accountability functions should be developed 

and documented. 

2.3.2 Facility Operation 

Item Control Areas (!CAs) should be established for physical and 

administrative control of nuclear waste. The number of !CAs established 

at a plant should be sufficient to localize nuclear-material-inventory 

. discrepancies. The custody of all nuclear waste within any ICA should 

be the responsibility of a single individual. Each ICA should be kept 

separate from assemblies assigned to any other area. The quantity of 

SNM moved into or o~t of such an ICA is represented by a numbe~ of 

. discrete units. In other words, nuclear waste is inventoried and moved 

into or out of !CAs by unique item identity and count. 

2.3.3 Identification Controls 

The repository w.ill be required to determine that all individually 

identifiable waste assemblies received at the facility in irradiated or 

non-irradiated form are still on hand or have been shipped to other 

facilities. This should be done by identifying each waste p~ckage by a 

unique numb~r. If one or more packages are missing and not· accounted 

for, an investigation may be required. A system of management audits 

and reviews is required to ensure the adequacy of these controls .. 

2.3.4 Storage and Internal Transfers 

A documented system of control over the nuclear material within a 

facility should be maintained. All transfers of nuclear waste between 

!CAs should be documented and validated for individual assembly by 

identity, count~ and a previously measured valid SNM content (at time of 
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fabrication). A centralized accounting system using double entry book­

keeping with subsidiary accounts for each ICA should be established and 

maintained. Storage- and internal-handling controls should be 

established, maintained, and followed to provide information on a timely 

basis re 1 a ted to the identity, quantity, and 1 ocat ion of a 11 waste 

packages within a facility. A unique item-identification system should 

be established to ensure that no two waste packages can have the same 

number. Records showing the identity, source, and disposition of all 

assemblies should be maintained. 

2.3.5 Shi.Rping and Receiving 

It is recommended that shipments and receipts be independently 

accounted for by both the shipper and receiver. Shipper/rec~ivPr 

differences should be reviewed and evaluated on an individual container 

or lot basis, on a shipment basis, and on a cumulative basis. 

Appropriate investigative action should be taken on any shipper/receiver 

differences. The detection of missing material and, in turn; the 

discovery of diversion or theft should be timely. Receipts should be 

piece-counted and item-identified for comparison with the shipment 

bill-of-lading as soon as possible. The integrity of the tamper-saving 

devices on the shipping casks should be verified. Records of 

shipper/receiver difference evaluations, investigations, and corrective 

actions must be maintained on file at the fac.ilit.y for at lear;t five 

years. 

2.4 PHYSICAL PROTECTION REQUIREMENTS 

Becau~e of the form of the waste, .the radiation levels, and the 

size and wPi!]ht of the cani~ters, it is ~XI.H:!cted that no additional 

phyr.ir.r~l protecl.iun w111 be requir·eu for the repository buildings other 

than that required for confinement of the radioactive material. 

Therefore, preliminary protection requirements were developed which 

emphasize t~e area r~round the repo~itory. For pt'OL~ction requirements, 

the site can be divided into three areas: 
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Area A 

Area B 

the 2oo acres which contain all the surface facilities, 

th~ 2,000 acres of the inner controlled area surrounding 

all surface facilities which encloses the maximum extent 

of underground development, and, 

Area C -- 16,000 acres of the outer contra 11 ed area. 

The actual level of protection required (i.e. the number of guards, 

the size of the isolation zone, and so on) must be developed at the de­

tailed design phase of the project. Detailed plans must be submitted to 

the NRC and approved before repository operation begins. It is 

expected, however, that the detailed plan would include the items 

discussed in Sections 2.4.1 and 2.4.2. 

2.4.1 Area 11 Au Requirements 

Precautions for Area A are the most extensive and cover perimeter 

and portal saf~guards. Perimeter safeguards include: 

o Isolation zones - permits the assessment system to provide 

accurate information for all intrusion contingencies. 

o Physical barriers - such as barbed wire fences and 

buildings constructed of stone, brick, cinder block, con­

crete, steel or comparable material. 

o Illumination~ sufficient for the monitoring and obser­

vation of outdoor areas adjacent to the physical barrier 

at the perimeter of the protected area and for the 

detection of penetration or attempted penetration of the 

protected area on the isolation zone adjacent to the 

prote.cted area. 

o Surveillance - at least one member of the physical 

security force would have the capability of observing 

activities in the isolation zone at all times; of clearly 

viewing the isolation zone before the intruder has time 

to leave the area; and of transmitting equivalent 

surveil-lance data to the central and secondary alarm 

stations. 
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o Security locks - manipulation resistant, with an effective 

system for managing all lotks, keys, combinations, and 

other related equipment employed in securing the perimeter 

of the protected area. 

o Intrusion detectors - tamper proof and self checking, pro­

viding high-assurance detection of all penetrations into 

the protected areas, with sufficient emergency electrical 

power for operation during the attack. 

o Guard force - including fixed guards positioned at security 

posts at the perimeter of th.P- protected area and guards 

patrolling the barriPr at th~ p~rimetcr. 

Portal safeguards covering personnel and vehicle portals ·include: 

Physical-structure requirements 

Security 1 oc ks 

Guard force 

Detection probabilities 

Intrusion detectors of men and material 

Access authorization 

Communications 

2. 4. 2 Area 11 811 and 11 C11 Requirements 

Safeguards for Area B consist of fencing with periodic signs indi­

cating NO DRILLING OR MI~ING ALLOWED and d~ily patrols hy a guird force 

around the periphery. For Area C a patrol road would be constructed 

around the perimeter. In addition, periodic signs would be placed 

around the periphery stating that the government owns subterranean 

rights tu the area and that permission must be obtai ned before 

commencing dri 11 i ng or m1 n1 ng within the respect·i ve area, and weekly 

patro 1 s will be conducted around the per·i phery by a guard force. 
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3.0 OCCUPATIONAL RADIATION EXPOSURE 

3.1 INTRODUCTION 
Since a National Waste Terminal Storage facility will handle large 

quantities of radioactive material, a radiation control program must be 
established to ensure that radiation doses to occupational personnel are 

within acceptable limits. The NRC requirements for radiation protection 

are contained in 10CFR20. A radiation protection program as defined in 

10CFR20 must limit the maximum dose to individual operating personnel 

and, additionally, it must ensure that the ·cumulative dose to the 

operatlons staff is as low as reasonably achievable (ALARA). These 

concepts play an integral role in determining the facility design and 

maintenance requirements. 
Control of occupational radiation exposure begins with the 

repository layout. Radiation exposure requirements should be factored 
into· the design from the beginning. Early emphasis should also be 

p 1 aced on equipment re 1 i ability and good decontamination procedures. 

Additionally, large dose commitments can come about as the result of 

maintenance activities in highly active cells and steps should be taken 

to ensure that the doses from maintenance activities are ALARA. 

3.2 ALARA CONSIDERATIONS 

The concept of A LARA imp 1 i es that there is no fixed dose to the 

operating staff which satisfies the requirements of ALARA (i.e. ALARA 

requirements cannot be satisfied by stating that the average staff 

radiation dose will be limited to an arbitrary fraction of, say, 1/10 of 

10CFR20 limits). As NRC Regulatory Guide 8.8 states: 

. 
11 The concept of maintaining occupational radiation 

exposures ALARA does not embody a specific numerical 

guideline·at the present time. Rather it is a philosophy 

that reflects specific objectives for radiation dose 

management in 1) establishing an ALARA Program; 2) 
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designing facilities and s~lecting equipment; 3) estab­

lishing a radiation control program, plans, and procedures; 

and, 4) making supporting equipment, instrumentation, and 

facilities available." 

While there have been no numerical cost/benefit guidelines proposed 

for limiting occupational radiation exposure~. numerical guidelines have 

been set forth for ensuring that off-site doses are ALARA.* However, it 

is possible to calculate a numerical cost/benefit number for staff. 

radiation doses which coul9 serve as a guide to aid repository design 

efforts. This approach is discussed in 3.2.5, 

3.2.1 Establishing an ALARA Program 

The establishment of an ALARA Program requires a management policy 

for implementing the program and an independent staff to ensure that the 

ALARA requirements are continually applied to design, operation,· 

in~pection, modification, and maintenance activities. Additionally, a 

radiation-protection training program must be established for all 

personnel who either work in radiation areas or work with radioactive 

materials and for all personnel who supervise those who work in 

radioactive areas o~ with radioactive materials. More explicit details 

on establishing an ALARA program are discussed in NRC Regulatory Guide 

8.8. 

3.2.2 Designing the Facility and Selecting Equipment 

Arriving at a design for the repository that reflects the incor­

poration of radiation protection design features· to allow operation 

without unreasonable dose exposure requires careful planning and review 

of the facility and procedures from the initial design phase to the 

actual operating phase. Figure 3-1 ·j ll ustr·ates the type of feedback and. 

cooperation needed to achieve the goal of designing and running the 

*The requirements are stated in 10CFR50, App. I., and Regulatory Guide 
1.110 discusses suggested_methods for achieving those guidelines. 
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repository economically.with an acceptable dose commitment. The input 

to the initial design requires personnel familiar with radiation 

protection such ~s h~alth physicists or shielding engineers, along with 

the system and equipment designers. 

Once the pre 1 i mi nary design has been comp 1 eted, all sources of 
. . 

radiation. in the repository should be quantified (see 1.0, Baseline 

Design Considerations, Tables 1-1 thru 1-3, for canister radiation 

levels). As the design progresses, these calculations should be 

expanded to include contamination of cells by transferable radionuclides 

and contamination by leaking canisters. 

In order to control unnecessary or inadvertent exposure of 

personne 1 to radiation, a 11 1 ocat ions within the repository should be 

zoned as to the 1 eve 1 of radiation expected when the repository is 

operating (see 3.4). This zoning should be done during the design 

phases of the repository. After operation begins, actual dose rates in 

the different locations should be measured routinely to determine the 

actua 1 or current radiation 1 eve 1 s. Zones associ a ted with high dose 

rates should be kept as small as reasonably achievable, while still 

allowing any tasks· required in the zone to be performed. Radiation 

zones to be occupied a large amount of time by personnel should be 

designed to the lowest practicable dose rate~. 

Design of the repository should include measures to control access 

to radiation areas and to provide adequate shielding to keep doses 

within radiation areas ALARA. For areas of high radiation potential 

(>100 mrem/ hr), 10CFR20 requires design features and administrative 

contra 1 s that provide effective ingress contra 1, ease of egress, and 

appropriate warning devices and notices. According to Reg. Guide 8.8 

access control of radiation areas should reflect the following: 

(1) Extraordinary design features to avoid any potential 

dose to personnel large enough to cause acute biological 

effects tor a short exposure period. 
(2) Administrative controls such as standard operating pro­

cedures which are effective in preventing inadvertent 

exposures of personnel and the spread of radiocontami­

nants during the transportation from one location to 

another onsite. 
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(3) Features such as platforms, walkways, stairs, or 

ladders that permit prompt accessibility for servicing 

or inspecting components located in higher radiation 

zones. 

Engineering controls shall be provided for protection against 

airborne radioactive material as part of the repository design features. 

Use of individually worn respirators for routine tasks by repository 

. personnel shall not be part of the standard operating procedure. 

Instead, engineered design features shall be a part of the overall 

design. For non-routine or emergency situations, the use of respirators 

may ,be appropriate if the design of engineered controls is not feasible. 

Reg. Guide 8.8 suggests that design features of a radiation facility 

should include: 

(1) · Use of air pressure gradients and air flows from areas 

of low potential airborne contamination to areas of 

higher potential airborne contamination. Periodic 

checks to ensure maintainability should be part of the 

standard operating procedures. 

(2) Auxiliary ventilation systems that augment the permanent 

system for providing local control of airborne contami~ 

nants where equipment or containers with potential air­

borne sources are opened to the atmosphere. 

Monitoring ot ~irborne radioactive material concentrations and dose 

rates in various areas of the repository is a desi'rable feature that 

should be implemented as part of the original design of the repository. 

The desigri of such a monitoring system should include the follbwing: 

(1) Readout capab1lity at the main radiation-protection 

at:t:e~s-cun Lr·u 1 IJU i 11 t, 

(2) Optimum placement of detectors, 

(3) Ability to detect fail~d inst.rumP.nt.ilt.inn, 

(4) Local readouts and indicators, 

(5) A clear and unambiguous readout, 

(6) Instrument ranges capable of giving accurate 

readings over all anticipated radiation levels 

and concentrations, 
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(7) Abi 1 i ty to keep a 11 hard 11 copy or record of a 11 

readouts. 

Additional factors to be considered during the design are 

provisions for isolation and decontamination of radioactive equipment 

and the selection of appropriate materials for use in high radiation 

fields. 

3.2.3 Radiation Protection Program 

A radiation prqtect ion program must be estab 1 i shed. · The basic 

purpose of a radiation protection program is to control the number of 

personnel who enter high radiation areas, the amount of time that the 

personnel spend in the high radiation areas, and the magnitude of the 

potential dose to personnel. 

3.2.4 Radiation Protection Facilities, Instrumentation, and Equipment 
I 

A well-trained and equipped radiation-protection staff is an 

. essential element of a radiation-control program. Details can be 

obtained from Regulatory Guide 8.8. 

3.2.5 ALARA Cost/Benefit Analysis 

Cost/benefit analyses lend themselves to ALARA calculations since 

there is a direct cost involved in radiation reduction (e.g. in 

pro vi ding addition a 1 shi e 1 ding) whi 1 e there is a direct benefit from 

lowering radiatjon doses. For off-site doses., the NRC has chosen a 

value 'of $1,000/man-rem as the basis for cost/benefit analyses. This 

value was calculated conservatively as the health cost associated with 

low-level radiation exposure. From an ALARA standpoint, this number is 

applied by calculating the off-site dose and then determining if design 

changes to reduce that dose are less expensive than $1,000/man-rem of 

dose reduction. ~bounding calculation can also be made by calculating 

the maximum amount of money that should be spent to reduce the dose to 

0. This bounding valu~ is also referred to as the Total Direct Cost 

(TDC) and Appendix B discusses how a TDC analysis· is performed. 
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For occupational radiation exposures, consideration must also be - . 
given to the replacement cost of the operating personnel (i.e., salary, 

training costs, cost of extra personnel, etc.) in addition to the 

-$1,000/man-rem cost of health effects. Replacement costs v~ry depending 

on the geographical location of. the plant, the level of training 

required for facility operation, the back-up personnel capabilities of 

the operating organization and so on. Because the replacement value can 

vary greatly depending upon these fc;tctors, no requirements have been 

developed for a replacement value. However, this should be taken into 

account . for on-site ALARA calculations, and a value of about 

$5,000/man-rem would provide an c;ttCUrate assessment in the absence of 

detailed calculations. 

For purposes of ALARA calculations, an initial staff dose 11 budget11 

can be calculated and a cost/benefit analysis performed as for the 

off-sfte doses. A convenient starting point for calculating staff dose 

budgets is to assume that the average dose will be a specified fraction 

of the 10CFR20 va 1 ue of 5 rem/year. This budgeted dose is used for 

preliminary design purposes. Then a cost/benefit analysis is performed 

after the preliminary design phase is completed to determine if a 

further dose reduction is justifiable. 

3.3 MAINTENANCE CONSIDERATIONS 

Because of the high radiation fields associated with the waste 

· canisters, and because of the projected throughput of canisters, 

maintainability of equipment becomes an important element in the 

calculation of personnel doses. Determination of the repository budget 

dose is very dependent upon the amount of time spent maintaining 11 hot 11 

systems. For this reason, identified problem areas in the repository 

are basically areas where equipment reliability is crucial. 

Areaz identified as projected dO!:il:!"'comm1tment problems are as 

follows: 

(1). Cask handling area, 

(2) Canister storage feed room, 

(3) Canister hoist shaft, 

(4) Canister transfer galleries, and 

(5) Transporter facilities. 
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3.3.1 Cask Handling Area 

Two problems exist in the cask handling area, (1) possible high 

dose rates at the cask surface (200 mrem/hr · of non-transferab 1 e 

radionuclides), and (2) possible contamination of surfaces due to failed 

seals, ports, etc. Therefore, care must be taken ·in setting up 

procedures for cask handling and sampling. Other than decontamination 

problems, good administrative control in the handling of the casks 

should result in acceptable dose commitments in the cask-handling area. 

Because of the possible high dose rates at the cask surface, 

administrative controls will be vital. 

Contamination of a cask on external surfaces does not appear to be 

a problem that will be encountered frequently. However, when such an 

occurrence is encountered, two areas of concern are important. Because 

of poss i b 1 e high dose rates at the surface, care must be taken by 

personnel who contact the cask during decontamination. The second and 

more important concern· is the possibility of airborne activity resulting 

from the surface contamination. Inhalation of such activity can result 

in high dose commitments to personnel. Good administrative procedures 

and engineered safeguards are required to limit the possible exposures. 

3.3.2 Canister-Storage Feed Room 

The canister-storage feed room must be able to handle any surge 

capacity due to various reasons such as the hoists being out of service 

for a period of time. Storage, on a temporary basis, of high-level 

waste canisters presents a problem due to the accumulation of these 

high-level radiation sources. Depending upon the design of the room~ 

access of personnel may be impossible due to the intense radiation 

fields. Temporary storage, such as in the floor with cover plugs, maY 

help solve some of the maintenance problems. The equipment associated 

with the feed/storage system will require occ~sional maintenance. In 

order to avoid lengthy repository shutdowns, design of the facility must 

allow for quick maintenance of all items either directly or remotely. 

It is felt that without careful design and planning the canister-storage 

feed room could represent a sizable part of the repository budget dose. 

Careful design should include consideration of the following: 
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(1) High-reliability equipment with simplicity of design, 

(2) Provisio_n for backup equipment, 

(3) Ease of mai ntai nabil ity, 

(4) Use of materials .rated for high radiation fields, and 

(5) Suitable surveillance equipment, such as windows, corner 

mirrors, and television cameras. 

3.3.3 Canister-Hoist Shaft 

Of the problem areas 1 i sted here the canister-hoist shaft would 

present the most.severe problem since a stuck or jammed hoist with a 

canister somewhere in the shaft could require delicate maintenance 

procedures. The dose commitment~ required to work on and resolve such a 

problem could cause unacceptable dose budgets. Time requirements to 

resolve the pr·oblt:!m miyht cause the shart to be out of service for a 

long period of time, thus, shutting down the facility. Therefore,· 

design considerations of the hoist/ shaft system should include the 

following: 

(1) High-reliability equipment, 

(2) Use of materials rated for high radiation fields, 

(3) Shielding considerations for both direct exposure and 

str~aming, s~ch as through the hoist housing above 

the shaft, and 

(4) Provis{ons to repair a hoist with a canister jam~cd in. 

Ll1~ cu11 r I nes of the shaft. 

3.3.4 Canister-Transfer Galleries 

The· canister-transfer galleries require remote handling of casks 

and canisters because of the radiation fields found within the 

galleries .. For this reason, the surveillance of the galleries is 

important. Operators of the galleries are .expected to be in their 

working environments up to 40 hours per week. Therefore, the shielding 

of the gallery walls is cruci a 1 in the reduction of dose commitments. 

Figure 3-2 gives a rough estimate of the amount of dose reduction for 

various concrete thicknesses. Care must be used, since Figure 3-2 is 

only for one canister in contact with a concrete wall. .Possible 
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problems dealing with potential dose commitments for the galleries are 

strictly due to maintenance of the facilities. Replacement of windows 

and repair of remote equipment are examples. Access by maintenance 

personnel could be required. Therefore, good decontamination procedures 

are a necessity. A requirement would be the running of 11 clean 11 

decontamination proC~dures as standard operating procedures. Thus, if 

personnel access is required, a minimal delay in access would· be 

achieved. Design considerations of the galleries should include the 

fo 11 owing: 

(1) High-reliability equipment, 

(2) Suit~ble surveillance equipment, such as windows, 

corner mirrorsJ etc., 

(3) Use of materials rated for high radiation fields (such 

as stainless steel), 

(4) Curved corners, 

(5). Floor drains with slanting floors, 

(6) Accessible decontamination equipment, 

(7) Design to limit streaming problems through ports, etc., 

(8) Wall shields to limit operating-personnel dose commit-

ments well.under accepted guidelines, an~ 

(9) Access of p~rsonnel to the galleries via hatches con­

trolled by administrative procedures and d~signed 

features.· 

3.3.5 Transporter Facilities and Storage Rooms 

Remote handling of all canisters is required in the transporter 

facilities in a manner similar to all other canister manipulation 

operations. Important considerations include keeping the dose 

commitments to drivers as low as is reasonably achievable. This 

requires both engineered design features and administrative control. 

Transfer of canisters from the lateral exchange room to the transporters 

may be a problem because of clearances of the transporter to the travel 

surface. Possible high dose rates may be incurred as the canister is 

hoisted into the transporter while it .travels the gap between the 

surface and the transporter. Similar problems exist during and after 

canister placement into the storage well, but before a shi_eld plug is 
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added. Because of the number of operations taking place in the storage 

areas and exchange areas, the dose received by transporter.drivers and 

other storage-facility personnel may be high. Careful consideration of 

all designs and operating procedures must be made in order that 

successful operation with acceptable dose commitments takes place. 

3.4 ACCIDENT CONSIDERATIONS 

Accidents may occur such that facility personnel ar~ exposed to 

radiation unintentionally.* Accidents are broadly classified into two 

main categories as follows: 

(1) Unintentional access to an area with a high radiation 

field, and 

(2) Accidental reiease of activity, such as from a dropped 

canister. 

In each case, facility personnel can receive unexpected dose 

·commitments. 

Accidents in which personnel enter into high level radiation fields 

uni ntent i ona lly can generally be prevented through engineered safety 

features and appropriate administrative contro·ls. In repository areas, 

such as the canister-storage feed room, which have personnel-access 

ways, interlocks must be provided along with standard operating 

procedures wh1 ch waul d preclude entrance into such areas when high 

radiation fields are present. Potential lethal doses could be 

encountered, so it is imperative that careful thought be given to these 

particular features. 

Calculation of facility personnel doses due to accidents can be 

calculated .from postulating the location and quantity of leaking 

radioactive materials. Inhalation of radionuclides could result in dose 

commitments. to var:iou~ organs of the body. /\ir conc:~nt.r.1t.inn~ m11~t. h~;> 

calculated over the time of an accident from knowledge of the repository 

ventilation system. Dose commitments can be calculated. directly from 

.the determination of the quantity inhaled by personnel. External 

exposure can be calculated from all air and surface concentrations, 

*ALARA type considerations do not apply to accidents. NRC requirements 
for accident conditions are contained in lOCFRlOO. o 
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Cleanup or decontamination after· an accident .is a source for 

accumulation of high doses by faci 1 ity personne 1. Procedures for 

decontamination must be determined ahead of any cleanup attempts in 

order that the dose commitments are .kept to a minimum. The 

~ealth-physics staff of the repo.sitory would control the dose commitment 

aspects of such a cleanup op~ration. 

3.5 SHIELDI~G CALCULATIONS 

During the preconceptual repository design studies, a number·of 

specific questions arose concerning the shielding requirements 

associated with the handling of the radioactive material being received 

at the repository. The ca 1 cul at ions to reso 1 ve these questions are 

described in this section. In most cases, design recommendations were 

required in a very short time; cons.equently detailed calculations were 

not performed. In these cases, recommendations for more accurate. 

calculations are listed. 

·For preliminary design purposes the following radiation levels for 

radiation ~r~as wer~ used as design criteria: 

Type of· Area 

Continuous occupancy 
Limited occupancy 
Occasional occupa~cy 
Non-routine occupancy 

Unrestricted area 

Exposure Time 

>2 hrs. per day 
<2 hrs.. per day 
<0.5 hrs. per day 
To be determined 
administratively 

Whole Body 
Dose Rate Limit 

· <2. 5 mrem/hr 
<10. 0 mrem/hr 
<40. 0 mrem/hr 

As low as is 
reasonably achiev­
able with a goal 
of 1 ess than 10 
percent of the 
1 imits of 
10CFR20 

Shielding calculations were performed accordingly and are discussed 

in the following subsections. Note that as design work evolves the 
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adequacy of these radiation limits must be verified by ALARA 

·calculations. 

3.5.1 Single PWR Spent-Fuel-Canister Dose Rates 

The objective was to calculate the radiation field associated with 

a single. canister containing 0.461 MTHM (plus cladding) of 5-year PWR 

spent fuel. This calculation was also performed for a canister contain­

ing 10-year PWR spent fuel. Results. will be presented as dose* rates at 

several distances from the canister surface. These dose rates will 

serve as source terms ·for the analyses of various shield design 

problems. 

Solution 

The analysi~ was performed with the discrete ordinates code.ANISN1 

using · S8 quadrature and P3 22-18 group (22 neutron groups and 18 
. 2 

gamma-:'ray groups) CASK cross sections. The infinite-cylinder option 

was used to model the cylindrical canister. This procedure is · 

reasonably accurate near the surface but could overestimates the dose 

rates by factors · of about 2 to 4 as the distance from. the source 

increases. Table 3-1 pr·esents the ANISN-calculated dose rates for both 

5-year and 10-year PWR spent fuels. 

Recommendations 

1) The surface dose rate distribution associated with the 

cylindrical canister can better be described with a 

2-dimensional analysis, i.e. a DOT calculation. The 

1-dimensional ANISN calculation may be too conservative. 

2) Consider other fuel cycles and years after emplacement. 

3.5.2 Attenuation Curves for Lead and Stainless Steel, 1o~vear 
Spent PWR Fuel 

The objective was to prepare dose-rate-attenuation curves for 

*The word dose in this and all following sections should be interpreted 
as 11 dose equivalent 11

• 
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various shielding materials with a canister containing 10-year-old PWR 

spent fuel as the radiation source . 

Purpose 
These curves would be used to perform preliminary hand-calculated 

estimates of shielding requirements. These estimates would usually be 

followed by machine calculations utilizing more accurate models. 

Solution 
Dose rates from a single canister containing 10-year PWR spent fuel· 

were calculated at a fixed. point outside var1ous thicknesses of 

stainless steel (304) and lead annular shields. The spent-fuel canister 

is a stainless steel (304) tube with a 12.75-in .. I.D. and 0.375-in.­

thick walls. All dose-rate calculations used in determining the 

attenuation factors were performed with the discrete-ordinates code 
1 . . 2 

ANISN using S8 quadrature and the P3 22-18 group CASK cross-section 

library. The resulting attentuation curves are pre~ented in Figures 3-3 

and 3-4 . 

Recommendations 

Attentuation factors should also be calculated for iron, concrete, 

and repository media such as salt, granite, and shale for 10-year PWR 

spent fuel. These same curves should also be generated for other waste 

forms which have significantly different energy spectra from that of 
10-year PWR spent fuel. 

3.5.3 Individual Spent-Fuel-Canister Carrier 

The objective was to determine the dose rate at the surface and at 

3 feet from the surface of a shielded carrier containing a single 

10-year PWR speht-fuel canister. A cross-sectional view of the 

canister-~arrier arrangement is shown in Figure 3-5. This information 

would assist in the design·of surface handling facilities and in the 

determination of surface-facility op~rational procedures. 
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Solution 

The radiation field and associated dose rates were previously 

obtained by an ANISN analysis of a canister containing 0.461 MTHM (plus 

cladding) of 10~year PWR spent fuel. Hand calculations were performed 
using broad-beam transmission curves3 . for monoenergetic gamma rays. 

Subsequently, an ANISN analysis of the canister-carrier arrangement was 

also made, thus eliminating the uncertainties associated with the use of 
the monoenergetic transmission curves. As in the other calculations, 

the ANISN calculation was done using S8 quadrature and P3 22-18 group 

CASK c~oss sections. The hand-calculated method gives a dose rate of 95 

mrem/hr at the surface, while the computer method gives a dose rate of 

28 mrem/hr at the surface and 9. 5 mrem/hr at 3 feet ftom the sur-fac.:e. 

Recommendation 
The hand calculations were performed to satisfy an urgent request 

for design guidance. As would be expected, due to the use of 

conservative assumptions, the hand-calculated results were qUite 

·conservati~e when compared with ANISN calculaiions. Further; because of 

the relative simplicity of the ANISN calculations, hand calculations 

should be used for actual design only when absolutely necessary. 

Finally~ a two-dimensional DOT calculation, although more costly, would 

provide the most realistic (least conservative) results. 

3.5.4 Spent-PWR-Fuel Shielded Transporter 

Dur1 ng the course ot this study, a preconceptua 1 design for a · 

shielded transporter capable of carrying up to 8 spent-fuel canisters 

had been proposed by Parsons Brinckerhoff Quade and Douglas, Inc., (one 

of the participants in this effort) as a possible. solution to large flow 

volumes and long route times for the transporters. The task here was to 

eva 1 uate. this design with respect to its adequacy from i:l radiation 

protection viewpoint. Since another s6lution was subsequently developed 

for the canister handling prob 1 ems, this transporter concept has not 

been incorporated into the final preconceptual repository design. 
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Solution 

The radiation protection provided by the materia 1 s of this carrier 

as shown in Figure 3-6 was calculated by considering only one canister 

and its immediate material environment. The material was modeled as a 

3-in. stainless steel annular shield, Figure 3-7. 

The dose rate on the surface of the 3-in. stainless steel shield 

was calculated by the discrete-ordinates code ANISN1 using S8 quadrature . . . 2 
and P3 22-18 group (22 neutron groups and 18 gamma-ray groups) CASK 

cross sections and infinite-cylindrical geometry. The surface dose rate 

consisted of a 90 mrem/hr component due to neutronsa and a 250 rem/hr 

component due to gamma rays. · Hand ca 1 cul at ions were performed to 

estimate the actual shielding requirements for this carrier. A 

monoenergetic gamma-ray source was estimated from the energy flux 

distribution provided by the base ANISN calculation described in section 

3.5.1. T_he attenuation provided by additional thicknesses of stainless 

steel was estimated from the Haywood et al. 3 attenuation curves for 

iron. Assuming the Department of Transportationb maximum allowable 

·dose rate at. three fee·t as the surface dose rate (200 mrem/hr), the 

overall shield thickness required was estimated to be 10.8 inches. 

Recommendations 

It should be noted that another solution to the transporter-route 

times problem was developed. However, if the cartridge design concept 

should ever be considered feasible with the 10.8-in. shield thickness 

estimated here, a more refined calculation would be required to 

determine the actual thicknesses and arrangement of materials ner.essnry 

for the complete carrier. The surface dose rate used in· these 

pre 1 imi nary ca 1 cul at ions was based on the Department of Transportation 

maxi mum-a 11 owab.l e surface-dose-rate for shipping containers. Future 

analyses should involve the use of a more-realisti~ surface-dose rate. 

aThe neutron component was found to be neg_ligible in all of 
the shielding calculations. 

b49CFR173.393 
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3.5.5 Spent Fuel Storage Room, 10 Canisters (10-Year PWR Spent Fuel) 

The shielding requirements for a surface-facility temporary storage 

room containing an arrangement of ten 10-year PWR ~pent fuel canisters 

was calculated. The ten canisters were assumed to have a 6-inch 

surface-to-surface spacing and hanging on the interior surface of a 

concrete wall , the thickness of which· must attenuate the emergent 

radiation on the exterior surface to a dose rate of 0.25 mrem/hr. 

Solution 

A hand calculation was performed to provide a preliminary estimate 

of the required concrete thickness. The eff'ect i ve source p ·1 ane was 

estimated by summing the contributions from each of the ten individual 

assemblies, taking into account the 1/r geometric attentuation. A 

c.haracteri st i c source .energy was se l cctcd from the energy flux 

distribution given by the ANISN analysis of a bare canister. 

Tran5mi 55 ion cur.ves 3 corresponding to thi 5 source energy for ordinary 

concrete were used to obtain the concrete thickness. The effect of 

geometric attentuation was estimated by assuming a disk source and 

applying configuration dimensions into a standard handbook formula. The 

geometric attentuation was found to be negligible. 

An ANISN1 calculation was also performed wh.ich cons·isted of S8 

quadrature and P3 22-18 group (22 neutron groups and 18 gamma-ray 

groups) CASK2 c:ross s~r.t.ions. Slr~h gMmP.try was used and the source 

term was an infinite pI ane source having a surtace intensity equa I to 

that of the ten canisters smeared out. over their projected area. The 

hand-calculated concrete thickness was 4.4 feet compared to 4.06 feet as 

calculated by the ANISN method. 

Recommendations 

Future design calculations, if required, should include a more 

accurate representation of the source canisters and other geometric 

considerations of the problem. This increased detail would be most. 

effective when used in conjunction with a two-dimensional DOT 

calculation. 
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3.5:6 Shield Plug for HLW Storage in Salt 

The gamma-ray attentuation properties of the shield plug designed 

for use in the storage of HLW canisters in ho 1 es in the floor were 

calculated. 

Solution 

The storage configuratiori for HLW canisters in salt is shown in 

Figure 3-8. The analysis of the shield plug consisted of four steps: 

1) The dose rate within the 1/2-in. clearance gap (nominal gap width) 

was calculated with the discrete-ordinates code ANISN1 using S8 

quadrature and the P3 22-18 group CASK2 cross-section library. The 

~alculation was performed in infinite-cylindrical geometry and resulted 

in a dose rate within the gap of 12,000 rem/hr (when the tanister is 

modeled as shown in Figure 3-8 including the surrounding salt). 

D = 12, ooo rem/hr gap 

2) The streaming through the gap is estimated according to the 
. 4 

single-scattering analysis performed by Haworth, et al. Thes~ results 

are presented in graphical form and will underestimate the actual 

transmitted dose; however they are generally considered adequate for 

preliminary design usage. The ANISN-calculated dose rate of step 1 can 

be reduced by another factor of one-half since only one-half of the 

gamma rays emergent into the clearance gap are forward directed (along 

or up the gap) - the backward component experiences a much greater 

attentuation and can be neglected (contributes only about one percent) . 

. The forward component is given by 

D = 0 X • 1/2 forward gap 
= 12,000 x 1/2 = 6,000 rem/hr. 

By this procedure, the dose rate at the step which corresponds to the 

18-in. thickness of the plug is determined to be 

D = 220 mrem/hr step 
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3) The dos~ rate emergent at the top of the canister is assumed to 

equal the dose rate within the gap for an infinite cylinder: 

D = top = 12, 000 rem/hr 

4} The mater-·ial attenuat·iun by the shield plug is determined by 

ANISN-calculated attenuation fattors (slab-geometry) shown in Figure 

3-2. The 18 in. of concrete at the step provides a~ attenuation factor 

of about 4 x 10- 3 and results in a surface dose of 0.44 mrem/hr due to 

0step· 

D · ~ 110 x (4 ~ 10- 3 ) = 0.44 mrem/hr surface 
step 

The other component of the surface dose is due to that transmitted from 

the top of the canister through the full thickness of the plug. The 

required attenuation factor corresponding to a surface dose rate of 25 
mrem/IH' ·j s 

0 surf ace = ___ 2_5_mr_e_m_,_/_h_r __ = 
0top can 12000 x 103 mrem/hr 

According to the attenuation curve (Figure 3-2) this would require 

about 3 ft. of concrete. Thus the 10-ft thickn~~~ specified in this 

design for the overall plug thickness is mLich too conservative. A 

shield plug having an overall thickness in the range of 3-4 ft. would 

provide the attenuation required to achieve a ·surface do~e rate of 25 
mrem/hr. 

Recommendations 

A more complete analysis will be required if this concept moves . . 

·toward advanced design stages. ln that event the fo 11 owing ana lyses 
should be performed: 
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1) A DOT calculation to better define the flux distribution 

·on the canister surface. The attenuation characteristics 

of the shield plug could be determined by the same or an. 

additional DOT calculation. 
2) A more precise method should be applied to the. streaming 

. ' 

pro~lem around the ca~ister and shield plug, This would 

probably require a special quadrature with the DOT analysis 

. to more accurately treat the streaming along the annular gaps. 

3.5.7 Shielding Considerations During Repository Operation 

During the conceptual stages of the NWTS Repository, calculations 

of dose rates anticipated during operation are, -at best, only estimates 

of the actua 1 dose rates to be encountered during operation. Areas 
identified as possibly having high dose rates include all areas whe~e 

high-level (HLW) canisters. are in close proximity to personnel. 

Although the baseline designs assume all HLW and spent-fuel wastes are 

10 years old when they arrive at the repository, the alternative BPNL 

case allows younger wastes. Therefore, as a worst case (strongest 

source), a 5-year PWR HLW in glass with uranium and plutonium recycle is 

considered, and therefore, all calculations here have been done for this 

case. The calculations were performed with the discrete-ordinates code 
ANISN. 1 The group-photon:spectrum per canister is shown in Table 3-2. 

Figure 3-2 shows the transmittal dose rates for various-thicknesses 

. of normal-density concrete due to one canister of PWR HLW, assuming that 

the concrete shi e 1 d begins at the canister surface and that the dose 

rate at the canister surface is 1.4(10) 5 rem/hr.* As can be seen~ 5 ft. 

of concrete reduces the dose rate to an acceptable 0.1 mrem/hr. 

Figure 3-9 shows ·the calculated dose rates along the surface of the 

shielded elevator-hoist cage. The shielding consists of 2-1/4 i~. of 

steel, plus 5 in. of lead. If three canisters are handled in such a 

configuration, the maximum dose rate at the surface would be about 106 
mrem/hr. 

*This dose rate at the. sur:face differs by a factor of 7 from that 
calculated in Section 3.5.1. However this value is a representative 
value and is not expected to significantly change the results. 

3-19 



Figure 3-10 shows the geometry for storing HLW PWR canisters in 

salt using 7-1/2 ft. ~oncrete plugs. The calculated dose rate above the 

plug is 2.05x10- 6 mrem/hr., which is insignificant. Since the densities 

of salt and concrete are nearly the same~ the dose rate at the surface 

of the storage area with a full matrix of buried canisters should be 

acceptable for full-time occupancy. 

3.5.8 Dose Rates and Forklift Shielding Requirements for ILW and 
LLW-Drum Transfer Operations 

Introduction 
The main .objective of these analyses is to determine the shielding 

requirements for a forklift which would handle 55-gallon drums 

containing 5-year FRPa wet-waste (cementation producis) materials during 

routine repository operations. Some basic shield-design data were also 

calculated for the handling of drums containing 10-year FRP wet waste 

and 10-year PWR spent-fuel materialsb - these materials correspond to 

less-severe and more-severe alternative design situations respectively. 

The study was conducted parametrically considering surface dose rates of 
. . 

1 mre~/hr, 10 mrem/hr, 0.2 rem/hr, and 1.0 rem/hr. The drums wo~ld be 

handled by the forklift as !-pallet (6 drums) o~ 2-pallet (12 drums) 

arrangements. The !-pallet and 2-pallet drum arrangements are 

schematically shown in Figures 3-11 and 3-12 respectively. In addition, 

the shielding re~uirements assocjated with stacking the ~allets in their 

final storage location were calculated considering a 4-pallet-wide x 

4-pallet-high x 2-pallet-deep arrangement as shown in Figure 3-13." 

. Analysis 

ThP. simplP n.:~.tur·e of the shielding problems pe1·mitted inJI::!I-I~''d~rrL 

treatments of the geometric-attenuation and the material attenuation 

aT he acronym FRP de~ i ynates Fue 1 Reprocessing P ·1 ant. 

bPWR spent-fuel-materials are those materials that may have been con­
taminated by PWR·spent:-fuel wastes. 
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effects. Further; the d~ums in relation to the forklift operator 1 s cab 

were considered as point sources and the dose rate due to more than one 

drum was obtained by superposition. 

For sufficiently large distances, the geometric attentuation for 

any source of finite extent will closely approximate the inverse square 

attenuation law of the point source 

The error involved in the point source approximation can be estimated 

from the following relation for a line source5 . 

q,(point) s· h/4rra 2 tan e 
L . 

= = 
q,(exact) \F(e,0)/2rra e 

h/2 
SL(.particles(cm-sec) 

tan e = 
a 

r F(G,b) 
-bsece' 

= e de' 
0 

The parameter b, which is the mean~free-path thickness of intervening 

shields, is zero in this case and the expres~ion for F(0,b) bec6mes. 

F(€>,0) = 0 (radians). 

The estimates of the errors as a function of the angle 0 (one half 

of the subtended angle) are presented in Table 3-3. It is noted that 

the inverse-square law. underestimates the true attentuation thus 

contributing to a conservative result. Further, the largest value of 0 

enc:nunt.ered in the pr>c!:icnt work is abuut 15 degrees, which would produce 

a 2.4 percent error. In view of the preliminary nature of these 

calculations, it is concluded that the small and conservative errors 

associated with the priint source approximation would be consistent with 

good design practice. 
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The · material-attentuation analyses were performed with the 

discrete-ordinates code ANISN1 using S8 quadrature and P3 22-18 group 

(22 neutron gr~ups and 18 gamma-ray groups) CASK2 cross-section library. 

The energy spectra of the radioactive materials contained in the drums 

were determined on the basis of the specified constituents ?f the waste 

materials6 and the (11/3/76) spent fuel ORIGEN run. ANISN calculations 

of the dose rate at a fixed detector position were made for various 

thicknesses of lead shielding (0-12 em Pb). The simple ratio of dose 

rates 

O(t em Pb) 
. 0(0 em Pb) 

provides the material-attenuation factor for t em of lead corresponding 

to a particular type of radioactive waste. Lead attenuation curves were 

determined for 5-year and 10-year FRP wet waste (cemeritation products) 

and 10-year PWR spent fuel. 

Emergent Gamma-Ray Spectra 

The spectra of the gamma rays emergent from the 55-ga 11 on drums 

were determined for 5-year and 10-year FRP wet-waste (cementation 

products) materials. Transport calculatlons were performed using the 

·discrete-ordinates code .ANISN1 and the CASK2 cross-section library. The 

activities of the constituents (activation products, fission products, 

and actinides) of the 10-year FRP wet waste together with the 

ORIGEN-ca 1 cul a ted energy spectrum of these constituents were used to 

estab 1 ish· a 10-year FRP source spectrum in terms of the ORIGEN 

energy-group str·ucture. This spectrum was then transformed to the CASK 

group structure on the basis of simple energy-group weighting of the 

group ~r.t.ivities. The 5-year FRP spectrum WLI!:i oht..1inprl in a 5imila1· 

fashion - the activities of the 5-year constituents were first obtained 

by correcting the activities of the 10-year constituents for decay using 

ORIGEN-calculated 5-year and 10-year activities. 

The spectra of the 5-year and 10-year constituents in ORIGEN 

energy-group format are presented in Tables 3-4 and 3-5 respectively and 

the CASK-format spectral data for the 5-year and 10-year constituents 
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are presented in Table 3-6 and 3-7 respectively. Finally, the source 

spectra for . the 5-year and 10-year FRP wet wastes are presented in 

Tables 3-8 and 3-9 ·respectively. The ANISN-calculated energy spectra 

of the. gamma rays emergent from ·the 55-ga 1·1 on drums are presented in 

Table 3-10 and also plotted in Figure 3-14 for the 5-year and 10-year 

FRP wet-waste (cementation products) materials and for 10-year PWR spent 

fuel. An examination of these spectra clearly shows that the 10-year 

FRP case would constitute a less severe shielding problem while the 

10-year PWR case would, with its more energetic source spectrum, involve 

a more serious shielding problem. Thus, these two cases could provide 

useful off-design information. 

Gamma-Ray Attenuation Curves 

In order to facilitate the consideration of many design con­

figurations and because the method of analysis permits the separate 

treatments of geometric and material attenuation effects, lead 

attenuation curves were determined for three kinds of waste materials: 

5-year and 10-year FRP wet-waste (cementation products) materials and 

10-year PWR spent fuel. The ANISN calculation described in the previous 

section was employed to determine the material-attenuation factors for 

various thicknesses of lead (0-15 em). These results are presented in 

Table 3-11 and as attentuation curves in Figure 3-15. It is noted that 

the 10-year FRP wastes would require about 1 em less lead shielding than 

·the 5-year FRP wastes and the 10-year PWR spent fuel wastes would 
require about a 1 em thicker lead shield. Also, after about the first 2 

em of lead shielding, the three attenuation curves are nearly parall~l 

and additional thickness of lead would provide about the same 

attenuation regardless of the kind of waste material. 

Design Calculations 

The requirements for a shielded forklift based on a maximum dose 

rate to the operator of 0.25 mrem/hr were determined for three basic 

arrangements of the 55-gallon drums: 1 pallet (6 drums), 2 pallets (12 

drums), and 32 pa 11 ets ( 4-pa 11 ets-wi de x 4-pa 11 ets- high x 

2-pallets-deep). A series of calculations were performed to identify the 
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major design considerations of the shielded forklift as well as provid­

ing guidelines for the operational limits of a given design. 

Operator dose rates were first calculated assuming no shielding of 

the cab and no self-shielding* by the drums for 1-pallet and 2-pallet 

arrangements. Dose rates to the operator were calculated for drums 

having surface activities ranging from 1 mrem/hr up to 1 rem/hr and are 
presented in Table 3-12. It is noted that the dose rate to the operator 

is less than 0. 25 mrem/h.r for only the ·lowest surface dose rate 

considered. 
The calculations were repeated including the self-shielding effect 

provided by the front ~ow of drums. These drums were represented as a 
homogeneous slab of concrete having a thickness equal to the drum 

. diameter and a concrete density adjusted according to the volume 

change - a reduction in the concrete density by a fl/4 factor. rhese 

results are presented in Table 3-13. 

The dose rates were reduced by about one third with the self­

shielding included. However, again only the dose rates due to the drums 

having the lowest surface dose rate (1 mrem/hr) were below the desired 

do.se rate to the operator of 0. 25 mrem/hr. No attempt was made to · 

include the effect~ of streaming between adjacent drums - the dose rates 

with streaming will be intermediate to those presented in Tables 3-12 

and 3-13, probably very close to the case including self-shielding 

effects. Since drums having surface dose rates in excess of 1 mrem/hr 

must be handled, some shielding of the operator's cab will be required. 

*Self-shielding here refers to the shielding provided by the front row 
of drums to the radiation emitted by the back row. This effect could 
be important for drums which contain conet'ete ur· uther relat1vely 
dense matrix material. 
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The forklift cab shielding requirements to .reduce the operator dose 

rate in the operator • s cab to 0. 25 mrem/hr were determined in a 

parametric fashion by applying the gamma-ray attenuation factors shown 

in Figure 3-15 to the 1-pallet and 2-pallet results presented in Tables 

3-12 and 3-13. The amount of shielding required to achieve a given 

material attenuation is dependent on the energy spectrum of the gamma 

r~ys em~rgent from the drums. Results are presented in Table 3-14 for 

the drums containing 5-year FRP wet waste - the design basis. 

Off-design shielding requirements are presented in Tables 3-15 and 3-16 

considering drums containing 10-year FRP wet waste and 10-year PWR spent 

fuel respectively. An examination of these results reveals that no 
shielding is required for drums having surface dose rates of i mrem/hr. 

The shi el ding requirements increase to about 6 em of lead for drums 

having surface dose rates of 1 rem/hr. Further, less than 1 em of 
additional thickness of lead is required for the two pallet 

configurations as compared with the 1-pallet configuration. The 

observation can be made that a nominal 2-in. thick (about 5 em) lead 
shield will provide adequate shielding for most drum-handling situations 

that might be encountered during presently .envisioned repository 

_operation. 

The cab shielding requirements associated with the 55-gallon drums 

in their final storage configuration were also studied assuming a 

4-pallet x 4-pallet x 2-pallet arrangement as shown in Figure 3-13. The 

dose rates to the operator in an unshielded cab were calculated by 

summing the geometrically attenuated contributions from the individual 

df·um::.. R~sults are presented in Table 3-l/ with and without self 

shielding by the drums. Comparisons of the unshielded dose rates to the 

operator associated with the final storage configuration (Table 3-17) 

with the dose rates produced by the 1-pallet and 2-pallet arrangements 

(Tables 3-12 and 3-13) would reveal that significant increases in the 

operator•s dose rate do occur. The increase in the dose rates are about 

a factor of six if self-shielding by the drums is neglected and by a 
factor of four with self-shielding. 

The shielding requirements to reduce the operator•s dose rate to 

0.25 mrem/hr were determined by applying the material-attenuation 

factors for lead (presented in Table 3-11 and Figure 3-15) to the 
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unshielded results presented in Table 3-17. Results were obtained·for 

the drums ~ontaining 5-year FRP wet waste and for the two off-design 

·cases, drums contain1ng 10-year FRP wet waste and drums· containing 

10-year PWR spent fuel. These required lead thicknesses are presented 

in Tables 3-18, 3-19 and 3-20 for the three types of waste materials -

with and without self-shielding by the drums. 

Finally, the off-design performance of the shielded forklift was 

investigated considering lead thicknesses of 2 em and 5.3 em and drums 

containing 10-year PWR spent fuel. The 2-cm thick lead shield provides 

adequate shielding for 2 pallets of 10 mrem/hr drums containing any of 

the three kinds of waste forms and the 5.3-cm thick lead shield provides 

· th~ required operator protection when handling 2 pallets of 0.2-rem/hr 

drums. The .forklift .shielded with 2 em of lead can also safely hanule 

one 0.2-rem/hr drum containing 5-year FRP wet waste or two 0.2-rem/hr 

drums containing 10-year FRP wet waste. The forklift shielded with 5.3 

·c:m of lead also provides adequate shielding for two 1-rem/hr· drums 

containing 10-year PWR spent fuel, five 1-rem/hr drums containing 5-year 

FRP wet waste, or twelve 1-rem/hr drums (2 pallets) containing 10-year 

FRP wet waste. With some additional conservatism in the amount of lead 

used to shield the cab - for example, considering a total shield 

thickness of 3 in. (7.62 em) o( lead in the forward direction and with 

occasional exposure rates to the operator beina permHted which arc 

slightly in excess of 0.25 mrem/hr - a given shielded forklift should 

provide adequate s~rvi ce for a broad ra11ge of off-nPs ian r,ondit ions 

while remaining consistent with the safety criteria set forth in the NRC 

and OSHA (Occupat i ona 1 Safety and Health Act) regulations .and ALARA (As 

Low As Reasonably Achievable) principle. 

3.5.9 Shielding Requirements for the Thermosyphon Configuration 

A ~hielding arralys·is was performed· 011 'Lhe ventilated PWR spent-fuel 

canister storage configuration shown in Figure 3-16. During the precon­

ceptua 1 repository designs, this configuration was considered as an 

emplacement technique for spent-fuel-canister storage ft'om wlrich some ·of 

the decay energy cou 1 d be removed by thermosyphon-mode of vent i 1 at ion. 

The canister is stored in a 3/8-in. thick stainless steel liner which is 
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convectively cooled by the upward flow of air in the inner annulus which 

is formed by the stainless steel liner and the concrete sleeve. The 

coolant air is drawn from the main storage room through the outer 

annulus formed by the concrete sleeve and the excavated cylindrical hole. 

in the sa 1 t. This arrangement is expected to produce satisfactory 
11 thermosyphon 11 operation (Volume 19, TM-36/19 THERMAL ANALYSIS, APPENDIX 

B), but does provide streaming paths for the gamma radiation emitted by 

the stored wastes. Unfortunately, the design requirements imposed on 

the configuration by heat-transfer and fluid-flow considerations are 

generally inconsistent with the material arrangements that would nor­

mally be employed in strictly shield design. 

Methods of Analysis 

The one-dimensional discrete-ordinates code ANISN1 was used to 

calculate the radiation fields and associated dose rates in the inner 

and outer annuli of the thermosyphon configuration shown in Figure 3-16. 

The analysis was performed in infinite cylindrical geometry w.ith a S8 

quadrature set and P3 22-18 group CASK2 cross sections. The dose rate 

in the inner annulus on the surface of the stainless steel liner was 

found to be 4140 rem/hr and the dose rate in the outer annulus on the 

outer surface of the concrete sleeve was found to be 120 rem/hr. 

The streaming of gamma rays through the inner and outer annuli and 

around the stepped plug were estimated using the calculated data of 

R. Haworth et a1. 6 based on a single-scatter treatment of the streaming 

component, These design data are simple to use; however, they will 

always underestimate the true leakage dose because the 

multipli-scattered component is completely neglected and a significant 

buildup of the scattered component may occur when a moderate-Z shielding 

material such as concrete is present. 

The transmission (material attenuation) of gamma rays through 

concrete was estimated from the corre 1 at ions presented by Jones and 

Haywood3 as well as through one~dimensional discrete-ordinates 

calculations using ANISN. Preliminary estimates of the material 

attenuation by concrete were made by using the Jones and Haywood 

correlations; however, final results were based on the ANISN 
ca., cuI at ions. 
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ANISN Calculated Dose Rates in the Inner and Duter Annuli 

. An S8 ANISN1 calculation using the CASK2 cross sections was 

P'erformed in infinite-cylindrical geometry. The dose rate at the 

stainless steel liner in the inner annulus was found to be 4140 rem/hr, 

and the dose rate in the outer annulus was obtai~ed for concrete sleeve 

thicknesses ranging from the initial design thickness of 8 in. to 32 in. 

These results are presented in Figure 3-17. The dose rate in the outer 

annulus was found to be 120 rem/hr for an 8-inch thick concrete sleeve, 
5.67 rem/hr for a 16-in. thick sleeve, and 0.0159 rem/hr for a 32-in. 

thick sleeve. The semi-log plot of these results (dose rate versus 

sleeve thickness) is essentially lineilr; thu• permitting a ~imple 

graphir...,l ii-1t6:Jrpolntion fol' olher sleeve thicknesses. 

Dose Rates at the Surface Due to Streaming through the Inner 
and Outer Annuli 

Streaming calculations were based on R .. Haworth 1 s4 single-scatter 
results, Figure 3-18 

dA 

D/D(annulus) = C 2 bdA/~3 

where: 

D(annulus) =D. for the inner annulus 
. . 1 

D(annulus) ~ n
0 

for the outPr annulu~ 
b = 192 in. 

h = 150 in. 

dA = dA; = 260.8 in~ (inner annulus) . 
dA = dA

0 
= 1988.6 in~ (outer annulus) 

C2 =single-scatter coefficient, Fig. 3-18. 
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Assumptions: 

1) ANISN-caltulated dose rates (Di and D
0 

corresponding to 

inner and.outer annuli respectively) consist of a forward 

c·omponent (along or up the gap) D/2 and a backward com­

ponent (along or down the gap) D/2. 

2) The single-scatter factor C2 was estimated from Figure 3-18. 

to be about 0.1 for the forward component and about 0.001 

for the backward component. These va 1 ues were conservative, 

since the constituents of concrete have atomic weights less 

than iron, the C2 for the forward component was taken at 
a scatter angle of 0°, and the C2 has an essentially uniform 

value for the backward directions. 

3) Because of the low value of C2 for the backward component, 

this contribution to D is neglected (about a one percent 

effect).and the total contribution as presented consists 

entirely of the forward component. 

Inne~ Annulus· Calculation 

The dose rate at the storage-room floor due to gamma-ray streaming 

through the inner annulus is given by the following expression 

D. 
D = ~ C2 bdAi/h 3 

0 = 
4~40 X 0.10 X 192 X 260.8/132 3 

D = 4.50 rem/hr 

Outer Annulus Calt.ulation 

Following ·the sanie calculational procedure used in the inner 

annulus calculation, the dose rate at the storage-room floor due to 

gamma-ray streaming through the outer annulus is given by the following 
expression 
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Where 0 , the dose rate in the outer annulus corresponds to various con· 
0 ·. .. 

crete sleeve thicknesses. 

1) 8-in. sleeve thickness 

D = 120 X 0.10 X 192 X 1988.6/1323 
2 

D = 1.0 rem/hr 

2) 12- in. s 1 eeve thickness : 

D = 26.3 

2 
X 0.10 X 192 X 1988.6/1323 

D = .0.218 rem/hr 

3) 16-in. sleeve thickness 

D = 0.048 rem/hr 

4) 32-in. sleeve thickness 

D = 0.132 mrem/hr 

The results are presented in Figure 3-19 as a semi~log pl6t of dose 

rate versus concrete· thickness ·for several depths of burial. Then, the 

concY'ete sleeve thickness r~qui red to redut.:e. the dose rate at th~ 

storage-room floor to some specified tolerance {i.e., 0.25 mrem/hr, 25 

mrem/hr etc.) c~n be read directly from Figure 3·19, i.e.: 

t (D = 0.25 mrem/hr) = 29.5 inches (for h =12ft.). 

3-30 



Dose Reduction Due to Increased Depths of Burial 

Consider the h=150 in. as the standard depth of burial (center of 
. . f ) d f" d. . f D(h) . d" can1ster to sur ace an de 1ne a ose reduct1on actor D(150) accor 1ng 

to the relation 

. D(h) 1503 

D(150)= ~ 

Figure 3-20.is ~plot of the results for several depths of burial. 

This effect produces only a nominal reduction in dose - for example, an 

increased depth of ·burial by 12 ft. (h=299 in.) produces only about a 

factor of ten reduction in dose rate at the surface. 

Plug Design 

The overall plug design involves three phases: 1) ~alculation of 

the overall thickness, T1 ; 2) calculation of the thickness at the step, 

T2 ; 3) calculation of the dose rate dUe to streaming around the plug. 

Even though the three phases involve separate calculations, the total 

dose rate above the p 1 ug is affected by a 11 three effects. ·Also, 

adjustments in design 'to r_educe the contribution to the· tota 1 dose rate 

from one effect may affect the contribution from another effect, thus, 

the final overall plug design may require iteration between the three· 

phases. 

Overall Thickness, T1 

Assume that the same dose rate exist~ at the end of the canister as 
· that in the inner annulus. 
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" .. ~ ~ .... •' ·~. 

D d = 4140 rem/hr en · 

T, 

Oend 

h 

The shield-plug thicknesses required ·to achieve storage-r·oom-floor dose 
. . 

rates of 25 mrem/hr, 2. 5 mrem/hr, and 0. 25 mrem/hr wer~ determined 

according to the ANISN-calculated broad-beam slab attenuation factors 

·for concrete sl'abs (Figure 3.,.21). 

1) Surface dose rate of 25 mrem/hr 

= ----=-27"':
5..,..,.....,.-- ;; 0 • 6 ( 1 0 ) - 5 

4.14(10) 8 

According to figure 3-21, a plug thitkness of T 1~?.5 ft. will prnvirlP ~n 

attenuation factor of about 10- 5 • 
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2) Surface dose rate of 2. 5 mrem/hr 

0 ' 2·.5 = __ ;;;...__ __ = 0. 6(10) -6 
4.14(106 . 4.14(10) 6 

According to Figure 3-21, a plug thickness of T 1~3.0 ft. will provide an 

attentuation factor of about 10- 6 . 

3) ·surface dose rate of 0. 25 mrem/hr 

0 0.25 
------:-=----
4.14(10}6 4.14(10)6 

= 0.6(10)- 7 

According to Figure 3-21, a plug thickness of T 1~3.6 ft. will provide an 

attenuation factor of about 10- 7 . 

The above calculations only considered material attenuation and 

thus overestimate the surface dose rate. The inclusion of geometrtc 
attenuation will result in a more realistic estimate of the surface dose 

rate. 

Geometric attenuation for disk source 

The ratio of the dose rates at different 
·distances from a disc·source is given by 

the fo 11 owing equat ·jon La ken from Rockwe l I' s 

~hielding manua1 4 

where: 

02 _ ln sec 82 
~- ln sec 81 
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For the case of a 12-in. diameter 

canister and a shie 1 d-plug thickness 

O·f 2 .. 5 ft., 

d = 6 in. 

a1. = 3 in. 

a2 = 36 in. 
-1 

01 =tan (6/3) = 1.11 radians 
. . -1 
02 =tan (6/36) = 0.165 radians, 

. and the geometric·-attenuation factor is given by 

-
02 _ 1n(sec 0.165) __ 0.0137 --- = 0.01.7. 
01 1n{sec l.ll) 0.810 

. . 
The total attenuation fac.tor for the 2 . .5 ft. thick shield plug is 

given by the pr.oduct of the.material-attenuation and geometric-attenua­

t.i on factors 

1.1(10)- 5 X 1. 7(10)- 2 = 1.87(10)-7
, 

and the ~ose.raie at the storage-room floor becomes 

4140 rem/hr x 1.87 (10)- 7 = 0.77 mrem/hr. 

Thus, when geometric attenuation is included, a 2.5-ft. thick shield 

plug will result in a surface dose rate of 0.77 mrem/hr. 

Plug thickness (T2 ) at the step: 

The dose rate at the step calculated using Haworth•s equation for 
4 ( 3 18)' i nar-row gaps · Fi gu.r·e. - · s g1 ven by 

O(T 2 ) = 4140.x} x 0.10 x 192 x 260.8/114 3 = 7.0 rem/hr 
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.where the effective value of h is 114 in. If a surface dose of 2. 5 

mr~~/hr is desired the following attentuatio~ factor is required 

·~ = 2.5(10) .. :3 = 0.71 (lo-3 "' (lo)-4 . 
7.0 7.0 

Then according to the transmission data of Jones, 3 . Figure 3-22, a 

concrete thickness (T2 ) at the step of 24 in. is· require~: 

T2 (h=114 in) = 24 in. (2ft.). 

The dose rate at the step for an effective value of h = 122 in. is 

given by 

1 . . . 
D(T2 ) = 4140 X~ X .01 X 192 X 260.8/1223 = 5.7~ rem/hr 

and the required attenuation factor to a surface do~e of 2.5 mrem/hr is 

given by 

D.- 2. 5(10)-a = 0. 71 (10)-3 "' (10)-4. 
7.0- -7.0 

and again a concrete thickness (T2 ) at the step of about 24 in. (2ft.) 

is required. 

Streaming through the 4-in. air gap 

The dose r·etLt! D(T2 ) in the a1r ga 

·at the step has been calculated as: 

D(T2 ) = 5.71 rem/hr 

12.375'' 
radius 
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.There are three major contributions to the 01 /0(T2 ) transmission; 1) 

scatter from bottom of the shield plug; 2) scatter from the side of the 

plug; 3) statter from a small volume inside the plug. The analysis used 

for each contribution is basically that given by Haworth in reference 4. 

1) Scatter from bottom of step: 

Ol 
3 

where the single-scatter factor c3 for 

graz1ng d{ttuse reflection into a narrow 

plane gap is shown in Figure 3-23. 

. Ol 
3 = 0.1 X 4 X TI (12.3752- 8.3752 )/103 

= l. 04 ( 1 0 ) - 2 

2) Scatter from side of small section: 

D(T2) 
= c3 w dA/h:l 

02 
3 
-- = 0.01 X 4 X f2 TT (8.375)4]/12 3 
D(T2) 

- 4.87(10)- 3 

3) Scatter from inside small section of plug: 

(Eq. 2) 

The dose rate (02 ) in the plug at a position near the step which is 

primarily due to. the transmission of gamma rays associ a ted with 0 d = · · en 
4140 rem/hr wi 11 contribute to the dose (03 ). Oend experiences a 

material attenuation of about a factor 0.5 (Figure 3-22) due to about 4 
- . 

in. of concrete (assume an E = 900 Kev and, from Table 3-21. ~ = 0.157 cm- 1 ' 

so that 

02 = 4i40 x 0.5 = 2070 rem/hr 
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The contribution from 02 to 03 

(as schematically shown in the figure) is 

given by the Haworth 4 relationship (Figure 

3-24)' 

where 

Then 

cl = 0.02 (average scattering 

angle of about 90° 

h = 12 in. 

dA = 2n(12.375)(4) = 311 in2 

3 . 
·o3 = 0.02 x 311 x 2070/122 = 89 rem/hr 

Finally the total contribution to 03 is 

obtained by summing the three contributions 

0~ = 89 + 5.71(4.87x10-3 + 4.02x10- 2 ) ~ 89 rem/hr 

The above analysis does not take into account geometric attenuation due 

to increasing cross section~l area. 

Sinking canister an additional 2 ft 

The dose rate may be further reduced by sinking the canister to 

take adv~ntage of geometric attenuation. 

01 = 1.7(10-.2 ) 4140 r~m/hr = 70.38 rem/hr 

Geometric attenuation 

02 = 70. 38 (0. 5) = 35.2 rem/hr 

.Concrete attenuation 
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. 3 . 
04 = contribution to dose rate 4 from 

contributing pathway 3, previous 
page. 

.. 3 
. 04 = 2(10- 2 )(311/144) 35.2 = 

1520 mrem/hr ; (Eq. 3) 

The 03 has contributions from 
the end of the canister in add­
ition to that streaming up the 
gap. Further, assume contributions 
from the end of the cnni5tcr to 
be same as 

01 = 70.4 ·rem/hr. 

Contribution from streaming: 

o,t 
2.5' 

, 
IZ& -i 

The contribution to the dose rate D due to streaming is denoted by 
0§ and is calculate~ accordirig to the Haworth4 relationship 

where 

c2.= 0.1 
b=l92in. 

dA = 260. 8. i n2 

h = 128 in . 

. DG ~ 4~40 - 2070 rein/hr 

oi = 2070 x 0.1 x 192 x 260.8/1283 = 4.94 rem/hr 

Total 03 : 

Oa = 01 + D~ 

= 70.4 + 4:94 = 75.4 rem/hr 
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04 has .four contri~utors (assuming no direct c6~tribution) 1) scatter 

from inside small section of plug, 2) entering side of duct, 3) scatter 

·from side of smal1 ~ection of plug, and 4) scatte~ from bottom of large 

section of plug. 

1) Scatter from inside small section of plug:· 

The contribution to 04 due to scatter from inside the small section 

of the plug was previously calculated to be 1520 mrem/hr (see Eq. 3). · 

2) Contribution through side of duct: 

This contribution was calculated using Haworth 1 s method 4· (Figure 3-18). 

03 

b = 8 1n. and the dose 

rate 03 was assumed to be 

uniformly distributed 

along b. 

An average cross sectional area 

was used for dA. 

dA = dA = 2nr(4 1n.) 

r = 12.37511 

dA = 2n(12.375)(4) = 311 in. 2 

Th~ fraction of 03 which contributes 
to 04 is then 

04 = 0.1(8)(311) = 0.49 
03 8 
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3) Scatter from side of.small section of plug: 

D The o'i ratio for this pathway was previously calculated to be 

4.87(10)- 3 (~ee Eq. 2). 

4) Scatter from bottom of large section of plug: 

As in 3) above this ratio was previously calculated to be 

1.04(10)- 2 (see Eq. 1). 

The total fraction of 03 contributing to 04 by pathways 2, 3, and 4 

is therefore, 

D4 
- = 0.49 + 4.87(10)-3 + 1.04(10)-2 ~ 0~50 

Dose rate. 04 is then given by 

04 = 0.503 + 1520 mrem/hr 

04 = 37.7 rem/hr + 1.52 rem/hr 

04 = 39.2 rem/hr 

This examp 1 e. thus demonstrates that sinking the canister an 

additional 2 feet result~ in a reduction of the dose rate at the second 

bend by approximately 0.44. 

Streaming up the vertical gap 

As in the previous sections, this analysis was performed by the 

method described by Haworth. 4 There are three major pathways which 

contributed to the dose rate, 0, above the vertical gap: 1) thro~gh· the 

5ide of the duct, O(side); 2) scatter from the end of the horizontal 

duct, O(end); 3) scatter from the bottom of the vertical duct, 

.O(bottom). 
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1) Contribution through the side of the duct: 

PLUG. 

.. ·· 

From the preceding 04 calculation the only pathways contributing to 

O(side) are 1), 2), and 3). O(side) may then be written as: 

where, 

3 

O(side) = L 
i=l 

o! is the contribution to 04 by pathway i 
b. is b for the ith pathway· 

1 

Since C2 , dA, and hare independent of the path O(side) becomes 

3 

D(side) I b. D~ 
1 

i =1 

For i = 1 and i = 3 bi is a maximum value and is equal to b1 . 

Fori= 2 b. has an average value b2 . 
1 

This method accounts. for scatter off both sides of the duct. 

Therefore not accounting for attenuation through the corner on the left­

hand side of the duct results in a con~ervative estimate. 
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From the p~evio~s section: 

1 
04 = 1520 mrem/hr 

2 
04 = 36.9 rem/hr 

3 . 
04 = 75.4 mrem/hr •· 

The expression for D(side) can be written as 

b . . 
(1520 + 75~4). mrem/hr + -f- (36.9 rem/hr) 

h2 

where 

bl 4 in~ thus bl 2 in. 
4 i ri •. = g jq. = 

·b 4 in. thus b 4 in. 2 = = 2 
4 in. 4 in. 

c3 = 0.1 (Fig. 3-18) 

h1 = 23 in. h2 = 22 in. 
dA = n(20,375 2 16.3752 ) = 462 in2 

_The dose rate D(side) is then given by 

D(side) = 4.62 ( 2~, (1.60) + 2i• (36.9)1 rem/hr 

O(side) = 0.653 rem/hr 

2} Scatter frq~ end. 
of horizontal· duct: 
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-· 
where 

then 

The ratio D(~~d) was determined by the, relation 

D(end) = c· W dA . 
. 3 , 

04· h3 

C3 =single-scatter factor, Fig. 3-23 

W = gap width 

dA = duct surface area 

c3 = o. 01 W = 4 in. h=26in. 

r = 20~375 in. (~onservative value) 

D(end) 

D4 

= 0.01 (4) n (20.375)(2)(4)/263 

= 0.0012 

3) Scatter from bottom of vertical duct: 

/6.375 lh 

As ~n Eq. 2). the ratio D(bo~:om) was determiried by the relation 

D(bottom) _ C
3 

W dA 
04 h3 
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Where dA is now the cross-sectional area of the vertical duct and 

C . lQ-.3 
3 = W = 4 in. h - 28 in .. 

Then 

O(bottom) _ 10-3(4) rr [(20.375)2 - (16.375) 2]/283 

04 

O(bottom) = 8 _4 x 10-s 
04 

The dose rate, 0, above the vertical gap is given by: 

D = D(side + O(end) + O(bottom) 

or 

D = 0. 6S3 rem/hr + 04(0. 0012 + 8. 4 X 10- 5 ) 

From Eq. 4) 04 = 39.2 rem/hr 

· therefore, 

D = 0. 653 + 1. 28x10-4(39. 2) rem/hr 

D = 682 mrem/hr 

Figure 3-25 presents the dose rate, D, as a function of canister depth. 

Conclusions on Thermosyphon and Plug Design 
The streaming of gamma-ray radiation along the annuli constitutes a 

seri04S shielding problem. It was shown here that a stepped plug 

. 2.5-ft. thick will attenuate the gamma leakage through the inner annulus 

to levels at the surface of 50 mrem/hr. When the distance between the 

canister top and plug bottom is approximately 8.5 ft., a concrete sleeve 

thickness of about 15 ·inches is required to achieve comparable dose 

1 eve 1 s at the surface due to gamma rays stream~ ng. through the outer 

annulus (Figure 3-26). 
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The concrete thicknes~ of 8 inche~ results in an unacceptable· dose rate 

at the surfac~ of about 197 mrem/hr. For allowable dose rates above the 

inner annul us significantly 1 ess than 50 mrem/hr, the p 1 ug des i_gn wi 11 

·have t.o be altered rather than sinking the canister further. 

These calculations are not conservative in the tradional sense and 

. the shielding pfoblems are p~Dbably more ~evere than these calculations 

indicate. 
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Figure 3-5 INDIVIDUAL SPENT-FUEL CANISTER CARRIER 
PA1089·15·1 
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PA1089·16·1 

Figure 3·6 PWR CARTRIDGE CARRIER (area within dotted 
line used as mock-up in ANISN) 

Figure 3·7 MOCK-UP OF PWR CARTRIDGE CARRIER AS 
USED IN ANISN 3-52 
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TABLE 3-1 
DOSE RATES FOR 5 AND 10-YEAR PWR SPENT FUELS 

Fuel Distance from Centerline Dose Rate (rem/hr) 

5-Yea,r PWR 7.1 in. ("surface) 20,078 
24 in. 5,459 

10-Year PWR 7.1 in. (surface) 8,260 
24 in .. 2,245 

TABLE 3-2 
GROUP PHOTON SPECTRUM PER CANISTER (5PYEAR PWR HLW GLASS) 

Group Mean Energy (~eV) Intensity_, (Photons/Sec) 

0 (degrees) 

1 
5 

10 
15 
20 
25 
30 

0.30 
0.63 
1.10 
1. 55 . 

. 1 ~99 
2.38 
2.75 

·3.25 

TABLE 3-3 

8.14El4 
1. 77El6 
8.80El4 
1. 30E14 
1.20E13 
3.66E12 · 
2.86Ell 
9.07E9 

ESTIMATED ERRORS IN LEAD ATTENUATION CURVES 
VERSUS SUBTENDED ANGLES 

~(point)/~(exact) 

1. 0001 
1.003 
1.010 
1.024 
1.043. 
1. 069 
1.103 

3-72 

Percent Error· 

0. 01 
0.3 
1.0 
2.4 
4.3 

·6.9 
10.3 

.. 

..... 

• 



TABLE 3~4 

SPECTRUM* OF THE 5-YEAR CONSTITUENTS, ORIGEN GROUP FORMAT 
cf 

Average Group . Clad & Structural 
Energy, MeV · Materia 1 Fission.Products Actinides 

·-
5.25 3.06E-8 
4.7 4.86E-8 
4.22 1.03E-7 
3.7 1.63E-7 
3.25 ---- 2.53E-7· 2.75E-7 
2.75 7.99E-6 5.52E-6 
2.38 1.03E-4 8. 77E-7 
1. 99 2.39E-12 4.66E-4 1 .86E-6 
1. 55 l.lSE-10 5.94E-3 4.06E-6 
1.1 1.00 2.81E-2 S.OOE-3 
0.63 2.51E-3 9.22E-l 1. 95E-2 
0.3 8.36E-5 4.31E-2 4.56E-3 
.0. 2 6.84E-3 
b. 15 1.16E-2 
0.1 1.90E-3 
0.06 6.37E-1 
0.04' 2. 60E-1 

. ' 

0.03 5.14E-2 

ST( 5 yr.) 
1. 94 l.83 0. 71 

y1o yr.) 

- *Fraction of source gamma rays emitted per gro1.1r. 
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TABLE 3-5 

SPECTRUM* OF THE 10-YEAR CONSTITUENTS, ORIGEN GROUP FORMAT 

Average Group 
Energy, MeV 

5.25 
4.7 
4.22 
3.7 

. 3. 2~ 

2.75 
2.38 
1. 99 
1. 55 
1.1 

0.63· 
. 0.3 

0.2 
0.15 
0.1 
0.06 
0.04 
0.03 

Clad & Structural 
Material 

3. 19E-ll 
1.05E-9 
9.92E-1 
8.8H:-'3 
5.03E-4 

Fission Products 

---· 
'l.Y3E.,,8 

6.09E-7 
7. 77E-6 
2. 72E-5 
2.52E-3 
3.66E-2 
9.21E-1 
3.89E-2 

*Fraction of source gamma rays emitted per group. 

. 3-74 

Actinides 

2.50E-8 
3.98E-8 
8.40E-8 
1.33Em7 
2.07E-7 
7.46E-6 
7.18E-Z 
1. 57E-6 
3.03E-6 
6.65E-6 
4.29E-4 
3.39E-3 
4.95E-3 
5.49E-3 
1 . 69E-3 
7.49E-l 
1. 77E-1 
5.99E-2 

.. 

. . 



TABLE 3-6 

SPECTRUM* OF THE 5-YEAR CONSTITUENTS, CASK GROUP FORMAT 

Cask Energy Interval, Clad & Structural 
•,. Group MeV Ma.terial Fission Products Actinides 

23 8 - 10 
24 6.5 - 8 
25 5.0 - 6.5 3.06E-8 

. 26 4.0 - 5.0 1.52E-7 
27 3.0 - 4.0 2.53E-7 4.38E-7 · 
28 2.5 - 3.0 3.37E-5 . 5.74E-6 
29 2.0 - 2.5 1. 20E-12 3.10E-4 1 . 59.E-6 
30 1.66- 2.0 3. 70E-·ll 2.08E-3 2.19E-6 
31 ·1.33- 1.66 . 4. 44E-2 5.34E-3 2.25E-4 
32 1. 0 - 1. 33 7.33E-l 2.06E-2 3.67E-3 
33 0.8 - 1.0 2.23E-l 1.91E-.l 5.03E-3 
34 0.6 - 0.8 1. OOE-3 3 .. 69E-l 7.84E-3 

.· 35 0.4 - 0.6 ·l.OOE-3 3.69E-l 7 .84E.-3 
36 0.3 - 0.4 2.09E-5 1.08E-2 3.04E-3 
37 0 .. 2 - 0. 3 2.09E-5 1.08E-2 6.08E-3 
38 0.1 - 0. 2 . 2.09E-5 1.08E-2 1.49E-2 
39 0.05- 0.1 1.04E-5 5.39E-3 6.38E-l 
40 0 - 0. 05 . 1. 04E-5 5.39E-3 3.11E-l 

.*Fraction of source gamma rays emitted per group; 

4 
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TABLE 3-7 

SPECTRUM* OF THE 10-YEAR CONSTITUENTS, CASK GROUP FORMAT 

Cask Energy Interval, Clad & Structural 
Group MeV Material Fission Products Actinides 

23 8 .- 10 
24 6.5 - 8 
25 5.0 - 6.5 2.50E-8 
26 4.0 - 5.0 1. 24E-7 
27 3.0 - 4.0 1 . 93E-8 3.4E-7 
28 2.5 3.0 ?.fifiE-n 7.64E-6 
29 2.0 - 2.5 1. 59E-11 1.94E-5 1 . 32E-6 
30 l.66 :.. 2.0 3.43E-10 7.98E-4 1.73E-6 
31 1. 33 - 1. 66 4.41E-2 3.36E-3 2.38E-6 
32 1. 0 - 1.33 7.27E-1 2.68E-2 4.88E-6 
33 0.8 - 1.0 2.22E-l 1 . 92E-1 8.73E-5 
34 0.6 ;_ 0.8 3.52E-3 3.68E-1 1. 72E-4 

. 35 0.4 - 0.6 3.52E-3 3.68E-1 1. 72E-4 . 
36 0.3 - 0.4 1.26E-4 9.72E-3 2.26E-3 
37 0.2 - 0.3 1.26E-4 9.72E-3 4.43E-3 
38. 0.1 - 0.2 1 . 26[-4 9. 72E·-3 8.08E-3 
39' 0.05 - 0.1 . 6.29[-5 4.86E:-3 7.50E-1 
40 0 - 0.05 6.29E-5 4.86E-3 2.37E-l 

*Fraction.of source gamma rays emitted per group. 

• 
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TABLE 3-8 

SOURCE SPECT~UM FOR 5-YEAR FRP WET WASTES 

-~ 

Activation Products Fission Products Actinides 
CASK {y/sec) {y/sec) {y/sec) Total 
Group ·s.18El0 ~/sec/drum* 9 .. 657El0 y/sec/drum* 3.51El2 y/sec/drum* {y/sec) 

... 

23 

24 
25 8.79E4 8.79E4 

26 4.36E5 4.36E5 

27 1. 87E3 1.20E6 1 .20E6 

28 2.46E5 2.69E7 2. 71 E7 

29 8.24E2 1.87E6 4.64E6 6.51E6 

30 1.77 7.70E7 6.08E6 8.31E7 

31 2.29E8 3.24E8 8.37E6 5.61E8 

32 3.76E9 2.59E9 1 . 72E7 6.37E9 

33 1. 15E9 . 1.85E10 3.07E8 2.00El0 

34 1.82E7 3.55El0 6.05E8 3.61E10 
3.5 ·1.82E7· 3.55El0 6.05E8 3.61El0 

36 6.53E5 9.41E8 7.94E9 8.88E9 

37 6.53E5 9.41E8 1 .56El0 l.65El0 

38 6.53E5 9.41E8 2.84El0 2.93E10 
39 3.25E5 · 4.69E8 2.64El2 2.64E12 
40 3.26E5. 4.69E8 8.33El1 8.33Ell 

*Table AS. Ci/MTHM X 
1 MTHM (C .. D. Zerby Letter of September 28, 1977; 1.263 Drum ORIGEN ru~ ·ll/3/76.) 
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TABLE 3-9 

SOURCE SPECTRUM FOR 10-YEAR FRP WET WASTES 

• 
Clad Fission Products Actinides 

CASK (y/sec) (y/sec) {y/sec) Total 
Group 1.02E10 y/sec/drum* 1.77E11 y/sec/drum* 2.50E12 y/sec/drum* {y/sec) ~ 

23 
24 
25 7.65E4 7.65F.4 
26 ::l.RnF!i 3.80EI5 
27 4.48E4 1.09E6 1 .13E6 
2R 5.96E6 l. 43E7 2.03E7 
29· 1. 23E-2 5.49E7 3.97E6 5.89E7 
30 ·3.79E-l 3.68E8 5.47E6 3.73E8 
31 4. 54E8' 9.45E8 5.62E8 1.96E9 
32 · 7; 50E9 3. 65E9 9. 17E9 2.03El0 
33 2.28E9 3.38E10 ·1.26E10 4.89E10 . 
34 1. 02E7 6.53E10 l.96El0 8.49El0 
35 1. 07E7 6.53E10 1.96E10 8.49E10 
36 2. 14E5 1 . 91 E9 7 .60E9. 9.51E9 
37 2. 14E5 1.91E9 l.52E10 1.71El0 
38 2. 14E5 1 . 91 E9 3.72E10 3.91E10 
39 1.06E5 9.54E8 l.60E12 1.60E12 
40 1.06E5 9.54E8 7. 77Ell 7. 78Ell 

*Table A5. . 1 MTHM 
Ci/~1THM. x -- (C. D. Zerby Letter of September 28, 1977; 1·263 Drum ORIGEN run 11/3/76.) . 

. . . a 
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TABLE 3-10 

GAMMA RAY ENERGY SPECTRA* ON THE SURFACE OF 55-GALLON DRUMS 

( 

Cas.k Group 10-Yr PWR SF 10-Yr FRP ~IW 5-Yr FRP WW 

40 3:80E-7 7.66E-3 6 .. 83E-3 
39 9.67E-4 8.38E-1 6.32E-1 
38 3. 16E-2 5.37E-2 1.20E-1 
37 7.20E-2 · 2.48E-2 5.88E-2 
36 8.40E-2 1.42E-2 3.58E-2 
35 2.80E-1 2.65E-2 7.65E-2 
34 3.06E-1 2.03E-2 5.85E-2 

33 1.83E-1 1.07E-2 3.21E-2 
32 3.62E-2 3.69E-3 1.43E-2 
31 5.17E-3 3.52E-4 1.50E-3 
30 1. 26E-3 5.68E-5 3.03E-4 
29 3.40E-5 7 .12.E-6 5.36E-5 
28 4.67E-6 2.10E-5 1.90E-5 
27 4.27E-8 1.08E-6 1. 23E-6 
26 2.12E-9 4.10E-7 4.31E-7 
25 5.39E..:lo 8.79E-8 9.23E-8 
24 7.91E-ll 
23 3.01E-ll 

*Fraction of source gamma rays emitted per group. 
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Lead Thickness, 

0 
.. 5 

1.0 
1.5 
2.0 
2.5 
3.0 
3.5 

4.0 
4.5 
5.0 
7.5 

10.0 
12.0 
15.0 

TABLE 3-11 
;-~_.,.. 

GAMMA RAY ATTENUATION FACTORS FOR LEAD 

em 10-Yr PWR 5-Yr FRP WW 10-Yr FRP WW 

1.0 l. 0 1.0 . 

0.48 
0.27 0.134 7.54E-2 
0.16 7.63E..:2 
9.7E-2 4.56E-2 
6.0E-2 

3.8E-2 1. 79E-2 
·2 .4E-2 
1. 6E-2 
1.0E-2 
6.9E-3 3.35E-3 ·1.70E-3 
1. OE- 3 5. 18E-4 
1. 7E-4 

2.55E-5 1.19E-5 

(~ 
6.8E-6 
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TABLE 3-12 

DOSE RATE TO FORKLIFT OPERATOR--NO SHIELDING OF THE CAB OR SELF-SHIELDING* 

Operator Dose Rate (mrem/hr) 

Surface Dose Rate Single Pallet Two Pallets 

. 1 mrem/hr 0.12 0.24 

10 mrem/hr 1.2 2.4 

d.2 rem/hr 23.6 47.2 

1 rem/hr 118. 236. 

*Self-shielding here refers to the shielding provided by the front row 
of drums to the radiation em'itted by the back row. This effect could 
b~ important for drums which contain concrete or other relatively den~e 
matrix material.· 

TABLE 3-13 

DOSE RATE TO FORKLIFI OPERATOR*--NO SHIELDING OF THE CAB 

Operator Dose Rate (mrem/hr) 

Surface Dose Rate Single Pallet Two Pallets 

1 mrem/hr 0.0765 0.153 

10 mrP.m/hr 0.765 1.53 

0.2 rem/hr 15.3 30.6 

1 reril/hr 76.5 153. 

*Self-shielding by the front row of drums included. 
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TABLE 3-14 
FORKLiFT SHIELDING REQUIREMENTS TO REDUCE OPERATOR•s DOSE RATE TO 

0.25 mrem/hr--5-YEAR FRP WET WASTE 

Cab Shielding Requirements _(em Lead) 

No Self-Shielding Self-Shielding Included 
Surface 
Dose Rate 1-Pallet . 2-Pallets 1-Pallet 2-Pallets 

1 mrem/hr 0 0 0 0 
10 mrem/hr 0.7 1.3 0.5 0.9 

0.2 rem/hr 3.6 4.4 3.2 4.0' 
1 rem/hr 5.6 6.5 5.2 5.9 

TABLE 3-15 
FORKLIFT SHIELDING REQUIREMENTS TO REDUCE OPERATOR•s DOSE RATE TO 

0.25 mrem/hr--10-YEAR FRP WET WASTE 

TABLE 3-16 
FORKLIFT SHIELDING REQUIREMENTS TO 'REDUCE OPERATOR•s DOSE RATE TO 

. 0.25 mrem/hr--10-YEAR PWR SPENT FUEL 

Cab Shielding Requirements (em Lead) 

No Self-Shielding Self-Shielding Included 
Surface 
Uose Rate 1-Pallet 2-Pallets 1-Pa 11 et 2-Pa 11 ets 

1 mrem/hr 0 0 0 0 
10 mrem/hr 1.3 2 0.8 1.5 

0. 2 rem/hr 4.4 5.3 3.9 4.8 
1 rem/hr 6.4 7.3 5.9 6.8 
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TABLE 3-17 

DOSE RATE TO FORKLIFT OPERATOR--FINAL STORAGE CONFIGURATION 
(4 ~ 4 x ·2 PALLETS}--NO SHIELDING OF THE CAB 

Surface Dose Rate 

. 1 mrem/hr 
10 mrem/hr 

0.2 re_m/hr 
1 reni/hr 

Operator•s Dose Rate (mrem/hr) 

No Self-Shielding Self-Shielding Included 

1.48 0.584 

14.8 5.84 
296 . 116.8 

1 ,480 584 

TABLE3-18· 

FORKLIFT CAB SHIELDING REQUIREMENTS TO REDUCE OPERATOR 1 S DOSE RATE TO 
. 0.25 mrem/hr--FINAL STORAGE CONFIGURATION--S-YEAR FRP WET WASTE 

Surface Dose Rate 

1 mrem/hr 
10 mrem/hr 

0.2 rem/hr 
1 rem/hr 

Cab Shielding Requirements (em Lead) 

No Self-Shielding 

0.8 
3.0 
6.8 

.9.2 
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Self-Shielding Included 

0.3 
2.1 
5.6 
7.8 



TABLE 3-19 
&-­

FORKLIFT CAB SHIELDING REQUIREMENTS TU REDUCE OPERATOR'S DOSE RATE TO 
0.25 mrern/hr--FINAL STORAGE CONFIGURATION--10-YEAR FRP WET WASTE 

Surface Dose Rate 

1 mrem/hr 
10 mrem/hr 

0. 2 rem/hr 
1 rem/hr 

Cab Shielding Requirements (c~ Lead) 

No Self-Shielding 

0·.5 
2.3 
5.9 
8.1 

Self-Shielding Included 

0.20 
1.5 

4-.76 

6.80 

=========· ::= .. =-···=······=·· ======::::=:==========-····- .... -.--· ... :·~·~:·.·::::.::::-.:-:...-_~·= 

TABLE 3-20 

FORKLIFT CAB SHIELDING REQUIREMENTS TO REDUCE OPERATOR'S DOSE RATE TO 
0.25 mrem/hr--FINAL STORAGE CONFIGURATION--10-YEAR PWR SPENT FUEL 

Surf~ce Dose Rate 

1 mrem/hr 
10 mrem/hr 

0.2 rem/hr 
1 rem/hr 

Cab Shielding Requirements (em Lead) 

No Self-Shielding 

1.5 
3.9 
7.6 

10.0 

3-84 

Self-Shielding Included 

0.65 
2.85 

6.50 

8.70 



TABLE 3-21. 

LINEAR ATTENUATION COEFFICIENTS FOR H20, Fe, CELLULOSE, 

•• 
ORDINARY CONCRETE, AND SOIL (Ref.3) 

H20a Feb Woodc. · 
Ordinary d 

Soile 1 Concrete 
Energy (MeV) (cm-1) (cm-1) (cm-1) ( cm-1) (cm-1) 

. 10.0- 8.0 0.0225 0.237 0.0140 0.0555 0.0375 

8.0 - 6.5 0;0250 0.237 0.0154 0.0592 0.0400 

6.5 - 5.0 0.027-5 0.245 0.0170 0.0638 0.0433 

5.0 - 4.0 0.0315 0.253 0.0196 0. 0711 0.0483 

4.0 - 3.0 0.0360 0.269 0.0222 0.0797 0.0544 

3.0 - 2.5 0.0410 0.284 . 0.0254. 0.0899 0.0614 

2. 5· - 2. 0 0.0460 0.308 0.0284 0.0995 0.0682 

2. 0 - 1. 66 0.0520 0.332 0. 031;5 0.110 0.0750 

i.66 - 1.33 0.0575· 0.363 0.0351 0.121 0.0829 

1. 33 - 1. 00 0.0650 0.411 0.0399 0.139 0.0956 

1. 00 - 0. 8 0.0740 . 0.482 0.0453 0.157 0.108 

0.8 - 0.6 0.0840 0.553 0.0509 0.177 0.121 

0.6 - 0.4 0.0970 0.648 0.0591 0.204 0.140 

0.4 - 0.3 0. 112 0.790 0.0680 0.238 0.163 

0.3- 0.2 0.127 0.988 0.0771 0.275 0.187 

0.2- 0.1 0.150 1.62 0.0910 0.336 .0. 224 

0.1 - 0. 05 0.183 5.53 0.110 0.545 0.333 

0.0!1 - 0 0.510 790. 0.246 5.57 2.69 

a 
p = 1 

b 
p = 7.9 

. , . c 
p = 0.64 which corresponds to longleaf pine 

d 
p =12.33 

e 
p = 1. 60 
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4.0 RADIATION MONITORING PROGRAM 

To ensure radiological protection for both on-site personnel and 

the off~site population, a program of measuring and monitoring will be 

provided at· the repository to verify that the effluent contra 1 

·equipment 1 s proper operation for controlling the release of radioactive 

materials is in accordance with 10CFR20. 10CFR20 restricts off-site 

losses to absolute values and to values that are as low as reasonably 

achievable (ALARA).* This program will measure repository contribut1ons 

to off-site exposure by direct radiation, radioactivity in breathing 

air, deposited radioactivity, and radioactivity in consumed materials 

(water, milk, plants, meat, fish, etc.). 

A specific radiological effluent-monitoring system will be 

designed, implemented, and maintained· to provide data on measurable 

levels of radiation and concentrations of radioactivity in the site 

environs to assure compliance with 10CFR50, Appendix I, 11 Numerical 

Guides for Design Objectives and Limiting Conditions for Operation to 

Meet the Criterion 1 As Low as Practicable 1 for Radioactive Material in 

Light-Water-Coo 1 ed · Nuc.l ear Power Reactor Effluents, 11 and to meet the 

intent of Criterion 64 of Appendix A, 11 Monitoring Radioactivity 

Releases." This section describes a radiation monitoring program 

proposed to meet the intent of these guides as they may apply to a generic 

repository. 

4. 1 MONITORING 

4. 1.1 Baseline Data 

It is normal practice that two years prior to the start of plant 

operations, a base 1 i ne study be conducted to determine population 

di5tributions, local agr·iculLur-ctl pract1ces, prevailing meteorological 

·conditions,· local food-consumption patterns, and other variables 

requir~d for definitive dosimetric calculations. Data·collected would 

include background-radiation measur~ments and sampling and analysis of 

*see 3.0 for a more detailed d{scussi6n of the radiation control program. 
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air, milk, meat, agricultural products, wildlife flora and fauna in the 

human food chain, soils, and water. These data would be compared later 

with subsequent data collected during operation. 

The preoperat i ona 1 measuring and monitoring program would be 

extended into the operational phase to assure continuity and directly 

comparable data. 

4. 1.2 Program Scope 

During the first three years from the time waste is brought onto 

the site the measuring and monitoring program will be sufficiently 

comprehensive to verify any projected corre 1 at ions between radioactive 

effluents and levels in environmental media. 

Atter three years, it actual demonstration shows insignificant con­

tributions of ·radioactivity to any specific pathway from plant 

operations, the monitoring and measuring of that pathway may be reduced 

to effect operating efficiency. Under no circumstances wi,ll the 

monitoring and measurement of a possible pathway be eliminated·entirely 

during the operational and decommissioning phases of the rep~sftory; 
Results of all individual measurements will be retained, including such 

pertinent data as samp 1 i ng 1 ocat ion, samp 1 e count rate, samp 1 e size, 

samp 1 i ng and ana lyt i ca 1 procedures, units of data presentation, .and 

precision and accuracy associated with individual measurements. 

Exp 1 a nation of a noma 1 ous measurements will be provided to ·.the 

appropr1ate ~egulatory Agencies. 

The above statements apply during the operation and decommissioning 

phases of the repository. After a 11 emp 1 acements have been made, after 

the retrievabili.ty periods have expired, and after all backfilling has 

taken place and the repository has been sealed, it is anticipated that 

only a few rudimentary surface monitoring stat.i ons wi 11 cont.i nue to 
exist .. 

4. 1.3 Analysis and Quality Control 

Samples will be analyzed for specific radionuclides released, as 

well as gross monitoring of radioactivity attributable to plant 
operations: 
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Written proc~dures will be provided for the taking of samples and 

performance of analyses. Verification of proper procedures being used 

and the results will be documented. 

Control checks and tests will be applied to the analysis of samples 

by the use of blind duplicate analyses of selected samples and probably 

by cross che~:ki ng by an independent laboratory. Controls will be 

applied to the entire sample-collection procedure to assure that 

representative samples are obtained and .that the samples are not 

changed, cross contaminated, or otherwise affected, prior to their 

analysis, or during handling or storage. 

4.1.4 Detection Capabilities 

The detection capability requirements will be established primarily 

on the basis of potential human dose. The most sensitive measurement 

·techniques will be used, consistent with the state-of-the-art, for 

determination of radioactive concentrations and radiation levels. The 

objective of the measuring and monitoring techniques will be to detect 

levels corresponding to a few percent of concentration guides required by 

10CFR20. In addition, the dynamic range of the instrumentation a~d techniques 

used fo·r routine monitoring will be such that they will remain on scale and 

functioning under the worst-case postulated radioactive release.· 

4.2 MONITORING NETWORK 

During the active life and decommissioning of the repository the 

measurement of radi oact i vi ty and radiation throughout the repository 

mine,_ surface facilities, and site environs will. be accompli shed by the· 

systematic coverage of all potential pathways of release. The network 

provides redundancy by having monitoring stations in series along the 

potential pathway from the waste itself to the outermost perimeter of 

the site. 

4. 2.1 Storage Rooms 

The canister-storage rooms will be monitored on a continuous basis. 

A continuous sample of air will be drawn from the room arid routed to a 
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particulate/gas on-line monitor through a manifold system. The particu­

lates will be monitored for~. ~ and y activity, and the gases will be 

monitored for~ activity. Helium detectors can be used to locate areas 

with potential activity releases. The monitoring arrangement is shown 

in Figure 4-1. 

All activity levels and alarms will be displayed locally at the 

monitoring stations, as well as being transmitted to the central control 

station. 

4.2.2 Corridors and Vertical Shafts 
.=.,;:;,~~;..;.,.;~;.:.:.=:-.• ·-··-····· .. ·-··-· 

All corridors and vertical shafts will be continuously monitored 

with on-line monitors. An ~~Y particulate and ~-gas monitor will be 

located in the main corridors near the waste receiving station. In 

addition, identical monitors will be located at intervals throughout the 

corridor network. 

Area monitors measuring ambient y radiation will be located 

throughout the tunnels and vertical shafts. The area-monitoring network 

will pro vi de a means of 1 ocat i ng and tracking radiation movement 

throughout the mine by the central-control-station operator. 

All activities and alarms will be displaced locally at. t.hP 

monitoring stations, as well as being transmitted to the central control 

station. Figure 4-1 shows the locations of underground radiation 

monitors. 

4.2.3 Underground Transport Vehicles 

Each canister and drum underground transport vehicle will have its 

own self-contained monitoring station. Each vehicle•s monitoring 

station w·111 1nclud~ ·an a~y-particulate and ~-gas monitor. The air 

sample for these monitors will be taken inside the occupied control cab. 

Also inside the cab will be a y and neutron area monitor. A y and neu­

tron area monitor detector will also be mounted externally to the 

shielded cab with readout on the operator•s console. In addition to the 

data displays in the cab, a communications link, radio or hardware if 

available, will be maintained for all data transmissions to the central 

control station (Figure 4-2). 
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4.2.4 Central Area Surface Facilities 

Each interior separate space envelope of the surface facilities will 

have a continuous on-line apy-particulate and p-gas monitor. A similar 

monitoring station will be mounted on the roof of the highest building. 

Area y and neutron monitors wi 11 be 1 ocated ·throughout the surface 

handling facility. All liquid drains will be continuously monitored for 

ay activity (Figures 4-3 and 4-4). 

Gamma area monitors will be installed in the hallways of all signifi~ 

cant buildings of the facility and on exterior walls. Within the central 

facility apy-particulate and p-gas monitors will be placed at several 

~utdoor locations. 

All of these monitors will have local displays and displays in the 

gate guard house, as well as data transmission to the central control 

center (Figure 4-5). 

All ventilation systems and stacks will be monitored by redundant 

apy-particulate and p-gas monitors. Redundancy will extend to and in­

clude the pri~ary power source used by.the monitor. 

All access gates to the central are~ will be continuously monitored 

for apy-particulate, p-gases, and ambient y radiation. 

4.2.5 Inner Controlled.Area 

The. tentative monitoring arrangement for the inner and outer con­

trolled areas is shown in Figure 4-6. The inner controlled area Hes 

directly above the 2000-acre mine and since it excludes the 200-acre 

central area, covers about 1800. acres. Each quadrant of the inner con­

trolled area perimeter will be monitored by apy-particulate, p-gas, and 

Hi-Lo area monitors. The location of sampli~g stations and frequency of 

sample collection will be determined by site-specific factors such as 

population distribution, agricultural activity, meteorology, hydrology, 

and topography. An additional monitoring station of similar design will 

be adjacent to the access route. 

The perimeter monitoring stations will be self-contained, all­

weather enclosures of tamper-proof design. Continuous data communica­

tions with the central control station will be maintained. 
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4.2.6 Outer Controlled Area 

The outer controlled area forms a 14,000-acre annulus surrounding 

the inner controlle.d area and is bounded by a peripheral road passable 

at least by 4-wheel-drive vehicles. The area will be monitored in the 

same manner and configuration as the inner controlled area. 

4.2.7 Mobile Monitoring Station 
An all-terrain vehicle complete with apy-particulate, p-gas, Hi-Lo, 

y, and neutron monitors will be on-site and available for dispatch at all 

times. The vehicle will be equipped with a power generator and two-way 

radio communications with the central control station. The vehicle will 

contain a laboratory with basic equipment required for radiological 

analysis of environmental samples. Portable survey and sampling 

equipment will be included. 

4.3 RADIATION MONITORING INSTRUMENTATION 

A 11 on-1 i ne monitors wi 11 be designed for continuous unattended 

operation for at least three months under normal operating conditions. 

All on-line monitors will be linked to the data acquisition and control 

consoles in the central control center located in the Mine Operations 

Building. In addition, each monitor w111 be capable of independent 

stand-alone operation. Monitors will be packaged in weatherproof 

enclosures with self-contained environment control. Tamper-proof access 

to controls and for maintenance will be provided. Local data displays 

and indicators will be in the same units as those located in the central 

control center for clarity of communications. 

Output from the programmed monitor electronics will provide 

complete operating status to the data acquisition and control system 

including background compensation, multiple radiation alarms, failure 

alarms, radiation levels, and other pertinent data as needed to fulfill 

the operating software ~rogram; 

Monitors with alarms that require corrective action should have the 

alarms in 2-of-3 logic to minimize false alarms. This logic requires at 
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least. 2 out. of 3 monit6rs at the same location to be in an alarm state 

before the external alarm activates. Shielding·around detectors will be 

provided as necessary to allow the sensitivities required. Each monitor 

will be provided with means of self-checking and self-aligning drift and 

calibration deviations. All monitors will be calibrated with nuclides 

and fully documented. In-situ recalibration will be provided with all 

monitors. All wetted surfaces of effluent monitors will be stainl·ess 

steel. Provisions will be made for quick positive decontamination. The 

on-1 i ne monitors will be designed, manufactured, . and operated in 

acc6rdance with the applicable regulations. 

4. 3.1 On-Line Monitors 

The on-line gas 

flow-through service. 

monitors will be designed for continuous 

The effluent to be monitored wi 11 be fi 1 tered 

prior to measurement, and a means of purging. for decontamination will be 

provided. The scintillation or solid-state detectors will be sized to 

provide the sensitivity and range listed in Table 4-1. Gross ~ activity 

will be monitored. 

The liquid monitors will be designed for continuous flow-through 

service. A system for· purging will be provided. Solid-state or 

scintillation detectors can provide the sensitivity and range listed in 

Table 4-1. Gross a andy radioactivity in the liquid will be monitored. 

Pulse height analyses of they activity )"ill also be provided. 

Area monitors will operate on ~ continuous basis.· Range and sensi­

tivity will be as listed in Table 4-1. 

All particulate monitors will use a standard size filter with 

filter characteristics selectable from commercial suppliers. Proper 

effluent flow through the monitor will be assured by a self-regulating 

flow control system with redundant air movers. The detectors used in 

these monitors will be solid-state with simultaneous but separate a and 

~ measurement. A y detector will provide gross y activity, as ·well as 

pulse-height ~nalysis, on command. 
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4.3.2 Analytical Instrumentation 

· An adequately instrumented laboratory will be maintained to measure 

the effluent .samples. The following types of instruments are required 

for adequate measurement. 

(1) Low-level planchet counters capable of analyzing a, 

~. and~ activities. 

(2) Well counter for analyzing~ activities in liquids. 

(3) Counter for a activities in liquids. 

(4) Supporting spettrometers, computers, records, and other 

elect~onic equipment as necessary to properly display 

and record the data from the counting equipment. Data 

acquisition, reduction, and storage must be compatible 

with the data acquisition and control system. 

4.4 DATA ACQUISITION AND CONTROL (DAC) SYSTEM 

·The radiation monitoring network will transmit its data to a DAC 

system and be controlled by a DAC system (Figure 4-7). The DAC system 

will analyze the plant•s radiological effluent data for reporting and 

decision-making purposes and should minimize the potential for 

analytical and clerical errors. In addition to servicing the monitoring 

network, the DAC will receive input from radiochemistry analyses and .the 

site meteorology system. The DAC will combine these data with 

rate-of-release data from the monitors to provide total assessment of 

environmental dose impact on a real time basis. Predictive evaluation, 

averages, and baseline data will be in the DAC retrievable storage to 

faci 1 itate reporting procedures. Contro 1 exercised by the DAC wi 11 

include programmed filter changes, decontamination purges, alarm 

testing, calibration checking, and extensive diagnostics. 

4.5 APPLICABLE REGULATIONS 

· The NRC . is currently preparing the requirements for the design, 

construction, and operation of a National Waste Terminal Storage Faci~ 

lity. Because of the current lack of detailed guidelines, the radiation 
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monitoring requi~ements should be based on the intent of the ·require­

ments used in the other segments of the nuclear industry. Table 4-2 

contains a list of NRC regulatory guides that are generally applicable 

. to a waste repository monitoring program. 

Other applicable federal·, state, and local statutes will be 

complied with, depending on site locations.· 
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TABLE 4-1 

PRELIMINARY ESTIMATES OF SENSITIVITY AND RANGE 
FOR ON-LINE RADIATION MONITORS 

Conditions 

Exiernal backg~ounds; 1.0 mR/hr with energy equivalent to 

Co-60 from all directions. 

Internal Background; instr~ments characteristics . 

. Sensitivity; 95% confidence level with maximum of one 

minute counting time. 

Accuracy; ±40%.over entire dynamic range. 

Particulates: Maximum of one hour collection time of 

~ 0.3 ~ particulates. 

Nuclide 
Lower end of 

range (wCi/cc) 
Upper end of ( 1) 

ranqe (\.JCi/cc) 

Particulates 
(B channels) 

Sr-89 

Sr-90 
Co~58 · 

co-6o 
Cs-134 
Rb-88 

Particulates 
(a channels) 

Ra-226 
. Pu-239 

Po-210 

Ra-224 

l. 2 x 1 o- 11 104 

l. 6 X 10-ll 104 

8.0 X 1 o- 11 104 

3.2 X 1 o- 11 104 

1.6 X 10-ll 104 

8.0 X 10-ll 104 

8 X 10-12 . 1 o3 

8 X 10-12 103 

8 X 10-12 103 

8 X 10-12 103 
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TABLE 4-1 (Continued) 

Particulates 
~(v' channels) 

Co-60 2 X 10-10 104 

Cs-137 2 X 1 o- 10 104 

Ba-133 2 X 10-10 104 

Kr-35 2 X 1o-1? 104 

Gases 
Xe-133 5 X 10-? 105 

Xe~l38 2 X 10-7 105 

Kr-85 3 X 1 o- 7 105 

Kr-85ni 2 X 1 o- 7 105 

Kr-37 2 X 10-7 105 

Kr-83 2 X 10-7 105 

A-41 2 X 10-7 105 

Lieu ids 
10-7 r: 

Cs-134 2 X 10:; 

Cs-137 4 X 10-7 10 5 

Bd-140 6 X 10-7 105 

1 o- 7 c:: 
t·lo-99 1 X 10'"' 

10 7 ,... 

Co-60 J X 10:. 

Co-58 9 X 10-7 105 

Fe-59 5 X 10-7 105 

Pu ;.!41 2 X 10-4 102 

Cm-244 7 X 10-6 10 
Am-?44 4 X 10-6 10 

Area (direct y, 80 Kev to 3.5 ~lev, 4rr) 
' 1 ' 7 

. Plant Area - 10- mR/hr to 10 mR/hr 
. -1 ' 1 Per1meter.- 10 wR/hr to 10 mR/hr 

(1) Instruments \;Jill remain at full scale reading at level's 10 times 

maximum range specified. 
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Regulatory 
Guide 

1.16 

l. 21 

1.23 

l. 97 

1. 105 

1.109 

1.111 

4. 1 

4.2 

4.5 

4.6 

8.8 

TABLE 4.2 

GENERALLY APPLICABLE REGULATORY GUIDES 

Title 

"Reporting of Operational Information Appendix A 
Technical Specifications," Rev. 5, August 1975 

"Measuring, Evaluating and Reporting Radioactivity in 
Solid Hastes and Releases of Radioactivity Materials 
in .Liquid and Gaseous Effluents. from Light-Water­
Cooled Nuclear Power Plants," Rev. 1, June 1974 

11 0n-Site 11eteorological Programs,. (Safety Guide 23, 
February 17, 1972) 

,.Instrumentation for Light-~/ater-Cooled Nuclear Power 
Plants to Access Plant Conditions During and Follow­
ing an Accident, .. December 1975 

,.Instrument Spans and Setpoints," November 1975 

11 Calculation of Annual Doses to Man from Routine 
Releases of Reactor Effluents for the Pu~pose of 
Evaluating Compliance with lOCFR Part 50, APP, I, .. 
March 1976 · 

11 f1ethods for Estimating Atmospheric Transport and 
Dispersion of Gaseous Effluents in Routine Releases 
from Light-~Jater-Cooled Reactors," March 1976 Yl4H 

"Programs for f1onitoring Radioactivity in the·Environs 
of Nuclear Power Plunts, .. Rev. 1, Apdl 1975 

,.Preparation of Environmental Reports for Nuclear 
Power Stations,'' Rev. 1, January 1975 

,.Measurements of Radionuclides in the Environment­
Sampling and Analysis of Plutonium in Soil, .. May 1974 

"Measurements of Radionuclides in the Environment­
Strontium-89 and Strontium-90 Analyses," May 1974 

"Information Relevant to Ensuring That Occupational 
Radiation Exposures at Nuclear Power Stations Will 
Be as Low as is Reasonably Achievable," Rev. 2, 
March 1977 Y20H 
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5.0 RADIOACTIVE MINE WATER TREATMENT FOR' GRANITE, 

SHALE, AND BASALT REPOSITORIES 

5.1 INTRODUCTION 

Because of the geologic characteristics of granite, shale, and 

basalt, repositories built in these formations have a potential to.allow 

water to enter the mine by permeation through the 1 ayers of rock 

constituting the formation. The water may enter the repository as a 

result of permeation either downward through the overlaying strata or by 

upflow through the lower layers. Since this water must be removed from 

the mine area in order to perform the normal underground activities of 

transportation ~nd emplacement of the waste canisters, waste 

repositories in granite, shale, or basalt formations must include 

provisions for handling this water and for its possible treatment before 

discharge.* The chief concern in this section is that the water may 

become contaminated with radioactive isotopes before being pumped out of 

the mines and, hence, could require radwaste treatment before discharge. 

This section considers only the radioactive contamination of mine water 

and does not address the issue of contamination by dissolved solids. 

5.1.1 Quantity of Mine Water to be Treated 

The quantity of mine water that may enter a repository ·is dependent 

upon the rock form and upon the type of geologic strata that surround 

the mined areas. For the purposes of this section, the quantity of 

water inflow was calculated from generic geologic strata for each rock 

formation as described in Reference 1. From Reference 1, a treatment 

system for the mine effluent water should have a capacity of about 

5,200,000 gallons of water per day if the repository were to be located 

in a shale bed and a capacity of about 400,000 gallons per day if the 

repository were located in either basalt or granite formations. 

*For salt, water permeation is an extremely unlikely event (Class 8 or 
9) and a routine water treatment system is, therefore, not appropriate. 
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These quantities of water to be treated neglect any possible 

measures that could be taken within the mine to prevent mixing of 

downflow and upflow waters. If the downflow water, which would not be 

contaminated ~pon entering the mine as the radioactive materials are to 

be stored in or on the mine floor, could be prevented from mixing with 

the upflow water, then the water treatment plant size could be reduced 

to about 2.9 x 106 gallons per day for locations in shale and to about 

50,000 gallons per day for locations in basalt or granite. 

5.1:2 Radioactive Contamination Potential 

.. 

The principle means of water contamination is water coming in 

contact with high- and intermediate-level waste canisters placed in 

holes in the mine floor. This water could then become contaminated with 

the transferable radionuclides on the canister surfaces, The maximum 

amounts· of t~ansferrable radioisotopes on the outside of the canisters 

are given in Section.1.6.1. The amount of water that could contact the 

canisters depends on many factors such as the water flow rate, 

temperature in the ·vicinity of the canisters (particularly for the 

higher heat producing canisters), and the condition of the barriers 

between the rock and the waste. (For canister and sleeve integrity, see 

Section 6.) During the retrievable·phase of repository operations, the 

ho 1 es will be 1 i ned with carbon stee 1 s 1 eeves that could serve as 

barriers to prevent water trom contacting the canister surfaces as long 

as the sleeves remain intact. However, it is likely that some sleeves 

will not remain water-tight throughout the operational phase of the 

repository ("-30 to 40 years), and, further, any canisters emplaced af.ter 

.the retrievable ·phase will be placed into holes without the attendant 

s ·1 eeves. lher·efor·e, groundwater wi 'J ., contact at 1 east some of the 

canisters during repository operations and some of the canister surface 

contaminr~tion will ~nte.r the wc1ter. Additionally, the possibility 

exists that some of the containers may corrode or otherwise be damaged 

sufficiently to allow water to contact the waste itself. However, 

because the solidified waste forms are fairly impervious to leaching 

(see OWI/TM-36-21) and because most canisters should remain intact 

through repository operations (see Section 6)~ the potential for this 
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mechanism of contamination of mine water is not considered to be as 

great as by direct contamination by external transferable nuclides. 

5.2 BASIS FOR THE WATER TREATMENT SYSTEM 

The primary factors to be considered in the design of a water 

treatment processing· system are the required purity of the: effluent 

water, the types and quantities of the contaminants in the source water 

and the quantity of water to be treated. The use of these factors to 

obtain an efficient, cost-effective treatment system is discussed in the 

following sections. 

5.2.1 Required Decontamination Factor of the Treatment System 

In order to determine the need for a treatment system and the 

required decontamination factor (DF) if a system was required, a 

bounding calculation was performed in the following manner. First, 

it was assumed that each canister arriving at the repository has the 

maximum allowable transferable radionuclide (~ and ~)concentration of 

10,000 dpm/100 cm2 . It was further .assumed that all the transferable 

isotopes are transferred to mine water in the first year that they are 

emplaced in the repository. For the maximum number o·f HLW, ILW and CW 

canisters emplaced in a granite repository in 1 year (40,000), the total 

assumed activity transferred is then: 

Ctransferred = (40,000 canisters/yr)(3.1 x 104 cm2jcanister)(100 dpm/cm2) 

ctransferred = 1.24 X 1011 dpm/yr = 0.056 Ci/yr = 56,000 ~Ci/yr 

Using the granite mined water pumping rate of 400,000 gpd, 1 and 

a 11 owing for a factor of 10 to account for uncertainties and the 

peak/average contamination ratio, yields: 

c = 
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Therefore, to meet the 10CFR20 and EPA National Interim Primary 

Drinking Water Regulation (EPA-570/9-76-003) of about 10-8 or 10- 9 ~Ci/cmJ, 

a treatment system with a DF of 103 would be required. 

5.2.2 Need for Pretreatment of the Mine Water 

The mine water may contain significant amounts of non-radioactive 

ionic contaminants including Ca and Mg. In order for any final 

treatment to be cost effective in reducing the concentrations of the 

radionuclides to the range required by the NRC and ~PA standards, most 
of the Ca and 'Mg must be removed before fi na 1 treatment ·can be 

undertaken, since sufficient quantities of these contaminants can 

require frequent regeneration of the ion-exchange medium. 

In general, the capacity of a system for removal of radioactivity 

is inversely proportional to the amount of non-radioactive cations 

present. For this reason, an effective pretreatment to reduce Ca and Mg 

concentrations is necessary regardless of the final processes selected. 

The choice of a pretreatment system will be site specific and dependent 

primarily on the concentrations of Ca and Mg ions to be removed. 

Normally these cations are referred to as 11 the hardness 11 and ar·e present 

in water as the bicarbonates Ca(HC03 ) 2 and Mg(HC03 h. A standard 

treatment using lime, Ca(OH) 2 , to precipitate thPsA rAtions as CaC03 and 

Mg(OH) 2 followed by filtration may be necessary it the total hatdness .1s 

in excess of 2500 ppm. Ir Lh~ har·un~~~, i~ 11::!~~ Ll1al'1 2J00 ppm, then ion 

exchange may be a better choice for removing these cations. 

The lime softening process has the advantage that no anions are 

added. during the softening process that would need to be removed in 

further demi nera 1 i zat ion processes. The mo 1 ecul ar equations for the 

addition of lime as a softening agent are as follows: 

Ca(HC0 3 ) 2 + Ca(OH) 2 = 2CaC03 + 2H 20 

Mg(HC0 3 ) 2 + 2Ca(OH2 ) = 2CaC0 3 + Mg(OH) 2 + H20 

The disadvantage of this process is that several of the radionuclides 

that may be present as contaminants are also divalent cations and will 

also be removed, at least in part. The precipitate formed may then be 
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sufficiently contaminated that it would be classified as low-level waste 

and further treatment would then be necessary to immobilize the waste 

for di sposa 1. 

5.2.3 Selection of the Water Treatment System 

The ion-exchange process has been selected as the generic process 

for treating the mine water for the following reasons: 

o The process has been used extensively in large scale 

installations for removal of radionuclides. 

o Decontamination factors for various specific radionu­

clides have been determined under a wide variety of 

operating conditions. 

o It is anticipated that the water treatment plant may be 

utilized on infrequent occasions: Because ion exchangers 

are operated on an intermittent basis (a service run 

followed by bed regeneration), the process equipment can 

. be re~dily put into a standby condition. 

o The·decontamination factors for radionuclides (in the 

absence of competing non-radioactive ionic contaminants) 

are on the order of 103 to 104 for a single process 
•t 2,3 un1 . 

o Ion exchange units can be easily arranged in series to 

provide multiple stages of decontamination if required. 

Appendix C discusses the principle of ion-exchange-process removal 

of radionuclide contaminants from water. 

5.3 DESCRIPTION OF THE MINE WATER TREATMENT SYSTEM 

The water-treatment system for removing radi onucl ides from mine 

water is shown schematically in Figure 5-1. This system is sufficient 

to demonstrate that a water-treatment facility could be designed to 

reduce radionuclide concentration to satisfy the NRC requirements and 

the EPA requirements for potable water. There is no attempt to de­

termine the relative cost effectiveness of this system relative to other 
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systems that could also be constructed for the same purpose. The basic 

~lements of the system are a divided sampling and holding pond, an 

opti ona 1 pretreatment process to remove hardness (if. necessary), a 

cation exchanger, and an anion exchanger. This system would have a OF 

of 103 • In addition, there is a line connecting the discharge line to 

the holding pond~ so that the discharged water can be re-treated if the 

radi onucl ide. concentrations were to exceed the required NRC and EPA 

standards. 

5.3.1 Sampling and Holding Ponds 

The water would be discharged from the mine into a divided sampling 

and holding pond with sufficient capacity to hold 4-6 daily water 

volumes. For 5 daily volumes, a pond of approximately 80 acre-feet for 

a shale repository and approximately 6 acre-feet for granite and basalt 

would be required. The pond sections would be filled, sampled, and 

discharged alternately. As discussed in Section 5.1, it is anticipated 

that the mine water would not generally be. contaminated with 

radionuclid~s and, after sampling, the water could then be discharged' 

offsite without radwaste treatment. If the water were found to be 

contaminated, it would then be routed to the treatment plant. 

5~3.2 Pretreatment 

If the mine watl::!r· ~huuld conta1n Ca and Mg in sufficient quantities 

to require frequent regeneration or replacement of the cation exchange 

bed, the water would be treated in the pretreatment sectlon. This 

section would consist of a lime addition and filtration unit which would 

serve to remove gross quantities of Ca and Mg. Some decontamination of 

radionuclides would also occur during this process; however, no 

decontamination factor is assumed for this step because, ~t. some 

possible repository sites, the process would not be necessat'y. Ir 

sufficient quantities of radionuclides are removed during this process, 

the precipitate may have to be treated as LLW. 
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5.3.3 Cation Exchanger 

The cation exchanger would consist of several parallel units 

arranged such that a unit could be regenerated while the other units 

were in servi~e. This feature would permit continuous operation of the 

treatment facility. The size and the choice of ion exchange medium for 

the cation-exchange bed will be dependent on the total flow rate and the 

concentration of Ca and Mg cations present in the water. Because the 

water discharged from the treatment system must be essentially devoid of 

cations,' the hydrogen form of cation exchange resins is recommended for 

all of the cation-exchange units in the system. The H+ ion is the least 

preferred cation in the series of cations, and, therefore, all other 

cations will_ exchange with the H+ form of exchange medium. In .this 

manner, the maximum c~tion exchange can occur. 

The capacity of the resin for exchanging cations is usually 

expressed as kilograins of CaC0 3 per cubic foot, kgr/ft3 *. Monovalent 

and tri va 1 ent cations can be readily converted to the CaC03 base by 

means of their respective equivalent weights. A hydrogen form of cation 

exchanger can generally exchange 10 to 20 kgr/ft3 before regeneration is 

necessary. 2 The capacity range is a function of secondary variables 

such as the pH and temperature· of the water. When the CaC03 

concentration is known, the capacity of the ion-exchange beds can be 

readily calculated. 

The size ~f the cation-exchange units is dependent on the water 

flow rate. Generally, to reduce breakdown and attrition of the cation­

exchange bed, flow rates of 15 gal/min ft 3 have been used successfully. 2 

5.3.4 Aniori Exchanger 

The basic design parameters affecting the selection of anion 

exchange media and the size of the units are similar to those for the 

cation exchangers. It is recommended that the strong form of the aniQn 

exchange medi urn be used in order to reduce ion 1 eakage to the 1 owest 

practical level. Stl·ong-bd!:i~ an1on exchangers have capacities on the 

order of 10 to 20 kgr/ft3 expressed in terms of CaC03 .
2 When the total 

flow and the concentration of CaC0 3 are known, the size and capacity of 

the anion-exchange bed can be calculated. 

*For CaC03 , ·kgr/ft3 can be obtained b_y dividing the ppm by 17.1 
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5.4 ESTIMATE OF CAPITAL AND OPERATING COSTS 

The cost for the water-treatment systems can be estimated by using 

References 4 through 9 with the following assumptt•ns: 

1. The ~eference system can be constructed using elements 

similar to those given in References 4-9. 

2. . The costs given in the references for an ion-exchange 

system are for typical units represented by the primary 

cation-and anion-exchange units in the reference plant. 

3. The costs will not be strictly additive, as each unit is 

not a complete 11 st.and alone 11 unit but will share facilities 

such as cold chemical treatment and regenerating systems. 

4. The ion-exchange unft.s wi 11 he pr~=>.ceded hy a pretreatment 

step. The cost of a lime-addition pretreatment system is 

assumed to be the same as a rapid sand-filtrati~n system. 

5. An approximate capital cost for the facility can be 

estimated by totaling the capital costs for each of the 

units ~nd employing the factors in Table 5-l for those· 

units that are not completely 11 stand alone 11 components. 

6. The cost data in Table 5-2 are given in 1973 dollars. 

An escalation factor of about 40 percent must be applied 

to bring the costs up to 1978 dollars. 

7. The operating cost of the plant can be determined by using 

a similar rationale based on the data given in Table 5-3, 

From Table 5-2, the cost of a 530,000 gallon-per-day treatment 

system is $590,000 (in 1973 dollars). Values for a 400,000 gpd and a 

5, 200,000 gpd plant obtai ned qy the same method are $565,000 and 

$2;aoo,ooo, respectively (in 1973 dollars). 
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TABLE 5-l 

CAPITAL COST OF THE REFERENCE WATER TREATMENT PLANT 

Factors for Application to EPA Capital.Cost Monographs 

Reference Plant Monograph Figure Monograph 
·component Description. .Factor 

1. Holding and Sampling No Applicable Figure Calculate 
·Pond ·separately 

2. Pretreatment Construction Cost for Rapid 100% 
(Hardness Removal) Sand Filter - Reference 5-4 

3. Cation Exchange Unit Ion Exchanger Plant Cost - 80% 

4. Anion Exchange Unit Reference 5-9 60% 

TABLE 5-2 

BREAKDOWN OF CAPITAL COST* FOR 530,000 gpd PLANT 

Reference Plant 
Component -

1. Holding and Sampling Pond 

2. Pretreatment (10m3;m2-hr) 

3. Cation Exchange 
(1000 ppm red in TDS) 

4. Anion Exchange 

TOTAL (less cost of pond) 

*In 1973 dollars. 

Monograph Cost 
$1000 

100 

350 

350 
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Capital Cost* 
Factor $1000 

100% 

80 

60 

Separate Est. 

100 

280 

210 

$590 



TABLE 5-3 

OPERATING COSTS FOR THE REFERENCE WATER TREATMENT PLANT 

Factors for Application to EPA Operating Cost Monographs 

Reference Plant 
Component 

1. Holding and Sampling 
Pond 

~ Pretreatment 
(Hardness Removal) 

3. Cation~EKchangc Unit 

4. Anion-Exchange Unit 

Monograph Figure 
Description 

No Applicable Fi.gure 

Operation find Maintenance 
for Rapid Filters 

Approximate Regenerate Cost 
for IX System - Reference 5-6 
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Monograph 
Factor 

Calculate 
Separately 

100% 

'lUmG 

80% 



6.0 WASTE CONTAINER INTEGRITY 

6.1 INTRODUCTION 

Containment of the radioactive wastes by the canisters or drums in 

which they are packaged is essential to smooth repository o~erations. A 

breaching of one of these containers while it is being handled within 

the repository leads to operational difficulties and possibly to 

und~sirable releases to the environment. 1 Furthermore, the baseline 

repository design assumed a period during which the stored canisters 

must remain in a readily retrievable state. Although various techniques 

for waste retrieval have been analyzed in other studies, 2 the 

preconceptual GElS designs are based on a requirement of canister 

integrity throughout the retrievability period. 

In addition to this retrievability requirement, analysis of 

potential nuclide transport from the repository after decommissioning of 

the facilities 3 indicates that in the case of the hard-rock (granite, 

shale or basalt) repositories it could be desirable to maintain a more 

extended period of canister integrity. This extended period of 

integrity allows more time for radioactive decay of some of the more 

soluble isotopes, thus reducing potential concentrations .that could be 

transported to the biosphere by groundwater circulation through the 

repository region. This facet of the canister-integrity issue is not as 

important for the repository designs in salt since groundwater does not 

flow through these formations and flooding of a salt repository is an 

extremely unlikP.ly event (Class 8 or Class 9). 

Since the assurance of retrievability is the driving consideration 

for canister integrity in salt, the canister-integrity requirements are 

dictated by the length of the retrievability period. If retrievability 

is not required or the retrievability phase of repository operation has 

been terminated, canister integrity in salt is not required. However, 

in more detailed repository designs in the hard rocks it may be 

desirable to consider canister-integrity requirements for longer periods 

of time. 
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The purpose of this section is to discuss the primary sources. of 

canister stresses (6.2), to discuss the types of canister corrosion, and 

to estimate the severity of corrosion as it would impact canister 

retrievability. The discussion on corrosion is divided into a 

discussion of HLW stainless steel corrosion (6.3) and the corrosion of 

carbon steel drums in air (6.4). ILW stainless steel canisters are not 

discussed, since the HLW canister corrosion rates will be more severe as 

a result of higher heat generation rates and temperatures. The 

canisters and drums analyzed in this section are described in Section 

1.0, Baseline Design Considerations. Heat transfer properties were 

obtained from OWI/TM-36/19, Thermal Analysis Document. 

6. 2 SOURCES OF STRESSES 

Canister failure occurs when the canister stresses exceed canister 

strength, either on a micro- or a macro-scale. This section discusse~ 

the sources of canister stresses, .while Section 5.3 discuss~s the loss 

of canister strength by corrosion. 

The important canister stresses are the waste. solidification 

stresses and stresses caused by internal pressures. Fabricati~n 

stresses (canister closure) could cause high localized stresses. Other 

stresses that might be of interest include residual stresses, 
I 

fabrication stresses, dead-load stresses, and external stresses. 

6.2.1 Waste-Solidification Stresses 

Waste-soiidification stresses are primarily a concern with glass 

waste, as a result of the higher melting temperatures, and are the results of 

loading the glass-waste material into the sta·inless steel canisters. 

The two most promising methods for glass-waste solidification are in~c~n 

melting (ICM) and joule-heating with a ceramic melter (JHCM). 

6.2.1.1 In-Can Melting (ICM) 

The ICM process uses the canister as a crucible to melt the HLW and 
4 . 4 

the glass formers at temperatures of about 1,050°C (1920°F). After 
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the heaters have been turned off the melted zone is. forced-gas cooled to 

900°C (1650°F) until the canister is entirely filled. The filled 

canisters wi 11 be forced-gas quenched from 900°C (1650°F) to 400°C 

(750°F) and then placed in water at 90°C (175°F). Since the thermal 

contraction of stainless steel is greater than that of glass, the 

cooling of the canister results in the development of circumferential 

tensile stresses in the canister. A correlation has been developed in 

reference (5) using the properties of 304 stainless steel and commercial 

grade borosilicate glass. 

by: 

For a cylinder diameter of 1.0 ft, the stress S in psi is given s . 

Ss = 214 AT 

wh~r~: Ss =circumferential tensile strength, psi 

AT= temperature decrease during cooling of glass 

from original high temperature at which glass 

is considered to be rigid, °F. 

This corre·lation indicates that a tensile stress of 21,400 psi 

develops in the steel for every 100°F of cooling. Therefore, thf;! ICM 

process can develop large circumferential tensile stresses in the 

canister and some form of stress relief (such as subcooling or 

shot-peening) may be desirable. 

6.2.1.2 Joule-Heating with a Ceramic Melter (JHCM) 

In the JHCM process, the HLW and glass formers are melted out of 

the can at 1150°C (2100°F), and equilibrated and homogenized before 

being poured into the canister. 4 The canister is at ambient air 

temperature when the pouring begins and is cooled with forc~d gas during 

filling to keep the maximum temperature below the devitrification 

temperature. The maximum canister surface temperatures will probably be 

about 200°C (390°). 4 

The potential for developing large canister stresses is not as 

great for the JHCM process as it is for the ICM process, since the 

canister temperatures are maintained at much lower values. 
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· 6.2.2 Internal Pressures 

The internal gas pressure in the HLW glass canisters can be 

neglected since the glass will be prepared by high-temperature melting 

and all volatile gases should be removed during this operation. The 

only free oxides in glass are silicates, which are non-volatile. Helium 

wi 11 be formed by the a 1 pha decay of actinides. However, the pressure 

increase due to helium buildup is not expected to be significant. 

Reference (6) states that a 15 psig pressure build-up is reached in a 

.few years for Pu0 2 fue 1 s and in severa 1 hundred years for U0 2 • 

Therefore, internal gas pressurization of glass HLW canisters is not 

expected to be significant with respect to the strength of the 

canisters .. 

The main concer.n in the calcine storage will be the pressurization 

of canisters due to water evaporation and due to nitrate decomposition 

by temperature or by radiation. The average calcine from the Idaho· 

Chemica 1 Processing Plant has 1 percent H2 0 and 1 percent N2 05 

immediately after calcination. 5 The pressure due to the release of 

these compounds in decomposition is a function of temperature and is 

expressed by the formula: 5 

WhCY"C 

T =temperature of the gas space, °K 

y =void fraction of canister 

x = wei9ht fraction of nitrate in calcine 

z =weight fraction of water in calcine 

~6.2) 

In the above expression for P(atm), the first term is the pressure due ~ 

to nitrate decomposition and the second term is due to dehydration. For 

calcine with 1 percent H20 and N2 05 , the canister will be pressured to 

about 50 atm at 200°C and the internal pressure could stress the • 

canister beyond its yield strength for temperatures above 800°C. To 

prevent this, the content of H2 0 and N205 in calcine could be lowered to 

0.1 percent (weight percent) by preheating of all calcine to 800°C, or 
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by heating of th~ open canister, filled with calcine {before sealing), 

to 800°C. Withy::: 0.7, and.x and z = 0.001, Eq. 6.2 becomes: 

P(atm) = 0.012T (°K) (6.3) 

The internal pressure from H2 0 and N2 05 would then be about 5.8 

psig at 200°C and should not significantly overstress the canister. 

6.3 CORROSION OF STAINLESS STEEL CANISTERS 

The stainless steel canisters can be corroded internally by 

interactions between the waste form and the stainle.ss steel, or 

externally by interactions between the canister and geo 1 ogi c medi urn. 

These methods of.corroston are discussed in this section. 

Some external corrosion data was gathered in the Project Salt Vault 

for Schedule 40 carbon steel heater pfpe in a wet-salt environment. 

This data·are discuised in Appendix A. 

6.3.1 Internal Corrosion 

Internal corrosion of the canister ·will be chiefly a re.sult of 

radiolytic gases (N0 2 , 02 , halogens). For glasses, if the wall 

temperature is maintained below the glass melting temperature, no 
3 internal corrosive attack is expected. Since the maximum wall 

temperature is maintained below 375°C (710°F), internal corrosion for 

glass canisters should be negligible. For calcines, corrosion could be 

obset'vabl~ as a result of N03 attack of stainless stee1, 7 or as a result 

of Cs 20 attack 6f the stainless stee1. 8 Corrosion by ~0~ and H20 will 

probably be negligible for canister-wall temperatures between 60 and 

300°C (140 and 570°F).7 ~ formula for Cs 2 0 corrosion rate into stainless 
·· steel is: 8 

k(cm/sec) = (2.90 ± 1.78) x 10- 3 exp (-9500/T) 

where T is in °K. 
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For the expected concentrations of Cs 2 0 in calcine HLW and the HLW 

temperatures, this is not expected to be a significant source of 

corrosion. 

The i nterna 1 corrosion of spent fue 1 inside the canisters wi 11 

probably be negligible because no water or nitrate is present in spent 

fue 1 and the rods of spent fue 1 wi 11 generally be co 1 der than the 

centerline of an HLW glass or calcine canister. No substantial 

migration of the fission products Cs or Rb is expected in spent fuel 

during the period of interest for canister integrity. 

6.3.2 External Corrosion 

The canister will be placed in a carbon steel sleeve throughout the 

retrievability period of the r~pository9 rQgardless of the geologi-c 

medium of waste storage. This sleeve effectively isolates the stainless 

steel canister from the rock type throughout the retrievable phase of 

repository operations, and the corrosion of the canisters is the same as 

that in the air.* 

Figure 6-1 shows corrosion data for steel . . 10 1n a1r. Linearly 

extrapolating these data to a temperature of 300°C yields a corrosion 

rate of· about 0. 001 mils/year. Therefore, it is not expected that 

external corrosion of the stainless steel canisters will be significant 

for the duration of the retrievable portion of repository operation. 

The carbon stee 1 s 1 eeves wi 11 corrode at a rate of about 2 mi 1 s/yr based 

upon a linear extrapolation of Figure 6-1 at 300°C .. · However, this.· 

corrosion is not expected to be significant with respect to the 

structural requirements of the sleeve. 

*Stress-corrosion cracking (SCC) will not be a concern during the 
retrievable phase since, in general, an oxygenated aqueous solution is 
required for SCC. At the. anticipated storage temperatures and 
pressures, any water reaching· the canister should be a. vapor. 
Reference 3 discusses corrosion after the retrievable phase is 
terminated. 
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6:4. CORROSION OF CARBON STEEL DRUMS 

Drums containing LLW-TRU in the reference case and ILW from. the 

alternative studies will have only about 3W of heat generation, and the 

maximum surface temperature . of the drums wi 11 be less than 50°C. 

Therefore, in salt repositories, the drums should corrode similarly to 

carbon steel at an ocean site. Figure 6-2 shows a plot of atmospheric 

corrosion data at Kure Beach, N. C. , for stee 1. 10 If the upper 

corrosion rate is used for carbon steel, the carbon steel drums would 

corrode to a maximum depth of 25 mils from the original 50 mils· 

thickness at the end of the 5 year retrievability period. Since the 

carbon steel drum~ .are not highly stressed, this corrosion rate is not 

expected to affect retrievability of the drums. The corrosion rates of 

carbon steeJ in granite and shale repositoriesare not expected to be as 

large, based upon a corrosion rate inter·polated from Figure 6-1. 

6. 5 SUMMARY 

Integrity of the HLW canisters is an important factor during·the 

retrievability portion of repository operation. The possibility exists 

of creating large stresses in canisters containing HLW glass for the 

in-can melting process, but, if necessary,· the stress values can be 

maintained to acceptable levels by stress relieving or by the use of 

joule-heating·with a ~eramic heater. Large internal pressures can be 

built up in calcined wa_te if the H20 and N205 concentrations are not 

kept to 0.1 percent. Internal corrosion of stainless steel. canisters by 

the HLW or by spent fuel is not expected to be significant. With the 

canister placed in carbon steel sleeves, the external corrosion will be 

limited to corrosion in air during the retrievable phase and s~ould not 

be significant. Corrosion of carbon steel drums should have no 

significant effect on the retrievable phase of repository operation . 
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Figure 6-1. HIGH TEMPERATURE CORROSION OF STEEL 
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.7.0 CRITICALITY CALCULATIONS 

7.1 VERIFICATION OF COMPUTATIONAL METHODS 

As a matter of good practice in performing criticality calcula­

tions, the computat i ona 1 methods and cross-section sets used were 

validated according to the guidelines suggested in the proposed ANSI 

Standard N16.5-1974 entitled, 11 Guide for Nuclear Criticality Safety in 

the Storage of Fissile Materials. 11 In particular, Section 4.2, 

paragraph 4.2.1 states, 11 Limits for the storage of fissile material 

shall be based on experimental data or the results of validated 

computational techniques.•• A validated computational technique is 

defined by N16.5 as, 11 A calculational method that has been tested, by 

comparison with experiment, to establish the reliability of results when 

the method is applied to conditions of interest. 11 

A number of benchmark calculations were performed which followed 

the ANSI guidance. These involved the following analyses: 

1. Calculations were performed using self-:-shielded cross­

section data of the critical mass of plutonium-water 

mixtures (0. 01-5 g/cc Pu) reflected by water. These 

calculations, performed with the ANISN code, were compared 

with data in ARCH-600 and in all cases a smaller critical 

mass was predicted. The average deviation between our 

results and these data was about 9 percent, with the 

differences at the minimum critical mass being about 3 

percent. 

2. These procedures were also checked against experiments for 

both bare Pu02 and Pu0 2 · reflected by p 1 exi glass. The 

experimental keff was 1.0 for all of the cases .considered . 

. These ca 1 cul at ions were performed using the KENO Monte 

Carlo code with the same cross-section procedures used for 

the benchmark plutonium-water criticality calculations. 
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ANISN 

with 

- checking these 

yielded values of 

KENO. A summary 

results, where 

keff within 2a 

of these results 

appropriate, with 

of those obtained 

is presented in · 

Table 7-1. 

Based on the above comparisons, it is suggested that the SAl 

procedures and cross sections have been verified as described in the 

ANSI standard. 

7~1.1 Details of Criticality Calculations 

Crit.ic~:~lity calculationi W4ilr4il p~rformed ue;ing the ANISN code. 1 

Sixteen-group Hansen Roach cross sections were mixed in ~ code called 

BLENOR2 which also accounts for self~shielding in the important 
actinides (U238 U235 U238 Th232 Pu238 Pu239 and Pu240 ) The 11 a 11 

, , , ' , ' . p 
3 ' 

resonance correction was made to compensate for the self-shielding of 

incident neutrons due to the nature of the material and consists of the 

following procedure: 

1. The a of a resonance nuc 1 ide in a homogeneous system is 
p 

Where: 

calculated according to the equation: 

M 

I ascatt 
a i=l p := 
. D N0 

N. 
1 ( 7.1) 

ascatt i6 the scattering cross section in the ri:!~UfldJJcl:!-l:!lll:!f'YY 

range forth~ ith component of thl:! mixLure, 

Ni is the number density of the ith component of the mixture in 

atoms/barn-em, 

M is the nLJmber of components in the m·i xture, and 

N0 is the number density of the isotope for which a is being 
calculated. Po 
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(J is calculated only for the important actinides (those listed 
p 

above). Infinitely dilute cross se.ctions are used for all other 

nuclides. 

2 . The value of crp calculated in Eq. 7-1 is used as a parameter 

to pick the correct cross sections from the cross-section set. 

The cross sections in the cross-section set are weighted by 

the flux. The flux, of course, is a function of the density 

of materials in the system. So, when the material densities 

change, the cross. sections change and cr parametrizes this 
p 

change. If the calculated cr does not match any of the values 
p . 

in the cross-section set, BLENDR can be made to interpolate 

(log-log interpolation) between two bracketing values. When 

exceeds all values on the cross-section set, (Jp 
infinitely-dilute cross sections are used. 

As an example consider the attached sheets containing cr •s and N1 s . p . 
for Pu from a PWR (cooled 5 years). crp for Pu239 was calculated to be 

148 barns. This value falls in between the available value of 100 barns 

and 200 barns. Thus, the code was told to interpolate between 100 and 

200 to find the cross.section for crp = 148. The number density of Pu239 

for this case was 7.4 x 10- 3 atom/barn-em. 

7.1.2 .Running ANISN 

·Once the cross sections were mixed and self-shielded by BLENDR, 

ANISN was run. The fissioning core was assumed to be spherical and 

surrounded by a. spherical reflector. There were 45 mesh intervals from 

the center of the sphere to the outside ·edge of the reflector. 

Reflector materials considered were granite, shale, and sand. The Pu02 

was assumed to mix uniformly with the water in the core. 
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7.2 HLW (GLASS) SHIPPING CASK, 8-CANISTER CONFIGURATION 

The objective was to study the criticality problems associated with 

the temporary storage of eight HLW-containing canisters in one shipping 

cask. The HLW would have 100 percent Pu and would be fixed in a .glass 

(SiO~J matrix. 

7.2.1 Solution 

The Monte Carlo method of analysis was selected in order to most 

accurately. preserve the geometrical considerations of the problem. 

Specifically, the very versatile code KENO IV was used along with the 

KENO 16~group cros~~section library, which include5 a a corr~ction for 
. . 3 p 

the self-shielding of resonance nuclei. 

The system geometry was assumed to be a closely packed array of 

canisters, which minimizes the exterior surface area of the 

conglomerate. The glass content was obtained by subtracting the volume 

of the HLW+100% Pu (constituent masses were obtained from ORIGEN results 

with an effective density of th~se materials taken to be 10 glee) from 

the total volume of a canister and assuming that this difference is 

completely filled with Si02 having a typical glass density of 2.2 glee. 

Keff for the 8-cani ster assembly was found to be 0. 24 with a 

standard deviation of .00153. An estimate of the sensHivity of k ff to 
·_a e 

the Si02 number density was made and shows a 1.9(10) fractional change 

in keff for a 0.01 fractional change in the Si02 number density. 

7.2.2 Recommendations 

Even though this calculation indicates that the system of 8 

canisters is very subcritical, a refined calculation should be performed 

which includes a more accurate representation of the actual geometry and 

a more accurate determination of the Si0 2 and boron contents. These 

calculations should include the fissionable act1n1des above plutonium 

and should account for reflector effects provided by the cask itself. 

These follow-up calculations should provide values of the infinite 

multiplication factor k and should include analyses of accident 
. . 00 

scenarios which involve flooding of the cask and/or canisters both 

during transport and after arrival at the repository site. 
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7.3 CRITICALITY CALCULATIONS FOR REFLECTED Pu0 2 SLURRIES 

·A series of criticality calculations was performed in order to 

investigate the potentiality of Pu02 from U-recycle HLW forming a 

critical mass after the unlikely events of selective leaching and/or 

selective transport and/or selective deposition. These calculations 

weY.e done using· the discrete-ordinates code· ANISN in the manner 

described in the previous section. The conditions for criticality were 

determined for reflected s 1 urri es of Pu02 having p 1 utoni urn 

concentrations of 0.015, 0.03, 0.05, 0.10, 0.50, 2.0, and 5.0 grams/cc. 

Reflector materials considered were shale (2.4 grams/cc), granite (2.67 

grams/cc), and sand (2.41 grams/cc). The calculations considered only 

Pu0 2 and not the other nuclides present in the waste mater.ial. The 

ORIGEN-d~termi.ned isotopic composition for the plutonium 5 years after 

removal is presented in Table 7-2. 

The results of these calculations are presented in Tables 7-3 and 

7-4 .and shown in Figures 7-1 and 7-2 as critical mass (kg. of Pu) ~nd 

critical radius (em) respectively. It is clear that the granite, shale, 

and sand have nearly the same reflector properties for the conditions of 

these calculations. The only significant difference seems. to be 

slightly larger critical mass requirements for all of the 

shale-reflected assemblies. The shapes of the plotted results conform 

faithfully to those found· in the literature for water-reflected 

assemblies. A complete computer output for a typical calculation is 

also included in this section (Table 7-5): 
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TABLE 7-1 

COMPARISON OF CALCULATED CRITICALITY PARAMETERS FOR VARIOUS GEOMETRIES 
OF Pu02 EXPERIMENTAL keff = 1.000 

Bare Assemblies Plexiglass Reflected 

Calculated Calculated 
Geometry x*(cm) keff x~(cm) keff 

Infinite 12.17 +0.28 1.005 + 0.004 3. 34 + 0.10 0.992 + 0.006 
Slab 

Sphere 15.81 + 0.20 1 . 017 + 0. 004 11.24 + 0.38 1.008 + 0.006 -
Infinite 11. 28 + 0. 20 1.014 + 0.004 6.69 + 0.38 1 . 011 + 0 ~ 006 

Cylinder 

Cube 26.48 + 0.28 1. 003 + 0. 004 17.36 + 0.54 0.999 + 0.006 

*Critical Thickness of slab or cube and critical radius of the sphere and 
cylinder. 

TABLE 7-2 

ISOTOPIC Cm1POSITION OF PLUTONIU~1 FOR 5-YEAR U-RECYCLE WASTE MATERIAL 
WITH ALL PLUTONIUM RETAINED 

Isotope Grams/Metric Ton Weight Percentage 

Pu-238 287 3.05 

Pu-239 5530 58.84 

Pu-240 2210 23.51 

Pu-241 960 10.21 

Pu-242 412 4.38 
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. TABLE 7-3 

CRITICAL MASS OF REFLECTED Pu02 SLURRIES--5-YEAR U-CYCLE WASTE MATERIAL 

Plutonium Cone. : 
(grams/cc) 

.015 

.03 

.05 
' . 1 

.5 

2.0 
5.0 

Sha 1 e Reflector 
(2.4 grams/cc) 

3.83 
1. 22 

1. 20 
1.84 

Critical Mass (kg) 

Granite Reflector 
(2.67 grams/cc) 

3.62 
1.07 
1.05 
1. 58 
8.9 

20.6 
16.9 

TARLE 7-4 

Sand Reflector '~ 
(2.41 grams/cc) 

3.32 

1. 05 
1. 04· 

1. 53 

CRITICAL RADIUS OF REFLECTED PU2 SLURRIED--5-YEAR U-RECYCLE WASTE MATERIALS. 

Plutonium Cone. Sha 1 e Reflector 
(grarris/cc) (2.9 grams/cc) 

.015 39.4 

.03 21.3 

.05 17.9 

. 1 16.4 

. 5 
2.0 
5.0 

7-'ld 

Critic:nl Radius 

Granite Reflector 
(2.67 grams/cc)· 

38.6 

20.4 
17. 1 

15.6 
16.2 
13.5 
9.3 

Sand Reflector 
(2.41 grams/cc) 

37.5 
20·. 3 

17. 1 
15.4 

·~ 
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BNLY/0.01GMS/CC/GRANITE REFLECTOR 

ID 
ITH 
ISCT 
ISH 
IGE 
IBL 
IBR 
IZT1 
HI 
IEVT 
IGrl 
IHT 
IIIS 
I ffi'I 
l'1S 
MCR 
MTP 
i1T 
IDFl1 
IPvT 
I ill I 
IPH 
IPP 
I I ri 
ID1 
ID2 
ID3 
ID4 
ICH 
1Di\T1 
IDAT2 

· IFG 
I FLU 
IFU 
IPRT 
IXTR 

EV 
EVf.I 
EPS 
BF 
DY 
DZ 
Dfl\11 
XNF 
PV 
RYF. 
XLAL 
XLAH 
E'li. 
XNPM 

PROBLEI'I ID NO. 
0/1 = FORWAHD/ADJOINT 
OrrDER OF SCATTERING 
ORDER OF QUADRATURE 
1/2/0 = PLANE/CYL I NDEit/SPHERE 
0/l/2/3 = VACU~VREFLECTION/PERIODIC/WHITE 
0/l/2/3 = VAC~VREFLECTION/PERIODJC/WHlTE 
NUliBER OF ZOI!ES 
NUUBER OF I NTEilV !\LS 
0/ l/2/3/4/G/6 = Q/K-Ei:?F / ALPll.VZ/R/H 
NUlffiER OF GROUPS 
POSIT ION OF TOTAL CRC•SS SECTIO!f 
POSITION OF WITIIIN GP.-JUP SCATTERING 
CROSS SECTION TABLE LENGTH 
HIXING TAnLE LENGTH 
iiU:mEn OF l'IATERIALS FROM CARDS 
NU!IEER OF ll.<\TERIALS FROII TAPE 
TOTAL l'Hmmm OF l'IATEiliALS 
0/l = l'!OHt>DErlSITY FACTOilS If! 21** 
0/ l/3 = liONE/IV'ALPIL<\ . 
0/ I = NONE/OISmiDUTED SOURCE 
0/l/I;-t = NONE / S<I'Il'L IPP> / S<rl!'l, nn 
INTERVAL OF SHELL SOl.illCE 
IHNER ITERATION HAXIKUM 
0/l/2/3 = NO/PRINT/PlJNCH/BOliH 
0/1/2 = NO / ;'{-SEC T:l.PE / PFEVIOUS CASE 
0/N = NO / NUMBER OF ACTIVITIES BY zorm 
0/ I = NO / Nt'l'IDER OF ACTIVITIES BY INTERVAL 
OUTER ITEIUTWN 1'1!\:~IeTlri'I 
0/1/2 = NO / NINII'IlJI'I TAPE / l'IAXll1U!1 TAPE 
0/l = ilO / DIFFUSION--24$$ 
0/ 1 = !'!ONE / FEl¥ GROUP COLLt.PSE 
0/ l/2 = BOTH / L IHEA.'l / STEP 
0/1/2 = FISSION GUES~ / FLUX GUESS / PaEVIOUS 
0/1 = PRIIlT CROSS SECTIONS ,- DO NOT 
0/1 = CALCULATE P< L> / READ IN P< Ll 

EIGEilVALTJE GUESS 
EIGENVALUE NODIFIER 
PRECISIOH I:'ESIRED 
BUCKLING FACTOR 
CYLINDER OR PLANE HEIGHT 
PLAHE DEPTII 
UEIGHT FOR VOID COnFECTION 
NOIUlALIZATION FACTOF. 
IPVT = 1 / 2-K / ALPIIA 
LAHBDA2 P.ELI\,'{ATJON F.!\.CTOR 
POIJ'TT CONVEllGENCE = :E:PS IF .NOT 0 
1-LAlffiDA folJ.\..'{HliDI SEARCH 
EV CHANGE EPS - SEAnCII 
NEl-l P AR.I\r:ETEH HOD IF l ER - SEARCH 

17<1•8 LCCATIONS WILL DE USED TO READ CROSS SECTIOHS 
13S ARRAY 4 ENTRIES READ 

OT 

ELEHENTS FROl"I LIBRARY TAPE 
1 10 GRANITE AT 2. 667 GHS/CC 
2 11 GRJt.N ITE AT 2. €67 GUS/CC 

0. 0<:•COE+OO 
- 1 • (){•09E-01 

5. OC:OOE-04 
l.OOOOE-35 
().0~00E+OO 
0. OQ00E+OO . 
0.0~00E+OO 
l.OeOOE+CO 
0.00~0E·t-OO 
5.0600E-Ol 
1. 01}00E-03 
5.0~00E-02· 
5.0000E-02 
7. 5•}00E-O 1 

3 ; .. ..i 120 (~ O.OD Gf'IS/CC-PU OfJLY-5 YRS 
4 121 O.OJ Gl'IS/CC-PU ONLY-a YRS 

1 
0 
I 
a 
3 
1 
0 
2 

45 
4 

16 
3 
4 
9 
0 
0. 
4 
4 
0 
0 
0 
0 
0 

20 
0 
0 
0 
0 

30 
0 
0 
0 
0 
0 
1 
0 

2* ARRAY 45 ENTRISS .READ 
AT 7-1? 
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u0NLY/0.01GMS/CC/GRANITE REFLECTOR I 
INT. ZONE NillfBER RADIUS AREA VOLUI1E FISS DENS DENS FACTOR 

1 1 0 0 1.5u140E+o2 1.00000E+09 
2 1 3 .-33333E+00 1. 39626E+02 1.08598E+03 1.00000E+00 
3 1 6.66667E+00 5.58505E+02 2.94767E+03 1. 00000E+OO 
4 1 1. 000~0E+O 1 1 . 25664E+03 5.74019E+03 1.00000E+OO 
5 1 1. 33333E+01 2.23402E+03 9.46356E+03 1.00000E+00' . ·.·.·· 

6 1 1. 66667E+01. 3.49D66E+03 1.4!178E+04 1.00000E+OO 
7 .1 2. 00000E+O 1' 5.02655E+03 2.95516E+03 1.00000E+OO TABLE 7-5 (Cont'd) 8 1 2.05714E+Ol 5.31788E+03 3. 12398E+0.3 1.00000E+00 
9 1 2. 11429E+Ol 5.61742E+03 3.29749E+03 1. 00000E+00 

10 1 2. 17143E+01 5. 92517E+03 · 3.47569E+03 l.00000E+OO 
11 I 2. 22857E+Ol · 6.24113E+03 3.65858E+03 1.00000E+OO 
12 1 2.28571E+Ol 6.56529E+03 3.84616E+03 1.00000E+00 
13 1 2.34286E+01 6.89766E+03 4.C3843E+03 1.00000E+00 
14 1 2.40000E+Ol 7. 23823E+03 . 4.23539E+03 . 1. 00000E+00 
15 1 2.45714E+01 7.58701E+03 4.43704E+03 1 . 00000E+OO 
16 1 2.51429E+01 7.94400E+03 4.64338E+03 1. OOC00E+OO 
17 1 . 2.571<!·3E+01 8.30919E+03 4.85440E+03 1.00000E+OO 
18 1 2.62857E+01 8.68259E+03 5.07012E+03 1. 00000E+OO 
19 1 2.68;:i7iE+01 9.06420E+03 ·s.29053E+03. 1. OOOOOE+OO 
20 1 2.7"!·236E+01 9. 454·0 1E+03 5.51562E+03 1.00000E+OO 
21 2 2.80000.E+Ol 9.85203E+03 8.70575E+03 0 
22 2 2.88571E+Ol 1. 04;645E+04 9.23859E+03 0 
23 2 2.97143E+01 1. 10953E+04 9.73726E+03 0 
24 2 3.05714E+Ol l.17447E+04 l. 03518E+04 0 
25 2 3. 1'1·236E+O 1 I. 24125E+04 I . 09321 E+04 0 
26 2 3.22857E+01 1. 30988E+04 I. l52B2E+04 0 
27 2 3.31429E+01 1. 38935E+04 1.21402E+04 0 
28 2 3.40000E+01 I. 45267E+04 1.27630E+04 0 
29 2 3.4857IE+Ol 1. 52684E+04 .1 . 34117E+04 0 
30 2 3.57143E+01 1.60285E+04 1. 40711E+04 0 
31 2 3.65714E+01 1 . 6807 1 E+04 I. 47464E+04 0 
32 2 3.74286E+01 1 . 76042E+04 1. 54375E+04 0 
33 2 3.82857E+0l I . 84197E+04 1. 61445E+04 0 
34 2 3-. 91429E+O ~ 1.92537E+04 1.68672E+04 0 
35 2 4.00000E+OI 2.01052E+04 5.86583E+04 0 
:16 2 4.27273E+OI 2.29414E+04 6.66461E+04 0 
37 2 4.54545E+01 2.59636E+04 7.51433E+04 ,,. 0 
38 2 4!.01BlBE+Ol 2.91727E+04 0.41503E+04. 0 
39 2 5.09091E+Ol 3. 25Ml7E+0•1o 9. 36671E+04 0 
40 2 5.36364E+O~ 3. 615.17E+04 1.03694E+05 0 
41 2 il.63636E+Ol 3.99216E+04 1 . 14.•230E+05 0 
•1o2 2 5.90909E+Ol 4.38784E+04 1 . 25277E+05 0 
43 2 6. l8182E+O L 4.80222E+04 1 . 36833E+05 0 
44 2 6. 4G455E+O L 5.23G30E+04 1. ·H~899E+05 0 
45 2 6.72727E+Ol 5. 68'706E+04 .1.61475E+05 0 
46 7.00000E+Olll 6. 15752E+04 

1- 1.!1 



pU ONLY/0 ;MS~CC/GRA.'fl~ REFLECTOR 

-....! 
I ...... 

(J1 

F.ou SPEC VELOCITY RT ALBEDO 
I 2.04000E-01 0 
2 3.44000E-01 0 
3 1 • 680~0E-O 1 0 
4 1 • C0000E-O 1 I) 
5 9.00000E-02 0 
6. 1.40000E-02 0 
7 0 0 
a 0 o 
9 0 0 

10 0 0 
11 0 0 
12 0 . 0 
13 . 0 0 
14 0 0 
15 0 0 
16 0 0 

LFT ALDEDO DIFF MARKER l'IAT'L/ZONE 
3 
1 

TABLE 7-5 (Cont'd) 

, ... ,. 

[ 
L OF P< L> .. RADIUS l'IO'D .. 

. I . I .. 00000E-O I ···' "-. 

1 0 

·~I 
.--.\ 



uONLY/0.01GMS/CC/GRANITE REFLECTOR 

CROSS SECTION MIXIN~ TABLE 

1 
2 
3 
4 
5 
6 
7 
8 
9 

.. 

llllxruRE COMPONENT .NO. DENSITY 
ANGULAR QUADRA.TtJRE CORSTr'\NTS 

COSINE < MU> WE I GHT REFL DIRECT 
-1.00000E+00 0 9 
-9.51190E-Ol 6.04938E-02 ~ 
-7.86796E-Ol 9.07407E-02 8 
-5.77350E-Ol 1.37037E-Bl 7 
-2.18213E-01 2.11728E-01 6 
2. 13218E-01 2. 11728E-01 5 

· 5. 77350E-01 1 . 37037E-O 1 4, 
7.867%E-01 9.07407E-02 3 
9.51190E-01 6.04938E-02 2 

TABLE 7-5 (Cont'd) 

WT. X COS. 
0 

-5. 7541 lE-02 
-7. 13944E-02 
-7. 91184E-02 
-4.62029E-02 

4.62029E-02 
7. 91184E-02 
7. 13944E-02 
5. 75411E-02 

L 

' . ~··. 
. ~ . 

/ 



IIER INNER NEUT BJ\L UPSCATIER RATIO EIGENVALUE LAMBDA I LAMBDA2 ·I 0 0 - 0000000E+09 0.0000000E+00 0.0000000E+00 0.0000000E+00 0.0000000E+00 r ; ~ 

1 0 00C'0001 E+00 \.. 0.0000000E+00 0.0000000E+00 7. 1007090E-01 9.4183606E+00 
2 85 •. 0000000E+00 1.000000IE+€0 1. OOOOOCOE-01 7.4993l83E-01 1.0061506E+00 
3 159 I.0000002E+OO 1.0000002E+CO 1.4017550E+00 7.6355453E-01 I. 0015355E+00 
4 255 1.000000IE+00 1.0000002E+00 7.0566205E+OO 7.9336666E-:01 I.0043933E+00 
(j 35J 1.000000IE+00 1.0000002E+C0 7.0566205E+00 3.71a9284E-Ol I. 0003113E+00 
6 406 9.9999976E-Ol t.oooooo2E+ee 1.4175222E+01 8.7364622E-Ol 1.0001524E+00 
7 517 1.00000:)1E+00 1.000000IE+03 2.7339360E+01 9. 1010482E-01 I. 0033639E+OO 
8 632 I.0000002E+90 1.0000002E+CO 5.2156816E+01 9.3568943E-OI 1.0019249E+OO 
9 755 1.0000002E+OO 1. 0000002E+CO 7. 12484.·3'JE+01 9.a052703E-Ol I.0000783E+OO 

10 877 9.999997IE-01 1.0000003E+OO 0.8584560E+01 9.5507614-E-01 1.0002177E+OO 
. 1 1 ?99 1.0000002E+OO 1.0000002E+OO 1.0501278E+02 9.5742CO<!!E-01 1. 0000999E+00 

12 1122 1.0000001E+00 1.0000002E+OO 1 . 2088493E+02 9.588u973E-01 1. 000()573E+00 
13 1244 1.0000001E+00 1.0000001E+OO 1.3638232E+02 9.59340?5E-01 1.0000366E+00 
14 136? 1.0000004E+OO 1 • 0000003E+OO 1.5160?81E+02 9.6054033E-01 1.0000247E+00 TABLE 7-5 (Cont'cl) 
15 1491 9.9999972E-01 1.0000002E+O~ 1.6663354E+02 9.6105533E-Ol I . 000~ ta8E+OO 
16 16IC) 1.0000000E+CO 1.0000001E+03 1. 315 1031E+02 9.6146083E-01 1.0000132E+OO 
17 1748 1.000000IE+OO I. 0000001 E+OO 1 . 962601 7E+02 9.61?7934E-01 1.0000105E+00 
18 !E79 1.000000IE+OO l.0000002E+0() 2. 109191?E+02 9.6203680E-01 1. 0000082E+OO · 
19 2012 9.9999987E-01 1. 0000002E+O:> 2.2547984E+02 9.622449?E-01 1.0000069E+OO 
20 2146 1.000000IE+OO 1.0000001E+O:;) 2.3')93039£+02 9. 624.·2303E-O 1 1.00000fi2E+OO 
21 2239 9.?999993E-01 I . 000000 1 E+O·;) 2.5~42485E+02 9.62570~3E-Ol I.0000046E+OO 
22 2415 I.0000000E+OO I . 000000 1 E+ 00 2.6382003E+02 9.6269?14E-01 1 . 0000@37E+OO 
23 2Gao 1.0003003E+OO 1. 00000038+0•) 2.3317290E+02 9.62C0678E-01 1.0000030E+OO. 
24 2685 9.9999980E-01 1.0000002E+OO 2.97491?2E+62 9.6289502E-Ol 1.0000032E+00 
25 282(1 1.9000001E+00 1.0000002E+O~ 3.1177751E+02 9.6298~59E-01 1. 0000020E+00 
26 2956 1.0000000E+00 1.00~0001E+CO 3.2603623E+02 9.6305076E-91 1 . 0000022E+OO 
2? 30?2 9.')999983E-01 1. 000000 IE+ CO 3. 4027.092E+02 9.6311301E-01 l.0000020E+00 
28 3231 1.0000001E+00 1.0000001E+OO 3.5443292E+02 9. 6317 tC2E-Ol 1.0000014E+OO 
29 3371 1 . 0000005E+CO 1.0000005E+06 3.686733tE+02 9.6322650E-01 1. 0000009E+OO 

GRP. 1 REQUIP.ED 5 ITEilATIOUS. HFD OF 6.50?09E-04 OCCURRED m INT. 30 COARSE f.IESH= 25 
GnP. 2 ltEQUI.RED 6 ITERATIONS. !-IFD OF 3.94260E-04 OCCURRED IN INT. 29 COAilSE ID:SII= 25 
GRP. 3 R.E.QUIHED 6 ITERATIONS. ~IFD OF 4.78423E-04 OCCURRED Iff mT. 25 COARSE f!ESH= 23 
GRP. 4 REQUIPJW 7 ITEilATIOUS. !'IFD OF 8.04723E-04 OCCURF.ED m INT. 25 COAilSE MESH<= 28 
GRP. 5 REQUIRED 8 ITERATIOns. l'!FD OF 9.68383E-04 OCCURRED Irl INT. 24 COAP..SE NESII= 29 
GRP. 6 RE:OUIRED 9 ITERATIONS. MFD OF 7.53371E-04 OCCURil..'~:D IN INT. 25 COARSE NESII= 28 
GnP. 7 REQUIRED 9 ITERATIONS. .l'IFD OF C). 32461 E-04 OCCURRED IN INT. 25 COAitSE NESII= 28 
GRP. 8 nEQUIRE'O 10 ITERATIOIIS. NFD OF 6.40?05E~C4 OCCURHED IN INT. 25 COARSE !ITESII= 28 
GRP. 9 REQUIRED 10 ITERATIONS. r·IFD OF 6. ~·903~E-04 OCCTJI\RED .. 'I If IrfT. 25 COii.RSE UESII= 20 
GRP. 10 REQUIRED 9 ITERATIONS. f·IFD OF 5.8231.',0E-04 OCCUitP.ED m INT. 23 COARSE r!ESH= 28 
GRP. 1 1 REQ.UIHED a ITERATIOifS. .l'!FD OF 0.94370E-04 OCCURHED Irl IHT. 23 COJ\nSE NES!l= 28 
GUP. 12 ru:.au m.ED ? ITERATIONS. f·IFD ·OF ~;. 67021E-04 OCCURRED IN IUT. 25 COAP.SE !'!ESII= 28 
GnP. 13 REQUIRED 8 ITERATIONS. JI!FD OF 0. 24·2~8E-04 OCCUHRED IN INT. 25 COAI\SE .l'IESII= 23 
GRP. 14 RE:;tTJIP..ED a ITEHATIONS. l'!FD OF 3.383;JCE-04 OCCURRED IN INT. 24 CO:\IlSE rT.ESH= 20 
GnP. 15 REQUIRED 1 1 ITEMTIONS. JIIFD OF 3.08G25E-04 OCCURRED IN INT. 24 COARSE .l'!ESII= 28 
GlU'. 16 REQUIHED 17 ITERATIONS. JIIFD OF 4.71934:!:-04 OCCURRED lN nn. 23 COJ\RSE NESH= 29 

30 3()11 I.0630000E+OO 1.000000tE+OC 3. 32£H946E+02 9.632G602E-Ol I.0000013E+00 
30 3all 1.00~0~00E+00 1.000000IE+OO 3. 82S<1·946E+02 9. 6326602E-O 1 1 .0000018E+00 FINAL MONITOR . 

****** OUTER ITERATION LUIIT REACIIED 
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PU ONLY /0. 0 1 Gl'fS/CC/GRAJl I TE 1\EFLECTOR 

I liT. · ZONE mP.-IDER 
1 1 

.:):*::::1: 0 
II**** 2 
II************* 
11****'~***:1::,'::~:::* 

1 *:J::t::r.:r.*:t:** 
II********~*'~** 

4 1 
!J:~*******"'**'~:!: 
Ill**** 5 
II:~****** :I:***** 
Ill**'''***'~**'~*** 

1********* 
•*******~~:!:~:/:** 

7 1 
!!:!************* 
Ill**'~* 0 
fa:~**:i':t:******** 
•***:!::::::::~::~***** 

1*****'·~*** 
Ill********'!<**** 

10 I 

I!I************:!C 
II**** 11 
111****'~**:/::t:;'::t:** 
11****~'**~::1<**** 

l****~::!::l::/::1: 
!II*********'~**:!: 

13 1 
lll***'~******:l::t.* 

•. :'3**** 14 
.. ,*.********:1:**** 
•*****''"o!''~*'r.*** 

1 **'~-*::::r.**:.: 
•************* 

16 1 
Ill************* 
Cl**** 17 
~***'~****'r.**** 
Iii*****'~*****:!:* 

l!l****':'******** 
19 1 

II********'·~**'~* 
I!**** 20 
!!****';'"******** 
1!.'1************* 

2****'"**** 
D*********'·t*** 

22 2 
!!**':'******'·~*** 

0 23 
!!************* 
!l!l**** 0 

2*::''~****** 
!!!************* 

25 2 
II!************* o -s 
Ill!*******~ ~* ""' 
l!l**** 0 

2********* 

RADIUS INT. MI~POINT 
0.00~00E+OO 

9.40596E+06 
0.00000E+OO 
2. Ui486E+05 
0.0',)~00E+OO 

3.27375E+02 
3.479621'.:-10 

3.92134!.>E+02 
3 .. 48021 E+OB 
0.00000E+00 
3. 4·1773E+06 
0.00000E+OO 

7.20224E+02 
2.40232E-10 

7.85699E+02 
1. 79168E+08 
0.00030£+00 
0.207l3E+06 
0.00000E+00 

3. 41B20E+02 
1. 90336E-10 

8.5304;jE+02 
2.10727E+08 
0.00000E+00 
9.63197E+06 
O.OOOOOE+OO 

9.09166E+O:! 
1.a7335E-to 

9.20390E+02 
2.44845E+08 
0.00000E+OO 
1. 11708E+07 
0.00000E+OO 

9.76512E+02 
1.19502E-10 

9.87736E+02 
2.81522E+OO 
0.00000E+00 
1.28236E+07 
0.0~000E+CO 

1. 0433~E+03 
6.969?3E-11 

1 . 0550BE+03 
3.20758E+OB 
O.OOOOOE+OO 
1.45904E+07 
0.0~000E+OO 

I. 1001, 1E+03 
0.00000E+00 

1. 10084.·E+03 
1 . 30632E+07 

0.00000E+OO 
1. 52521 E+07 
0.000@0E+OO: 

1.10298E+03 
0.00000E+~O 

l. 10341 E+03 
1.31243E+07 

0.000!l0E+00 
1.53234E+07 
0.00000E+00 

1. 10555E+03 

.I 
AREA VOLU?1E FISSION DE-NS 

TABL£ 7-5 {Cont'd) 

) 
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28 
"il***:l'****:t: 

0 29 
~****"':~::t::t!l::!::!:::t:::t: 
j:r.:t::!:* 0 

2********* 
]*****:!:****:!:** 

31 2 
~********'-~*-*'~* 

0 32 
'l****"''~ *:!:***** 
)**** 0 

2:!::1::i<:/!":!::!:::jt** 
11******'''*~*"'** 

34 2 
'l**********:l:** 

0 35 
]************"' 
!:i!*** . 0 

2*******"'* 
)**********"'*"' 

:}7 ~ 

:~**********:!:** 
0 38 

:;:~'************ 
Jl**** 0 

2******':'** 
:!]:;:**''''·~**:~::r.:,t*** 

40 2 
"*****:lei:****** 

0 41 
;]:r.**'~'~***:r.:.~**:!: 
~'~*** . 0 

2**~**:~** 
j***~'*****':'*** 

43 2 
]*******:!<**':'** 

0 <!·4 
:>!****':'******~'* 
)**** 0 

2:~**:-:-::;:*::-:*:~ 

"El****'r.**'~**'''** 
46 ~ 

.::-- 1. 10598E+03 
l. 3185'5E+07 

0.00000E+00 
1.53949E+07 
e.oooooE+00 

1. H)812E+03 
0.00000E+00 

1. 10855E+03 
1.32463E+07 

0.00000E+OO 
I. 54665E+07 
0.00000E+OO 

1. 11069E+03 
0.00000E+00 

1. 11112E+03 
l. 330S3E+07 

0.0000oOE+00 
I. 55383E+07 
().00000E+00 

I. 11607E+03 
0.00000E+OO 

1. 11743E~·03 
4.28'>35E+07 

0.00900E+OO 
I. 57670E+07 
~.00000E+OO 

1. 12425E+03 
0.00000E+OO 

1. I2561E+03 
4.35281E+07 

0.00000E+00 
· .. 59990E+07 
9.000(}0E+OO 

1. 1324·3E+03 
O.O'J000E+OO 

1. 133B0E+03 
~.41626E+07 

0.0000!lE+00 
l. 623l3E+07 
{I.OOODOE+00 

1.14·061E+03 
0.00000E+OO 
I. 14198E+03 1.63880E+07 

( 

TABLE 7-5 (Cont'd) 
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PU ONLY /0. 0 1 Gl'lS/CC/GRAN I TE REFLECTOR ··I 
TOTAL FLUX .. 

INT ZONE MID PT. GROU GROU 2 GROU 3 GROU 4 GROU 5 GROU 6 GROU 7 GROU 8 ·c 
u 9 GROU 10 

1 1 65.47 8.506E-10 1.595E-09 7. 128E-10 1.029E-09 1.067E-09 7 .867E-10 6.29BE-10 5.834E-10 5.846E-10 4. J llE-10 
2 1 196.42 8.329E-10 1.562E-09 6.979E-10 1.007E-09 1.044E-09 7.703E-10 6. 167E-10 5.713E-10 5.725E-10 4.926E-18 
3 1 327.37 7.928E-10 1.487E-09 6.643E-10 9.585E-10 9.940E-10 7.332E-tlt 5.870E-10 5.437E-10 5.449E-10 3.832E-18 
4 1 458.32 7.310E-10. 1.371E-09 6.125E-10 8.836E-10 9.165E-10 6.7'60E-JO 5.412E-10 5.013E-10 5.024E-10 3.533E-18 
5 1 589.27 6.494E-10 · 1.218E-09 5.441E-10 7.851E-10 8.142E-10 6.005E-10 4.808£-10 4.454E-10 4.463E-10 3.138E-10 
6 1 720.22 5.473E-10 1. 026E-09 4.506E-10 6.61BE-10 6.863E-10 5.062E-10 4.053E-10 3.754E-10 3.762E-10 2.645E-10 
7 1 796.92 4.797E-10 . 8.997E-10 4.020E-10 5.800E-10 6.0t5E-10 4.437E-t0 3.552E-10 3.290E-10 3.297E-10 2.319E-10 
8 1 819.37 4.571E-10 8.572E-10 3.830E-10 5.527E-10 5.731E-10 4.227E-10 3.384E-10 3.135E-10 3. 141E-10 2.2~E-18 

9 1 841.82 4.336E-10 B. 131E-10 3.633E-10 5.242E-10 5.436E-10 4.010E-10 3.210E-10 2.974E-10 2.980E-10 2.096E-10 
10 1 864.27 4.095E-10 7.679E-10 3.431E-10 4.951E-10 5. 135E-10 3.737E-10 3.032E-10 2.808E-10 2.814E-10 1.979E-18 
11 1 886.72 3.845E-10 7. 211E-10 3.222E-10 4.649E-10 4.821E-10 3.556E-10 2.847E-10 2.637E-10 2.643E-10 1.859E-10 
12 1 909. 17 3.587E-10 6.726E-10 3.005E-10 4.337E-10 4.498E-10 3.318E-10 2.656E-10 2.460E-10 2.465E-10 1. 733E-10 

' 13 1 931.61 3.315E-10. 6.2t7E-10 2.77BE-10 4.008E-10 4.155E-10 3.065E-10 2.454E-10 2.273E-10 2.278E-10 1. 602E-10 
14 1 9:i4.06 3.027E-10 5.678E-10 2.537E-10 3.662E-10 3.798E-10 2.802E-10 2.243E-10 2.077E-10 2.082E-10 1.464E-10 
15 1 976.51 2.720E-10 5.099E-10 2.279E-10 3.207E-10 3.407E-10 2.5I2E-10 2.011E-10 I. 864E-10 1.868E-IO 1. 313E-1" 
16 1 998.96 2.381E-10 4.467E-10 I.996E-10 2.882E-10 2.990E-10 2.206E-10 1.766E-10 I.636E-I0 1.639E-I0 1. I52E-10 
17 1 1021.41 2.014E-10 3.773E-10 1. 637E-10 2.431E-10 2. 51BE-10 1.856E-10• I. 486E-10 I. 376E-10 1.379E-10 9.76tE-11 
18 1 1043.86 1. 594·E-10 2.996E-10 1.339E-10 1. 934E-10 2.009E-10 1.434E-l() 1.188E-10 1.101E-10 1.103E-10 7. 754E-11 
I9 1 1066.31 1.I51E-10 2. 148E-10 9.606E-11 1. 382E-l0 1.42BE-IO 1.051E-l() 8.404E-11 7.730E-Il 7. 793E-11 5.479E-11 
29 1 1088.75 5. 908E-11 1. I29E-10 5.051E-11 7.338E-I1 7.671E-11 5. 687E-11 4.562E-11 4.232E-ll 4.245E-11 2. 987E-1I 

2I 2 1100.41 2.265E-11 5.402E-11 2.346E-1I 3.876E-11 4.645E-11 3.661E-11 2. 795E-11 2.581E-11 2.561E-ll 1. 793E-ll 
22 2 1101.26 I. 985E-Il 5.098E-1I 2. 160E-11 3.720E-11 4.647E-I1 3. 705E-11 2. 783E-I1 2.557E-11 2. 525E-11 I. 765E-11 
23 2 I 102. 12 I. 755E-I1 4. 804E-11 1. 996E-11 3. 541E-11 4. 587E-11 3.717E-Il 2. 765E-11 2. 530E-11 2.490E-11 I. 737E-1I 
24 2 I102.98 1. 563E-1I 4. 524E-11 1. 848E-11 3. 357E-11 4.494E-11 3.707E-11 2. 742E-11 2.500E-11 2.453E-11 1. 709E-1I 
25 2 1I03. 84 1. 398E-11 4.257E-11 1. 713E-11 3.175E-11 4. 378E-11 3.679E-1 1 2.713E-11 2.468E-11 2.415E-11 1. 6SOE-11 
26 2 I104.69 1. Z>5E-1I 4.004E-11 1. 590E-1I 2.996E-11 4. 249E-I1 3.636E-11 2.678E-11 2.433E-11 2. 375E-11 1. 650E-11 
27 2 1105.55 1. 131E-11 3.764E-I1 1. 478E-11 2.825E-11 4.110E-11 3.581E-ll 2. 639E-1I 2.395E-I1 2.334·E-I1 t.620E-I1 
Z8 2 1106.41 1. 020E-I1 3.537E-11 1. 374E-11 2.660E-I1 3.965E-11 3. 5I7E-lll 2.596E-11 2.355E-11 2.292E-11 1.590E-ll 

....... ~9 ? 1107.26 9.220E-12 3.323E-11 1. 279E-11 2.593E-11 3.815E-11 3.444E-1D 2.549E-11 2.3I3E-I1 2.249E-I1 I. 559E-11 
I "2 N J8 I108. 12 8.342E-12 3. 120E-11 1. I91 E-11 2.353E-11 3.663E-1I 3.365E-11 2.499E-11 2.269E-11 2.205E-11 I.527E-ll 

0 31 2 1108.98 7.554E-12 2.929E-11 1. 1IOE- 1 1 2. 21 lE-11 3.509E-11 3.279E-11 2.445E-I1 2.223E-11 2.I60E-11 I.495E-11 
J2 2 1109.84 6.847E-12 2.749E-11 I. 034E-11 2.076E-1I 3.356E-Il 3. 189E-t I 2. 389E-11 2. 175E-ll 2. 113E-l1 1. 4(:3E-11 
J3 2 1 HO. 69 6.209E-12 2.579E-11 9.642E-12 1. 948E-11 3.205E-1I 3.094-E-~ I 2.330E-11 2.I25E-I1 2. 065E-11 1. 429E-11 
34 2 I I 1 1 . 55 5.634E-12 2.419E-11 8.993E-12 1. 82BE-11 3.055E-11 2. 997E-11 2. 268E-11 2.074-E-11 2.016E-I1 1. 396E-11 
35 2 I113.34 4.649E-12 2.123E-1I 7.820E-12 1. 603E-11 2.755E-11 2. 786E-11 2.133E-11 1. 960E-11 I.910E-ll 1.323E-ll 
36 2 I116.07 3.418:£.-12 1. 725E-11 6.273E-I2 1. 30 IE-11 2.32?E-11 2.463E-11 L920E-I1 1. 782E-11 1. 744E-11 1. 21CE-11 
37 2 1118.80 2.520E-12 1. 397E-11 5.034E-I2 1. 052E-11 1. 9<1·3E-11 2. 143E-11 I. 703E-I1 l. 597E-1I 1.573E-I1 1.094-E-11 
38 2 1121.52 I. B!JOE- 12 1. 127E-Il 4.036E-12 8.47IE-12 1. 606E-11 1. 33BE-11 I. 48BE-11 1. 41IE-l1 1. 398E-11 9.759E-12 
39 2 I124.~5 1. 374E-12 9.062E-12 3.227E-12 6.787E-12 1. 313E-11 1. 553E-1 1 1. 273E-11 1. 225E-11 1. 223E-11 8.569E-12 
40 ~ I1~6.93 1. 0 16E-12 7.246E-12 2.567E-12 5.398E-12 1. 050E-11 1. 290E-l 1 1.079E-11 1. 044E- 11 1. 050E-11 7.38~E-I2 
41 2 1129.71 7.494E-13 a.750E-12 2.024E-12 4.243E-12 8.411E-12 l.OaOE-11 8.897E-I2 8.69IE-I2 a. 79IE-12 6.204E-12 
42 2 I132.43 5.510E-13 4.510E-12 1. 573E-12 3. 271E-I2 6.508E-12 3.311E-12 c.It5E-12 6.999E-12 7.119E-12 5.04IE-12 
43 2 I135. 16 4.01BE-13 3.470E-12 l. 1C7E-I2 2.433E-12 4.822E-12 6.302E-12 t;; .430E-12 5.365E-12 5.48lE-12 3.893E-t2 
44 2 1137.39 2.372E-13 2.572E-12 3.484E-13 1.692E-12 3. 312E-12. 4.448E-l2 :::. 836E-12 3.793E-12 3.807E-12 2.770E-12 
45 2 1140.61 I. 914E-I3 1.713E-12 4.981E-13 9.457E-13 I.796E-12 2.566E-12 2. 168E-12 2. 120E-12 2.18t>E-12 I.565E-12 

INT ZONE MID PT. GROU Jl cnou 12 GROU 13 GROU 14 GROU 15 GROU 16 
1 1 65.47 3.753E-l0 4.038E-IO 3.54?E-10 2.980E-10 8.6?2E-IO 1.035E-08 
2 1 196.42 3.679E-10 3.953E-10 3.473E-I0 2.925E-10 8.491E-10 I . 0 I<:oE-08 
3 1 327.37 3.502E-10 3.763E-10 3.306E-10 2.784E-10 8.082E-10 9.647E-e9 
4 1 458.32 3.229E-10 3.470E-10 · 3.048E-10 2.567E-10 7.452E-10 G.895E-09 
5 I 589.27 2.069E-10 3.082E-10 2.708~-10 2.281E-10 6.620E-10 7 .901E-•)9 

TABLE (Cont•d) 6 1 720.22 2.418E-10 2.598E-10 2.282E-10 1.922E-10 5.589E-1@ 6.660E-og 7-5 
7 1 '?6 .•. 92 2.,H9E-10 2.277E-10 2.000E-10 1. 685E-10 4.891E-10 5.838E-o• ·~'· .. 
8 1 II 9·-:'!37 2.019E-10 2. 169E-10 1.906E-10 I.605E-10 4.659E-10 5.56tE-u• \ .. 
9 1 u41.B2 I. 916E-10 2.058E-10 I. 808E-10 I. 523E-16' 4.421E-10 5.277E-D• 



10 1 86- --. 1. 809E-10 1.1J43E=-t0 1. ?O?E-10 1.438E-10 4. 174E-10 4.981E-09 

~-11 1 a a f'; 1 . 6?1JE-'t0 1. 82aE-10 1.604E-10 1.351E-10 3.1J21E"'-10. 4.681E-09 (' 

12 1 9<L. --' 1. 584E-10 1. 702E-1C' 1.495E-10 1. 25?E-10 3.656E-10 4.362E-09 
13 1 931.61 1. 464E-1 0 1.574E-Hl' 1.382E-10 1. 164E-10 3.330E-10 4.037E-OIJ 
14 1 954.06 1. 338E-10 1. 43?E-10 1. 263E-10 1. 063E-10 3.086E-10 3.680E-09 
15 1 976.51 L 201E-10 1. 290E-1() 1.133E-10 9.546E-11 2. 771E-10 3.314E-o9· 
16 1 998.96 1.053E-10 1. 131E~10 9. 94·0E-11 8.371E-11 2.~·29E-10 2.890E-09 TABLE 7-5. (Cont'd) 
17 1 1021.41 8.867E-11 9 .520E-11 8.3?QE-11 7. 051E-11 2.047E-10 2.455E-09 
18 1 1043.86 7. 037E-11: 7. 614E-11 6. 639E-11 5.633E-11 1.634E-10 1. 930E-09 
19 1 1066.31 5.00?E-11 5.379E-11 4. 724E-11 . 3.979E-11 l. 155E-10 1. 401E-09 
20 1 1088.75 2.731E-11 2. 935E-11 2. 530E-11 2. 173E-11 6.~03E-11 7.223E-10 

21 2 l100. 41 1. 626E- 11 1. 749E-ll 1. 551E-11 1. 273E-11 3.633E-11 2.046E-10 
22 2 l101. 26 1. 597E-ll 1. 718E-11 1. 52BE-11 1. 246E-11 3.56lE-11 1.8?5E-10 
23 2 1102. 12 1. 569E-11 1.687E-11 1. 503E-11 1. 220E-11 3. 4·90E-11 1. 759E-10 
24 2 1102.98 1. 540E-11 1. 655E-11 1. 478E-11 1. 195E-11 3.419E-11 1. 637E-10 
25 2 1103.84 1. 512E-11 1.624E-ll 1. 452E-11 1. 171E-11 3.348E-11 1. 524E-10 
26 2 1104.69 1.4G3E-11 1. 592E-ll 1. 425E-11 1. 146E-11 3. 276E-11 1. 420E-10 
27 2 1105.55 1. 4a'!oE-tt 1. a61E-1t 1. 3?8E-ll 1 . 12.'~E- 11 3. 205E-11 l. 326E-10 
28 2 il106.41 1, 425E-ll 1.529E-11 1. 370E-11 1. 090E-11 3. 13aE-11 1. 238E-10 
29 2 1107.26 1. 3?6E-11 1. 497E-11 1. 342E-11 1. 074E-11 3.064E-11 1.158E-10 
30 2 1108. 12 1. 366E-11 1. 465E-11 1. 314E-11 1. 050E-11 2. 99<!.·E-11 1. 083E-10 
31 2 1108.98 1. 337E-11 1. 433E-11 1. 2B6E-11 1. 026E-11 2.924E-11 1.015E-10 
32 2 1109.8·1. 1. 307E-11 1. 400E-11 1. 2!17E-11 1. 002E-11 2. G54E-11 9.512E-11 
33 ..., 

1110.69 1. 277E-11 1. 367E-11 1. 22BE-11 9.783E-12 2.784E-11 0. 92·1E-11 .. 
34 2 1 Ill. 55 1.246E-ll 1. 334E-ll 1. 198E-11 9.5-42E-12 2.713E-ll 0. 379E-11 
35 2 1113.34 1. 181E-11 1. 264E-ll 1. 136E-11 9.038E-12 2.567E-ll 7.395E-11 
36 2 1116.07 1.080E-ll 1. 156E- 1 1 1. 04·0E-11 8.267E-12 2. 344E-ll 6.fl95E-11 
37 ~ 1118.80 9.777E-12 1. 047E-11 9.424E-12 7.<;39E-12 2. 121E-11 5. 015E-11 ... 
38 2 1121.52 8-. 736E-12 9.365E-12 8. 4·36E-12 <5.705E-12 1. 893E-11 4. 183E-ll 
39 2 1124.25 7.68£E-12 8.251E-12 7.441E-12 5.916E-12 1. 674E-11 3. 459E-11 
40 2 1126.98 6.636E-12 7. 134E-12 6.442E-12 5. 125E-12 1. 4·()0E-11 2.839E-11 
41 2 1129.71 5.590E-12 6.019E-12 5.442E-12 4.333E-12 1. 226E-11 2.296E-ll 
42 2 1132.43 4.553E-12 4.909E-12 4.444E-12 3.542E-12 1. 003E-11 1. BOIJE-11 
43 2 1135. 16 3.!)23E-12 3.804E-12 3.443E-12 2.751E-12 7.733E-12 1. 360E-11 
44 2 1137.89 2.510E-12 2.713E-12 2. 4·63E-12 1. 969E-12 5.562E-12 9.438E-12 
45 2 1140.61 1.420E-12 1. 535E-12 1. 398E-12 1. 123E-12 3. 147E-12 5. 135E-12 

,.-.. , 

~ 
I 

N ...... 



wiDIARY FOR ZONE' 1 

GRP. 
1 
2 
3 
4 
5 
6 

•7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 

GRP. 

........ 
I 

N 
N 

l 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 

FIX SOURCE 
0.00606E+OO 
0.00000E+00 
0.00000E+00 
0.00000E+00 
0.00000E+00 
0.00000E+00 
0.00000E+00 
0.00000E+OO 
O.OOOOOE+OO 
0.00000E+00 
0.00000E+00 
0.00000E+00 
0.00000E+OO 
0.00000E+00 
0.00000E+00 
0.00000E+00 
0.00000E+00 

RT DDY FLUX 
2. 16637E-11 
4.97629E-ll 
2. 19016E-11 
3.53407E-ll 
4. 14334E-11 
3.25192E-11 
2. 50703E- I I 
2.32144E-11 
2.30900E-11 
1.61812E-11 
1 . 46957E-11 
1 . 58027E- 11 
1 . 39932E- 11 
1.15239E-11 
3.28577E-ll 
1 . 904·~2E- 1 0 
5.69453E-10 

BY GROUP INCLUDING SUM FOR ALL GROUPS 

FISS SOURCE IN SCATIER SLF SCATIER 
2.04006E-01 O.OOOOO.E+OO 6.73625E-02 
3.44000E-01 1. 49046E-01 2. 10592E-01 
1.68000E-01 2.60163E-01 1.56453E-01 
I • 80000E-O 1 5.19106E-01 3.48228E-01 
9.00000E-02 8.47671E-01 6.801?7E-01 
1.46000E-02: 1. 02420E+OO 8. 32311E-01 
3.00000E+OO 1. 02941E+00 7.74096E-01 
0.00000E+OO I. 01847E+OO 7.35164E-Ol 
0.00000E+OO 1. 0 1868E+OO 7.39213E-01 
0.00000E+OO 8.71648E-01 3.65904E-01 
0.00000E+OO 8.30213E-01 3.01530E-01 
0.00000E+OO 8.70843E-01 3.44066E-01 
0.00000E+OO 8.28978E-01 2.70474E-01 
0.00000E+OO 7.28405E-01 3.36610E-01 
0.00000E+00 8. 95932E-O I 3.33493E+OO 
0.00000E+OO I. 09096E+00 8.60165E+Ol 
1.00000E+00 1.19837E+01 9.55136E+Ol 

RT BDY J+ RT BDY J RT LEAKAGE 
9.7002'5E-l2 7.80203E-12 1. 18628E-04 
1. 77936E-11 9.51759E-12 1 . 44712E-04 
7.30092E-12 3. 19446E-12 4.85708E-05 
1 • 03923E- 11 2.52790E-12 3.84360E-05 
1 . 07950E- 11 3.42573E-13 5.20873E-06 
8.02325E-12 -4.66281E-13 -7.08966E-06 
6.47549E-12 2.06696E-13 3. 14276E-06 
6.06665E-i2 3.34270E-13 5.08247E-06 
6. 10677E-l2 4.76737E-13 7.24B65E-06 
4.30309E-12 3.81255E-13 5.796B7E-06 
3.93397E-12 3.96617E-13 6. 0304<4.-E-06 
4.22877E-12 4.23981E-13 6.446G2E-06 
3.71765E-12 3.23933E-13 4.92607E-06 
3. 12196E-12 3.81377E-13 5.79373E-06 
8.83023E-l2 9.60630E-13 1 . 4606 lE-05 
5~82816E-11 1 . 8B848E- I 1 2.8713BE-04 
1.69071E-I0 4. 56886E-11 6.94683E-04 

c... 

"'C.tf)-..:. 
:~·}t~~ 

IN LINE 17 ZONE VOLUME= 5.57495E+09 I .. ~ ~~ '.·• =~~ 
OUT SCATIER ABSORPTION LEAKAGE BALANCE 

I ':''17 
2.51048E-0l 3. 14304E-03 1. 18628E-04 8.90227E-01 
5.77544E-01 2. 02558E-04. 1.44712E-04 9.20775E-01 
4.69467E-01 8.62014E-05 4.85708E-05 9.53842E-01 
7.43361E-01 1 • 07558E-04 3.84360E-05 9.69222E-01 .·.::: 
9.59763E-01 1.05014E-04 5.20873E-06 9.88299E-01 

.. 

1.04156E+OO 1 • 06908E-04 -7.03966E-06 9.98339E-01 
:1; 

1. 02928E+03 1 • 23601 E-04 3. 14276E-06 1 . 00000E+OO 
1.01814E+OO 3.25109E-04 5.08247E-06 1.00000E+OO 
1.01744E+00 1 . 23297E-03 7.24865E-06 1.00000E+OO 
8.69086E-01 2.55560E-03 5.79687E-06 1.00000E+00 
8.26845E-01 3.36131E-03 6.03044E-06 1.00000E+00 
8.67581E-01 3.25462E-03 6.44652E-06 1.00000E+OO 
7.94697E-OI 3.42752E-02 4.92607E-06 1.00000E+OO 
7. 17754E-O 1 1.06438E-02 5.79873E-06 1.00000E+00 
8.04925E-OI 9.0?889E-02 1. 46061E-05 1.00000E+OO 
7.26795E-02 1. 0 t794E+OO 2.37138E-04 1.00002E+00 
1. 20612E+01 1. 16846E+OO 6.94683E-04 9.90593E-01 

LFT LE.\KAGE FISS RI\TE TOTAL FLUX DENSITY 
0.00000E+OO 3.644J.3E-04 2.27847E+OO 2.27847E+OO 
0.00000E+OO 6.24409E-04 4.27341E+OO 4.27341E+00 
0.00000E+00 2.52263E-04 1 . 9095 1E+00 1. 90951E+00 
O.OOOOOE+00 2.94929E-04 2.75542E+00 2.75542E+OO 
O.OOOOOE+OO 2.59913E-04 2.85743E+00 2.85743E+OO 
().00000!!:+00 2.38358E-04 2.10769E+00 2. 10769E+OO 
0.00000E+00 2. 4·582!JE-04 1.68737E+OO 1. 68737E+06 
0.00000E+00 3.53905E-04 1.56309E+00 1. 56309E+OO 
0.00000E+00 1 . 26932E-03 1.56634E+00 t.G6634E+OO 
0.00000E+00 2.30344E-03 l.l0143E+OO 1.1014~E+OO 
0.00006E+00 3.80643E-03 1.00673E+00 1. 00573E+OO 
0.00009E+CO 2.64846E-03 1. 68176E+00 1. 08170E+00 
0.00000E+00 9 .'.> 1065E-0.4 9.50283E-01 9.50283E-01 
0.00000E+00 4.84105E-03 8.00409E-01 8.00401)E-01 
0.0C000E+OO 1 . 32528E-0 1 2.32328E+OO 2.32328E+OO 
0.00000!!:+00 1 . 04903E+00 2.77228E+01 2.77228E+01 
0.00000E+00 1 . 2009 1 E+OO 5.59853E+Ol 5.59853E+01 

' , . 

TABLE 7-5 (Cont•d) 



wMMARY FOR ZOI'F. ~ BY GROUP INCLUDING SUl'f FOR ALL GROUPS IN LINE 17 ZONE VOLUME= 6.63294E+08 .I. r .... r 
. . -~-~~ 

GRP. FIX SOURCE FISS SOURCE IN SCATTER SLF SCATTER OUT·. SCATIER ABSORPTION LEAKAGE BALANCE 
••. _;,;;i 

.· :-:~'~ 
1 0.00000E+OO 0.00000E+00 0.00000E+00 2.44735E-04 1.20627E-04 1.01548E-03 -1. 17194E-04 1.09000E+00 I'·~~.; 
2 0.00000E+00 0.00000E+00 1. 00756E-04 1.25374E-03 2.48830E-04 5.97416E-07 - 1 • 33270E-04 9.2399<iE-01 ,·· .'·'i 

3 0.00000E+00 0.00000E+00 2. 13157E-()'4 7.76351E-04 2.64371E-04 1. 10686E-07 -4.59670E-05 9.875BBE-01 . ~~~;:; 
4 0.00000E+00 0.00000E+00 2.88706E-04 1 . 96 117E-03 3.2635BE-04 2.05352E-07 -3.37674E-03 9.92963E-01 _ ... , .. , . 
G 0.00000E+00 0.00000E+OO. 3.39704E-C4 3.62681E-03 3.36167E-04 3.36180E-07 3.24993E-06 9.99927E-01 

. ·; 
~ i 

6 0.00000E+00 0.00000E+00· 3.34870E-C4 2.63339E-03 3. 11313E-04 8.4351BE-07 2. 06113E-05 1.00314E+00 
7 0.00000E+00 0.00000E+00 3.02396E-04 2.35878E-03 2.93650E-04 4.62531E-07 7.69049E-06 1.0009U.E+00 ' . \"i 
8 0. 00·~00E+00 0.00000E+00 2. 91689E-04 2.236B2E-03 2.85228E-04 6.49597E-07 5.37213E-06 1.00075E+00 
9 0.00000E+00 0.00000E+00 2.85058E-M 2.23858E-03 2.79210E-04 2. 10668E-06 3.51648E-06 1.00649E+OO : 

10 0.00000E+00 0.00060E+OO 2.60104E-04 1.46709E-03 2. 55819E-04 2. 18107E-06 1.96612E-06 1.00026E+00 
11 0.00000E+00 0.00000E+00 2.51043E-04 1 . 29980E-03 2.47574E-04 2.47178E-06 1. 01441E-06 9.99975E-01 
12 0.00~00E+00 0.00000E+OO 2.54083E-04 1 . 41363E-03. 2.48283E-04 4.59553E-06 1.15434E-06 1.00010E+OO 
13 0.00000E+00 0.00000E+G0 2.43558E-04 1.22610E-03 2.33947E-04 7.44103E-06 2. 0414·0E-06 1 • 00026E+00 .i;· 
14 0.00000E+00 0.00000E+OO 2.24530E-04 9.53073E-04 2. 15058E-04 9.76547E-06 -1. 69895E-07 9. 99741E-01 
15 0.00@00E+00 0.00000E+OO 2.37506E-04 3.26?26E-03 1. 84829E-04 5.20917E-05 9.31663E-07 9.99270E-01 
16 0.00000E+00 0.00000E+00 2. 19656E-04 1. 20599E-02 1. 04509E-0.4 4.10292E-04 -2.63081E-04 9.31977E-Ol 
17 0.00000E+OO 0.00000E+00 3.84683E-03 3.90692E-02 3.95578E-03 5.04305E-04 -5.45901E-04 9.91321E-01 

GRP. RT BDY FLUX RT BDY J+ RT BDY J RT LEAKAGE . LFT LEAYJ\GE FISS RATE TOTAL FLUX DENSITY 
1 1.30783E-13 8.74478E-14 8.74473E-14 1.43309E-06 1 . 13628E-04 0.00000E+00 2.93238E-03 2.9320GE-03 •,. 

2 1.14193E-12 6.98228E-13 6.98228E-13 1.14426E-05 1.44712E-04 0.00000E+00 1. 11321E-02 1.11321E-02 
3 2.74959E-13 1.58885E-13 1. 58885E- 13 2.60380E-06 4.85708E-05 0.00000E+00 4.27073E-03 4.27073E-03 
4 4.90114E-13 2.84876E-13 2.84876E-13 4.66855E-06 3.84360E-05 0.00000E+00 8.27587E-03 8.27507E-03 
5 8.87830E-13 5.16150E-13 5. 16150E-13 8.45866E-06 5.20873E-06 0.00000E+00 1.31442E-02 1.31442E-02 
6 1.41@30E-12 8.25109E-13 8.25109E-13 1. 35219E-05 -7.08966E-06 0.00000E+OO 1. 29925E-02 1. 29925E-02 
7 1.13885E-12 6.61048E-13 6.61048E-13 1.08333E-05 3. 14276E-06 0.00000E+00 1.00958E-02 1. 0095BE-02 
8 1.10060E-1~ 6.37943E-13 6.37943E-13 1 . 04:146 E-05 5.08247E-06 0.00000E+OO 9.40596E-03 9.<!-0596E-03 
9 1.13364E-l2 6.5689IE-13 6.56091E-13 1.07651E-05 7.24865E-06 0.00000E+OO 9.27727E-03 9.27727E-03 

10 0. 17586E-13 4.73700E-13 4.73700E-13 7.76299E-06 5.79687E-06 0.00000E+OO 6.47012E-03 6.47012E-03 

4o:·o.· 
II 7.42362E-13 4.29879E-13 4.29879E-13 7.0448GE-06 6.03044-E-06 O.OOOOOE+OO. 5.80702E-03 5.00702E-03 
12 8.0120BE-13 4.63807E-13 4.63807E-13 7.60086E-o6 6.44652E-06 O.OOOOOE+OO 6.23304E-03 6.23304E-03 
13 7.34395E-13 4.25157E-J3 4.25157E-13 6.96747E-06 4.92607E-06 0.0000~E+OO 5 .. 59979E-03 5.59979E-03 
14 ~.93231E-13 3.43473E-13 3.43473E-13 5.62BB3E-06 5.79B73E-06 o.oooooE+oo 4.47891E-03 4.47091E-03 
15 l. 63<.t20E-12 9. 48119E-13 9.48119E-13 1 . 55373E-05· l. 46061 E-05 0.00000E+00 1.27303E-02 1 . 27303E-02 
16 2.G3068E-12 1. 46799E- 12 1. 46799E- 12 2.40575E-05 2.87138E-04 0.00000E+00 4.01966E-02 4.01966E-02 
17 1. 55678E-11 9.07071E-12 9.07871E-12 1 . 48782E-04 6.94683E-04 0.00000E+00 1. 63043E-01 1.63043E-01 

...... 
I 
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wMI11\RY FOR S'\'STEH INCLUDING SUM OVER ALL GROUPS IN LINE 17 SYSTEM VOLUME= 6.23825E+09 I. 
:'' .(: 

GI\P. FIX SOURCE FISS SOURCE IN SCA'ITER SLF SCATTER OUT SCATTER ABSORPTION LEAKAGE BAL.MiCE •·:·.:•:·, .. 

1 O.OOOOOE+OO 2.04000E-01 0.00000E+00 6.76072E-02 2.51169E-01 3;15320E-03 1.43309E-06 8.90201E-01 
.. 

: !.; 

2 O.OOOOOE+OO 3.44000E-01 1 . 49147E-01 2. 11846E-01 5.77793E-01 2.03156E-04 t. 14426E-05 9.20777E-Ol . ~.:. ::;· 

3 0.00000E+OO 1 • 68000E-01 2.60376E-01 1.57230E-01 4.69732E-01 8.63121E-05 2.60380E-06 9.538G8E-01 •' ,, 

4 0.00000E+00 1 . 80000E-O 1 5. 19395E-O 1 3.50189E-01 7.43688E-01 1.07763E-04 4.66855E-06 9.69231E-01 ;.:;.}, 

5 o.oooooE+oo .9.000ME-02 8.48010E-01 6.83824E-01 9.60099E-01 1 . 0535 lE-04 8.45866E-06 9.88303E-01 ·•\_:·i 
6 0.00000E+OO 1. 40000E-02. 1.02454E+OO 8.34945E-01 1.04187E+00 1 . 0775 1 E-04 1. 35219E-05 9.98341E-01 ~ :~ fi1 

7 0.00000E+00 0.00900E+00' 1.02971E+03 7.76455E-01 1.02957E+OO 1.29063E-04 1. 08333E-05 1.00000E+OO : -~t,· 

8 O.OOOE>OE+00 0.00000E+OO 1 . 01676E+00 7. 37451E-01 1.01842E+00 3.25753E-04 1.04546E-05 1.00000E+00 ':i,;: 

9 0.00000E+OO 0.09000E+OO 1.01696E+OO 7.414ti1E-01 t.01771E+OO 1.23503E-03 1. 07651E-05 1.00000E+OO .. 

10 0.00000E+00 0.00000E+OO 8.71909E-01 3.67371E-01 8.69342E-01 2.G5778E-03 7.76299E-06 1 . 00000E+OO ·':': 
11 0.00000E+00 0.00000E+00 8. 30464·E-O 1 3.02330E-01 8.27092E-01 3.363781!:-03 7.04485E-06 1.00000E+00 ? ~ 
12 0.00000E+OO 0.00000E+OO 8.71097E-01 3.45479E-01 8.67829E-01 3.25922E-03 7.60086E-06 1 . 00000E+OO '· ~ 
13 0. 00000E+00 · 0.00000E+OO 8.29221E-01 2.71700E-01 7.94931E-01 3.42826E-02 6.96747E-06 1.00000E+00 : •'' .. 
14 0.00000E+OO 0.00000E+00 7.28629E-01 3.37563E-01 7. 17969E-01 1. 06536E-02 5.62883E-06 1.00000E+00 . ' 
Hi 0.00000E+OO 0.00000E+OO 8.96169E-01 3.33820E+OO 8.05110E-01 9. 10409E-02 1.55378E-05 1 . 00000E+00 
16 O.OOOOOE+OO O.OOOOOE+OO 1. 09118E+OO 8.602&5E+01 7.27840E-02 1 . 0 1835E+OO 2.40575E-05 1 . 0000 IE+OO 
17 0.00000E+OO 1 . 00000E+OO 1.19876E+01 9.55527E+01 1. 20651E+O 1 1.16S96E+00 1.48782E-04 9.90593E-01 

GRP. RT BDY FLUX RT BDY J+ RT BDY J RT LEAKAGE LFT LEAKAGE FISS nATE TOTAL FLUX DENSITY 
1 1.30783E-13 8.74478E-14 8.74478E-14 1.43309E-06 0.00000E+00 3.64413E-04 2.28140E+00 2.28140E+00 
2 1.14l93E-12 6.98228E-13 6.96228E-13 1. 14426E-05 0.00000E+OO 6. 244·0?E-04 4.28455E+OO 4.28455E+OO 
3 2.74959E-13 1. 58885E-13 1. 58885E-13 2.60380E-06 0.00000E+00 2.52268E-04 1.91378E+00 1.91378E+OO 
4 4. 90 114E- 13 2.84876E-13 2.84876E-13 4.66855E-06 0.00000E+OO 2.94929E-04 2.76369E+00 2.76369E+OO 
5 8.87830E-13 5. 16150E-13 5.16150E-13 8.45865E-06 0.00000E+00 2.59913E-04 2.87056E+OO 2.87058E+00 
6 1.41033E-12 8.25109E-13 8.25109E-13 1.35219E-05 0.00000E+00 2.3835BE-04 2. 12068E+00 2.1206DE+OO 
7 1. 13885E-12 6.61048E-13 6.61048E-13 1.08333E-05 0.00000E+OO 2.45828E-04 1.69746E+00 t . 69741JE+OO 
8 1. 10060E-12 6.37943E-13 6.37943E-13 1.04546E-05 0.00000E+00 3.53905E-04 1.57249E+OO 1.57249E+00 
9 1.13364E-12 6.56891E-13 6.56891E-13 1.07651E-05 0.00000E+OO 1 . 26932E-03 1 . 57562E+00 1.57562!.!:+00 

10 B. 17586E-13 4.73700E-13 4.73700E-13 7.76299E-06 0.00000E+OO 2.30844E-03 1.10790E+00 1.10790E+OO 
11 7. 4·2362E-13 4.29079E-I3 4.29879E-13 7.04485E-06 0.00000E+00 3.G0643E-03 1 . o 12a3E+OO 1. 0 1253E+OO 
12 0.01288E-13 4.63807E-13 4.63807E-13 7.60036E-06 0.00000E+OO 2. 6484·6E-03 1 . 08794E+OO 1. 08794E+OO 
13 7.34395E-13 4.25157E-13 4.25157E-13 6.96747E-06 0.00000E+00 9.91065E-04 9.55883E-01 9.550S3E-01 
14 5.93231E-13 3.43473E-13 3.43473E-13 5.62883E-06 0.00000E+OO 4.04705E-03 8.04!130E-01 0.04338E-01 
15 1.63920E-12 9 . 481 19 E- 13 9.48119E-13 1. 5537BE-05 e.oooo0E+00 1.32rl23E-01 2.33601E+00 2. 3360 lE+OO 
16 2.53068E-12 1.46799E-12 1. 46799E-12 2.405751!:-05 0.00000E+00 1. 04988E+00 2.77630E+01 2.77630E+01 
17 1. 55678E.., 11 9.07871E-12 9.07871E-12 1.4B782E-04 0.00000E+OO 1 • 2009 1 E+OO 5.61464E+01 5. 614·84E+O 1 
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F.FFEC.TIVE ONE-GROUP PARAMETERS 
'~ . . 

JNPUT TRANSVERSE. BUCKLING (l/CM**2> = 
f•'lTPm' ~1.!\DJAL BUCKLING l'iG**2 ( l/Cr1**2> = 
LADIAL 13UCKLING FOR CRITICALITY< l/Cl'l**2> = 
TOTAL BUCKLING FOR CRITICALITY < l/CM**2) = 
EFFECTIVE DIFFUSION COEFFICIENT < CM ) = 
EFFECTIVE I'IIGRATION AREA < CI-1**2 ) - . 
INFINITE MULTIPLICATION FACTOR = 

-4.43788£-02 
1.2t62~E-03 

. 0. 0000oE+OO . 

4.67865E-01 
6.74184E+01 
1.02733E+00 

THIS PROBLEM REQUIRED 733.00 SECONDS 

r 
TABLE 7~5 (Cont•d) 
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APPENDIX A 

EXAMINATION OF SPECIMENS FROM CAREY SALT MINE 

The examination of specimens from the Carey Salt Mine was conducted 
by ORNL as part of previous salt repository investigations .. The following 
discussion is excerpted from an ORNL intra-laboratory correspondence from 
J. C. Griess to A. L. Boch dated October 25, 1973: 

A pillar heater pipe and several panels from the Carey Salt Mine in 
Kansas have been examined for the purpose of determining the type and extent 
of corrosion. The pillar heater pipe was a 4-in. Sch. 40 carbon steel· pipe 
13 ft. long and had been buried in the salt for about seven years. Initially 
a gap existed between the salt and the pipe. About a year after burial, water 
was added to a hole adjacent to the pipe, and apparently some of the water 
found its way into the region between the salt and the pipe. Visual 
examination of the pipe indicated that the water level had been about one­
half the p~pe depth. The ·lower half of the pipe was very heavily corroded. 
though much less corrosion was noted on the top half. The presence of water 
caused the salt to crystallize around the pipe and make removal difficult. 
When the pipe was removed, no evidence of water was found in the hole. Thus 
the period of time when the pipe was exposeq to wet salt is not known. 
Similar .pipes exposed under the same conditions at other locations did not 
show the heavy attack that was present on this pipe, and their removal from 
the salt was relatively easy. 

·The pillar pipe was cut into sections about 4 in. long and two pieces 
from the lower half and two from the upper half were descaled in inhibited 

.5% hydi"ochlor·it: aciLl. Bulh piece~ fr·u11J the lower tlalf were covered w1th an 1 __ 

irregular, thick, red oxide, much of which was removed by gentle tapping 
with a hammer; most of the rest was removed by the acid. In addition to 
heavy general attack, many large hemispherical pits were randomly distributed ) 
on the surface of the pipe. While none of the pits penetrated the pipe 
wall (0.237 in. initially), several came within a few mils of doing so. 

A-1· . 



Considering the statistical distribution of pit depths, a stateme~t that 
the maximum pit depth.was about equal to the wall thickness is reasonably 
accurate. 

. The two pieces cut from the upper. ha 1 f of the pipe were uni.formly 
covered with rust. After descaling only minor attack was found. Numerous 
small pits were present on the surface, but none was deeper than a few mils. 

·Considering the du~ation of. the exposure (7 yrs.), the attack on the upper 
half of the pipe was of only minor significance. Presumably the attack 
observed on the top of this pipe was typical of that on the other pipes 
which were not exposed to water. 

Thr~e sets of panels that were exposed in the same mine for about 
three years were also examined. Each set consisted of three panels, each 
6-I'/4 in. x 6-1/4 x either 1/8 or 1/16 in .. One was 304. stainless steel; 
one was galvanized steel; and the third was carbon steel. The panels were 
not weighed before exposure, and only qualitative results were obtained. 

One set of specimens was exposed to the mine atmosphere in a room 
well removed from the shaft. In this environment neither the stainless 
steel nor the galvanized steel showed any visible attack. The carbon steel 
was covered with red rust, whi~h was easily removed in the inhibited acid 
solution. No localized ~ttack was noted, and corrosion damage was incon­
sequential. 

A second set was exposed in a similar location in the mine, except 
in this case the panels were buried in the salt for the three-year period. 
After removal of the salt, the stainless steel panel had afew rusty areas, 
but no significant localized attack was observed. The galvanized steel 
was heavily encrusted with salt, the removal of which revealed a whitish­
grey material, probably zinc oxide. In a few areas some metailic zinc 
still remained under the white oxide. This panel was not descaled, but 
destructive ·corrosion appeared to be minimal. The zinc protected the steel, 
but corrosion undoubtedly would have begun after the last small. amount of 
remaining zinc had been oxidized. The carbon steel panel was covered with 
a relatively heavy coating of rust, which was.mostly removed in the 
inhibited acid. The surface of the steel was covered with small pits, 
which were only about 1 to 3 mils deep. Overall the attack was not great 
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and was similar to, but less than, that observed on the upper part of the 
pillar pipe. 

The third set of panels was· exposed near the main shaft where the 
humidity was high. In addition, brine solutions must have actually dripped 
on the panels for some time since all three panels were covered with 
heavy adherent deposits of salt, which contained finely divided solid 
impurities. The 304 stainless steel had a few thinly rusted areas and one 
large area where the surface appeare~ to be slightly roughened. However, 
corrosion damage was insignificant. After removal of the salt deposit the 
galvanized panel was mostly grey with areas which were heavily rusted. No 
trace of metallic zinc could be found. All deposits were removed in the 
inhibited acid revealing a smooth surface with no significant attack. 
Apparently the zinc had protected the steel for most of the exposure. ·The 
carbon steel panel was covered with very heavy deposits of red oxide, most 
of which was detached by light tapping with a hammer. Acid tre~tment removed 
most of the rest. The panel was reduced in thickness by about 20.mils 
(10 mils on each side) and in addition contained numerous round-bottom pits 
3 to 5 mils deep. Thus the average penetration rate was about 5 mils 
per year. 

The results of this examination show the· severity of the corrosion of 
carbon steel in wet salt. Based on the above information, it is not possible 
to arrive at an accurate corrosion-penetration rate since the time that 
water was in contact with the pillar pipe is not known. However, ~ven unde~ · 
the most favorable conditions, the maximum penetration rate at the deepest 
pit was about 40 mils.per year (0.237 in. in six yrs.). It should be noted 
that this attack occurred at mine temperature. At higher temperature higher 
penetration rates would be expected. How fast the corrosion rate increases 
with temperature cannot be predicted with any degree of confidence, since 
:much depends on the nature of the films that form and on the change~ in 
solution chemistry with temperature. 

Galvanizing steel surfaces provides temporary protection. However, the 
protection lasts only as long as the zinc, and in aggressive environments 
the zinc is soon consumed. Since zinc affords protection to steel, one 
might conclude that carbon steel could be cathodically protected in the 
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same way that many buried structures are protected. However, the 
electrical conductivity of the salt is so low that cathodic protection 

z from an exter'i or source seems impracti ca 1. 
·The corrosion resistance of stainless steel in the above environments 

-· was excellent. However, at higher temperatures in the presence of water, 
~ stress-corrosion cracking would be expected. In addition, if the brine 

becomes slightly acid, pitting of the stainless steel would be. expected 
even at mine temperature. 
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APPENDIX B 

RADIATION REDUCTION COST-BENEFIT ANALYSIS BASIS 

Summary 

The basic approach is to calculate the total direct cost (TDC) by 

equating the man-rem/year reduction multiplied by a dollar per man-rem 

justifiable cost with the annual fixed cost. At a given interest and· 

plant life (years.), the .TDC can then b~ calculated using t.hP. P.fJUi'lt.ions 

provided below. The method developed i6 con6i6tent with thit rQcommfindfid 

by Reg. Guide 1.110. 

Details 

The basic formula utilized is that the Total Annual Cost (TAC) equals: 

TAC = AFC + ADC + AMC _ 

where AFC is the annual fixed cost 

ADC is the annual operating cost 

AMC is the annual maintenance cost 

Since this calculation is performed without specific equipment in 

mind, ADC and AMC can be set equal to zero to provide a bounding value for 

the calculation. 

Therefore, TAC = AFC. The AFC, per Req. Guide 1.110,·can thus be 

equated to the total direct cost (TDC) as follows: 

TCC = _AF_C = ___ A_F_C __ _ 
CRF i(l+i)n 

[ ( 1 ·•· i ) n 1 ] 

wht!r·~ i- iuLer·esL r·dLe 
n =capitalization period. 

For the case of an assumed worth of $5000 per man-rem (i.e. a censer-

\, 

'.·) vative estimate of ju~tifiablc cost expenditures ba~cd on health- related 
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impacts) i = 10%, n = 30 years and an indirect cost factor of 1. 5, the 

justifiable· associated direct costs for a .500 man-rem exposure reduction 

1... is: 

f'-. 

TDC = ( 500 ) x (lOOO) ~$3.1 x 106 .; TDC x 1.5 ~$4.7 x 106 Total Capital Cost 
' (1.5) (0.1061) 

Reduction from 1.6 man-rem/year (off-site) to zero has an associated 

justifiable total cost of: 

(l. 6) (lOOO) ~$10 x 103; TDC x 1.5 ~$15 x 103 Total Capital Cost 
(1. 5) (.1061) 

This means that the maximum justifiable expenditure 'tor reducing the 

dose budget by 500 man-rems 'would be $23.5 mill ion for the above assumptions. 
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APPENDIX C 

DISCUSSION OF THE ION-EXCHANGE PROCESS FOR REMOVING 

RADIOACTIVE CONTAMINATION FROM WATER 

Salts dissolved in water dissociate into positively-charged ions 

(cations) and negatively-charged ions (anions). The solutions are electri­

cally neutral, that is, the number of posi.tive charges present balances 

the number of negative charges. 

Ion exchanyt:!r·s also contain cations and a_nions in a condition of 

elect.roneutral1ty. The exchaii!-Jt:! mt:!ll"ia diff~l" fl·om solution~ in that only 

one of the two ionic species is mobile. For example, a typical sulfonic 

ocid cation exchanger has immobil~ ion-exch~nge sites consisting of the 

anionic. radicals so;, mobile cations such as H+ or Na+ are attached to 
.these sites, and these cations may be exchanged in an ion exchange reaction. 

An anion exchanger similarly has immobile cationic sites with mobile hydr­

oxide anions attached that can also be exchanged. 

Ion exchange between a solid exchanger and ions in water takes place 

without structural change in the solid material. The ions in the solution 

diffuse rapidly into the molecular network of the exchanger, reach the 

ion exchange sites, and the interchange of ions occurs. The ions in the 

exchanger in turn diffuse out of the exchanger into the solution. Cation 

exchanges with hydrogen in a cation exchanger with the functional group 

consisting of 6Ulfonic acid S08 H ~re aiven in the following equation in 

ionic form: 

--e-.....,>~ z . 

L in solution 

in which Z represents the matrix of the exchanger. 

Ca 
Mg 
2Na · +.2H+ 

2K J 
in solution 

The reaction is reversible, wilh the reaction proceeding-to the right 
when the water is being treated and to the left during regeneration with 
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acid. During the regener~tion phase, the acid removes the cations from 
d. 

the exchanger and restores the exchanger to its hydrogen form. Similar 

reversible ionic transfers occur in anion exchangers. In this case, the 

exchanger is regenerated with a strongly basic solution such as caustic 

soda (NaOH). 

The reaction equations indicate that a complete exchange of cations 

or anions· could occur. Unfortunately, even in efficient ion~xchange beds, 

some of the ions escape into the effluent. In downflow operation the un­

wanted ions are ~rogressively removed as the water percolates.down through 

the bed. As a result, the exchanger captures more of th~ ions at the top 

than at the bottom. The purity of the exchanger at the bottom determines 

the purity of the effluent, because as the liquid percolates down,_the. ions 

decrease in concentration. The driving force for purification is the dif­

ference in concentration between the ions in the liquid and those in t~e 

lowest part of the exchanger bed. The bottom region of an ion-exchange 

medium generally can not be sufficiently well regenerated to provide for 

complete freedom of migration for the unwanted ions, and some ions pass 

through the bed as leakage. 

In general, at low conc~ntrations of ions in the water, the divalent 

ions are held on the e~change bed more tightly than are the monovalent, 

and the trivalent are held more tightly tha~ the divalent. The ion-ex­

change resins exhibit relative selectivities for cations in the same 

valence group such. that in many acid forms of ion exchangers, the major 

cations are exchanged in the series: 

·. ? . 

C ,_+ 
a > 2+ + + + + Mg > NH4 > K > Na > H . 

At low concentrations, the cation exchangers select cations such as 

Ca or Mg in preference to Na. During the service run, an ion-exchange 

bed operated in the downflow mode tends to develop a stratified form. After 

regeneration, the bed has a tendency: to retain some of the monovalent ions 

in the lower region of the bed as complete regeneration requires excessive 

quantities of acid in the regeneration cycle .. When the bed is returned 
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to service after regeneration, the monovalent cations held in the lower 

region of 

ions that 

the bed may be reexchanged by divalent cations or monovalent . . 
are mote tightly held on the exchange medium. These displaced 

. \ 

cations ~ay then be swept into the effluent stream and remain as contami-

nants in the process water. Anion-exchange beds exhibit similar behavior 

in regard to selectivity for specific anions. For this reason, ion ex­

changers are placed in series such that the progressively decontaminated 

feed strea~s can contact ion exchange media that are nearly f.ree of resi­

dual unwanted ions, and the con~entration gradient between the ions to be 
removed from the water and the exchang~ bed can then be maintained. 
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