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ABSTRACT

This report presents technical data and performance characteristics of a

high-level waste glass and canister intended for use in the design of a com-

plete waste encapsulation package suitable for disposal in a geologic reposi-

tory. The borosilicate glass contained in the stainless steel canister

represents the probable type of high-level waste product that will be produced

in a commercial nuclear-fuel reprocessing plant. Development history is sum-

marized for high-level liquid waste compositions, waste glass composition and

characteristics, and canister design. The decay histories of the fission pro-

ducts and actinides (plus daughters) calculated by the ORIGEN-I code are

presented.
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INTRODUCTION

This report was written as part of the U.S. Department of Energy's (DOE)

Long-Term High-Level Waste Technology Program, which is coordinated by Savannah

River Laboratory. The information here is provided as support to the DOE's

National Waste Terminal Storage Program administered by Battelle Memorial

Institute's Office of Nuclear Waste Isolation. The latter program requires a

description of a commercial high-level waste (HLW) canister, which will be used

as a reference in the conceptual design of a HLW canister package system suit-

able for disposal in a geologic repository.

The report is organized into three major sections:

* High-Level Liquid Waste Description--The potential variations in the

high-level liquid waste (HLLW) composition are described, and the

bases for the selected reference composition are explained.

* Waste Glass Description-The choice of a borosilicate-glass system

for waste immobilization is discussed. Physical characteristics and

performance data of a HLW glass compatible with the reference HLLW

composition are presented.

* High-Level Canister Description--Candidate alloys for the canister

are compared. Physical characteristics and performance data for the

primary alloy candidates are discussed. In addition, the glass-

filled canister is described, and the results of a preliminary ther-

mal analysis and radiation flux analysis of the canister are given.

In the Conclusions section following this Introduction, all technical data

that describe the reference commercial-HLW canister are listed for easy refer-

ence. Finally, an appendix includes a description of the fission products and

actinides (plus daughters) assumed to be in the HLW as calculated by the

ORIGEN-II computer code.
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CONCLUSIONS

Laboratory research has indicated the practicality of reprocessing fuel

for the efficient recovery of uranium and plutonium along with a minimal addi-

tion of nonradioactive chemicals. However, a fuel reprocessing plant (FRP) has

not demonstrated such a process on a production basis. Since the Allied Gen-

eral Nuclear Services (AGNS) FRP is the most modern United States commercial-

fuel reprocessing plant, the HLLW composition described here is based on the

flowsheet from this plant. Additional assumptions made in estimating the HLLW

composition include 99% recovery of the uranium and plutonium and the combina-

tion of the HLLW with the intermediate-level liquid waste (ILLW).

The reference HLW glass chosen for this study is a borosilicate-based com-

position suitable for the immobilization of the reference HLLW. The reference

composition is very similar to a commercial-HLW borosilicate glass (code num-

ber 77-260) developed at Pacific Northwest Laboratory (PNL) in 1977. There-

fore, the physical and performance data derived for the 77-260 glass is quoted

in this study as reference technical data.

Extensive research on canister materials over the past 5 years at PNL

indicates that either stainless steel or a high-nickel alloy can serve satis-

factorily as the canister material under examined conditions. In this study,

stainless steel 304L has been chosen as the reference material since it satis-

fies the performance criteria of the HLW glass production process and is a

lower cost alternative to Inconel, which was also found to be acceptable.

(Inconel 601 proved to have better performance in all of the categories evalu-

ated and should be seriously considered if the glass-making process is the

in-can melter.) Material characteristics and performance data are summarized

for both stainless steel 304L and Inconel 601.

The canister size is primarily determined by the decay heat rate. A ther-

mal analysis indicates that a canister 30 cm in dia and 3 m tall, when filled

90% with glass formed from 5-year-old HLW, will have a maximum centerline tem-

perature of 150*C when stored in a water basin or -380 C when stored in an

air-cooled vault. Two different emplacement models were analyzed assuming the

repository had an average areal heat loading of 25 W/m2 (100 kW/acre). The
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more complex emplacement model having the objective of maximum isolation yields

the highest glass centerline temperature. A maximum glass temperature of

-430C is predicted for 10-year-old waste (after reactor discharge). The maxi-

mum temperature occurs shortly after emplacement and falls to -150C at

100 years. The maximum temperature is acceptable for the glass waste form.

The maximum wall temperature for this case is 355*C. Evaluation of the effects

resulting from maximum temperatures calculated for overpack and backfill mate-

rials was beyond the scope of this document. However, the information in this

document can be used in more detailed studies that address these components of

the total waste emplacement package.

A radiation flux profile of the filled canister is presented, including

sufficient data to permit calculation of radiation dose profiles for various

overpack systems and geologic repository configurations.

To simplify use of this document as a reference for a commercial-HLW

canister, a summary of the technical data is presented in tabular form below.

A detailed list of radionuclides and their decay histories, as calculated by

ORIGEN-II, are given in the appendix. Many of the parameters are normalized

to the amount of HLW generated due to the reprocessing of spent fuel containing

one metric tonne of uranium (MTU).

High-Level Liquid Waste

Composition HLLW and ILLW are combined. The reference
concentration is 620 L/MTU. The complete
compositions are given in the HLLW
Description Section (Tables 2, 3 and 4).

Activity 4.476 x 105 Ci/MTU; 722 Ci/L (at 5 yr after
reactor discharge)

Decay Heat 1624 W/MTU; 2.62 W/L (at 5 yr after reactor
discharge)

Calcine (Some Vitrification
Processes have a Separate
Calcination Stage)

TOTAL

Constituents

Fission Products
Actinides Plus Daughters
Nonradioactive Chemicals

Oxide
Form, kg/MTU

34.7
12.36
39.81
87

4



High-Level Waste Glass

PNL Identification The reference glass is very similar to HLW
glass 77-260 developed for the AGNS FRP
flowsheet

Composition Constituents wt%

SI02 36
B203 9
P2O1 2
Alkali Metal Oxides 13
Alkaline Earth Oxides 1
Fe203, Cr203, NiO 1
Al 203 2
Ti 2 6
CuO 3
Gd2 03 10
Fission Product Oxides 12
Actinide Oxides 5

Waste Loading The oxides from the HLLW constitute 31 wt of
the glass

Quantity 277 kg/MTU; 89 L/MTU

Activity 1616 Ci/kg; 5029 Ci/L (at 5 years after reac-
tor discharge)

Decay Heat 5.9 W/kg; 18.3 WL (at 5 years after reactor
discharge)

Density 3.1 g/c3

Process Melting Temperature 1050 to 1150*C

Softening Temperature 575 to 650 C (viscosity 4 x 107 poise)

Transition Temperature 5000 to 550 C (viscosity 1013 poise)

Temperature Limit to Prevent 500 C
Devitrification

Leach Rate 1.0-2.0 x 10-6 g/cm2-d (250C water)

Thermal Conductivity 0.8-1.3 Wm-*K from to 5OOC

Heat Capacity 700 to 800 Jkg-*C (estimated)

Thermal Expansion 1 x 10-5/ C

5



Compressive Tensile Strength

Young's Modulus

HLW Canister

Material

Dimensions

Bottom

Top

Closure

Fins (internal)

Empty weight

Fill height

Glass content

Weight when filled

Activity

Decay Heat

Maximum Canister Centerline
Temperature in a Repository

4 x 107 Pa

7 x 1010 Pa (estimated)

Stainless Steel 304L

3-m high by 31.1-cm-ID cylinder; 6.35-m wall
thickness (12-in. Schedule 20 Pipe)

Slightly reversed dished flanged tank end

Flanged only tank head

PNL "twist-lock"

Required for ICM process but not for JHGM pro-
cess. Capacities given below assume no fins.

160 kg * 5%

90%

200 L; 630 kg; 2.28 MTU HLW (all * 5%)

790 kg * 5%

1.02 x 106 Ci (at 5 years from reactor dis-
charge) 6.58 x 105 Ci (at 10 years from
reactor discharge)

3.71 kW (at 5 years from reactor discharge)
2.2 kW (at 10 years from reactor discharge)

430 C (at 10 years from reactor discharge)
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HIGH-LEVEL LIQUID WASTE DESCRIPTION

The development of solid HLW forms has been complicated by the many pos-

sible variations in the composition of the HLLW. HLLW accumulated during the

processing of fuel from defense reactors is quite different from the HLLW

expected in a commercial fuel-reprocessing plant. Defense fuel has a much

lower exposure and, consequently, has lower concentrations of fission products,

lower radiation levels, and less decay heat per tonne of fuel. Also, defense

fuel has been neutralized before storage by the addition of sodium hydroxide

which increases the sodium loading in the HLLW. Also contained in the HLLW is

the fuel cladding that has been chemically dissolved. Dissolution of Zirca-

loy cladding requires the use of a fluoride compound. A substantial amount of

aluminum was added to HLLW during one of the early reprocessing methods that

employed aluminum nitrate as a salting agent. Finally, much of the defense

waste has been stored for over 10 years, which has resulted in a decline in

radioactivity and decay heat.

On the other hand, only the PUREX process is used in the reprocessing of

commercial fuel. Thus, the fuel cladding is separated out as a solid, interme-

diate-level waste. At one extreme, the PUREX process can be modified to pro-

duce an HLLW that contains essentially only the fission products, unrecovered

uranium/plutonium losses and the other actinides. At the other extreme, the

PUREX process can require the addition of chemicals to the HLLW for oxidation-

state control and neutron poisoning, and the HLLW can be combined with the ILLW

for solidification as a combined high-level waste form. However, even in this

latter case where the addition of nonradioactive chemicals increases the amount

of waste to be solidified (which in effect dilutes the radioactivity), the com-

mercial HLW has many times the decay heat and radioactivity of the defense

waste on a volume or mass basis.

BACKGROUND OF FUEL REPROCESSING PLANT FLOWSHEETS

The HLLW composition depends strongly on the particular variation of the

PUREX process used to dissolve the fuel and recover the uranium and plutonium.
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A summary of variations in process flowsheets is given here primarily to give

researchers in waste-form development a practical view of the potential varia-

tions in HLLW composition.

The PUREX Process

The PUREX process is one of several solvent extraction processes for sepa-

rating the uranium and plutonium products from the fission products and other

actinides. The process is characterized by the use of a solution of tributyl-

phosphate (TBP), usually 30 vol% in a hydrocarbon diluent, as the solvent, and

the use of nitric acid as the salting agent. Several cycles are required to

achieve adequate decontamination (removal of other actinides and fission pro-

ducts) and separation of the uranium and plutonium products. The solvent is

reused and a substantial fraction of the nitric acid is recovered by a denitra-

tionINOx absorption process.

The PUREX process has many variations, and the most important factors in

the subsequent HLW treatment process are:

X the fraction of uranium and plutonium recovered during reprocessing

X type of chemical additives used to adjust plutonium valence states

* need for soluble neutron poison for prevention of criticality.

The HLLW Stream

The HLLW stream consists of the 2 to 3 M HN03 aqueous stream from the

first separation column of the PUREX process. This aqueous stream normally

contains 99% of both the fission products and actinides other than the uranium

and plutonium. Approximately one percent or less of the uranium and plutonium

from the fuel will normally be unrecovered and contained in the HLLW.

In addition to the fission products and actinides, the HLLW stream will

contain small amounts of zirconium shear fines, activated corrosion products,

phosphates from degraded solvent, and potentially large amounts of a neutron

poison (gadolinium or cadmium).

8



Typically, 5 to 10% of the cations expected to be in the HLLW may actu-

ally exist in an insoluble form. These solids would consist of the zirconium

cladding shear fines and alloys formed by noble metal fission products with

some of the actinides.

The HLLW stream is normally sent through a concentration step that may

increase the molarity to a range of 5 to 7 M HN03. The stream is then stored

in tanks until it is sent through the HLLW solidification process.

As part of preprocessing before solidification, the HLLW may undergo deni-

tration by the addition of a reducing agent (e.g., formic acid) to reduce the

volatilization of ruthenium during the solidification process.

The ILLW Stream

The ILLW stream consists of aqueous waste from the second and third ura-

nium and plutonium cleanup cycles, aqueous waste from the solvent regeneration,

and process vessel flushes.

The amount of ILLW generated increases during process startup and shut-

down. Decontamination flushes in preparation for maintenance will introduce

additional chemicals into the ILLW stream.

The ILLW stream composition is generally concentrated before its transfer

to the storage tank. The ILLW is generally stored with a nitric acid molarity

of 1 to 3 M.

The chemical composition of the ILLW is determined principally by the

amount of uranium loss to this stream, the sodium nitrite introduced for Pu

valence control, and the chemicals (e.g., sodium carbonate, sodium hydroxide,

hydrazine carbonate, potassium permanganate, and manganese dioxide) used to

clean up the solvent.

Fuel-Reprocessing Gaseous Effluents

Several radionuclides are released to the process offgas during fuel

reprocessing and waste solidification. Under currently proposed regulations,

essentially all of these gaseous or volatile radionuclides will have to be

trapped in the offgas cleanup system. Some waste-treatment flowsheets call for

immobilizing the various adsorber/reaction bed materials by combining them with

9



the HLW during solidification. Examples of these adsorber beds are silver zeo-

lite for iodine trapping, silica gel or ferric oxide for ruthenium tetraoxide

adsorption, molecular sieves for krypton and carbon dioxide (C-14), calcium

carbonate for carbon dioxide (C-14), and desiccant for water vapor (H-3 in a

fuel voloxidation step).

It would be difficult to melt most of these adsorber/reaction beds in the

glass without releasing the volatiles, with the possible exceptions of the

ruthenium adsorber beds. Therefore, the reference flowsheets developed in this

study assume that these adsorber/reaction beds will be encapsulated separately

and disposed of as intermediate-level solid wastes.

Potential Variations in FRP Flowsheets

The descriptions of the HLLW stream and the ILLW stream have indicated

many of the process alternatives that have been developed for the PUREX pro-

cess. A list of the major alternatives with a brief description of each is

given here:

1. Dissolution of wire baskets containing sheared fuel segments. The

Western New York Nuclear Service Center (WNYNSC) FRP transported the

sheared fuel segments to the dissolvers in wire baskets that were

dissolved with the fuel. This contributed a significant amount of

iron to the HLLW stream.

2. Type of fuel cladding--Zircaloy or stainless steel. All of the

domestic light-water reactor (LWR) cores are currently utilizing. Zir-

caloy cladding. However, some of the early cores now in storage uti-

lized stainless steel cladding. A fraction of the stainless steel

will dissolve, resulting in an addition of iron to the HLLW, as well

as some chromium and nickel.

3. Use of a soluble neutron poison (gadolinium or cadmium). Both the

Allied-General Nuclear Services (AGNS) plant and the conceptual FRP

design by E. I. duPont Nemours Co. (1978) require the use of gadoli-

nium for criticality control. The concentration of gadolinium

required by these designs ranges from 10 to 25 wt% of the cations in
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the HLLW plus ILLW. The Exxon Nuclear Co. (1977) design used a cri-

ticality safe dissolver and avoided the need for chemical additives.

4. The uranium-plutonium recovery efficiency. FRP flowsheet specifica-

tions generally guarantee 99% recovery of the uranium and plutonium.

In practice, higher recoveries are expected and 0.5% entrainment is

commonly used in HLLW flowsheet assumptions. Uranium and plutonium

can also be entrained in the ILLW.

5. The chemicals used to oxidize and reduce the plutonium during the

uranium-plutonium product separation stage and in subsequent cleanup

stages. Ferrous sulfamate has commonly been used to reduce the plu-

tonium in the partitioning column at defense reprocessing plants and

at WNYNSC. This introduces both iron and sulfate to the waste stream

and, therefore, its use has not been considered in recent designs.

Two alternatives to the use of ferrous sulfamate are: 1) the use of

U(IV), which is prepared by electro-reduction (either in-situ or

externally), and 2) the use of hydroxylamine nitrate. Adoption of

either of these alternatives would substantially lower-the amount of

nonradioactive chemicals in the HLLW and ILLW.

Sodium nitrite has been commonly used to oxidize the plutonium from

Pu(III) nitrate to Pu(IV) nitrate. Use of the sodium nitrite intro-

duces the sodium into the ILLW stream. There are alternatives to the

use of sodium nitrite that do not add inerts to the waste streams.

These are NO2 gas or electrolytic oxidation.

6. The combination of HLLW and ILLW before solidification. The Technol-

ogy for the Management of Commercially Generated HLLW (U.S. DOE 1979)

and the Final Environmental Impact Statement on Commercial HLLW (U.S.

DOE 1980) were based on solidification of separate HLLW and ILLW

streams. However, the ILLW is a transuranic (TRU) waste (contains

greater than 10 nanocuries of alpha-emitting actinides other than

uranium per gram of waste) and will have to be disposed of at a

11



repository even if solidified separately. Therefore, some HLLW flow-

sheets call for the combination of ILLW with HLLW for waste

solidification.

7. Chemicals used to wash the PUREX solvent. TBP and the hydrocarbon

diluent are slowly degraded by a combination of acid hydrolysis and

radiolytic reaction; the latter is the predominant mode. Higher

burnup of the fuel and reprocessing at shorter cooling periods

Increase the rate of degradation. The acidic breakdown products of

TBP are usually removed by washes with an alkali such as sodium car-

bonate and sodium hydroxide. The disadvantage of these wash solu-

tions is the introduction of the sodium into the ILLW. Hydrazine

carbonate s a possible alternate that introduces no solid residue.

Potassium permanganate is sometimes used to oxidize the fission pro-

ducts and actinide complexants that have formed in the presence of

degraded solvent and diluent. Manganese dioxide beds are then used

to filter out these complexants. This practice introduces the potas-

sium ion and manganese dioxide to the ILLW stream.

8. Solvent and phosphate in the ILLW. The ILLW will contain the

degraded products of the TBP solvent and diluent after they have been

separated in the solvent cleanup process. The presence of these

organics must be considered in any concentration step since there is

a potential for formation of explosive complexants consisting of

nitrated organics and heavy metals. The end product of solvent oxi-

dation is a phosphate.

9. Detergent in the ILLW. Detergent is introduced into the ILLW as part

of vessel decontamination. Sodium and phosphate are the principal

ions introduced to the final waste form by the use of detergent.

10. Zircaloy fines in the HLLW. In the fuel-rod shearing process Zir-

caloy fines are generated. The Zircaloy cladding hulls are separated

from the HLLW, but the small fines will normally be entrained in the

HLLW stream.

12



11. Corrosion products (iron, chromium, and nickel). The HLLW and ILLW

nitric acid solutions have a small corrosive effect on the stainless

steel piping and storage vessels. The corrosion products are assumed

to be typical of a 70% iron, 20% chromium, and 10% nickel stainless

steel composition.

12. Fluoride in HLLW and ILLW. In general, the use of fluoride is not

anticipated in a commercial LWR fuel reprocessing plant. It has been

used in a defense reprocessing plant to dissolve a Zircaloy cladding

on the metal fuel and the use of hydrofluoric acid may be required

to dissolve either LWR fuel or LMFBR fuel having a significant frac-

tion of PuO2. If the purified uranium is processed to the UF6 form

at the FRP, some fluoride waste may be sent to the ILLW.

13. Aluminum in the HLLW and ILLW. Aluminum is commonly used to complex

the free fluoride if it is present in either the HLLW or ILLW.

As indicated, many of these potential variations in the HLLW and ILLW com-

position can be controlled by modifying the chemistry of the PUREX process and

by changes in the design of the process equipment. Most of the processing

experience with the PUREX process has been with defense fuels, and there has

not been a great deal of emphasis on reducing the amount of nonradioactive

chemicals added to the HLLW in defense fuel reprocessing. The design of a com-

mercial FRP can be expected to strike a balance between the demonstrated

defense PUREX technology with its high loading of nonradioactive chemicals in

the HLW, and the newer techniques that have been developed in the laboratory

that give a very "clean" HLW that contains essentially only fission products,

unrecovered U/Pu, and-the other actinides. Table 1 lists the extremes that

could be expected, which depend upon the process variations discussed above.

FUEL EXPOSURE HISTORY

The fuel that is received for processing at an FRP will have a varying

content of radionuclides, which depends primarily on burnup and decay history.

In addition, the length and diameter of the fuel pins will vary from one model

of reactor to another. For example, the dimensions of BWR fuel and PWR fuel

13



TABLE 1. Example of the Extremes Possible in HLLW/ILLW from a Fuel-
Reprocessing Plant

HLW Constituents, kg of Oxides/MTU

HLLW/ILLW Combined With
"Clean" HLLW Only Many Chemical Additions to Process

Fission Products 27.8 Fission Products 27.8

Actinides Plus Daughters 1.9 Actinides Plus Daughters 12.7

Nonradioactive Chemicals 3.6 Nonradioactive Chemicals 83.5

TOTAL 33.3 124.0

are significantly different. These variations in physical dimension complicate

the fuel bundle (assembly) disassembly and the fuel shearing operations, but do

not greatly affect the fuel dissolution and separation processes.

Fuel with low burnup comes from the initial cores of reactors where fuel

is removed when t is only approximately one-third exposed. Other low-burnup

fuel is that in fuel pins or fuel assemblies removed early because of damage.

Early commercial LWR fuel has been in storage for up to 20 years and has under-

gone a significant reduction in radioactivity due to radionuclide decay. How-

ever, the bulk of stored fuel has a much shorter decay period because of the

growth n nuclear electric-power generation.

The maximum burnups currently achieved are -33,000 to 35,000 MWD/t, with

the exception of burnups in some specific tests that are carrying fuel to burn-

ups approaching 50,000 MWD/t. The projected decay time before reprocessing

depends on the growth of the reprocessing industry. A single 2000 MTU/yr plant

is not sufficient to reduce the fuel backlog and keep up with the discharged

fuel from the projected nuclear-power generating plants. Realistically, it

appears that spent fuel will have undergone a significant decay period before

reprocessing. On the other hand, it Is desirable to base HLW package designs

on a conservatively short-decay period to avoid underestimating the decay heat.

As a compromise, the reference fuel history chosen for this report assumes that

the fuel will be reprocessed 5 years after discharge from the reactor and that

the HLLW will be solidified at approximately the same time. However, a new FRP

design should be based on a system study to determine what the minimum age and
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burnup of spent fuel tbe handled will be at time of reprocessing. If the

HLLW is solidified at approximately the same time it is produced (as opposed

to interim tank storage), the waste form may have'to take into account the

higher activity.

For the purpose of this study, a pressurized-water reactor fuel typical

of a current generation Westinghouse reactor (1180 MWe) was used as input to

the ORIGEN-II code (Croff 1980) in order to calculate the yields, activity,

decay heat, gamma flux, and neutron flux from the spent fuel.

The fuel was assumed to be irradiated at a specific power of 38.4 MW/MTU

for three equal periods of 284 days each, interrupted by two equal cooling

(reactor downtime) of 106 days each. This is equivalent to an 80% availability

factor. The fuel was specified as 3.1% enriched with a 20 ppm N contamination

(important for carbon-14 calculations).

At the time of reprocessing, (assumed to be 5 years after discharge for

the purpose of this study), the He, C, N, Ne, Ar, Kr, Xe, Rn, and H are removed

from the main ORIGEN-II tables and the decay histories calculated by the code

in separate tables. Likewise, 99% of the uranium, plutonium, and iodine are

removed from the main tables and the decay histories calculated by the code in

separate tables.

REFERENCE HLLW DESCRIPTION

The specific FRP flowsheet chosen as the reference is essentially that of

the AGNS FRP at Barnwell, South Carolina. The flowsheet reflects a combined

HLLW and ILLW that tends to overestimate the ILLW in steady-state conditions,

but which is representative of early plant operation or plant operation with

frequent process interruption.

The composition of the combined HLLW and ILLW is given in Table 2. The

concentration should be considered as a process variable. A listing of the

fission products, actinides (plus daughters), and inert chemicals is given in

Tables 3 and 4 on an elemental basis and an oxide basis as they would appear

after calcination.
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TABLE 2. Composition of Combined HLLW and ILLW Wastes

Composition

Fission products (less Xe, Kr, I)

Uranium (0.5% in HLLW plus 0.5% in ILLW)

Plutonium (0.5% in HLLW plus 0.5% in ILLW)

Other transuranics

Soluble poison (gadolinium)

Iron (estimated corrosion product)

Chromium (estimated corrosion product)

Nickel (estimated corrosion product)

Manganese

Zircaloy shear fines

Chloride

Phosphate

Sulfate

Iodine (estimated as 0.5% in HLLW)

Sodium

Nitrates (5 M HN03 and 2.2 M salts)

Hydrogen ion (HNO3 is 7 M in HLLW and 2.5 M in ILLW)

Estimated insolubles (included in above constituents)

Characteristics

Combined waste volume (L/MTU)

Total decay heat per MTU (W)

Heat load (WIL)

Activity level (Ci/L)

Elemental or
Ion Bases, kg/MTU

24.46

9.57

0.09

0.88

22.40

0.8

0.2

0.1
0.14

0.25

0.11

6.70

0.03

0.002

5.0

275.9

3.1

12.0

620

1624

2.62

722
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TABLE 3. Combined HLLW and ILLW in Calcine Form

Oxides
Compostion kg/MTU

Fission products 34.703

Actinides plus daughters 12.360

Nonradioactive chemicals:

Gd203 25.827

Fe203 1.143

Cr2O3 .22

NiO 0.127

MnO2 0.221

ZrO2 0.338

P205 5.007

NaSO4 0.037

NaCl 0.181

Na20 6.634 39.807

Total Solids 86.870
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TABLE 4. Listing of Individual Fission Products and Actinides
(Plus Daughters) At Time of Reprocessing

Fission
Products

SeO2

Rb2O
SrO

Y203
ZrO2
MoO3

Tc207

RuO2
Rh203

PdO

A920
CdO

SnO2

TeO2

I

Cs203
BaO

La2O3

CeO2

Pro

Nd2O3
Pm2O3

Sm203

Eu203
Gd2O3

Actinides
Plus

Daughters

U308

NP02
Pu02

Am203
Cm203

Element,
kg/MTU

0.055

0.339

0.800

0.444

3.496

3.292

0.761

2.180

0.464

1.402

0.078

0.112

0.091
0.479

0.002

2.472

1.578

1.200

2.327

1.100
3.968

0.037

0.829
0.143

0.110
27.759

9.566

0.438

0.087

0.423

0.025

10.539

Oxide(a)
kg/MTU

0.077

0.371

0.946

0.564

4.723

4.938

1.196

2.871

0.572

1.613

0.085

0.128

0.116

0.599

2.621

1.762

1.407

2.859

1.329

4.628

0.044

0.961

0.166

0.127

34.703

11.278

0.497

0.093

0.465

0.027

12.360

(a) Converted to oxide
cination process.

form in a cal-
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HIGH-LEVEL WASTE GLASS DESCRIPTION

Radioactive waste glasses are formulated by combining a preselected mix-

ture of glass-making additives with the waste. The glass-making additives

usually comprise 65 to 85 wt% of the product waste glass. Because of the many

different potential formulations possible, waste glass cannot be thought of as

-, a single substance with set properties. It is possible, however, to consider

waste glass as belonging to just a few general types, whose properties have a

generic similarity, notwithstanding the compositional variations.

The composition selected for a given radioactive waste glass s governed

by three factors:

* the constituents of the radioactive waste to be immobilized;

* the vitrification process to be used for the immobilization;

* the properties desired for the immobilized waste product.

A wide range of radioactive wastes are candidates for immobilization as

glasses. For this reason, the innate flexibility of glass is a definite advan-

tage. It permits a large number of components to be accommodated'in varying

concentration ratios.

The major formulation requirement imposed by the vitrification process is

that the viscosity of the glass be less than a specified value at the melting

temperature. The viscosity of the glass melt is formulated to be less than

200 poise at the operating temperature. The processes can impose certain

additional requirements on the glass; for instance, if the process utilizes

joule-heating by passage of electric current through the molten glass, then

electrical conductivity-versus-viscosity relationships become important. Other

process-related considerations include high-temperature volatility, corrosion,

and melt homogeneity.

Of the three factors listed above, the most difficult to define is the

third. There is general agreement that the properties of the immobilized waste

should form an ultimate barrier to release of the contained radioactivity.

This is achieved by developing a glass that has a low leach rate, little devi-

trification, and minimum cracking. However, many of these attributes require
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an optimization decision with regard to melting temperature, percent waste

loading, volatiles loss during melting, and process complexity.

GLASS FORMULATION

Waste Composition

The HLLW composition is discussed in the preceding section.

Waste Loading Considerations

The variable with the greatest influence on the properties of waste glass

is waste loading. Waste loading is the weight percent of the glass product

composed of waste components. Obviously, by decreasing the waste loading suf-

ficiently, the concentration of radioactive atoms could be diluted until those

atoms were only inconsequential contaminants, without effect on the parent

material. Such low waste loadings are inherently undesirable because of

increased costs and the multiplication of hazards that would be associated with

handling the much larger volumes. Therefore, development has emphasized waste

glass with a relatively high waste loading.

Factors that limit the upper waste loading include:

* maximum solubility of waste components in the glass;

* viscosity increase of the molten glass resulting from excess waste

loading;

* leach rate increase in the product glass because of excess waste

loading;

* excessive glass centerline temperatures during waste canister storage

resulting from the presence of too much heat-generating waste;

* excessive canister wall temperatures during waste storage because of

the presence of too much heat-generating waste.

When these factors are taken into account, the maximum waste loading in low-

melting waste glasses (processing temperature of 950 to 1150*C) is in the

range of 25 to 45 wt%. The specified waste loading is typically maintained in

the range of 15 to 35 wt to allow processing flexibility.
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Contrary to what might be expected, low-melting glasses permit higher

waste loadings than do high-melting glasses. High-melting (-1300 C) glasses,

including about 95% of commercial glass, and the long-lasting natural rhyolytic

obsidians and tektites, contain over 70 wt% SiO2 This immediately limits

waste loading to less than 30 wt%. The limits are actually much lower because

of the poor solubility.of many waste components in Si02. Although only

limited investigations-have been made, waste loading is probably restricted to

5% to 15% in high-melting glasses.

Alumino-Silicate Waste Glasses

Some of the first waste-glass formulations investigated were of the

alumino-silicate type (Goldman 1958). Of particular interest is the Canadian

nepheline syenite glass (Table 5). Blocks of this glass were prepared in 1960

and buried a few feet below ground level as bare glass in a swampy area on the

Chalk River Atomic Energy Establishment. Leaching of 90Sr from these

TABLE 5. Typical

Oxide

Sio2

B203

P2 05

Alkali metal oxides

Alkaline earth oxides

Fe203, Cr203, NiO

A1203
TiO2

ZnO

CuO

PbO

Gd2 03

Fission products

Actinides

Pyrex

81

13

4

2

Waste Glass Compositions

Waste Glass Composition wt%
Al umino- 77-260 Study

Borosilicate Silicate Reference

25-50 33-40 36

9-22 9

0-2 2

8-19 18-22 13

0-6 13-16 1

1-20 1

0-10 26-30 2

0-6 6

0-22

0-3

0-50

0-12

15-30

2-10

3

10

12

5

5

1
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alumino-silicate glass blocks has been monitored by removing water from nearby

test holes (Merritt and Parsons 1964). By 1968 the leach rate had reached a

steady-state value of 5 x 10-11 g of glass/cm 2-day, a very low rate (Merritt

1977).

An apparent advantage of alumino-silicate waste glasses is their excellent

chemical durability. The disadvantages include higher process temperature

(1350*C) and lower waste loading.

Borosilicate Waste Glasses

Throughout the world, most of the radioactive waste glasses that are

developed to the point of process application are borosilicate formulations

(IAEA 1977). Borosilicate glass has long been used industrially and commer-

cially. Pyrex is a borosilicate glass, although Table 5 shows it has quite a

different composition from that of typical borosilicate waste glasses. Boron

serves two major and desirable purposes in borosilicate waste glasses: 1) it

lowers viscosity, and hence, processing temperature; and 2) it increases the

solubility of many waste constituents in silica-based glass. For these

reasons, most waste glasses, as shown in Table 5, contain from 5 to 15 wt%

B2 03 .

Before 1977, a series of waste glasses was developed for various potential

commercial high-level wastes. Four of these glasses, 72-68, 76-68, 76-107,

-and 77-260, were extensively characterized for some of their properties (Ross

et al. 1978). Glass 77-260, which was developed for the waste PW-7c, has been

selected as a reference glass for this study since the reference wastes are

similar in composition. The composition of 77-260 is shown in Table 5. Con-

siderable data have been generated on the 77-260 composition, and its charac-

teristics will be reported and compared to data on other waste glasses, most

notably 76-68. From a review of the characteristics, it would appear that some

improvements to this glass are possible and may be desirable if it appears

probable that a commercial FRP will produce a HLLW similar to the reference

composition given in this report.
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EFFECTS OF PROCESSING CONDITIONS

Although waste loading is the factor that most controls glass properties,

properties will also be affected significantly by processing parameters.

Therefore, any consideration of glass properties must include information on

how the glass was made or processed. Significant process parameters include:

* degree of mixing of constituents prior to melting;

* processing temperature;

* degree of melt agitation;

* time at processing temperature;

* materials of construction for melt containment;

* rate of cooling from processing temperature to storage temperature.

Processing Temperature and Melter Residence Time

The liquidus temperature is defined as the maximum temperature at which

equilibrium exists between the molten glass and its primary crystalline phase;

i.e., at temperatures above the liquidus temperature, the primary crystalline

phase is completely soluble in the melt. Waste glasses are usually raised to

a temperature of 100C or more above the liquidus temperature. In a composi-

tion as complex as that of waste glasses, there may be minor crystalline phases

whose liquidus temperature is not exceeded at the operating temperature.

Examples of crysalline phases that may exist in minor concentrations (total

less than 5 vol%) at the melting temperature are RuO2, or ruthenium metal, pal-

ladium metal, spinel and CeO2. All of these are inert crystalline phases and

do not affect the quality of the solidified waste glass. Raising the operating

temperature as much as 300 to 400 C does not dissolve any of these phases,

except CeO2, which is usually completely dissolved in waste glasses melted

above 1200*C.

Waste glasses have relatively low viscosities (5 to 200 poise) at the

operating temperature. The low viscosity assists in establishing equilibrium

conditions quickly. Experience has shown that a residence time of 2 to 4 hours

at the operating temperature is sufficient to produce good-quality waste glass.
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Volatility During Melting

Although volatility is minimized by the low melting temperatures used in

waste vitrification, some waste constituents do have a significant vapor pres-

sure in the melter. This means that some constituents of HLLW will not be

incorporated in the waste glass but will exit with the offgas. In particular,

volatiles that could later cause pressurization of the canisters that contain

the product glass are removed. The product glass contains less than 0.001 wt%

nitrate and 0.2 wt% H20.

Another significant constituent that is volatilized is the long-lived fis-

sion product I29I. It is estimated that about 0.5% of the I29I in spent fuel

will be in the HLLW. This constituent will be volatilized entirely during

vitrification, and the volatilized 129I will be scrubbed from the offgas and

disposed of separately. Most chloride present in the HLLW will also volatilize

during vitrification. Fluoride exhibits a lower volatility and can be incor-

porated in waste glass; a small fraction may volatilize but it can be recycled.

The cesium and ruthenium that are volatized during melting will be trapped in

the offgas system and either recycled in the melter feed or encapsulated

separately.

Corrosion During Melting

Waste glass is melted either in ceramic refractory melters or in the

metallic canister. The ceramic refractory melters are designed for a lifetime

of several years. The corrosion rates are -0.001 mm/h. The corrosion product

concentration is too low to have any effect on waste glass properties. Minor

effects on the glass have been noted from corrosion of the metal canister dur-

ing in-can melting.

Oxidation-Reduction During Melting

Normally, waste glass is in a highly oxidized state because of the nitrate

in HLLW. In some situations, it may be desirable to reduce the oxidation

potential in waste glass. For instance, at high fission-product loading,

liquid-liquid phase separation of a mixed alkali-alkaline earth molybdate salt

can occur in borosilicate waste glasses. Reducing the molybdenum to a tetrava-

lent or lower state, or to the metal, prevents phase separation of the
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water-soluble molybdate salt. It has been demonstrated that silicon metal

added to the melt batch can affect the desired reduction of molybdenum (Ross,

Patent 1978). Small amounts of some other constituents of the waste glass

melt may also be reduced to the metal when silicon is added. The reduced metal

then appears as globules, usually less than 2 mm in diameter, suspended in the

solidified glass. The metal globules are alloys, often rich in tellurium, that

do not affect the overall properties of the waste glass (Ross et al. 1978).

PROPERTIES OF RADIOACTIVE WASTE IN CANISTERS

Physical and Mechanical Properties of Waste Glass

The physical and mechanical properties of radioactive waste glass are

innate properties that may be treated generically. The properties are rela-

tively independent of composition and are of much the same magnitude for most

waste glasses.

Viscosity and Softening Point

Waste glasses are generally formulated to have a viscosity -200 poise at

the processing (melting) temperature, which is usually within the range of

10500 to 1150*C. The viscosity of waste glasses as contrasted with that of

commercial glasses is shown in Figure 1. The viscosity of the reference glass

is the upper limit of the range shown for waste glasses.

Some important properties of waste glass can be related to viscosity. The

softening temperature (Littleton softening temperature) of glasses is defined

as the temperature at which the viscosity is 4 x 107 poises. This is the

temperature above which the glass cannot support its own weight and begins to

slump. Cracks in the glass will heal rapidly at the softening temperature,

which s about 575 to 650C for most waste glasses. The glass transition tem-

perature is the temperature at which the viscosity is about 1013 poise. For

waste glasses, this temperature usually is in the range of 5006 to 550*C. As

described earlier, glass is plastic above the glass transition temperature and

thus s not susceptible to fracture.
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Density

The density of glass is an additive function of the constituents (Elliot

1945). Within limits, the density of a glass can be predicted from empirically

derived density factors for each constituent. The density factors are related

to atomic weight. Thus, waste glasses containing high loadings of fission pro-

ducts that have higher atomic weights than most usual glass constituents will

be more dense than those with low loadings of fission products. Certain spe-

cial glass constituents, such as zinc or lead, also markedly increase density.

3
Common commercial soda-lime-silica glass has a density of about 2.5 g/c

Depending on waste composition and waste loading, radioactive waste glass

densities are usually in the range of 2.5 to 3.3 gc 3. The density of 77-260

is 3.1 to 3.2 gc 3.

For a given glass composition, the density of the final product may vary

over 0.1 g/c3 depending on the time-temperature curve of its cooling through

the transformation range.
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Mechanical Properties

The strength properties of glass are more a function of surface condition

and previous glass thermal history than they are of composition. Specific

mechanical property data for 77-260 glass have not been determined. It is pos-

sible, however; to use data obtained from other glasses to obtain reasonable

estimates. Tensile strengths determined by a diametral compression test for

two different waste glasses have been found to be 51 MPa (Chick et al. 1980)

and 37 MPa (Bunnell 1979). The latter measurement reported a standard devia-

tion of 7 MPa. Theoretical calculations of tensile strength of glasses give

values of -7000 MPa. The significant difference between measured and theoreti-

cal values demonstrates the effects of surface condition and internal defects

on glass strength.

Young's modulus is generally insensitive to composition or surface condi

tion and is found to be about 7 x 104 MPa for glass (Shand 1958). Other modu-

lii values can be calculated from this value.

Impact Behavior

Fractures increase the surface area, and the amount of activity released

in a leaching situation may be proportional to the exposed surface area. How-

ever, this exposed area is less than the total geometric area of all the glass

pieces. Also, the fractures may produce a small fraction of less than 10-pm-

dia particles, which are respirable.

Impact tests of waste glass are usually either a weight dropped on a glass

specimen, or the glass specimen itself dropped onto an unyielding surface. The

most comprehensive impact tests on waste glass yet performed are described by

Smith and Ross (1975). In these tests, the glass was cast in stainless steel

canisters either 5-cm in dia by 10 cm long or 16.8 cm in dia by 132 cm long.

The large canisters were dropped onto a concrete pad from heights up to 9 m

(maximum impact velocity equalled 13.4 ms). The smaller canisters were

released in the path of a 35-kg granite block mounted on a rotating arm.

Impact velocities up to 35.7 m/s (80 mph) were achieved in this apparatus.

None of the large canisters failed in the impact tests. Some of the small

canisters had small cracks after impacts at 22.9 and 35.7 m/s, but weight loss
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measurements showed that no glass escaped through the cracks. After the tests,

each of the canisters was opened and the particle size of the contained glass

was determined. Figure 2 shows the amount of particles smaller than 10 m in

diameter that are formed as a function of impact velocity.

Impact behavior is relatively independent of glass composition. Impact

tests that compare waste glasses and commercial soda-lime-silica glasses

yielded similar results. A comparison of vitreous and devitrifled 77-260 also

indicated identical behavior (Bunnell 1979).
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Thermal Conductivity

Thermal conductivity is another physical property of waste glass that is

relatively independent of glass composition. The thermal conductivity of most

waste glasses falls within the limits shown in Figure 3. The thermal conducti-

vity increases gradually with temperature until the softening point of the

glasses is reached. Above the softening point, the increase in the thermal

conductivity as a function of temperature is more rapid. Specific data on

77-260 are not available.

Thermal Expansion Coefficient

The thermal expansion coefficients of waste glasses are similar to those

of commercial soda-lime-silica glasses. Representative thermal expansion coef-

ficients of glass are shown in Table 6. The thermal expansion coefficients are

relatively independent of composition, with the exception of the alkali

3.2

2.8

E .4

E 2.0 FIGURE 3. Thermal Conduc-
,F/ tivity of Waste Glasses

MOST WASTE
1 GLASSES

,-no

200 400 a
TEMPERATUREPC

29



constituents. Sodium probably has the greatest effect on thermal expansion of

any of the waste constituents. Decreasing sodium content usually decreases

the thermal expansion coefficient.

A low thermal expansion coefficient gives increased thermal shock resis-

tance and decreases the time required to anneal a block of glass, and thus

would appear to be a desirable characteristic. On the other hand, a low ther-

mal expansion coefficient will further increase the mismatch in thermal expan-

sion coefficient between the waste glass and its canister, and thus will

increase the strain in the canister wall. The thermal expansion coefficients

of waste glass as shown in Table 6 represent a good compromise between the

opposing requirements.

THERMAL EFFECTS AND DEVITRIFICATION

Volatility

After manufacture, volatility from waste glass is a factor only in acci-

dent analyses. Waste glass manufacturing temperatures are several hundred

degrees above the maximum design storage temperatures, which assures that any

volatiles that might pressurize the canisters during storage have been removed.

However, accidents can be postulated, involving external heat sources or

clusters of uncooled waste canisters, in which the temperature rises far above

normal storage or handling temperatures. Volatility data are available for

analysis of these postulated accidents. An example of such data is shown in

TABLE 6. Typical Thermal Expansion Coefficients of Glasses

Thermal Expansion7
Glass Type Coefficient x 10 I C

Waste glasses 80-100

77-260 100(a)

Commercial Na-Ca-Si 92(b)

Pyrex 32(b)

(a) Ross et al. (1978).
(b) Shand (1958).
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Figure 4. The data demonstrate that volatility is very temperature dependent

and that cesium is the most volatile radioisotope. Although ruthenium often

exhibits significant volatility in radioactive processes, its volatility from

waste glasses is less than that of cesium. Specific data on 77-260 glass are

not available..

Devitrification

Devitrification is the formation of crystals caused by the ordering of

certain atoms in the glassy matrix. Crystals form because their ordered struc-

ture has a lower free energy. This ordered structure is more thermodynamically

stable than the random network of the glass. The amount and identity of the

crystals formed depends on the initial composition of the glassy matrix. The
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rate of crystal formation is time and temperature dependent. Measurable devi-

trification of waste glasses generally occurs only from 950 to 5000C. Above

9500C, the crystals redissolve.(a) Below 500*C, the viscosity of the glassy

matrix is so high that crystallization is diffusion-limited to extremely low

rates. At lower temperatures, the rate of formation decreases, but the equili-

brium yield of crystals increases. It is possible to define approximate equi-

librium yields at 700C in experimentally practical times (1 year). At lower

temperatures, the experiments cannot be completed in practical times. But the

temperature effect above 700 C exhibits Arrhenius behavior and can be extrapo-

lated to lower temperatures. Extrapolation shows the kinetics are extremely

slow at geologic storage temperatures. Below approximately 2006C, measurable

crystallization (anhydrous) would require millions of years (Turcotte and Wald

1978). The existence of natural glasses millions of years old is an indication

that the extrapolation is justified.

It is important to understand what devitrification does to waste glass.

Figure 5 shows photomicrographs of 77-260 waste glass before and after devitri-

fication. It is only on the microscopic scale that the effects are truly

apparent. Even "totally devitrified" waste glass usually includes only 30 to

40 vol% crystals, as compared to 95 vol% in commercial glass-ceramics. The

77-260 waste glass contains 44% crystalline material after two months at 6006C

(Ross 1979). To the naked eye, the devitrified waste glass is unchanged

except that its luster is dulled and the color may change.

Devitrification usually increases the overall leach rate of waste glasses.

The increase may occur in the residual glass phase (because of depletion of

silica) or in one of the crystalline phases that is formed, like strontium

(a) There are some exceptions to this. Fission products ruthenium and palla-
dium are insoluble in waste glass at all temperatures. Also, the fission
product oxide CeO2 does not completely dissolve in waste glass until a tem-
perature of about 1200 C is reached. Spinels, having the general formula
A2B04, where A can be Fe or Cr, and B can be Ni, Zn, Fe(II), etc., appar-
ently may even exhibit a retrograde solubility above 950C in certain waste
glass compositions. Regardless of their high temperature behavior, the
effects of these species are indistinguishable from the other devitrifica-
tion species at the handling and storage temperatures of concern here.
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FIGURE 5. Photomicrographs of Vitreous and Devitrifiled Waste Glass 77-260

molybdate (Malow and Schiewer 1972). The increase in leaching of borosilicate

wast-e glasses after devitrification is usually no more than a factor of 2 to 5,

although in some instances an increase up to a factor of 10 has been observed

in waste glass after maximum de vitrification at 750 C as shown n Figure 6.

The behavior of 77-260 shows a factor of 5 or less increase. Figure 6 also

demonstrates that there can be considerable variation in the leach rate of non-

devitrified waste glass.

Because the amount and identity of the crystalline species formed during

devitrifica tion are so dependent on composition, a large amount of work has

been done to identify the various species that may form in specific waste

glasses. A review of that work is beyond the scope of this report; however,

some general observations may be made:
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K The species formed on devitrification of borosilicate waste glasses
are often crystalline silicates; boron usually remains in the glass

matrix. The end result is a boron-rich residual glassy phase, which

has a somewhat higher leach rate than the initial glass because of

its higher boron content.

* A larger proportion of the high-valence, high-atomic-weight cationic

constituents tends to appear in the crystalline silicate species.

Sodium, potassium, and calcium, etc., are relatively absent from the
crystalline silicate devitrification species. In general, however,

other anions that may be present in the glass, such as molybdate,
phosphate, or fluoride, exhibit a strong tendency to form crystalline

devitrification species which, in contrast to the silicates, usually

preferentially contain alkalis and alkaline earths. The identities

of the exact crystalline compounds that will form from a given glass
composition cannot yet be predicted with confidence; they must be

determined empirically.
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* Secondary devitrification reactions have also been observed in which

a rapidly formed crystalline species is slowly converted into another

crystalline species.

* At optimum devitrification conditions, crystals may form several hun-

dred micrometers in the longest dimension. Microcracking in the sur-

rounding glass matrix may occur as the result of mismatching thermal

expansion coefficients.

Tests on 77-260 have shown that the major crystals that form on devitrifi-

cation are Gd2T1i207, Ca3Gd7E(SiO 4 )J5(P04 )02, and CeO2. Crystals of RuO2

NiFe204 and Pd metal have been observed in as-melted waste glass (Wald and

Westsik 1979). Reduction of the gadolinium and titanium contents of the glass

would appear to be helpful in reducing devitrification.

Phase Separation

Phase separation is another time-temperature-dependent phenomenon involv-

ing atomic rearrangement and it is a liquid-phase separation. Borosilicate

glasses are particularly susceptible to phase separation and form a boron-rich

and a silica-rich phase (Doremus 1973). There is evidence that some borosili-

cate waste glasses are phase-separated as formed.

Phase separation is difficult to study because the dimensions of the sepa-

rated phases are usually less than 500 A. Two types of phase separation are

known to borosilicate glasses. In one, the borate-rich phase is distributed

as discrete disconnected globules in the silica-rich phase. In the other, the

borate-rich globules are connected to form a continuous network. It may be

postulated that the former type of phase separation occurs in waste glasses,

since if the borate-rich phase was continuous, higher leach rates would be

expected than those actually observed.

Molybdenum and sulfate also exhibit phase separation in borosilicate waste

glasses. A molybdenum-rich salt phase that also contains sodium, cesium, and

strontium separates. As is typical of phase separation phenomena, the

molybdenum-rich phase is completely miscible in waste glasses above about

1150C. At lower temperatures, the phase separation is composition dependent.
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If the concentration of molybdenum and sodium is high enough in borosili-

cate waste glasses, the molybdenum-rich phase will separate out on a macroscale

and float to the surface of the molten glass. As noted earlier, reducing con-

ditions can be used to avoid the separation of the molybdenum salt phase. This

phase separation behavior has not been observed with 77-260.

LEACHING

The factors that can significantly affect the value for the leach rate

obtained in a given leach test are shown in Table 7. Some of these factors are

intrinsic, related only to the waste glass itself and its condition. Others

are extrinsic and can vary independently of the waste glass. The factors in

Table 7 are interrelated. Understanding the leaching of waste glass rests on

knowing the type of influence each factor has in relation to the others.

For example, a set of leach data for representative HLW is shown in

Table 8. These data were obtained by Wald and Westsik (1979) and indicate

little difference in the leach rate between simulated and fully loaded waste

glass samples. The data also indicate that leach rates vary as a function of

glass composition, element of interest and thermal history of the sample and

that a difference of a factor of two may represent the combination of all

these parameters as well as the uncertainty in the analysis.

For an estimation of the long-term leach rates, it is very important to

know the flow conditions. The data in Figure 7 obtained by J. Westsik (Ross,

Turcotte, Mendel and Rusin 1979) show a major change in behavior at longer

times between static and fresh leachates. Leach rates for powdered specimens

TABLE 7. Factors Affecting Leach Rate Measurements

Intrinsic Extrinsic

Glass composition Temperature

Thermal history Pressure

Radiation effects Composition of leachant (including pH and Eh)

Physical form Flow rate of leachant

Surface character
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TABLE 8. Leach Rates of Waste Glasses Based on Cesium, Strontium and
Europium in a Modified IAEA Test at 25 C

Cesium
Simulated Radioactive

72-68
As Prepared
Devitrified

76-68
As Prepared
Devitrified

77-107
As Prepared
Devitrified

77-260
As Prepared
Devitrified

9.0 x 10-6
3.2 x 10-5

2.7 x 10-6
3.0 x 10-6

6.4 x 10-6
8.0 x 10-6

9.1 x 10-7
9.8 x 10-7

2.3 x 10-5
4.3 x 10-5

3.0 x 10-6
2.6 x 10-6

6.5 x 10-6
4.4 x 10-6

1.8 x 10-6
1.8 x 10-6

Strontium,
Simulated

6.9 x 10-6
1.5 x 10-5

2.8 x 10-6
3.3 x 10-6

6.5 x 10-6
6.0 x 10-6

1.4 x 10-6
1.2 x 10-6

Europium,
Radioactive

3.1 x 10-6
4.2 x 10-6

1.3 x 10-6
1.3 x 10-6

2.2 x 10-6
7.7 x 10-7

8.1 x 10-7
5.7 x 10-7

(a) The leach rates in g/cm2-d
24 days of testing.

are average rates covering 8 through

in the static solution have decreased to 3 to 5 x 10-9 g/cm2-day, which is

100 times lower than leach rates for the first 10 days (Ross, Turcotte, Mendel

and Rusin 1979). This apparently results from a saturation or approach to

saturation of the leachate with species from the waste form. Saturation does

not occur to the same degree in a solution that is changed regularly.

Measurements of canisters of simulated waste glass have shown that surface

areas are increased by a factor of 10 to 20 over the external geometric surface

areas from thermal shock during processing (Slate et al. 1978). Conservative

calculations have previously used this surface area increase in calculating the

increase in leaching from cracking. Data that have been obtained by comparing

powdered and slab samples of 76-68 glass have indicated differences of up to

two orders of magnitude in leach rate when total surface area is considered

(Ross et al. 1978). More recent data (Perez and Westsik 1980) indicate that

tight cracks in waste forms do not leach. These data indicate that the degree

of thermal-mechanical fracture may not be strongly related to the quantity of

material leached from the waste form.
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RADIATION EFFECTS

Perhaps the most unique feature of waste glass is the high levels of con-

tained radioactivity potentially possible. Depending-on the type and amount of

radioactivity incorporated in waste glass, the total beta-gamma dose to the

glass may reach 10 12 rads in the first one thousand years; the alpha events

resulting from decay of the contained actinides, many of whic h have long half-

lives, may exceed 1019 per cm 3 of glass in 250,000 years.

Will self-radiation for thousands of years change the properties of waste

glass in any way, making the assumptions concerning the glass used in various

long-term behavior analyses nvalid? It must be proven that, once the thermal

and hydrothermal devitrification effects are defined, the glass will no longer

change, and that long-term radiation effects can be discounted. With some
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reservations, described in the following sections, all

it is indeed legitimate to discount radiation effects.

waste glass to be very radiation-resistant material.

evidence indicates that

The evidence shows

Radiation can potentially cause:

* stored energy buildup;

* bulk or localized density changes;

* changes in rates of devitrification;

* amorphization of crystalline species (metamictization);

* changes in mechanical strength;

* changes in leach rate;

• helium buildup (from alpha decay).

Although the list of possible radiation effects is long,

formed to date have revealed no effects that would jeopardize

for the long-term immobilization of up to at least 1 x 105 Ci

ucts per liter of glass and 1 x 10 Ci of actinides per liter

the tests per-

the use of glass

of fission prod-

of glass.

The actinide content of waste glass is made up of a mixture of uranium,

neptunium, plutonium, americium, and curium isotopes, plus their decay prod-

ucts. The relative amounts of actinides in a waste glass depends on the source

of the radioactive waste incorporated in the waste glass. In all cases, how-

ever, the actinide alpha-decay effects will continue for long times. Table 9

lists the alpha decays during the first million years for one representative

waste glass.

TABLE 9. Time Distribution of
Waste Glass

Time of Vitrification

First 100 yr

100-1,000 yr

1,,000-10,000 yr

10,000-100,000 yr

100,000-1,000,000 yr

Alpha Decay in a Representative

Alpha Events,
Percent of Total

3.4

3.4

6.8

16.7

69.7
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Stored Energy

Stored energy is latent energy stored in a substance by radiation-induced

displacement of atoms from their normal lattice position. The latent energy

is released as heat when the temperature of the substance is raised suffi-

ciently. The specific heat of waste glasses is usually about 0.2 cal/*C-g.

The maximum stored energies in waste glasses are in the range of 30 to

60 cal/g; thus under adiabatic conditions, the maximum additional temperature

rise that could occur due to rapid release of the stored energy is only 150

to 300*C. It may be concluded that the stored energy levels in waste glass are

not a hazard. Stored energy data on 77-260 indicate a maximum value of about

30 cal/g (Weber et al. 1979).

Density Change

Density change is a commonly observed radiation effect in ceramic sub-

stances. The density changes observed in waste glasses generally are less

than 1%.

The density change in waste glass reaches an equilibrium value after about

2 x 1018 /g. Only minor density fluctuations occur with further increases

in radiation dose.

As Figure 8 shows, density change in waste glass can be positive or nega-

tive; the glasses can either shrink or swell. The direction of the density

change is apparently a function of composition. The density change for vit-

reous 77-260 was less than -0.1%. However, devitrified samples show density

changes of -0.45% and 1.0% depending on degree of devitrification (Weber et

al. 1979).

Radiation Effects on Devitrification and Metamictization

Radiation seems to have little effect on thermal devitrification of waste

glasses. Neither the species of devitrification crystals formed nor their rate

of formation is believed to be significantly altered. Specimens of four dif-

ferent PNL glass compositions, including 77-260, have been prepared with full

levels of radioactivity. Similar specimens, but with nonradioactive isotopes

of the fission products and chemical standins (rare earths) for the actinides,
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have also been prepared. The nonradioactive and radioactive specimens have

been subjected to the same thermal devitrification conditions. Results confirm

expectations; devitrification behavior is similar. Radiation would not be

expected to affect thermal devitrification since radiation effects are annealed

out at the temperatures where the devitrification rate is significant (above

5006C).

Radiation Effects on Leach Rates

Leach rates, measured on waste glasses containing up to 9 x 10 Ci/L of

fission products, are not more than a factor of two higher than those made on

nonradioactive simulated waste glasses of the same general chemical composition

(Mendel and McElroy 1972; Mendel 1973). This difference is within the normal

experimental deviation of leach test data. Similarly, the leach rate of a
244Cm-spiked waste glass was not significantly different from the leach rate of

a comparable nonradioactive glass after a cumulative dose over 3 x 1017 disin-

tegrations/cm3 (Mendel et al. 1977). Thus, radiation does not affect the leach
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rate of waste glasses, and leach data obtained on nonradioactive simulated waste
glass can be used to predict the leaching behavior of fully radioactive waste

glass.

Helium Behavior

Helium atoms are generated wherever alpha-decay events occur in waste
glass. Each alpha particle captures two electrons to become a helium atom.

Helium is slightly soluble in glass; helium also diffuses through glass quite

readily. The diffusion is retarded as the glass composition increases in com-
plexity; thus, helium diffusion in waste glass is lower than in quartz glass or

commercial soda-lime-silica glass (Turcotte 1976). Figure 9 shows that the

diffusion of a portion of the helium produced by alpha decay is also further
inhibited when compared to that of helium implanted in the glass by solubility
at high temperatures. The inhibition is attributed to trapping of some of the
alpha-produced helium at point defects. Expressions for both untrapped (Du)
and trapped (Dt) helium diffusion coefficients have been experimentally
derived (Turcotte 1976):
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I I
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Du = 2.1 x 10-3 exp (-15,000/RT) cm2/s,

Dt = 1.7 x 10 4 exp (-15,000/RT) cm2/s.

Using these diffusion coefficients, canister pressurization was estimated at

two temperatures, 25 and 300*C, as a function of time for waste glass contain-

ing LWR once-throuqh and full recycle wastes. The estimated pressures are

plotted in Figure 10a and 1Ob. The solid lines represent no trapped helium;

the shaded portion below the lines represents the potential effect of trapped

helium. A 10 vol% plenum in the canister and 30 wt% waste loading in the glass

was assumed.

Transmutation

Radioactive decay results in the transmutation of the decaying isotope,

often to atoms of significantly different valence and ionic radius. Some of

the transmutations that occur in waste glass are shown in Table 10. Intralan-

thanide and actinide transmutations are not shown because the resultant changes

are insignificant. The actual number of transmutations that will occur in a

given waste glass depends on the fission product loading and the age of the

waste when the glass is made. Even in glass with a high waste loading, the

total number of nonoxygen atoms undergoing transmutations will not exceed 2%.

Because of the nonstoichiometric nature of the glass, it is expected that the

transmutations can be accommodated without effect. The exception may be

severely devitrified glass because the effect of transmutation on the sta-

bility of crystals could be more severe.
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TABLE 10. Radioactive Decay Trtnlmutations That
Occur in Waste Glass a

Initial
Ion

Cs+
TC+7
Sr+2

Zr+4
Ru+4
Pd+0

Transmuted
Ion
Ba+2
Ru +4

Zr+4

Nb+5

Pd+2

Ag+O

(a) Actinide and lantha-
nide transmutations
are not shown because
resulting effects are
small.
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HIGH-LEVEL WASTE CANISTER DESCRIPTION

The purpose of this section is to describe the primary glass-storage

canister. The descriptions will include the canister design itself, canister

processing, and properties of a filled canister, such as the radiation flux.

In addition, background information related to the PNL canister studies will

be provided to demonstrate the rationale for the reference selections.

The canister, of course, is a very important part of the waste management

system. Its primary functions are to 1) provide high-integrity glass contain-

ment from processing to disposal, 2) protect the glass from physical damage;

and 3) provide a means for handling the glass. The canister must be compatible

with the environments it encounters during processing, handling, and storage

operations. The following data were developed with these functions in mind.

BACKGROUND

Canister development at PNL 'has not been oriented to provide long-term

containment of radionuclides during disposal since existing regulations (Code

of Federal Regulations, Title 10, Part 50, 1978) have not required significant

waste containment in the repository. Since currently proposed regulations

(Code of Federal Regulations, Title 10, Part 60, 1980 and Code of Federal Regu-

lations, Title 40, Part 191, 1979) emphasize radionuclide isolation from the

repository media for approximately 1000 years, PNL researchers are now investi-

gating concepts for a high-integrity canister with an extended life as well as

various systems of overpack structures, liners, and absorbent mineral layers

surrounding the canister within the repository.

Over 30 full-scale canisters have been filled by the in-can melting (ICM)

process at PNL and approximately 60 canisters have been filled using the joule-

heated glass melter (JHGM) process. In addition, two nearly full-scale canis-

ters of radioactive waste glass were produced in the Waste Solidification

Engineering Prototype Program at PNL in 1970, and two more were filled in the

Nuclear Waste Vitrification Program in 1979. These canisters have provided

data on canister performance under both filling and storage conditions that

support the stress analysis and structural integrity evaluation.
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Canister development work has also been carried out at Savannah River Lab-

oratory (SRL) in support of the defense HLW solidification programs. Over

20 full-scale canisters of simulated waste have been produced in the CM pro-

cess and 5 canisters of simulated waste filled by the JHGM process. SRL has

selected a nominally 3-m-high by 60-cm-dia stainless steel 304L canister to

contain the defense-waste glass.

The French are using stainless steel canisters of approximately I m height

and 50 cm dia to store radioactive waste glass in air-cooled storage vaults.

This is being done on a production scale and approximately 500 canisters have

been filled over the past 3 years.

PNL has been conducting studies on HLW canisters for about 5 years. Basic

designs have been completed and demonstration, at least in principle, of all

post-vitrification process steps has been completed. The primary references

that describe the PNL canister development work are Simonen and Slate (1979)

and Larson (1980). Most of the basic technical material included in this sec-

tion were taken from these primary references.

TYPE OF GLASS VITRIFICATION PROCESS

The performance requirements of the canister depend on the type of vitri-

fication process used for making the waste glass. Two processes, in-can melt-

ing and joule-heated glass melting, are principal candidates. In the ICM

process, the canister serves as the crucible for melting the dried waste and

glass formers. As a result, the canister is subjected to temperatures in the

range of 1000 to 1100C for a period of from 12 to 24 hours. Under these con-

ditions, the canister undergoes some creep, internal corrosion from the glass,

and external oxidation. In the JHGM process, the glass is made in a

refractory-chambered melter and poured into the canister. Under these condi-

tions, the canister may be at 400'C for 12 to 36 hours and may briefly experi-

ence local temperatures of 500 to 7C at the rising glass levels. Creep,

oxidation, and corrosion from glass are not significant problems for canisters

in the JHGM process.
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MATERIAL REQUIREMENTS

The canister is fabricated from standard single-walled pipe with formed

heads welded to either end. Many alloys have been investigated. Stainless

steel 304L and Inconel-6010 are presently the reference candidates for canis-

ter materials, and serve to represent the 300 series stainless steels and the

high nickel-alloys, respectively.

Specific performance requirements for the canister material arise from the

high temperatures associated with the ICM process and the possibility of water-

basin interim storage. These performance requirements can be summarized as

follows:

* sufficient strength and creep resistance at the glass-forming or

pouring temperature;

* resistance to corrosion by molten glass;

* resistance to outer surface oxidation and scale spallation;

e resistance to stress corrosion cracking (SCC) sensitization;

* resistance to SCC during water basin storage;

• amount of residual stress after cooling (the result of a smaller

coefficient of thermal expansion for glass);

* ease of surface decontamination;

* ease of lid welding;

* resistance to damage from accidental impacts during handling and

transportation;

* retention of geometry (roundness) sufficient to permit ease in

overpacking;

* potential for demonstrable integrity during a retrieval period of

approximately 150 years in a repository.

e Registered trademark of the Huntington Alloys Division of the International
Nickel Company, Inc., Huntington, West Virginia.
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These performance criteria are addressed in considerable detail in the

primary references given earlier for the PNL canister development work. The

conclusions from these studies are discussed below.

Process Temperature

The ICM process requires that the canister be held at 10500 25C for

approximately 12 hours. The canister is preheated to -250 C in the JHGM pro-

cess and may reach 700C maximum at the level of the molten glass as it is

being filled. Both SS 304L and Inconel 601 have the necessary strength to be

free-standing during the ICM process.

Creep Properties

Creep is not a problem in the JHGM process because of the low canister

temperatures. Some creep is evident at the higher temperature of the ICM pro-

cess. In general, the imposed stress load is not high enough to cause more

than 1% creep for the approximately 12-hour process period. Figures 11 and 12

show the isochronous stress-strain curves for 304L stainless steel and

Inconel 601 at 1050*C. The curves are a plot of the value of total strain

(elastic-plus-plastic-plus-creep) as a function of stress at a given constant

end-of-test time. Inconel 601 exhibits less creep under the same temperature,

stress, and time conditions than does SS 304L. The creep that does take place

is uniform; therefore, the canister retains its original right cylinder shape.

Canister Oxidation

Oxidation and spallation of the exterior canister surface is a potential

problem when SS 304L is used in the ICM process. Figure 13 compares the oxida-

tion rates at 1000C for several materials. At 1050 C, the reference-sized

canister may lose -1 kg of scale in the furnace, depending on its removal tem-

perature. If it is removed above 700*C, only about 0.1 kg will fall in the

furnace. The primary disadvantage of this loss is the accumulation of this

scale in the bottom of the furnace and a possible difficulty of decontaminating

the rough, oxidized surface of the canister. Inconel 601 experiences only mild

oxidation at the I process temperature. Development work on SS 304L
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shows the corrosion of 304L in a typical commercial waste glass. Additional

tests on Inconel 601 show that it can withstand this type of corrosion better

than SS 304L.

Stress Corrosion Cracking

Stainless steel canisters are subject to SCC when stored in water basins.

Figure 15 is a plot of the time-temperature sensitization for stainless steel

as a function of the carbon content. While SS 304L has a relatively low carbon

content, it is still subject to some sensitization during the cooldown period

when the canister temperature is -600*C. Since SCC can be prevented by careful

control of water chemistry in the storage basin, it is best to assume that the

canister has been sensitized, that it will have residual stresses, and that it

should be protected by control of the water chemistry (Slate and Maness 1978).
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Negligible canister sensitization to SCC is expected in the JHGM process.

Investigation at PNL has shown that SCC does not occur in high-nickel alloys

having greater than -45% nickel (Inconel 601 consists of -60% nickel.)

Residual Stress

Residual stress occurs in the canisters as a result of a larger coeffi-

cient of thermal expansion (-19 x 10 6/OC) for the canisters in comparison to

that of the glass (-10 x 1076/C). As the canister cools, it is prevented from

resuming its original diameter and length by the now-solidified glass.
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Residual-stress measurements made on a canister indicate 200 MPa (30 kpsi) hoop

stress and 205 MPa (36 kpsi) axial stress. PNL has investigated stress-relief

techniques and has found them to be ineffective or too complex. Since the

canister materials exhibit a high degree of ductility,,there is no reason to

try and remove the residual stress in the canister. Impacts during handling

or transportation will possibly lead to a material yield, but the ductility

will prevent rupture except in extreme cases. The residual stress will

54



1000

Boo 

900

WP H
~700 .O

us

0~~~~~~~~~~~~~~~~~

400
lOs I min 10min 1 h 10 h 100 h 1000 h 10,000 h

T1ME

FIGURE 15. Time-Temperature-Sensitization curves for Stainless
Steels with Various Carbon Contacts

increase the rate of SCC in a sensitized canister, but development work has

shown that control of water chemistry in the storage basin can prevent SCC in a

sensitized canister that has residual stress.

Surface Decontamination

Both stainless steel and high-nickel alloys can be decontaminated with any

of several methods when the glass Is produced by the JHGM process. As

described earlier, the use of stainless steel for the 1CM process results in

an oxidation of the surface that may increase the complexity of the decontami-

nation process. The high-nickel alloys do not oxidize to the extent of forming

a scale at the process temperature of the 1CM process. A thorough study of*

canister decontamination techniques has been performed by Nesbitt, Slate and

Fetrow (1980).
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Lid Welding

PNL has investigated many techniques for lid welding and has selected the

gas-tungsten-arc (GTA) fusion-weld process as a common, well-understood method

of welding nuclear-related equipment. A remotely operated prototype has been

demonstrated. The welder makes an autogeneous fillet that can range from

3.2 to 6.4 mm (1/8 to 1/4 in.) thick. Tight tolerances are maintained on the

lid dimensions to maintain the appropriate gap between the welding tip and the

lid. The welder is keyed from a hole in the center of the lid to simplify the

fit-up requirements. The canister opening will have become oxidized in the CM

process, more so if the canister is stainless steel. This surface must be

cleaned by mechanical or chemical milling, or by "sand-blasting," before lid

placement and GTA welding takes place. Therefore, an Inconel 601 canister will

require less preparation than an SS 304L canister in the ICM process. No sig-

nificant difference has been observed for the JHGM process.

Impact Damage

An extensive program at PNL to investigate the behavior of canisters under

impact conditions culminated with actual drop tests of full-sized canisters in

1975 and 1977. During the latter test, 13 canisters were subjected to both

bottom impacts and top impacts. Drop heights ranged from 6.1 m to 31.7 m

(20 ft to 104 ft). Canister conditions after impact were evaluated on the

basis of visual inspection and, in several cases, by metallographic sectioning.

No cracks were observed in bottom impacts of the 304L canisters that were built

to accepted design and fabrication practices (for example, not all canisters

were made according to the reference design). The reference twist-lock closure

was not impacted during these tests. All canisters tested were either of

SS 304L or carbon steel. Inconel 601 is expected to perform at least as well

as the stainless steel.

Retention of Geometry

Canisters have been carefully measured before and after being filled with

glass for both the ICM and JHGM processes. No bulges or out-of-roundness in
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excess of the 1 limit was noted. In fact, the combination of a high canister

temperature and a hydrostatic force of the molten glass in the 1CM was observed

to improve roundness.

Cost

Inconel 601 costs approximately three to four times more than SS 304L.

Fabrication costs are higher for Inconel although inspection and transportation

costs are comparable to SS 304L.

Reference Material

Stainless steel 304L is specified as the reference canister material for

this study. Since the material costs less than Inconel and meets the perfor-

mance criteria of the HLW glass production processes.

DESIGN DESCRIPTION

Size

The size of the canister is determined primarily by constraints on decay

heat loading, canister weight, and compatibility with transportation systems.

From a process standpoint, a 60-cm- or even a 70-cm-dia canister is attractive

since either reduces the frequency of canister movement in the remotely

operated process cell. However, the decay heat in commercial HLW is such that

a 30-cm-dia canister 3 m long will produce -3.7 kW for HLW aged 5 years from

reactor discharge and 2.2 kW when the HLW is aged to 10 years. The current

recommended thermal loading for a salt repository is 2.2 W. Other repository

media have lower recommended thermal loadings.

Considering the above design parameter, the reference canister is speci-

fied as having a 31.4-cm (12.25-in.) inner dia and a 3-m overall length (meas-

ured from the bottom to the top of the lid universal lifting connector). A

view of the canister is shown in Figure 16. Internal fins are shown in the

figure. These would be used in the IM canisters to enhance heat transfer dur-

ing glass melting in the furnace. These fins would not normally be used in a

canister filled by the JHGM process.
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The canister-wall thickness is specified as 0.64 cm (1/4 in.) which is

much thicker than is required to meet the process-imposed stresses plus the

corrosion allowances for both the inside and outside surfaces. However, the

dimension is a prudent specification for impact and transportation protection.

Closure

The top of the canister is formed from a flanged-only tank head. The

bottom is a slightly-reversed-dished flanged tank head. Stress analysis indi-

cates the turned corner and closure is less susceptible to impact damage than

a simple flat-plate closure.

The actual lid closure at the top of the canister will be a twist-lock

fitting developed at PNL. Figure 17 is a cutaway detail of the twist-lock

LIFTING STUD

CANISTER

SEALWELD 

FIGURE 17. Schematic of the Twist-Lock Canister Closure
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fitting. This type of closure has been developed to permit a simple, air-tight

connection during filling that can be made with remote-handling equipment. The

seal-weld surface is accessible for remote welding and can be checked for weld

defects by ultrasonic scan. The weld leak check can be made with a bell-type

helium detector that fits over the top of the canister. The twist-lock closure

has been used in over 20 full-scale canister tests. It has been welded and

leak tested using prototype remote equipment.

The level to which the canister can be filled with glass depends on the

type of the glass-making process and the accuracy of the instrumentation that

monitors the weight and fill level of the canister. As a reference value for

this report, a fill level of 90% is assumed for a canister without fins pro-

duced by the JHGM process. This value is equivalent to 192 L of glass. Of

course, in actual practice the canister fill level will assume some normal dis-

tribution around the desired fill level. A canister of glass produced with the

1CM process will contain less'glass because the internal fins occupy about 10%

of the canister volume, and more void space must be reserved at the top for the

glass batch to melt.

Design Parameters

The design parameters of the filled HLW canister are given in Table 11.

These parameters are, of course, approximate. The average waste loading of the

glass will be lower since the fuel history overestimates the average fuel

burnup. In addition, the glass production process is easily adaptable. For

example, the canister fill level can be changed or the glass waste loading can

be changed to meet some other criteria of the overall waste disposal system.

THERMAL ANALYSIS

For the purpose of this study, several simple steady-state temperature

profiles were calculated to predict the maximum glass temperature during

interim water storage, interim air storage, and repository emplacement. The

decay heat produced in the canister as a function of time is given in Table 12.

The CANIST code (developed at PNL) can perform transient thermal analyses

for canisters that have radial fins and can provide detailed thermal profiles
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TABLE 11. Design Parameters of the HLW Canister

Parameter Specifics
Material
Dimensions
* Outside diameter
. Length
* Wall Thickness

Fins
Closure
Empty weight
Volume when 90% filled
Weight of glass (3.1 gc'
MTU of HLW per canister-

Decay heat

Activity

Stainless steel 304L

32.4 cm (12-in. Pipe) 2 mm

3 m (10 ft) 2 mm

0.64 cm (0.250-in. nominal pipe tolerance)

Not required

PNL "twist-lock"

160 kg 5%

192 L * 5%

595 kg

2.28 ( 260.6 kg glass/MTU)

3.71 kW (at 5 yr after reactor discharge)
2.2 kW (at 10 yr after reactor discharge)

1.02 x 106 Ci (at 5 yr after reactor disch
6.58 x 105 Ci (at 10 yr after reactor disc

arge)
harge)

TABLE 12.

Decay Period, Yr

5

'10

20

50

12

10

104

105

106

Canister Decay Heat

Canister Heat
Generation Rate, W

3690

2210

1600

798

292

20.1

1.7

0.264

0.178
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within the canister than can be used to predict glass devitrification and

cracking as well as canister creep. The primary references report detailed

thermal analyses of canisters during the glass-fill process, cooldown, and both

interim and long-term storage. These analyses are not repeated here.

After the canister of HLW is produced, it will be stored onsite before

being transported to a repository. The length of this interim storage period

depends on many variables in the entire HLW disposal program. To ensure that

the glass temperature at the centerline of the canister is within acceptable

limits, the maximum glass temperature was calculated for a canister stored

either in water or in air. If the canister is stored in a water basin, the

maximum temperature is -153 C for 5-year-aged HLW (time since the spent fuel

was removed from the reactor). If the canisters are placed in air storage

designed for convection cooling (radiative heat loss was assumed to be zero

because of nearby canisters in an array), the maximum glass temperature will

be -380*C for 5-year-aged HLW. Both of these temperatures are below the point

where devitrification of the glass will occur (-5000C if maintained for periods

greater than a week). These calculations were for a JHGM canister that has no

internal fins. An CM canister with internal fins would have a lower maximum

glass temperature.

Also of interest are maximum temperatures in the repository. The thermal

analysis models for repository emplacement must take into account the heat-sink

behavior of the repository media and the type of canister overpack and back-

fill. The thermal calculation must be a transient calculation since the

repository temperature increases to a maximum several years after the canisters

are put in place and then falls off slowly over a long period of time as the

canister thermal output decays.

One of the primary objectives of this report is to supply a canister

design and waste loading specification that can be used as input for detailed

repository thermal history calculations by other contractors supporting the

NWTS program. Therefore, the repository thermal analyses reported here are
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simply for the purpose of verifying that the canister size and the decay-heat

loading specified for the canister are compatible with existing repository

design constraints.

The repository conditions developed by an OWI-sponsored Interface Working

Group (NWTS-3 1980) for commercial high-level waste in a salt repository

assumed a similar canister design and decay-heat content as that assumed in

this report. The Interface Working Group also assumed an average repository

heat loading of 25 W/m2 (100 kW/acre). From this assumption, it is possible to

calculate the average salt temperature in the repository as a function of time,

reflecting the decay in thermal emission from the HLW canisters. Using the

average salt temperature as the heat-sink temperature for the canister tempera-

ture profile calculation yields a time-dependent temperature plot of various

points in the waste-form/overpack model.

A model of the canister emplacement in the repository borehole is shown

in Figure 18. The canister is surrounded by a steel overpack. The space

between the canister and the overpack is an empty airspace. The overpack/

canister assembly is lowered into a borehole in the salt, which has a steel

liner in the hole to facilitate retrieval should that become necessary. The

annulus between the overpack and the liner is backfilled with crushed salt.

The temperature history for the glass centerline, the canister surface,

and the nearby-salt temperature is shown in Figure 19. The maximum glass tem-

perature is -320*C, which occurs shortly after emplacement. The canister wall

temperature reaches a maximum of 265*C. The highest average temperature for

the nearby salt is -160*C, which occurs 15 to 20 years after emplacement.

Researchers at the Advanced Energy Systems Division of the Westinghouse

Electric Corporation have proposed a waste emplacement model that emphasizes

maximum isolation of the waste form from ground-water attack or lithostatic

forces for a period in excess of a thousand years. A cross section typical of

a maximum isolation model is shown n Figure 20. The concept employs a thick

steel overpack to withstand the lithostatic pressure within the repository. A

titanium overpack acts as a corrosion barrier. A compressed mixture of bento-

nite and sand is used to seal' the waste package against water intrusion. This
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BOREHOLE LINER (CARBON STEEL)

/ CRUSHED SALT N
/ BACKFILL

CANISTER (304L STAINLESS STEEL)

FIGURE 18. Canister Emplacement Model for a Salt
Repository (NWTS-3 1980)

model may be unnecessarily complex for salt. It may be desirable to make the

canister bear the lithostatic pressure and provide a titanium overpack for the

corrosion protection. The compressed bentonite backfill is more appropriate

for basalt or granite repositories where some ground-water intrusion is prob-

able. Only a few liters of brine are predicted to reach the borehole in a salt

repository. It can be argued that if sufficient water were to reach the

emplacement site to warrant the bentonite backfill it would have already dis-

solved the surrounding salt. However, this complex model is useful since it

tends to maximize the waste centerline temperature. The temperature profile

for this model is also shown in Figure 20 for a time shortly after emplacement

of 10-year-old HLW. The maximum glass centerline temperature is -4300C; the

maximum canister wall temperature is 3500C. A temperature history for the
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FIGURE 19. Thermal Response as a Function of Time for a Salt
Repository with the Canister Emplacement Model of
NWTS-3 (1980)

-maximum isolation model ina salt repository is given for the first thousand

years in Figure 21. The glass centerline temperature and the temperature of

the titanium corrosion barrier are given. The averge salt-bed temperature is

taken from NWTS-3 (1980) for a repository having 100 kW/acre thermal loading

from HLW canister placement.
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FIGURE 20. Maximum Temperature Profile for a Canister Emplacement
in a Salt Repository with the Maximum Isolation Package
Model

The maximum glass temperatures calculated for the two different emplace-

ment models are acceptable. Interpretation of the effects of the maximum

temperature for the steel and titanium overpacks and the salt or bentonite

backfill are beyond the scope of this report.
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FIGURE 21. Thermal Response as a Function of Time for a Salt Repository
with the Maximum Isolation Emplacement Package Model

RADIATION ANALYSIS

Radiation flux is an important consideration in the design of systems for

canister storage and transportation of HLW canisters. The reference canister

contains 2.28 MTU (metric tonne uranium waste equivalent). The complete

description of the radionuclides is given in the ORIGEN II calculation in the

appendix. The gamma radiation is the principal contributor to dose from the

canisters. Beta radiation and neutrons can be neglected for the preliminary

calculations. The ORIGEN II code calculates the source terms for the gamma

radiation. The energy-dependent source terms are input to the QAD code (Cain
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1977), and the gamma flux is calculated at the canister surface, taking into

account the glass composition, canister wall, and canister geometry.

Predictions of the gamma flux and dose profiles at the canister surface

for 5, 10, 50, and 100 years were calculated with the QAD code. The gamma

source terms are given in Table 13, the gamma energy flux is given in Table 14,

and the dose rate is given in Table 15. Also, Table 16 gives the direct gamma

spectrum that can be used in combination with the energy flux of Table 14 to

calculate the dose through various overpacks and repository backfill configura-

tions. Figure 22 is a relative profile of the dose rate around a HW canister

containing 5-year-aged waste.

TABLE 13. Gamma Source Terms(a) (MeV/W-s/MTU)

Group E (MeV)

1 0.085

2 0.125

3 0.225

4 0.375

5 0.575

6 0.85

7 1.25

8 1.75

9 2.25

10 2.75
11 3.5
Power 38.4 x 106 

2.28 MTU per canister

5

1.3 + 6

1.7 + 6

3.0 + 6

2.7 + 6

7.5 + 7

2.4 + 7

7.5 + 6

3.9 + 5

2.7 + 5

1.0 + 4

1.7 + 3

Decay

8.6 + 5

1.0 + 6

1.9 + 6

1.5 + 6

4.9 + 7

6.1 + 6

3.6 + 6

1.6 + 5

4.3 + 3

3.3 + 2

5.4 + 1

Time, yr
50 

3.0 + 5

3.0 + 5

7.0 + 5

5.0 + 5

1.8 + 7

2.6 + 5

2.1 + 5

1.5 + 4

1.4 + 0

0

0

100

9.4 + 4

9.0

2.1
1.5

5.6

5.8

3.0

3.1

0

0

0

+ 4

+ 5

+ 5

+ 6

+ 4

+ 4

+ 3

S - 38.4 x 106) x 2.28 8.76 x 107 with above spectrum

(a) From ORIGEN.
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TABLE 14. Enlrgy Flux at Canister Surface Versus Decay Time (Flux in
110 MeV/cm2-s)

Radial Surface
(R 15.875 cm)
Distance from

Bottom of Canister

0

25

50

75

100

(Center at 132) 125

150

Axial Surface
(Z - 293.1 cm)

Distance from Axial
Centerline, cm

0

15

5

3.0

6.4

7.4

8.9

10.3

10.9
10.5

Decay

1.6

3.3

3.9

4.7

5.5

5.8

5.6

-

Time, yr

0.46

0.98

1.2

1.4

1.7

1.8

1.9

100 

0.14

0.30

0.35

0.43

0.51

0.54

0.52

5

1.1

0.94

Decay

0.61

0.50

Time., yr
250-

0.19

0.15

100

0.054

0.047

TABLE 15. Dose Rate at Canister
Rate in 106 mrem/h)

Surface Versus Decay Time (Dose

Radial Surface
(R = 15.875 cm)
Distance from

Bottom of Canister

0

25

50

75

100

(Center at 132) 125

150

Axial Surface
(Z 293.1 cm)

Distance from Axial
Centerline, cm

0

15

.-

5
56

118

137

165

192

204

196

21

18

Deca 1

30

62

72

86

104

108

105

Decay
10

12

9.4

Ti mey

8.6

19

22

27

31

33

32

!Ti me yr
50

3.5

2.9

100

2.7

5.8

6.8

8.3

9.7

10

9.7

_100

1.1
0.90
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TABLE 16. Direct Beam Gamma Spectrum Versus Decay Time (MeV/cm2 s)
(Detector at Z - 125 cm, R 15.875 cm; Un-normalized
Spectrum

Group

1

2

3

4

5

6

7

8

9

10

11

E (Mev)
0.085

0.125

0.225

0.375

0.575

0.850

1.250

1.750

2.250

2.750

3.500

5

7.1 + 1

3.0 + 5

8.4 + 7

3.6 + 8

1.9 + 10

9.2 + 9

3.9 + 9

2.7 + 8

2.2 + 8

9.5 + 6

1.7 + 6

Decay Time, yr
10 50

4.6 + 1 1.6 + 1

1.8 + 5 5.2 + 4

5.4 + 7 2.0 + 7

2.0 + 8 6.7 + 7

1.2 + 10 4.6 + 9

2.3 + 9 9.9 + 7

1.9 + 9 1.1 + 8

1.1 + 8 1.0 + 7

3.5 + 6 1.1 + 3

3.0 + 5 0

5.5 + 4 0

100

5.1

1.6 + 4

5.9 + 6

2.0 + 7

1.4 + 9

2.2 + 7

1.6 + 7

2.2 + 6

0

0

0
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FIGURE 22. Profile of High-Level Waste Canister
Dose Rate, mrem/h (at time of repro-
cessing, 5 years aged)
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ORIGEN-II CALCULATIONS

The radioactivity and decay heat of the reference HLW composition are

typical of what would be obtained from full burnup of PWR fuel. The fuel expo-

sure and subsequent decay history are modeled with the ORIGEN-II computer code

(Croff 1980). ORIGEN-I1 represents an improvement over the original ORIGEN

code (Bell 1978). The fuel burnup calculations can be easily modeled as a

series of exposure periods interrupted by decay periods (resulting from reactor

refueling). The cross sections and the method of averaging these cross sec-

tions have been improved in the ORIGEN-II code. Radionuclide decay library

information has been updated, and the format for'displaying the decay histories

has been improved.

The assumptions regarding the type of fuel, the reactor, and the exposure

history are discussed beginning on page 13 ("Fuel Exposure History").

Reprocessing is specified at 5 years after fuel discharge from the reac-

tor. However, note that some additional decay has occurred during the exposure

period when the reactor is refueled. During reprocessing, all of the He, C,

N. Ne, Ar, Kr, Xe and Rn are assumed to be separated from the fission products

and the actinides. Likewise, 99% of the U, Pu, I and H are assumed to be sepa-

rated. The decay histories of the separated elements are calculated and are

included as part of the code output.

The selected code output supplies the following information about the fuel

decay history:

* concentration, g

* radioactivity, Ci

* thermal power, W

* alpha radioactivity only, Ci

* neutron emissions

* photon emissions.

The information is given for three groups of radionuclides. The first group

consists of all the elements in the total fuel assembly but which become the

HLW at the 5-year decay point when the fuel is reprocessed. The second group

of radionuclides use the 99% of uranium and plutonium recovered during
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reprocessing. The third group are the gases released during reprocessing. An

index of the ORIGEN-Il output selected for this report is given in Table A.1.

A cutoff feature was exercised in the code output. For example, if the

radioactivity of a radionuclide never exceeds 1 x 10-10 at any time in the

decay history that radionuclide is not printed in the radionuclide table. This

cutoff feature is applied to all calculated quantities. It is possible to have

a radionuclide listed in the concentration table but not in the radioactivity

or thermal power tables because of this feature.

A note of caution is required regarding the "Cumulative Table Totals"

given of the end of each element summary table. The row title indicates "acti-

vation products plus actinides plus fission products," but this total is not

valid until the last group, i.e., "fission products." It is in fact a cumula-

tive table, but it is easily misinterpreted.

A full ORIGEN-I1 output for the case selected in this report is included

on microfiche in an envelope at the end of the report. Copies may be requested

from the lead author. In addition, abbreviated tables of concentration, radio-

activity and thermal power for actinides (plus daughters) and fission products

are given in Tables A.2 through A.7. A cutoff parameter of 10-3 was used to

reduce the length of the tables.
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TABLE A.1. Index to ORIGEN-II Output

Input

• Card image

* Neutron yield per neutron-induced fission (input)

* (Alpha, N) neutron yield in oxide fuels (input)

* Spontaneous fission neutron yield, neutron/fission (input)

* Individual element fractional recoveries (input)

* Group fractional recoveries (input)

* Element assignments to fractional recovery groups (input)

* Chemical toxicities, grams per M**3 water (input-not used).

Tables of Fuel Decay Histories

* Reactivity and burnup data

* Activation products

Concentration, g (by radionuclide)

Concentration, g (by element)

Radioactivity, Ci (by radionuclide)

Radioactivity, Ci (by element)

Thermal power, W (by radionuclide)

Thermal power, W (by element)

* Actinides + Daughters

Concentration, g (by radionuclide)

Concentration, g (by element)

Radioactivity, Ci (by radionuclide)

Radioactivity, Ci (by element)

Thermal power, W (by radionuclide)

Thermal power, W (by element)

Alpha radioactivity, Ci (by radionuclide)

Alpha radioactivity, Ci (by element)

* Fission Products

Concentration, g (by radionuclide)

Concentration, g (by element)

Radioactivity, Ci (by radionuclide)

Radioactivity, Ci (by element)
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TABLE A.1. (contd)

Tables of Fuel Decay Histories (contd)

Thermal power, W (by radionuclide)

Thermal power, W (by element)

* (Alpha, N) neutron source, neutrons/s

Spontaneous fission neutron source, neutrons/s

* Photon spectrum for activation products

18 group photon release rates, photons/s

18 group specific energy release rates, Mev/W-s

Principal photon sources in group (K), photons/s (individual tables for
each of the 18 groups)

* Photon spectrum for actinides + daughters

18 group photon release rates, photons/s

18 group specific energy release rates, Mev/W-s

Principal photon sources in group (K), photons/s (individual tables for
each of the 18 groups)

* Photon spectrum for fission products

18 group photon release rates, photons/s

18 group specific energy release rates, Mev/W-s

Principal photon sources in group (K), photons/s (individual tables for
each of the 18 groups)

0.99 U and Pu Separated from the HLW Stream 5 Years After Discharge

* Reactivity and burnup data

* Activation products

Concentration, g

Radioactivity, Ci

Thermal power, W

* Actinides + daughters

Concentration, g (by radionuclide)

Concentration, g (by element)

Radioactivity, Ci (by radionuclide)

Radioactivity, Ci (by element)

Thermal power, W (by radionuclide)

Thermal power, W (by element)
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TABLE A.1. (contd)

0.99 U and Pu Separated from the HLW Stream 5 Years After Discharge (contd)

Alpha radioactivity, C (by radionuclide)

Alpha radioactivity, Ci (by element)

* Fission products

Concentration, 

Radioactivity, Ci

Thermal power, W

* (Alpha, N) neutron source, neutrons/s

* Spontaneous fission neutron source, neutrons/s

* Photon spectrum for activation products

18 group photon release rates, photons/s

18 group specific energy release rates, Mev/W-s

• Photon spectrum for actinides + daughters

18 group photon release rates, photons/s

18 group specific energy release rates, Mev/W-s

Principal photon sources in group (K), photons/s (individual tables for
each of the 18 groups)

* Photon spectrum for fission products

18 group photon release rates, photons/s

18 group specific energy release rates, Mev/W-s

Separate He, C, N, Ne, Ar, Kr, Xe, Rn, H and I from the HLW Stream

* Reactivity and burnup data

* Activation products

Concentration, g (by radionuclide)

Concentration, g (by element)

Radioactivity, Ci (by radionuclide)

Radioactivity, Ci (by element)

Thermal power, W (by radionuclide)

Thermal power, W (by element)

* Actinides + Daughters

Concentration, g (by radionuclide)

Concentration, g (by element)
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TABLE A.1. (contd)

Separate He, C, N, Ne, Ar, Kr, Xe, Rn, H and I from the HLW Stream (contd)

Radioactivity, Ci (by radionuclide)

Radioactivity, Ci (by element)

Thermal power, W (by radionuclide)

Thermal power, W (by element)

Alpha radioactivity, Ci (by radionuclide)

Alpha radioactivity, Ci (by element)

* Fission products

Concentration, g (by radionuclide)

Concentration, g (by element)

Radioactivity, Ci (by radionuclide)

Radioactivity, Ci (by element)

Thermal power, W (by radionuclide)

Thermal power, W (by element)

* (Alpha, N) neutron source, neutrons/s

• Spontaneous fission neutron source, neutrons/s

* Photon spectrum for activation products

18 group photon release rates, photons/s

18 group specific energy release rates, Mev/W-s

Principal photon sources in group (K), photons/s (individual tables for
each of the 18 groups)

* Photon spectrum for actinides + daughters

18 group photon release rates, photons/s

18 group specific energy release rates, Mev/watt-s

Principal photon sources in group (K), photons/s (individual tables for
each of the 18 groups)

* Photon spectrum for fission products

18 group photon release rates, photons/s

18 group specific energy release rates, Mev/W-s

Principal photon sources in group (K), photons/s (individual tables for
each of the 18 groups)
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TABLE A.2. Concentration of Actinides (Plus Daughters)

OUTPUT UNIT 6
WCSTIFG6OUSE lltq MVIE P 31 PER CENT NNIC".332 r "WoelgT1

POucH: 3*000*001"Me URhUP: 3*26 9 9 '4o004uo. FtUW 3I*018uC"**?-srC

SU"NARI TABLIs COMCENINATIONS GRA"S
I METRIC TOh OF U l 3.1 PR CENT ENRIC""ENT

DISCHARGE 2.01, SqOWR SYIsrPROP 1O.Ir0 20.0t Sv.avR 100.0TH 1.Ot 10.089 200O.Tt 1.089

HE q 3.380-001 6*902-OI 8*4*h-OcI *oao 1.127-001 3.085-001 7.188-0GI 1t196*000 S.088*000 7*.5,*030 1.188*001 3.230.001
81209 1801..011 2.--011 ..809-011 %*.09-011 7.787-013 1.705o10 1.13N-OG9 0.24S-009 1.018-OS 1.12S-002 3.689*000 1.884002

u233 2.826-004 s.1e8-004 1*008-003 10.n06.OS 7.c9P-Oo 7.121-001 6.8SI-003 1.391-002 l.901-nol 2.3324000 1.9804001 8.288*001
U235 7.892.003 7.893.003 7.893.003 7.893*001 7.494*0CI 7.*95*001 7.499*002 7.50?4C01 ?.SOT**Co 9.60S*001 2.267.002 2.370.002
U236 3*783*003 3*1630i63 3.78.0C3 3*784*0OI 3.78c#0CI 1.7880001 3*79'001 3821001 %?o6.0oo 6.S70.001 8.031*001 7*82O.OoI
U236 9.452*00 9.4S2*ooS 9* s2*roS 9.%S2*003902.003 9*.GS?*OO 9.81'*OI)3 O.IS2*003 9.-S?*003 9.8S24003 9.8S3*003 90455.oo3

lPo237 4.256002 8.370*202A*3112*002 -.382C02q"4.0710o2,8.884002 *60?.002 80*RJ33? 6.989*no2 7*636.032 7.21*30? 5.S'*032
Pu239 %*.S3.003 %89SI*03 4.951C003 8.9S1.001 4.9594002 4075*001 S012.001 5.0600001 S.7184001 &.629-0ai 1.07S,001 I.-12-006
PU2.C 2.0844003 2.04S*rLs 2.087.003 ?.0E7*001 2.46.002 '.04S*001 3.917'00l 8.?288001 3.911.001 IS07*001 1.081-003 2.583006
PU241 I.S2.003 1.227.003 1.062.003 1.062*0G 8.1S?000 0.11*,000 1*21.0O00 1.118-001 1.SS2-003 I.SO-008 4.834-007 .00
£"241 3*.S74001 1.S83*322 3.222.002 3.222.002 3.2190PO2 1-199*007 3.06'.002 2.8*00002 6.760*001 2.280-002 1.529-0OS *000
A"283 9.98S5C01 9.999*001 9.997.001 q.e97*001 1.992*001 *.93*001 9.9580001 9.9094001 9*ICS*11OI 3.910.031 8.380-003 8.901-007
Cp2*8 2.8284001 2.617900 2.333.00 2*333.001 1j.26filOj 1.318*001 *167.000 6.186-001 6.969-015 6.314-01S 6.486-01S 7-172-015
SUATOT 96584O00S 9*.550OUS 9*6SS*OOS I.S3*00 16CS3400% 2.053*008 1.05'.008 1.OS3.OO 1.04S0rU4 1.0534008 1.055008 I.OSS004

1OThL 9661*005 9.661.20S 9.661005 10OS*00% I.0584C08 .OS4008 2.05800 I 1.50400 1.S*O I.OS*008 1.OS6*OO I.OS600%



TABLE A.3. Activity of Actinides (Plus Daughters)

OUTPUT UNI - 6
6IS)lWiHOUSE l81. W4IE b R. .1 P CNT NRICH 32 70n bDIMlu

POER 3000*001mu BUAzUP: 3.2bs55000HM0 fLUJ 3.1l.oi1 c*2-src

SuMARY TABLE: RPAO1ACTIVTIV, CURIES
I slTRlC o. or U Al 3.1 P C EPICNt4tN

DISCHAsiE O .OCR SO.V SzVREPROS 3o.CVR 2C.OvW Sf%.OwR IO.O0v 3.Pgw 10.09! 100.OKw

*L209
P02C9
P8210
PF21S1
6121c
61213
6121
P02 IC
P0213
P0216
P021
A 1217
Rh222
F 0221
*4*225
RA226
AC225

* H229

* 4H230
P*233

U233
U23.
U2 36

IP2 31
bP239
PU236
PU239
Pt21.0
P U2 1 1
PU242
A2*4

£142
A "2413
CH212
C 213
CH211.
C215
SU TOT

TOT AL

1.076-0b9 2.94.6-310
%o989-ous 1.373-008
2.292-010 2.173-010
6.366-011 2.CO-010
2.311-010 2.171-010
6.979-068 1.373-OU
4.364-011 2-4c.0-013
1.235-010 2.131-olO
4.872-O.as .366-008
1.027-oas 2.399-010
1.365-011 2oftCO-010
4#979-0us 1.373-008
6.165-011 20%00-010
1.79-1008 1.37-oos
1*.961O6e 1.373-006
.361-011 2.100-010
0.919-048 1.373-00*

1.294-o0 173-008
9.769-008 3*98S-OL7
2.906-001 3.082-001
2.736-306 5.566-306
9-7.0-033 2-386-302
2-.8-001 2.119-00I
3.002-001 3*062-0(1
2.260007 1.9914.001
2.2930003 2*51.0303
3.018*002 3.079*002
6.659*002 4*662*002
13393.005 1.265s00s
I .914 *01.0 1.91*.1.0G
31 I *oij2 S.is360&a 2
7.836*0f00 7.7650*0
001005 7726*000

1.9910001 1.996.201
5.1..*100 2.1.7003
2.371*U01 2.258.ol
2.286.003 2.116003
1.733-001 1.732-001
2.290.007 1.350#005

3.139-010
1.592-008
2.856-010
1 302-009
2.8*6-010

.s92-o0cs
.302-OG9

2.7C9-010
1 556-008
1.302-009
- 302-009
.59 2-OGS

t * 302-009
1.592-008
1 * S92-cCO
.302-009

1.592-Os
.5s92-cCs
I. 33-Ob
3.090-001
9.758-006
k.S33-002
2.119-CO I
3.093-003
1a9914001
2.197.003
3.079'002
1* .667002
1.095*005
1.91..000
1*106*003
7.6s90GO
7.621000
1.99* 001
2.9150001
2.100*001
3.8$66003
la 732-003
I.159.005

3.139-010
3.592-008
2.IS-010
1.307-009
2.156-Clo
1.592-ocs
I. 102-009
2?.09-&OL
3 .*SS-O0
3. 12-009
.?02-3009

I.Ss290 0 8
.Co0

3.w92-003
3.592-008
3. 302-009
1.592-008
1.s92-008
I .334-006
3.090-001
9.758-008
1.53 3-s0
2.449-003
3.090-001
1 .991.001
2.197*001
3.C7900C
4.667000
1.0950003
1.944-002
1.106.003
1.659*000
71.21*00U
1.991*001
2*975*001
2.1000 001
I .83'003
1.732-001
4.*229003

3.799-010
1.759-008
6.*17-010
4*21-009
6.1.1 -10
3.759-oo

0.212-009
6.66-Cdo
1.721-006
6.211-009
to213-009
I.759-00p
4.21-009
1759-008
1.159-008
.213-009

10759-008
1.7S9-0e
I0 362-nof
1.308-003
6.3 11-006
P.C41-01
2..50-003
3.10*-Cal
1.99 nol
2043f. 0001
3.0086.000
SS.S00c
.60 0002
1.94-502
1.10s*003
7.*46000
7.0419*000
.991col
1'*000

3.8900
.SS9*003

3.731-001
3.639*003

6 *603-010
1.057-008
7. 39-009
3.06-006
2*.0-009
3.057-000
1.028-00K
? .440 -oc9
2.991-OOK
3226-06
1.023-001
3.057-00K

3.057-008
3.S05-0083.02*-aom
1002P-OOR
1.057-00
3.057-000
I1.46S-006
19 I 16-00 1

2.35 -3JS
31.15S-001
21.52-003
"* 144-ocl
1.991-001
.2

97
*001

3.0939000
6.94200n
5.320000?
1.917-002
3.0980003
7.1S30Oon
7.110O
1.993.003
S.886*000
3.1*8003
1.063*001
1.730-001
2. 02.003

3. 19 -009

10.6 -009
I.1.416-OLG
3.?7-009
1. 3-008

1.1*P-Oo?
3.2 77-OP
1.**,l-008

3.27?-008
3.273-008
3.61K-007
3.271-008
1.478-007
1.478-007
3.2 7'00

1.1.1-007

2.112-006
3.241-003
6.217-0
3.269-003
2.45-003
3.24-001
1.98*.001
3.929.001
3.117000
69.2P*000
.256000?

109S1-00?
1.06r*003
6.02380060
6.207v00o
1.98*5001
5131000
7.02 P00Q
3 .7 002
lo 726-001
1.619.003

1.322-0P 3.693-006
6.121-037 7.829-005
S.79-006 3.86-0os
9.720-00F 1.ss-Cos
5.790-008 3.866-OOS
6.323-007 7.829-00S
9.720-006 1.168-os
S.790-008 1.863-00S
5.969-007 7.660-00S
9.713-336 3.866-03S
9.722-003 3.e86-OS
6.323-007 7.829-oUS
9.722-006 I.868-os
6.121-007 7.829-005
6.121-007 7.829-OS
9.722-00 1.86-0S
6*21-007 7.629-00S
6.121-007 7.329-o0s
6.113-006 1.069-00
1.*61-001 4.929-001
3.3532-J0 3.81-003
5.617-003 1*329-002
2.13-003 2.722-003
!.414-001 6.929-003
3.918*001 1.116.001
1.490001 7.911-002

3.147*100 3*300o0
9.615*000 8.9209000
1.11.8001 1.600 -001
1.962-002 1.997-002
9.820002 2.32100?
6.966*000 8.19-0C2
..962*000 8.357-002
1.976o231 3..36*00
4.0679000 6.746-002
2.n03*000 6.19S-010
6-976*001 S.680-013
13719-001 13597-003
13127'003 2.125002

1.706-004
7.897-003
.1761-00%
.762-031
6.763-00.
7.897-003
8.162-00
8.761-00%
112v7-003
6.761-034
8.76-000
71.97-003
8.76-00

7-.91-003
7.897-0oo
8.161.-006
1.897-003
7.897-003
3.126-003
s.3S-001
2.256-002
1.310-002
*.253-003
5.36S-003
7.7971000
2 .19-019
5.490.000
3.35*000
1.618-002
1.99S-002
7.69 -002
1.232-019
3.225-019
71797030
I.016-019

.000
5.111-013
7.6bS-002
2.196001

6.074-003

1.056-003
7.056-003

1.886-001
7.056-003
7.056-003
I.865-001
7.oS-333
7.057-003
1.866-001
7.057-003
13.86-001
3 8.6-001
7.057-003
1.886-001
I. l8-001
7.046-003
S.233-003
3.618-331
1.067-332
So.98-003
5S233-001
1.663-003
.030
*6.3-001

2 1614-006
'-962-OOS
1-107-002
S.249-005

.000

.000
1.663-233

*000
*000

S.250-013
3.97-00
3-S19v0000

I .06

6.966 -003
6-.353"001
6.169-003
6.3170-003
6.169-003
*6.3s-O0
0170-003
.169-003

6.063 -001
.1369-33

6.171-003
6. 51 -001

I'7l-003
. 51 -001

6.153-001
6.131-003
to. IS 1-001
t1ASS001
6.171-003
3.910-001
.31.92-31
3. yl-233
S.061-003
3.91 C-00
9.773-008
.00O

9.77 3-008
5.797-009

*000
3.404-OgS

.000
.00 I
.000

9.713-303
.000
.000

S. soS-ol 3
.000

4.5723000

.1.7414007 1350*00S 1.159.005 6.230.003 1.639,003 2.802*001 1620.003 1127.003 28260002 2.598*001 3.S33*000 6.567*000

, 
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TABLE A.4. Decay Heat of Actinides (Plus Daughters)

OtTPUT tNIT = 
* WS1334GHO"ES 1189 M~utt) PhR 3 PI CNT ENRIC34.,3297oo "VwPj 3
POWER= 3.89000.001HW, SuphUP: 3.694t9v.rUNZ 3.93eO19NICM902-SFIC

SUWMARV ABLE: THEPMAL POWER,, WAIT$
I MTRIC io0, or ii A .s Pa.cflI rNPlCHuE9IT

DISCOARUE 2.018 f.GV01KvIT6rPR03 1.018 2P.018 sr,018 300.018 I C"v 10.009 S00.09Y l.oam

T4.?',,
PF2E9
81213
a 219
P 02 30
P0233
P0219
P0238
AT217
AN222
68223
RAZ2S
PA226
AC? 2
134229
IN? Ic
PA233~

U233
v2 39
U 36

34 P237
hP?39
P11238
Pu? 39
PU? 9C*
PUi .1
Pu? 9?
AP24 1
AM2 93
C N? 92
CM293
CMO? 9
C3"295
S119910

101*3.

1.781-011 4*928-f)2
5.737-011 1.579-011
2.093-010 S.773-011
s.592-013 3.0Th-02
3.958-012 7.792-012
2.965-009 6*799-!310
9.766-O1G 3.139-013
1.5s2-052 8.698-312
2.125-009 S6.6-310
3.996-012 7.9S9 12
1.922-0O9 S.300-010
3.979-013 9.630-012
1.2S9-012 6.931-012
1.7139-c9 *.79?-010
3.9S8-0LO 4.2Cl-010
2.764-CJ9 1.12P-0Mil
6.s9s-00% 6.99S-304
7.9sj-068 3.618-OUT
2.e0s-o9 6.613-009
6.633-003 6*633-0a3
9.17-Ou53 9.20-083
S5.63.00G 9.820-002
7.599001 6. s2.063
9.301'000 9.488*0nU
1.951'o03 3.4s7*061
9*318*000 3.922.000
s.739-002 s.7n-062
3.93*000 1.806.*01
6.901-003' 6.410-001
6.325.00l 2.86*6OuO
8.698-o0l 

8
.
2
aS-LI

7.995*001 7.9C8o001
S.7so-003 5719-003
5.488*ao 2.09*4062

S 7 3-012
1.831-011
6.692-011
1.668-011
8.b63-012
7.82-010
6i.093-011
9I.718-013
6.793-010
%.31S-011
6.199-030
3.336-033
IS. 760-0 I
5.563-010
9.870-010
3.779-00 8
1.039-009
2.837-007
1306-003
6.639-003
9.999-003

*8 19-0C
9.1875001

3.943.003
3. 39S0gLI
5.790-OC?
3.615.031
b.909-001
3.9Sf-002
7.702-001
6.609*001
5.19#7-003
2.195.002

5.713-012 6.31'-1?
3.P31-011 2.023-011
6.*692-011 7.39S-Crl

3.66 -011 5.39 8-013
8.683-012 2.C67-011
7.882-010 ".709-010
6.003-011 1.9sf-010
9.718-011 1.527-030
6.793-010 7.508-010

.000 .'56-010
6.399-010 6.789_010

1.116-011 1.733-e1l
3-.76e-011 3.216-010
56Sfi-o0c 6.39'-03ln
4.970-010 5.381-010
1.779-008 3,8S5-o00
7.01-009 7.5s9-ac9
2.837-009 1.99e-07
1.306-00S 2.31-005
6.639-305 6.1-37-005
9.999-003 9.999-003
9.819-002 %.P370-2O
8.775-001 p.073-001
9.9s8-002 9.s09-002
1.953-003 1.736-ooI
1.35s-002 2.669-002
S-790-009 S.793-00O
3.6t5.t01 3.6713001
6.909-001 6.906-001

3.9S6-002 7.172-003
7.702-DO0 6.820-001
6.609*001 5.9*'sqol
S.797-003 S.79S-003
.OS.002 9.37S.001

1.097-011

1.351-01"
7.820-0ll

I.519-009
9. 71-010
3.726-010
.os0-009
3.*08-010
3*380-009
7.19-011
2.969-01')
I 06P-009
9.3s51010

7.1 35-009
S.977-007
9.249-OOS
f.6 47-004
*.608-001
9.812-002

7.*61 1-01
9.531-002
7.167-001
1.649-007
s.7se-0oo
3.699003
6.900-001
6.838 003
5.391-003
1.720*003
'.790-003
7.602.001

S * 10-01II
I.? 70-O 10
6.2 '-0 10
%.I39-010
4.68*-0110
7*120-009
1.SI-O
1.86b-009
6*309-009
3 .a-o&c
S.706-009
1.037-010
9.*SI-01O
S.369-009
9.523-009
5.917-00e
7.174-004
I *816-00
9.14-005
6 .66 1-004
9.92'-003
.09'*-002

6.397-001
9. 609-oo2
2.787-001
3.895-003
S.768-009
3.%21 .003
6.37-001
5.*96-003
2.S78-00
1.380.003
5.726-003
91.9004003

2.397-ri1 2.810-n08 2.839-006 6.78-OCS 1.99_Oo
7.039-010 9.001-008 9.082-006 2.169-009 9.773-009
2.S73-009 3.291-007 3.320-005 7.920-009 10.19-O03
1.*96-009 2.399-007 1.123-005 .091-00S S.3-00S
.8SS6-009 5.987-0o7 2.808-00S 2.261-004"1.37-00%
'*031-008 3.876-006 3.910-009 99.37-OOV2.0S5-002
9.s12-O09 9.673-007 9.068-005 3*27S-3041.936-00o
3.S23-039 6.770-007 3.176-22S 2.SS1-OOVI.513-OO
2.612-008 1.39341-006 3.373-539 8.0*8-233 1.71-n23
3.721-009 6*.19-007 2.904-05 2.338-009 1.382-009
2.362-008 3.027-006 3.098-009 7.279-003 102s-002
9.797-010 S.490-008 s.584006 3.322-004 2.911-609
7.201-009 S.39S-007 2.531-00S 2.038-009 1.204-00
7.138-008 2.73S-006 2.759-009 6.588-003 1.450-002
3.873-008 7.395-006 2.*16-009 S.769-003 1.270-002
3.177-337 3*026-006 3.192-O0S 1.999-009 1.180-009
7.799-00 1.119-0O3 1.2ZZ-003 1.188-303 8.875-009
3.931-006 5.3S7-OOS 6.S63-009 S.61-003 1.206-002
1.626-OO 1.827-o0 3.713-009 3.330-009 1.089-004
&.699-005 7.379-PoS 1.352-009 3.*08-009 1.311-009
3.091-302 1.os0-002 3.696-002 3.599-32 3.395-532
9.716-002 9.389-002 l.e8s-002 9.021-006 2*362-010
9.802-001 7.692-003 8.017-021 .000 .000
9.697-002 1.095-001 1.692-001 2.060-002 3.012-009
3.012-001 2.777-901 3.07o-o0o 7.671-001 3o.0s-010
I-SS8-ofl9 9.9S-006 2.380-006 I.5SS-009 ..000
S.799-001 .899-0091 S.891-009 S.011-09 3.00s-009
3.262.003 7.710.000 2.SS-033 .799-0O06 00O
6.5S2-001 S.37-001 2.S01-001 5.397-00S 3132-009
*.798-003 7.838-005 1.181-022 .000 .000
7.692-002 2.383-011 .000 .000 000
1.79*.000 1.973-019 3.788-019 1.836-019 2.031-019
s*703-003 S.299-003 2*S3-003 3.6SO-006 .oOO
3.602*001 10so0000 S.720-001 8.903-002 1.103-001

1.207005S 2.089.002 2196002 109S4002 9.376003 7.603.0031 9.9013001 3.633*001 8.7524000 S.729-001 8.*27-002 1106-001



TABLE A.5. Concentration of Fission Products

OU1bJT MJT 6
WESIINGHOUSE 1184 HuIEF PRi, 3.1 PIP CENT ENRACH.,32,700 NiPJ"TU

POuCR= 3.880000O01H. AuRNuP= 3.?269SS'*OOHWo, FLUY: 3.41#01 6 CU*2-srL

SUPHPV AsLE: CONCENTRATIONS. PAMS
I MtRIC 10 Or U AT 3.1 P CENT EICH"ENI

oISCHAAE ?.OvR *.Cta VIREPROD 10.OyR 20.0TR 5".OWP 100.010 I ' 10.04V 100.08KV

SE a2

aIR 83
kR 84
R8 85
KR 8
ae 87
sa *a
V 9

SR 90
zR 9C1
ZR 91
20 92
Zo 93
NB 93
Zi 9'.
no 95
2P 96

* o 96

o 5609b
AC 99
NU 99
HOI01CO
RUICO
RUI01
RU102
0IO3
RUlO
P0lo
PDI05
R Ul 0
PDO
PDIC7
pOl 0
AGIC9

POI 0P0o1 10
CDI 110

1127

l29
IEI 30
mEI 31
X(132
CSI 33
E138

CS134
8A 34
CS113
DAI 35
XE136

3 .29 OU&I
3.96900G
I 109#042
9.525001
1.6849#002
2.372*002
3.802*0&2
81.126062
S. 1770 062
2.130*001
5.2948*002
6*285.*G2
7.031 002
L.001-00S
7.268.002
6.279002
7.163.002
3. 85 001
7.7930002
8.1S0*002
7.S694002
3.625-03
9.l9 9002
9.S31*001
7.889*002
7.669*002
8*.134002
S.872#002
2.2254002
3.7884002
1.663.002
2.062*002
2.25S5062
.5*S6*042

7.8511003
6.0980061
30423*001
2.796.001
7-.61-001

.S377*001
1.zo10002
1.7065002
3.523.002
4.171*002
1.0684003
1.100.003

*52.003
1.172002
3.696*001
2.863.002
2.755-001
2o328*003

3.291*001
3.9904001
1.309*002
9.608*001
1.889.002
2.372*oG2
3.4C?#C02

4.936*002
8.5384001
S . sonrs2
6.287*002
7.036.002
I . 660-008
7.2698432
7.27 002
7.861*002
3. '..s*003
7.8C2002
8.150 002
7.610#00
8.s78-003
9.195*002
9.s32*001
7 .SC*002
7.6694002
4.63S4002
S.##7?*04j2
Z22 5 0au2
3.80#*002
8.204*301
3.30S*OC2
2.256.0&2
I.S*002
7.877*001
5.09*301
3.504001
2 .860so
7.672-001
6.581*001

1*1014002

1.78*002
3.623*302
8.2s8002
1.073*003
1.113*0'i3
1.852.003
6.961*001
9.60*001
2.870*002
2.768-001
2.328*003

3.298*C1
30992*Ccl
1. 09.002
1.01 7*002
1.689*002
2.372*G02
3.402*GO?
8 .435 *OC2
.596* 002

7.981.001
5.750#002
6.247.002
7.035*002
8.199-004
7.268*002
7.*27*602
7.863*002
3.885*001
7.802*002
8.160*002
7.61 0*002
1.601-OC2
9.195.002
9.s32*OCI
7.s0*002
7.669.002
4.635*Go2
5.872*002
2.225*002
3.60 3*002
6.3Z2.000
3.611*002
2.25*O02
1.556*002
7.877* CO
5.098*001
3.3 I6*001
2.150*001
7.677-001
5.534001

.l10 .002
1.783*002
3.623*002
4.268.002
1.073.003
1.113*003
1.452.003
2.182.001
1.383*002
2.870*002
2.760-001
2.328*003

3.294*001
*00n
.con

I 01 7002
.000

2.372*002
3.%02*002
%.83540L2
.596*C02

7.981*001
s .750*002
* * 2 7*002
7.036 *002
8.199-004
7 .26*302
7.827*002
7.86 3*002

7.PO2*002
8 *1500002
7.61C*002
1.60 1-002
9. 195*002
9.532*001
7.650*002
7.669*002
4.636,002

.724002
2.22S*002
3.603.002
5. 38 2*000
3.67 1 *002
2.26 .002
I.SS6*002
7.877*001
6.098*001
I.616*001
2.e50*001
7.*77-00b
6.583-001

. 10 I * 2.
I.783*000
3*S23*00?

.*oo

.000
1. 1 3* 003

*(oo

2.162.001
I 3 3*002

2.870*002
2.760-001

*000

3.29**COI
.0can
.roo

1.017*002
.fO
2.372*002
3.462*002
8.83r.*002
8.080*002
1.310.002
s.7s.002
6.287*CO2
7.S5*002
.057-003

7.2634002
7.4270002
7.' 0*OG2
T. 86S*001
7.8020C02

7.610*002
2.39-002
9.195*0o2
9.532*Po0
7.6504002
7.669*o2
4.63S002
S.472*002
2.225*002
3.803.002
1.716-001
3.723*002
2.2655002
i. 56*002
7.877.001
S.V9soo
3.517 001

7.686-001
5*5s-COI.5-0031. 201*002
3 .78 T *000
3.S23.002

.000
e coo

3 .113 *003
.*CaOOs

8.0b3*000
1.621*002
2.870.002
2. 76S -p0

.000

*'294.001
.cor
.000

1.011*00?
4000
2.3 7700 2
'.407*00?
8.8 36*002
3.2 If* 007
2.178.062
S.750*00?
*.287*0..?

7.03s6002
2. 929-003
7.268*00?
'.427*007
7.863.002
3.445*001
7.802*007
F.50*002
7*610*007
5.315 -OG2
.l95*oo2

9.S3?001
7.660*002

7.*22*002
8.836.002
'.8 77*00?
2.22 *007
v.sC3*002
1.770-008
'.72s.002
2.266*oo
l.ss6*002
3.517*001
S.Osrv*oo

2.10001
7.70S-001
S.583-001
3.101'002
1076*009
3. 523002
.000

1.111*003

3.8109-003
3.660*002
2.6 70*002
?.773-003

.000

3.79*4001 3o2840rol
.Vof, .(co
*ror *00
.017*007 1.017302
.ror .000

2-372*002 2- 72*002
3.802.002 ?.402*0C2
3.*83*002 8.836*002
1.67^40c? 8.790*003
3.316*00? 8.932*30?
6.75"002 S.7S0002
.284'*002 6.2870002
7.03r*OC2 7.036S002
1.098-002 2.688-002
7.?61*,02 7.268*322
7.827*00? 7.8274002
7.616*062 7.363*002
3 -444*003 3.45*03
7.807*002 7.802*032
8.3IS*00? 6.ISO*02
7.609*002 7.608*002
1.278-001 2.512-001
9.19C*002 9.196*302
9.632*001 9.S32*001
7.6"o*002 7.660*002
7.669*002 7.6i9*032
8.63'*00? 8.63S*002
5.877*002 5.472.002
2.22t*0U2 2.2254002
3.103*002 3.803*002
1.*88-31, 2.273,021
3.72%.002 3.72S*002
2.26S*002 .255*002
1.'sf *002 1 .56*002
7.977.*00 7.177*00
6.090*001 s.0911*01
3.S17*001 1.S17*00
2.8s5*0oo 2.150*001
7.762-001 7.6S5-O1
S.663-001 S.5813-003
1.101*002 1.101*002
1.783*000 1.783*000
3.S23*1002 3.S23332

.000 .000

.000 .000
1.11*0003 Il3003
.000 .000

S.676-006 2.947-013
I.S61.002 1.56*002
2.67r*002 2.870*002
2.799-001 2.0S83001
.000 ."oO

3.298*nO 3.298*001
.OCQ *000
.0CO *000

1.017.002 1.017*002
.000 .0000

2.372*002 2.572*002
3.802*002 3.802*002
.35*002 84.s*002

2.382-008 000
s.391*002 6.391*032
s67604002 s.7s0*002
*.287.002 6.287*002
7.032*002 7.003*002
3.132-aol 3.175*0
7.264*^02 7.261.932
7.*27*002 7.827*002
7.863.002 7.i&3*002
3.886.001 3.886*031
7.o?2*002 7.802*032
8.150*002 8.1504002
7.S86*02 7.367*002
2.*76*000 2.837*001
9.1954002 9.195*032
9.S32*?0 9.S32*001
7.&sn*0a2 7.650*002
7.669*002 7.669*002
8.63s*002 8.6350002
S.872*002 S.872*002
2.22S*Po2 2.22S*002
3.63*002 3.803*002
000 .000

3.72S*002 3.72S*032
2.28*02 2.262*002
I.SS6*002 I.SS6*002
7.677*003 7.677*003
s.098*003 S.096003
S.S17*001 3.517*001
2.SO*001 2.110.002
9.669-003 2.630*033
S.S3-OOI 5.563-001
1.101*C02 1.161*002
'.763*000 1.762*000
S.S23*002 3S.23*032

.000 .000
000 .000

1.113*003 1.113*003
.000 .000
,000 .000

I.S61*002 1*S1*002
2.s6q*0o2 2.661*002
3.621-001 1.139*000

.000 .000

3.294*001
.000
.000

1.017*a02

2.3720002
3.802*002
8.83S002
0000

5.391.332
6.760*002
6 .28 7.0o2
6.723*002
3.116*001
7.266*002
7.827*00?
7.86 3*002
3 .*400I
7 .S02*002
41.6SO0002
S.897*002
2 11*.002
9.195*002
9.S32400
7.650*002
7.669*002
8.63S*002
5.8 72*002
2.22S002
3.603*002
.030

3.72S*302
2.231002
3.S60002
7.677*001
5.096*301
3.517.001
2.1-80*00
1.53*001
S.S3-002
1. 10 3 *002
1.776*000
3.S2300Z
.000
*000
1.113O*0
.000
000
.S661*002

2.78*002
6.796*000
000

I .0m

3.298 *00
.000
0009

1.017*032
000

2.372*002
3.402*002
8.83S 002

.00
S.392*032
s.7s0002
6.287 *002
4.8 72*002
2.563*032
7.268*332
7.827*002
7.6&3*002
3.846*003
7.802.002
6.150*002
2.939*001
7.31 7*002
9.19S*032
9.s32.001
7.6S6*002
7.669*032
8.636*002
S.72*002
2*22%.002
3.603.002
.000

3.726*002
2.027*002
1oS.6*.802
7.*877001
s.09*0001
3.S37001
2.60*s001
2.627.001
S.S3-OOl
1.101 *002
3.706*000
3.523*002
*000
.000

1.3134003
*000
*000

1.S61*002
2.3 2 3*002
7.89 5*001
.000
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TABLE A.5. (contd)

SUNIIfR ItEs COCFIRIPAIIONS, GPA"S
I METRIC 10 of u 1 3.1 PR CEhT ENPICh"CNE

ISCHAQ6[ 7.089 SO0IP SPfProo loo.0R 2n.OQ SP.0?D 100.0vo 1.ORV 10.09? 100.ONYT 1.*on

CSI31
bA131
SAI Is
I. Al 39
cc114
Po~l
6^1 4

tEI41

90193

CEI 98"clsi

GDIS&

E Iu13
* hql 5

P10153sMIqOs

STOT52

1.1790CO3 1.126*.n3 i.o50'o+o i.rso*oo3 '.3s5.*0? 7.42f*002 3 .?*"L 2 t.169.0O2
9.ol79001 9*3410.L 1.6884002 1.686*fO2 2.834.002 *.?6e.00? e.477'*0L 3.3024003
1.2S7003 1.2574013 1.257.003 1.2574003 1.75790C3 1.25*03 1.267.o0.3 1.25740c'
1.199.003 1.200*003 1.2004003 16200*063 1o?200003 1.20*00' 1.2cp¢oL3 1.200.003
1.1tts003 1*214*30 io24*oc3 1i21avom 1.214COT 1.2140001 1.21*0C1 1.2140001
.*041003 1.100.003 1.300*003 1.100*003 1.100.003 l1lOn*Oo 1.1Oo003 1.100.003

1.109900S 1l.109#03 1.109*003 1.109*003 1.109*00! 1.109#00' 1.109.003 1.1C9*003
7.382002 ?.626*002 7.626.002 1*626*002 7*626o002 ?.626002 7.626.002 7.6269002
3.997.002 S.1CSO4l .4I0z3*oGo e.013'000 9.671-002 f.331-006 l.oSf-01? 7.203-O3?
9.591*302 1.296.003 1.300.0L3 1.300.003 1.30le003 1.304*009 1.309.043 1.309*003
6.609-0C2 *.6129052.6*612*0C2 6.*612oo2 6.612*002 1.612*40? 6.k37*052 6.6123f70
6.765.002 6.765*Oi? 6.765-G0? 6.76S4002 6.765O002 *.T6S*00? 6i.?6!0u2'E.P6S.O2
.1.32700?2 8.3149.01 3.7*001. .7694051 i.awsoaot 1.152-001 2.S'-DOO 9.29-010
~.2?99C0I 1.20 940a.2 1.66&*9O2 1.664*002 1.990*002 7.0334007 2.ee .Oft7' ?.f0e002
3.659.002 3.6594002 3.659*002 Y.6590f02, 3.6S*902 3.&65*002 3.6S**002 4.6S*SCO2
*1.629*.o2 1.4S3.3U2. 1.53'002,1.653*002 1.6S3.002 I.&S*002 1.65'00? 1.53*002
1.762e032 1.762.02 l.762*ODZ1.762*002 1762*O02 1.76?*0032 1.76?00? 1.762432
3.101.002 3.IClI012 3.101'0O2 3.1014002 3*1014002 ?'o.1000? 3.101#002 ,3.101002
1.3249002 1.3249002 1.329.002 1.32e*002 1.32e.1002 1.329002 1*32%*0U2 1.3294002
1.079*002 1.09140u2 3.091.302 1.0914002 1.0914002 1.091.002 1.091*00? 1.991323?
3.798.01 3.9693*o01 3.83 3001 3.e1.oOz001 30434rOI 3.80#0013.89'.001 S3.43*401
2.697.000 8.58.000 3.578.001 1.579.001 2.9S2.001 Y.*26.001 4*14?0001 *.712.001
6.259.001 4.659*001 6.9s0ocl0.6 6s9'oo1 6.65,4001 6001*001 i.65.o#C1 6.6S9.001
3.28t6009 3.329*009 3.331*0C 246*00 2.7,7.oro Z.790.004 2.798*0C0 Nrvigoq.0

3.369*004 3.3690 3.39*CC 2.781*C0 2.7s1.Oe 2701100 2.7814009 2781.009

l.oo8-qc7 .000 .000 .°c
1.219.003 1.219*003 1.219*003 1.2194003
1.257003 1.257.0,3 1.25?7003 .257.003
1-200.003 1*250.033 1.2300O03 1.200.003
1.21*003 1.2194033 1-219.003 1.2194003
1.100.003 3.100033 1.100.003 1.100.003
.*109.003 1.309.001 1.309.003 1.109*003
7*.264002 7.626*002 7.6260002 7.6264002
*000 *000 .030 .- .000

1.u0o*.0n 1.309.003 I.309.o#v1l.3009U03
6.62?*.O2 &.&12*flD2 6.612.002 6-612.002
6.76s5002 6.76s*002 

6
.?lst0jb

2
6.76 !*002

.nc .000 .000 -000
2.0904002 2.0,0.00? 2.090.002 2.090.002
3.GS69.002 3.6S9.002 3.659.002 3.66S*002
1 .53*002 1.6S*002 1e.S34002 1.6S3.002
3.762*.002 1.t2*037 1.712*332 1.762.032
3.101.002 3.101*002 3.101.002 3.101.002
!1.32900o2 1.329*002 1.329.002 1.32%*002
1.091.002 1.091.002 1.091.302 1.091.002
38*930001 3.893*.31 3.893*031 3.683*001
9.213*001 9.213.001 9*2134001 -9.13.001
6.6S9.001 6.6#94001 6.650*.001 6.S9*001
2.79*9009 2.7499009 2.7504S0o 2.749009
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TABLE A.6. Activity of Fission Products

OUTPUT UNII 6
WESTINGHOUSE 1104 "l PA* 3.3 PER CENT ERtCH.3267or nPIPlTU

PONER: 30009a01ei, BURhUP 3.269154009DKM FLUX: 3.'1#01~w/C642-srC

SUHHAPy TABLE RCSCTIVITV, CURVES
I HElIuC Oh Of U A 3.1 PER CENT ERIC4E'4T

DISC NA&E ?.OVR S.CVP SY@ArPRO) lo.ry 2Ir.OW sr.owR 100.to 1.0EV 0.OMv a0340mv

SE 79
B 85

SR 90
v 9G

2R 93
bB 93"
lh 95
IC 99
RUIC6
N 106
POIC7
SB 12
TE3250
ShI2?
So326
S Hl 26W
C S134

*. C135

ps Cl '.47
PRI44

pR 4"
P"17
C"1 5'1
EU154

LVIII
S IT 01

TOTAL.

4.027-OUL
9.0624003
7.06406
7.6065.0046
13767.000
1.290-061
I.S698 *0 6

1.2049001
S.s574ooS
6.377.00S
1016C-0O1
1.430.004
2.971#003
7.815-0al
1.266*01.3
5.900 GZ

3.Sl&*oOS
3.290-001
1.026*04
9.729*o40
1.1004006
1.1124C&6
1.322*6#'.
1.230.0GS
3.69.002
3.006400
.S7 8*003

5.653*0O6

4.027-UI
7.96S*00a
6.736*004
6.73s0.G4
1.768*00O
2.793-oul
1.303*003
1.29101.I
1.86C7400S
3.6070U5
1.160-031

2.33033
2.1 39*103

7.015-001

3 9 9-CEI1
7.85-OLI
7.742304
3.30-0bl
9.79S00'
9.2660L4'
I.1534005
1.853404;S
2.223.003
7.711401.'
3.512.02
9. 061i 403
1.169a006

'.027-001
6.1604003
6*2724004
6.27300
1.760*000
6.779-003
9.136-003
1.291001
1.7800400
1.768.00
1.160-001
4.13s*33
1.209*003

1.09'.-001
7*65-001
2.82.*co
3.306-003

9. *3900.
8.6664 00'.
.281*006
1.2&1#C
1.537*002
3.690*0CG
3.4320L2

3*2704003
'.5040015

9.02 7-001
.000

6.272.004
6.273400
I.768*000
6.779-003
9.116-003
1.2914001
1.7688006
1.788*o64
3 .lo-00l
4.135033
1 .C09*003
7.115-003
1.094-001
7.015-003
2.824*00
3.306-001
9.139004
0.66*6006
3.72000'.
1.281*004
1.537002
3.4904004
3.*%320o2
7.1174003
!.270.003
6 . 394Ogs

'..027-003
* coo

1.1604'1.569.006
.0760000

76483-003

3.291 *C03
S.7' *007
S. 7'.a'VO?0
1.160-001
1.16*003

7.81S-001
3119'.-00I
7*0 is 001
S.7S9*063
3.306-001
8.16*00
7. 702.00.
1.*91 00
1*491sro2

1. 3 40023 .700 .vo0
3.310*003

I. 2f .003
2.960000S

6.026-001
.000

9.309.004
6.390.00*
1.76p00n
1. 120.000
.000

1.291.001
r*923-003
'.926-001
1.36P-003
0.68800
2 * *001
7.036-003
1.094-001
7-.a1-001
1.82'*007
3.306-002
6.'4.600%
f .I 1006
7*020-002
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2.426-006
I.633.00?
t.057#007
7.124.003
9.0194oo2
7.3 746035

1.026 -OG
. non
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1.76r*OGO
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6. ID.-0 10
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7.81?Do
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3. 231006
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2. 62 '00?
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b.S38035
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3.160-al
1 .9so-337
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1.09 3-003
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3.8is-313
I.3C6-001

9.6274003

.nco
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1.651-002
3. 365000
S.s97-003
3.3743064

3.989-003
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'.251-V06
3.252-006
1.768*000
3.679*000
.000

1.287*00
*coo

3 .36 0-0013
.002
.000

7.761-001
1.087-001
7.761-001

.000
3.30S-003
9.77-006
8.961-006

*00n
.000
.000
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1 .612-001
.Aan
.000

3.89'*ool

3.619-001
.000
.003
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1.7604000
1.672.000
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1.249*001
.003
*00

I *1 sf -00
*033
.0003

7.292-001
1.021-003
7.292-001
.03
3.296-003

.000

.000

.0000
.000
.0000
.0000
.0000

3 .0294231

3.35-001
.0000
*030
.000

a 690*000
1.606000

.000
9.3220000

.002

.000
3 .348-001

.030

3.908-001

3.908-0015-7020

300-8

.000

.000

.000

.OO

.000

.000
.000
*000
.000

3.6034001

I *ll

9.353-oO6
.00 C
*000
.000

1.126.000
3*o6 pOOO
.000

6.98'. -001
0oo
*000

1.043-031

.003

.000
7.63-004
1.070-006
7.639-004
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2'44-001

.OOC
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TABLE A.7. Decay Heat of Fission Products

OUTPUT UTl : &
WESTINGHOUSE lie "IE P 31 P CENT ChRTCP..3?7.Cfv NoIN#TU

POWER: 3.S'CCO*OGlOPf BuRkuPX 3.2690#SO0nmol 1tUX: 31*OIf/ECu*42-SrC

IjINHARy TABLE: I HERMAL POWER, WAITS
I "RlC Oh Of U A 3.1 PR CrNT 1W"IC4"E"NT

DISCNARCE 2.OyR 5.1CR SYRCPROI aO.OvR 20*0oa S.owR 100.OvR 1. 0KV 10. 0Kv 100.D Kv 1 *0tv

KR 85
SR 90
v 90

2R 9j
NB 93K
he 9
IC 99
RUlC6
RHIC
POIC?
AGIIGN

S6125

19126

S6126K
C1 3

sa CS135
CJ CS137

& Al 7"

PRI'.'.

E15

TOALo

1.003-0&4
1. 3571001
8. 199.00 1
4e 13e *l2
?-CSS-OC4
2*286-o0s
7.519.003
6. 938-00C3
3.3 10.001
6.11 7 4OU3

6.817-016
7.9390001
.01-*2001

9.791-004
2034COO0?2I3 a0.00

I.S180003I *.IC 3 003

1.1350oa2
3.920 .002
1.297*002

4s.9 13 0 fig
9.S2So.0.
*.7a94000
2.59 30Oe

1.003-0(9 1-003-OCC 1.003-009
1.1930301 9.827.030 .000
1.911*001 7.279o03, 7.219*001
3-739*002 3.771002 3.97.*002
2.054-00 2.054-004 2.05S-0U
9.s9_00S e.46s-O 8.9d6-0oS

&.25P.000 9*.33-OS 1.13-00S
6.473-003 6*.13-003 6*.73-003
8.366000o 13.063000 1.!63.000
I.34003 1.71.S0C2 1.?1s5002
6.817-006 6.871?-OC6 6.81-o00
9.799*0O .6-90-001 9.690-001
2.138.00l 1.2934001 1.293*001
9.1?9-009 9.196-00 9.176-009
2.022-001 2*021-003 2.c21-003
9.951-003 9.950-003 9.950-003
7.880.0(2 2.819*002 2.079.002
1.103-309 l.1rI-OC9 1.103-009
1.083*002 1.011.002 I.0l*O2
3.63.0402 3.395.002 3 .3 9 S*002
1.2z29*'U2 8.90000 8.4999000
1.362*563 9.91300C1 9.913*1.1
2-766*10 1.252.001 1.252?0C1
81IC?0001 6.366*001 6.3664f00
3.618406o 2.379*000 2.31790000
q.727403 1.S25S003 1.516.003

1002-009
*000

6.962*001
3.057.0o2
2.s4-P00
1o326-004
1.118-013
6.971-003
3.1S-00?
!.50o0000
6. 971-E00
2.959-Co3
3.690*000

9.7%9i-C00
2.02l-Mro
9.950-003
S.35.0ool
1. 103-009
9.006.301
3.02910002
9.889-ro2
1.096*cco
3.39*10co

. 7554CCI
Is.183.000
60484ob?

1.002-009 1.007-009
.000 .000

Si394*303 2.994-001
2.'33*oo 1.1914002
2.0S-00 2.05S-008
1.985-009 2.761-00
-.9lS-033 .oor
6.972-003 6*.17-003
V.S22-005 3.868-019
K.684-003 6.290-012
6.817-006 6.It-o05
1.118-007 7.27-021
36029-001 1.66'-00%
9.145-009 9.191-009
7.021-003 2.071-003
9.99-003 9.997-003
1.856.000 7.717-00S
1.103-009 1.10'-004
7.1%80001 3.S194oG0
r.90r4007 1.200.002
13490-00K 3.330-017
1.*48-009 3.696-016
?.379-o31 8.491-00
1.90C*001 1.69',0000
7.923-001 4.41-003
.2700? 3.0154002

1.002-009
.033

7.57*330
3.*29.001
7.050-009
7.963-009
.000
6.97I.003
9.S23-029

7.?97-02?
6.817-306
.roo

6.120-olo
9.710-33D
7.020-003
9.999 -Co0

88 3-012
1.I03-009
1.126*001
3.7504003
I S25-036

1.S73-310
3.010-007
ft.01I-00*
9.293.00)
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3.113-009 .033 .030 .0000
1.602-008 .000 .000 .000
2.054_.09 2.09S-C00 1.963-009 3.306-009
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.000 .000 .000 * .000

6.95-.003 6.266-003 4.61-5003 2.*99-009
.000 .000 noo .000
.0on .000 .000 .000

6.876-006 6.870-036 6*80-006 6*181-001
.o0r .o0. .000 .000
.000 .000 .000 .000

9.68-00 9.099-039 9.81-004 9.52p-001
2.009-003 1.896-001 1.011-303 1.976-006
9.87-003 9.289-003 9.976-003 9.727-006
.000 .000 *oo0 .000

1.103-009 1.100-009 1.011-300 8.162-005
.r0p-ooe .000 .030 .00

3.610-008 .000 *0G0 .000
.000 .000 .000 .000
.000 OO0 .000 .00
.000 .000 *033 .000
.000 .000 .000 .000
.C00 *000 .000 -, .000

2.003-002 1.90S-o0? 1.178-002 6.707-009

2.001-002 1.905-002 1.176-002 6.709-0092.099.006 .
7
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The canister-wall thickness is specified as 0.64 cm (1/4 in.) which is

much thicker than is required to meet the process-imposed stresses plus the

corrosion allowances for both the inside and outside surfaces. However, the

dimension is a prudent specification for impact and transportation protection.

Closure

The top of the canister is formed from a flanged-only tank head. The

bottom is a slightly-reversed-dished flanged tank head. Stress analysis ndi-

cates the turned corner and closure is less susceptible to impact damage than

a simple flat-plate closure.

The actual lid closure at the top of the canister will be a twist-lock

fitting developed at PNL. Figure 17 is a cutaway detail of the twist-lock

SEAL

FIGURE 17. Schematic of the Twist-Lock Canister Closure
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fitting. This type of closure has been developed to permit a simple, air-tight

connection during filling that can be made with remote-handling equipment. The

seal-weld surface is accessible for remote welding and can be checked for weld

defects by ultrasonic scan. The weld leak check can be made with a bell-type

helium detector that fits over the top of the canister. The twist-lock closure

has been used in over 20 full-scale canister tests. It has been welded and

leak tested using prototype remote equipment.

The level to which the canister can be filled with glass depends on the

type of the glass-making process and the accuracy of the instrumentation that

monitors the weight and fill level of the canister. As a reference value for

this report, a fill level of 90% is assumed for a canister without fins pro-

duced by the JHGM process. This value is equivalent to 192 L of glass. Of

course, in actual practice the canister fill level will assume some normal dis-

tribution around the desired fill level. A canister of glass produced with the

ICM process will contain less'glass because the internal fins occupy about 10%

of the canister volume, and more void space must be reserved at the top for the

glass batch to melt.

Design Parameters

The design parameters of the filled HLW canister are given in Table 11.

These parameters are, of course, approximate. The average waste loading of the

glass will be lower since the fuel history overestimates the average fuel

burnup. In addition, the glass production process is easily adaptable. For

example, the canister fill level can be changed or the glass waste loading can

be changed to meet some other criteria of the overall waste disposal system.

THERMAL ANALYSIS

For the purpose of this study, several simple steady-state temperature

profiles were calculated to predict the maximum glass temperature during

interim water storage, interim air storage, and repository emplacement. The

decay heat produced in the canister as a function of time is given in Table 12.

The CANIST code (developed at PNL) can perform transient thermal analyses

for canisters that have radial fins and can provide detailed thermal profiles
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TABLE 11. Design Parameters of the'HLW Canister

Parameter Specifics
Material Stainless steel 304L

Dimensions

* Outside diameter 32.4 cm (12-in. Pipe) 2 mm

Length 3 m (10 ft) * 2 mm

* Wall Thickness 0.64 cm (0.250-in. nominal pipe 

Fins Not required

Closure PNL "twist-lock"

Empty weight 160 kg 5%

Volume when 90% filled 192 L 5%
3

Weight of glass (3.1 g/c3) 595 kg

MTU of HLW per canister, 2.28 (@ 260.6 kg glass/MTU)

Decay heat 3.71 kW (at 5 yr after reactor di

Dlerance)

scharge)
scharge)
tor discharge)
ctor discharge)

Activity

Z.Z KW tal Lu yr aer reactor i
1.02 x 106 C (at 5 yr after reac
6.58 x 105 C (at 10 yr after rea'

TABLE 12. Canister Decay Heat

Decay Period, Yr

5

10

20 

50

io
103

104

106

Canister Heat
Generation Rate, W

3690

2210

1600

798

292

20.1

1.7

0.264

-0.178
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within the canister than can be used to predict glass devitrification and

cracking as well as canister creep. The primary references report detailed

thermal analyses of canisters during the glass-fill process, cooldown, and both

interim and long-term storage. These analyses are not repeated here.

After the canister of HLW is produced, it will be stored onsite before

being transported to a repository. The length of this interim storage period

depends on many variables in the entire HLW disposal program. To ensure that

the glass temperature at the centerline of the canister is within acceptable

limits, the maximum glass temperature was calculated for a canister stored

either in water or in air. If the canister is stored in a water basin, the

maximum temperature is -153 C for 5-year-aged HW (time since the spent fuel

was removed from the reactor). If the canisters are placed in air storage

designed for convection cooling (radiative heat loss was assumed to be zero

because of nearby canisters in an array), the maximum glass temperature will

be -380*C for 5-year-aged HLW. Both of these temperatures are below the point

where devitrification of the glass will occur (-5000C if maintained for periods

greater than a week). These calculations were for a JHGM canister that has no

internal fins. An CM canister with internal fins would have a lower maximum

glass temperature.

Also of interest are maximum temperatures in the repository. The thermal

analysis models for repository emplacement must take into account the heat-sink

behavior of the repository media and the type of canister overpack and back-

fill. The thermal calculation must be a transient calculation since the

repository temperature increases to a maximum several years after the canisters

are put in place and then falls off slowly over a long period of time as the

canister thermal output decays.

One of the primary objectives of this report is to supply a canister

design and waste loading specification that can be used as input for detailed

repository thermal history calculations by other contractors supporting the

NWTS program. Therefore, the repository thermal analyses reported here are
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simply for the purpose of verifying that the canister size and the decay-heat

loading specified for the canister are compatible with existing repository

design constraints.

The repository conditions developed by an ONWI-sponsored Interface Working

Group (NWTS-3 1980) for commercial high-level waste in a salt repository

assumed a similar canister design and decay-heat content as that assumed in

this report. The Interface Working Group also assumed an average repository

heat loading of 25 W/m2 (100 kW/acre). From this assumption, it is possible to

calculate the average salt temperature in the repository as a function of time,

reflecting the decay in thermal emission from the HLW canisters. Using the

average salt temperature as the heat-sink temperature for the canister tempera-

ture profile calculation yields a time-dependent temperature plot of various

points in the waste-form/overpack model.

A model of the canister emplacement in the repository borehole is shown

in Figure 18. The canister is surrounded by a steel overpack. The space

between the canister and the overpack is an empty airspace. The overpack/

canister assembly is lowered into a borehole in the salt, which has a steel

liner in the hole to facilitate retrieval should that become necessary. The

annulus between the overpack and the liner is backfilled with crushed salt.

The temperature history for the glass centerline, the canister surface,

and the nearby-salt temperature is shown in Figure 19. The maximum glass tem-

perature is -320C, which occurs shortly after emplacement. The canister wall

temperature reaches a maximum of 265*C. The highest average temperature for

the nearby salt is -160 C, which occurs 15 to 20 years after emplacement.

Researchers at the Advanced Energy Systems Division of the Westinghouse

Electric Corporation have proposed a waste emplacement model that emphasizes

maximum isolation of the waste form from ground-water attack or lithostatic

forces for a period in excess of athousand years. A cross section typical of

a maximum isolation model is shown in Figure 20. 'The concept employs a thick

steel overpack to withstand the lithostatic pressure within the repository. A

titanium overpack acts as a corrosion barrier. A compressed mixture of bento-

nite and sand is used to seal the waste package against water intrusion. This
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BOREHOLE LINER (CARBON STEEL)

FIGURE 18. Canister Emplacement Model for a Salt
Repository (NWTS-3 1980)

model may be unnecessarily complex for salt. It may be desirable to make the

canister bear the lithostatic pressure and provide a titanium overpack for the

corrosion protection. The compressed bentonite backfill is more appropriate

for basalt or granite repositories where some ground-water intrusion is prob-

able. Only a few liters of brine are predicted to reach the borehole in a salt

repository. It can be argued that if sufficient water were to reach the

emplacement site to warrant the bentonite backfill it would have already dis-

splved the surrounding salt. However, this complex model is useful since it

tends to maximize the waste centerline temperature. The temperature profile

for this model is also shown in Figure 20 for a time shortly after emplacement

of 10-year-old HLW. The maximum glass centerline temperature is -430*C; the

maximum canister wall temperature is -350*C. A temperature history for the
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FIGURE 19. Thermal Response as a Function of Time for a Salt
Repository with the Canister Emplacement Model of
NWTS-3 (1980)

maximum isolation model in a salt repository is given for the first thousand

years in Figure 21. The glass centerline temperature and the temperature of

the titanium corrosion barrier are given. The averge salt-bed temperature is

taken from NWTS-3 (1980) for a repository having 100 kW/acre thermal loading

from HLW canister placement.
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FIGURE 20. Maximum Temperature Profile for a Canister Emplacement
in a Salt Repository with the Maximum Isolation Package
Model

The maximum glass temperatures calculated for the two different emplace-

ment models are acceptable. Interpretation of the effects of the maximum

temperature for the steel and titanium overpacks and the salt or bentonite

backfill are beyond the scope of this report.
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FIGURE 21. Thermal Response as a Function of Time for a Salt Repository
with the Maximum Isolation Emplacement Package Model

RADIATION ANALYSIS

Radiation flux s an important consideration in the design of systems for

canister storage and transportation of HLW canisters. The reference canister

contains 2.28 MTU (metric tonne uranium waste equivalent). The complete

description of the radionuclides is given in the ORIGEN 1I calculation in the

appendix. The gamma radiation is the principal contributor to dose from the

canisters. Beta radiation and neutrons can be neglected for the preliminary

calculations. The ORIGEN II code calculates the source terms for the gamma

radiation. The energy-dependent source terms are input to the QAD code (Cain
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1977), and the gamma flux is calculated at the canister surface, taking into

account the glass composition, canister wall, and canister-geometry.

Predictions of the gamma flux and dose profiles at the canister surface

for 5, 10, 50, and 100 years were calculated with the QAD code. The gamma

source terms are given in Table 13, the gamma energy flux is given in Table 14,

and the dose rate is given in Table 15. Also, Table 16 gives the direct gamma

spectrum that can be used in combination with the energy flux of Table 14 to

calculate the dose through various overpacks and repository backfill configura-

tions. Figure 22 is a relative profile of the dose rate around a HLW canister

containing 5-year-aged waste.

TABLE 13. Gamma Source Terms(a) (MeV/W-s/MTU)

Group E (MeV) 5

1 0.085 1.3 + 6

2 0.125 1.7 + 6

3 0.225 3.0 + 6

4 0.375 2.7 + 6

5 0.575 7.5 + 7

6 0.85 2.4 + 7

7 1.25 7.5 + 6

8 1.75 3.9 + 5

9 2.25 2.7 + 5

10 2.75 1.0 + 4

11 3.5 1.7 + 3

Power , 38.4 x 106 

2.28 MTU per canister

S (38.4 x 106) x 2.28 8.76 x

Oecay

8.6 + 5

1.0 + 6

1.9 + 6

1.5 + 6

4.9 + 7

6.1 + 6

3.6 + 6

1.6 + 5

4.3 + 3

3.3 + 2

5.4 + 1

Ti me, yr

50 
3.0 + 5

3.0 + 5

7.0 + 5

5.0 + 5

1.8 + 7

2.6 + 5

2.1 + 5

1.5 + 4

1.4 + 0

0

0

94+
9.4 + 4

9.0 + 4

2.1 + 5

1.5 + 5

5.6 + 6

5.8 + 4

3.0 + 4

3.1 + 3

0

0

0

107 with above spectrum

(a) From ORIGEN.
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TABLE 14. Enlbgy Flux at Canister Surface Versus Decay Time (Flux in
10 MeVfcm2-s)

Radial Surface
(R 15.875 cm)<
Distance from

* Bottom of Canister

0

25

50

75

100

(Center at 132) 125

150

Axial Surface
(Z 293.1 cm)

Distance from Axial
Centerline, cm

0

15

3.0

6.4

7.4

8.9

10.3

10.9

10.5

Decay

1.6

3.3

3.9

4.7

5.5

5.8

5.6

Decay

0.61

0.50

0.46

0.98

1.2

1.4

1.7

1.8

1.9

Time, yr

0.19

0.15

0.14

0.30

0.35

0.43

0.51

0.54

0.52

1.1

0.94

100

0.054

0.047

TABLE 15. Dose Rate at Canister
Rate in 106 mrem/h)

Radial Surface
(R = 15.875 cm)
Distance from

Bottom of Canister

0

25

50

75

100

(Center at 132) 125

150

Axial Surface
(Z 293.1 cm)

Distance from Axial
Centerline, cm

0

15

5

56

118

137

165

192

204

196

-5-

21

18

Surface Versus Decay Time (Dose

Decay Time, yr
10 50 100

30 8.6 2.7

62 19 5.8

72 22 6.8

86 27 8.3

104 31 9.7

108 33 10

105 32 9.7

Deca

12

9.4

Timey

3.5

2.9

100
1.1

0.90
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TABLE 16. Direct Beam Gamma Spectrum Versus Decay Time (MeV/cm2 s)
(Detector at Z 125 cm, R 15.875 cm; Un-normalized
Spectrum

Group

1

2

3

4

5

6

7

8

9

10

11

(MeY)

0.085

0.125

0.225

0.375

0.575

0.850

1.250

1.750

2.250

2.750

3.500

5

7.1 + 1

3.0 + 5

8.4 + 7

3.6 + 8

1.9 + 10

9.2 + 9

3.9 + 9

2.7 + 8

2.2 + 8

9.5 + 6

1.7 + 6

Decay Time, yr
10 50

4.6 + 1 1.6 + 1

1.8 + 5 5.2 + 4

5.4 + 7 2.0 + 7

2.0 + 8 6.7 + 7

1.2 + 10 4.6 + 9

2.3 + 9 9.9 + 7

1.9 + 9 1.1 + 8

1.1 + 8 1.0 + 7

3.5 + 6 1.1 + 3
3.0 + 5 0

5.5 + 4 0

100

5.1

1.6 + 4

5.9 + 6

2.0 + 7

1.4 + 9

2.2 + 7

1.6 + 7

2.2 + 6

0

0

0
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GLASS LEVEL -

165x16

205x106

FIGURE 22. Profile of High-Level Waste Canister
Dose Rate, mrem/h (at time of repro-
cessing, 5 years aged)
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ORIGEN-II CALCULATIONS

The radioactivity and decay heat of the reference HW composition are

typical of what would be obtained from full burnup of PWR fuel. The fuel expo-

sure and subsequent decay history are modeled with the ORIGEN-II computer code

(Croff 1980). ORIGEN-I1 represents an improvement over the original ORIGEN

code (Bell 1978). The fuel burnup calculations can be easily modeled as a

series of exposure periods interrupted by decay periods (resulting from reactor

refueling). The cross sections and the method of averaging these cross sec-

tions have been improved in the ORIGEN-II code. Radionuclide decay library

information has been updated, and the format for displaying the decay histories

has been improved.

The assumptions regarding the type of fuel, the reactor, and the exposure

history are discussed beginning on page 13 ("Fuel Exposure History").

Reprocessing is specified at 5 years after fuel discharge from the reac-

tor. However, note that some additional decay has occurred during the exposure

period when the reactor is refueled. During reprocessing, all of the He, C,

N. Ne, Ar, Kr, Xe and Rn are assumed to be separated from the fission products

and the actinides. Likewise, 99% of the U. Pu, I and H are assumed to be sepa-

rated. The decay histories of the separated elements are calculated and are

included as part of the code output.

The selected code output supplies the following information about the fuel

decay history:

* concentration, g

* radioactivity, Ci

* thermal power, W

* alpha radioactivity only, Ci

* neutron emissions

* photon emissions.

The information is given for three groups of radionuclides. The first group

consists of all the elements in the total fuel assembly but which become the

HLW at the 5-year decay point when the fuel is reprocessed. The second group

of radionuclides use the 99% of uranium and plutonium recovered during
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reprocessing. The third group are the gases released during reprocessing. An

index of the ORIGEN-II output selected for this report is given in Table A.1.

A cutoff feature was exercised in the code output. For example, if the

radioactivity of a radionuclide never exceeds 1 x 10-1 at any time in the

decay history that radionuclide is not printed in the radionuclide table. This

cutoff feature is applied to all calculated quantities. It is possible to have

a radionuclide listed in the concentration table but not in the radioactivity

or thermal power tables because of this feature.

A note of caution is required regarding the "Cumulative Table Totals"

given of the end of each element summary table. The row title indicates acti-

vation products plus actinides plus fission products," but this total is not

valid until the last group, i.e., "fission products." It is in fact a cumula-

tive table, but it is easily misinterpreted.

A full ORIGEN-I output for the case selected in this report is included

on microfiche in an envelope at the end of the report. Copies may be requested

from the lead author. In addition, abbreviated tables of concentration, radio-

activity and thermal power for actinides (plus daughters) and fission products

are given in Tables A.2 through A.7. A cutoff parameter of 10-3 was used to

reduce the length of the tables.
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TABLE A.1. Index to ORIGEN-II Output

Input

* Card image

• Neutron yield per neutron-induced fission (input)

* (Alpha, N) neutron yield in oxide fuels (input)

* Spontaneous fission neutron yield, neutron/fission (input)

• Individual element fractional recoveries (input)

* Group fractional recoveries (input)

* Element assignments to fractional recovery groups (input)

* Chemical toxicities, grams per M**3 water (input-not used).

Tables of Fuel Decay Histories

* Reactivity and burnup data

* Activation products

Concentration, g (by radionuclide)

Concentration, g (by element)

Radioactivity, Ci (by radionuclide)

Radioactivity, Ci (by element)

Thermal power, W (by radionuclide)
Thermal power, W (by element)

* Actinides Daughters

Concentration, g (by radionuclide)

Concentration, g (by element)

Radioactivity, Ci (by radionuclide)

Radioactivity, Ci (by element)

Thermal power, W (by radionuclide)

Thermal power, W (by element)

Alpha radioactivity, Ci (by radionuclide)

Alpha radioactivity, Ci (by element)

* Fission Products

Concentration, g (by radionuclide)

Concentration, g (by element)

Radioactivity, Ci (by radionuclide)

Radioactivity, Ci (by element)
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TABLE A.1. (contd)

Tables of Fuel ecay Histories (contd)

Thermal power, W (by radionuclide)

Thermal power, W (by element)

* (Alpha, N).neutron source, neutrons/s

Spontaneous fission neutron source, neutrons/s

* Photon spectrum for activation products

18 group photon release rates, photons/s

18 group specific energy release rates, Mev/W-s

Principal photon sources in group (K), photons/s (individual tables for
each of the 18 groups)

* Photon spectrum for actinides + daughters

18 group photon release rates, photons/s

18 group specific energy release rates, Mev/W-s

Principal photon sources in group (K), photons/s (individual tables for
each of the 18 groups)

* Photon spectrum for fission products

18 group photon release rates, photons/s

18 group specific energy release rates, Mev/W-s

Principal photon sources in group (K), photons/s (individual tables for
each of the 18 groups)

0.99 U and Pu Separated from the HLW Stream 5 Years After Discharge

* Reactivity and burnup data

* Activation products

Concentration, g

Radioactivity, Ci

Thermal power, W

* Actinides daughters

Concentration, g (by radionuclide)

Concentration, g (by element)

Radioactivity, Ci (by radionuclide)

Radioactivity, Ci (by element)

Thermal power, W (by radionuclide)

Thermal power, W (by element)
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TABLE A.1. (contd)

0.99 U and Pu Separated from the HLW Stream 5 Years After Discharge (contd)

Alpha radioactivity, C (by radionuclide)

Alpha radioactivity, Ci (by element)

* Fission products

Concentration, g

Radioactivity, Ci

Thermal power, W

* (Alpha, N) neutron source, neutrons/s

* Spontaneous fission neutron source, neutrons/s

* Photon spectrum for activation products

18 group photon release rates, photons/s

18 group specific energy release rates, Mev/W-s

* Photon spectrum for actinides + daughters

18 group photon release rates, photons/s

18 group specific energy release rates, Mev/W-s

Principal photon sources in group (K), photons/s (individual tables for
each of the 18 groups)

* Photon spectrum for fission products

18 group photon release rates, photons/s

18 group specific energy release rates, Mev/W-s

Separate He, C, N Ne, Ar, Kr, Xe, Rn, H.

* Reactivity and burnup data

* Activation products

Concentration, g (by radionuclide)

Concentration, g (by element)

Radioactivity, Ci (by radionuclide)

Radioactivity, Ci (by element)

Thermal power, W (by radionuclide)

Thermal power, W (by element)

* Actinides + Daughters

Concentration, (by radionuclide)

Concentration, g (by element)

and I from the HLW Stream

A.5



TABLE A.1. (contd)

Separate He, C, N, Ne, Ar, Kr, Xe, Rn, H and I from the HLW Stream (contd)

Radioactivity, Ci (by radionuclide)

Radioactivity, Ci (by element)

Thermal power, W (by radionuclide)

Thermal power, W (by element)

Alpha radioactivity, Ci (by radionuclide)

Alpha radioactivity, Ci (by element)

* Fission products

Concentration, g (by radionuclide)

Concentration, g (by element)

Radioactivity, Ci (by radionuclide)

Radioactivity, Ci (by element)

Thermal power, W (by radionuclide)

Thermal power, W (by element)

* (Alpha, N) neutron source, neutrons/s

* Spontaneous fission neutron source, neutrons/s

* Photon spectrum for activation products

18 group photon release rates, photons/s

18 group specific energy release rates, Mev/W-s

Principal photon sources in group (K), photons/s (individual tables for
each of the 18 groups)

* Photon spectrum for actinides + daughters

18 group photon release rates, photons/s

18 group specific energy release rates, Mev/watt-s

Principal photon sources in group (K), photons/s (individual tables for
each of the 18 groups)

* Photon spectrum for fission products

18 group photon release rates, photonsIs

18 group specific energy release rates, Mev/W-s

Principal photon sources in group (K), photons/s (individual tables for
each of the 18 groups)

A. 6



TABLE A.2. Concentration of Actinides (Plus Daughters)

wESTINGHOUSI 164 MW111 PRq 3.1 PER CEN CRICW.-93207o0 MWDITn

POVER= 34000001"Mo SURUP: 3*269
9S0OPn~wuO ruX= 39*Ol /CN"**?-SrC

OUTPUT 011 

SU"MAKV TABLEt CONCNTKATIMO4S, SPA"S
I EIRIC 10, o u A 3.1 R Ch CRICH"ENT

OlSC"AR6E 2.01R .S*OR SYOPROI le0TR 20.0T St0*.0R 100.01T 16ONY 10001tv IOO*OKY 10m

SIC 4
812C9
U233
U235
U236
U238

NP237
Pu23V
PU2 C
PU24#&
A"241
£1243
Cr24#4
Sut101

3.380-O0 6*902-001
14.01-011 2.623011
2.626-004 5748-004
7.4.92003 7.493*003
3.183.003 31783.063
9.452*005 9.452*ooS
4-2560002 4.3704302
4*8S3003 4.951*003
2.044*003 20o4.*C&3
1*3124003 1.2270003
3.4.11001 1*83.2302
9.95S*C01 9.9994001
2o624001 2417*0biI
9.6S4*005 9*.55*06S

8.4
6
3-Oct

4*409-011
1.006-003
7.493.003
3.7614*.003
9.41S2. CCS
4*382002
*1.9IC03
2.047.003
1.062.003
3.222.002
9.9974001
2.333.00I
9.6SS*OS

*000
N*409-011
I .C0S.005
7.493.001
3.784-001
9.4S2*003
4. .32*02
%.95 1*00
2.C 7*001
1.062*00I
3.222.002
9*q91*001
2.333.001
1 s 34(10

1.121-001 ! S3.04-001 7-16-061 1-196*000
7.14.1-011 1.105-OlO 1.131-O09 6.24S-009

7.&9P-ooi 7.121-001 6*4SI-003 1.397-002
.494*001 7.49S*001 1.499.001 7.507.COI
3.789'0C1 V.7689001 3.79**001 3021*001
9.4.57003 9..57*003 9."S?oo 9.4520003

4.4071o02 %.%5P*002 4.6071002 %-"41*332
40.S. O 4*.974SOOI 5.012*001 S.0600001
2.446*001,1.041001 3.917.001 *.74N*001
8.357.000 '.161.000 1.21*000 1.114-001
3.219*t02 .199.007 3.06'.00? 2.660*002
9.992001 *.9614001 9.9144001 9.9090001
I.q26nol 1.314001 4.167*000 6.148-001
1.cs3*(04 1.03004. l.v0.04 .0S300O4

S.66*4000 7.8659030
1.014.-OS 1.12S-002
1.093 -nol 2.332.000
7.644.01 9.60S*OO0
t.?0600MI 6S.0*001
9.4S?*003 9.*S2*003
6.969.002 7.636*4X2
S.714001 66294031
3.9134001 I.S0T40OI
1S557-003 74.50-DO
6.760*003 2.240-002
9.104001 3.910.031
6.969-01S 6*314-015
1.0s3*p04 1.053004

1.1644001 3.230001
3.689*000 1.*480002
1.94.0001 4.264.*001
2.7674002 2.370.002
6.0313001 7*20.001
9.4.534003 9.4SS*003

1.4214302 S.544.032
1.07O5001 1.572-006
1.061-003 2.S43-006
ti.83N-007 .00C
1.529-00S .000
6.34.0-003 ".901-001
6.4.66-01S 7.172-015
1.05S00 .04SSOO

I.S6004. I.OSG*00%
TOT A 9.661*005 9.661*305 9.663400S 1.05S.004 l.5S4*ro 44 .04*004. 1.05S4*0O4 .os004. 1.04.4004. 1.054..00



TABLE A.3. Activity of Actinides (Plus Daughters)

OUTPUT UNIT 6
WEShINGHOUSE 1180 wIC3E u fW 3.1 PIP CENT ENRICH. 32 700 NO/IIU

POWER= 3840000O0I4h *URbUP- 3.269550004NMUO ,iUi 3.414014Cw- 2-SrC

SUNMAPR TABLE: RAOIOACTIVITV, CURIES
I .EIRIC TOk or U At 3.1 PER crNT ENPICHiWNT

DISCHARGE 7.09W 501TR SYIMCPMOI 10.099l 20.010 Sn.0TW 100.01W I *0y 10.0eV 300o.0y I .086y

IL209
P9209
PB210
PF214
612 1
61213
61214
P02 IC
P0213
P021%
P021*
*1211
RN222
F 9221
MA2s
RA226
AC225
TH229

PA233
U233
U2 30
U2 33

NP2 37
NP239
PU236
PU239
PU24D
PU241
PU24?
A"241
A"242"
A 242
A^243
tH202
C 4201
1I4
C 2405
SU TOT

TOTAL

1.076-0U9
4.989-C00
2.292-010
0.364-011
2.311-010
40979-068
0*330-011
1*235-010
4.72-0i
1. 027-Oa
0*331-01I
0 . 9 7 9 -0u
0335-Ol1
0.979-00
.9 1 -008

0.361-011
0 .979-o08
1.294-008
9. 739-048
2.90-001
2. 733-306
9.740-033
2.040-001
3.002-OUI
2. 20007
2*2930003
3.012002
os.590002
1339 300J
1.944*0i0
1 *I l 8*oa2
7.836*060
1.007.005
1.991 001
5.4400C
2.371U0I
2*286#003
1-733-0UI
2.290.007

2.933-310
1.373-OUS
2.413-010
2.4CO-010
2.074-010
1 .313-OUS
2* O0-013
2.0 31-010
1.304-00
2 399-010
264CO-010
1.373-003
2*00-010
I.313-006
1. 373-000
2-400-010
1.373-008
1 373-00i3
3.98S-0I7
3.082-001
S.563-306
2 * 38-302
2.49-061
3.082-001
1.940061
2. 54*303
3.079.002
4.362*00
1.23S#OS
1.944.30
S.43603G2
7.7650DuO
7.7234060
1.9940301
2*4674003
2. 218s01
2.11W 003
1.732-061
1 .35C*00S

3.439-010
1.592-008
2*61-010
1 * 302-009
2.813-010
1. S92-0C 8
1.302-009
2. 7C9-01 0
1 .118-008
1 * 302-009
l a 302-009
I - 592-08
1.302-009
1.592-008
1 - 592-OC8

.2-CO
9

1.592-0C8
1 * 592-CC8
1 .334-003
3.090-001
9.7S8-006
4*.33-002
2.409-CO I
3.090-OI
1.994*001
2.497.003
3.0794002
0.3074002
1.095*001
1.944*000
1. 1034003
7.659*0O0
7.321 000
1.994*001
2.975S001
2.100.001
1*888003
1.732-001
.119*005

3.039-010
1.592-00
2 .e S1-010
1 .307-009
2.PS6-e10
1.592-0t
1.302-009
2.709-010
1 es58-008
. 102-009

1 * 02-OU9
I.592-006

.000
1 o"92-00S
1 92-008
1.302-009
I .92-008
1.s92-oo8
1.330-003
3.090-001
9.71s-oo

4.533-0
2.009-O3
3.090-001
1.9940001
2.097.001
3.C7900c
4.6474000
1.09s003
I.944-002
3.103.003
7.619.000
7.32 000
1.99*001
2.97S*00l
2.1o00001
1 .8,F003
1.732-001
4.229.003

3.794-010
1.759-000
6.407-010
4-?1?-009
6.48-010

1.7S1-000
0.212-009
6*446-CIO
1.721-008
0 211-009
0.213-009
1.759-00W
0.21 3-009
3 7109-006
1.75s-0O

-0.213-009

1 *759-008

1 .70S-00
1.332-006
3.10 * -003
60874-C0

P. -C
2.Sr1-003
3. 108-cl
1. 993nol
2.04 36001
3.004*000
s.s7S*0cr
4*60-0002
1.945-ro2

.1S0.003
7.083*000
7.*49000

1099*001

.1o74!000

I .090001
1.ss9*003

I.73I -001
3.6394003

6.30'-010
OS7-OU

7.0439-009
1.028-008
2.400-009
3.OS7-000
1.028-00K
? * 0-OC9
2.991-00K
1.326-30
1.028-0O0
3.OS7-004
1.026-003
3.057-00K
3.OS7-OO
1.020-00K
'.017-00
3.OS7-00W
1.43S-00
'104-001

1.015-00'
2.0 52-003

1.9914001
2.297*001
3.G93#000
6.942400n
S320400?
3.907-002
1.0989003
7.153#00n
?7.1174000
1.991*001
S.*0*.00
1.01so0ol
1.03*003
1.730-001
2.6024003

3.39 -00
1.70-007

I.4 03'-0 GP

3.771-006
1.*63-000

1I47P-OL7
3.27'-OOG

I .4e-6OLo
I.040-067

3.27?-00s
3.273-008

1.076-007
3. ?1-00P

1 .47-007

1073-007
3.27*-000

I.047-007
2 0112-00
3.2 -00

3.20 7-D0O
3.260-003
201 -003

3.210-0ol
1.905.001

1.929001
3.1174000

0.92P'000
1 .2546012

1.9s5-00
10.0r 003

6.238*00
3.207s000
1.901.001

S1334000
7.02 P000

3 .373002

I .726-001

1.61*003

1.322-OOF
4.121-037
s.79s-00o
9.721-00W
s.790-000
to121-007
9*720-005
s.79s0-00
*9n9-007

9.713-333
9.722-008
.121 -007

9.721-000
6.12l-007
fi 21-007
9.722-o0
6.121 -007
6.121-001
4.103-00
3.030-003
1.353-300
S.367-003
20473-003
'!. 1Iis-0031
1.913*001
3.009.001
3. 1474100
9.67S*00
I.o 410001
1.932-002
9.820*002
0.946*000
0.942*000
1-976*93l
*0 .87.000
2.063000
o.9 730031
1.719-001
1-127.003

1.391-003
7.829-001
I.166-00s
1 .60-COS
1 .05-00S
7.829-005
1.o3e-Os
.860-aos

7.360-OS
.0369-03S

l.03i-oS
7 .29-o0S
1.0 3-0s
7.029-00S
71*29-OS
1.606-v0s
7.029-00S

1.0706-000
7.097-003
8.133-000
0.732-0310
0.701-000
7.097 -003
0.132-0008
1.73 3-0061
127-003

3.71-334
0.730-000
7.897-003
0 .730-0004
7.097-003
7 .091-003
8.160-000
7.097-003

7.329_OO5 '7.97-003
.069-00 1120-003

4.929-001 5.30S-001
13.43-003 2.258-002
1.329-002 1.310-002
2.722-003 0.243-003
*.929-001 5.385-001
1.013*001 7.797*000
7.973-002 2.419-019
3Os53*000 5-490-000
1.9200000 3.0431000
1.300-001 7.310-002
1.997-002 3.99S-002
2.321*002 7.691-002
4.196-C2 1.232-019
0.3S7-002 1.22S-019
1.313*001 7.797.030
6.704-002 1.013-019
3.495-01o .000
S.640-013 5.311-03
I.97-001 7.6S-002
2*2S*002 2.696.001

0.070-003
1.306-301
7.050-003
7.054-003

7.0S1-003I .45-001
7.01S-003
1.055-003
I .105-003
7.050-333
7.057-003
I.83-001
7.057-003
I .86-001
1*608-001
7.057-003

I.233-001
3.31-331
I .057-332
S1980-003
5.233-001
3.333-0033.33-001

.030
6.663-a01
2.064-004

4.02-002

3.333-333
60249-oaS
.000
.000

1.463-z3
*000
*000

S1250-013
0.970-00S
3.519*000

.966-003
40151-001
0. 19-003
0170-003
4.169-003
0.1s-003
*.170-003
0.19-003
6.01-001
0.1 -333
40171-003
4.151-001
0.171-003
0. 1I-001
i.IsI-003
0.171-003
0.3S 1-00
4015-00
0.171-00
3.910-001
4.319-331
3.719-033
5.031-003
3.91 C-aOl
9.773-000

*000
9.77 3-00
5.797-009

*000
3.40403

*000
.00 I
.000

9.773-038
.000
.000

S.305-013
.000

4.572.000

40701*007 135010(S 1.159.005 .230.003 3.639.003 2.802.003 1204003 1.1274003 2.8260002 2590001 3S33*000 45874000



TABLE A.4. Decay Heat of Actinides (Plus Daughters)

OlTPut U t 6
WESIIiOOUSE 1168 14"IES pIha 31 P CENT NRICH*.32,700 NeW0/NTu

POWER-: 3.84000.01Mw.~ BU~kUP= 3.269g9'4C04MWg,q IFLUR 31*014NIC"0*2-SUC

sUWNAP, lABLEt TEPhAL POER, WAITS
I ETRIC TOP. or U AT 3.i PrR.ceft? (FpscimEmi

DISCHAR.C ?.oIR seovp 97Ip3PRol I0.OP 2f0.Ovw 5r.o0p 100C.0v 10*CMY 10.0017 3006087 .08n

IL?29
PVZC9
81213

a 21W
P0210
P0213
P0213'
P0218
AT217
nmzz2
FR221
P1225
RA226
AC225
t1229
T142 3L
P233

* U233
u2 
U236

hP237
hP239
PUZ!8
PU239
PU246
P12 *I
PU282
A"2?1
A 2W3
C 282
C"243
CM20111
C"245
SUN"TO

3011T

1.767-011 8*928-012
573T7-011 1.S79-011
2.093-010 S.773-011
S.S92-013 3.076-012
3.958-012 7.792-012
2.46S-00 6.799-niO
8.766-010 3.118-ohl
1.582-012 8.698-012
2.125-039 So863-310
t1.86-012 7.9S.1312
1.922-009 5.300"030
3.879-011 9.630-012
1.2S9-012 6.931-012
10739-GC9 4.r97-G10
3*9S8-010 8.201-010
2.764-CJ9 1*126-008
6.S95-008 60995-30
?.

9
5- -068 1.618-OU7

2.805a-OU 6.613-o
6.633-Ou0 6.633-003
9.174-0u3 9.W20-003
S.86300O 4.820-002
?.S9P*0L1 89432*01
9 .303.OuO 9.488snuo
1.451*001 1.4s7.*O1
W.318*000 3*922*000
5.739-002 S.70-0112
3.983*000 1.806.201
6*.01-001 6.410-001
6.325.003 2.866*0110
8.698-001 8.285-91
7.995*001 7.8C8*001
5.7SO-OU3 S.749-003
5.*88*oo4 2.0E89062

S.713-012
1.831-013
6.692-013
1.668-031
8.683-012
7.882-030
6.083-031
. 18-011

6,793-010
8.315-011
6.188-010
3.3)6-013
3-70-0II
S.561-030
8.870-010
3.778-00
7.018-008
2.837-007
1*306003
6.638-003
9.888-003
8.819-DC2
f.27S.001
9.888 s000
1.853.001
3. 395 ofo
S.*70-OC2
3.6750031
6.809-003
3.85-002
7*702-003
6608*00 1
S.747-003
2.135.002

5.713-012
3 * 3-01DI
6.69?-01 1
1.668-011
8.683-012
7.08?-010
6.083-011
8.718-011
6.793-010
,.0o0
6 1 8-039
1.116-011
3.76C-013
* S5*-o3
8.670-030
1.778-008
7.0E18-0084
7.837-009
I.306-OS
6.638-305
9.888-003
8.819-002
A.Z75-001
9.888-002
I.45 -001
3.39S-002
5.740-004
3.6TS0901
6.809-OG0
3-456-002
7.702-001
6*608*001
5.787-003
1.058*002

2.023-013

5.398-011
2.067-031
8. 709-nlO
1. ?95-010
1- 527-010
7.506 -010
I3. '96-0 30
6.789_010
1733-Cit
3 *21 6-0 10
b. i8z-010
5.381-c10
3.68s4-Lo
7.0s5-vC8
I.998-Po7
2.316-OOS
6.637-00S
9.*99-003
8.817-002
8.073-001
9.504-002
3.736-001
2.669-o02
5.73-004
3.61.001
6*.06-003
7.372-003
6.620-001
5.85400 3
5.7rs-00
9.37s5003

3.097-013
T.5,#-all
3.2 8-Olft
1.3 ltF-olrk
7.82P-012
1.S31-009
^. 773-010
3.726-010
1-305-009
3.808-01 0
1.380-009
7.143-011
7.969-01r
3.06F-009
9.3S1-010
. I s-00

7.1 3S-008
S.977-007
8.289-00S
*.642-O0U
0.608-00
8.6 1?-002
7.613 -Oul
.S33-002
2.162-001
3.689-00?
5.7s5-008
3.689.003
6.060-001
6.8 36-001
5.388-001
1.720.003
5.780-003
7.602.003

S.100o-01
I.7o0-D03
6.216-01e
%.I9go-DI
8.46-ol61
7.120-009
1.sl58 000
1.186-009
6.109-009
3 .08d-ocO
S *06-009
1*037-010
9.85-D03
5.368-009
8.523-009

s.977-006
7.117-008

.16-006
9. 18-00O
6.66 1-00%
9.929-003
8.799-002
6.192-001
9. 6o-002
2.78'1-001
3.895-003
57.68-004
3.2I 003
6.387-003
S.968-001
2.S78-0o3
1.160.003
S.t26-003
8*.900-003

2.397-010 2.810-008 2.838-006
7.O19-030 9.061-098 9-082-00b
?.S13-0o9 3.291-007 3.320-005
3*246-009 2.398-007 1.123-OS
.8S6-009 5.981-Co0 2.808-00S
7.031-009 3.676-006 3.930-008

8.S12-009 8.671-007 8.066-0OS
.52s3-039 6.770-007 3.*76-33s

?.61?-308 3.341-006 3.373-033
Y.?22-009 6.391-007 2.904-03s
2.162-008 3.022-006 3.048-0o0
8.292-110 5.490-008 S.s38-006
?.807-009 S*39S-007 2.S31-00S
7.338-006 2.735-006 2-759-008
1.873-008 2.395-006 2.816-008
1.172-237 3.026-006 3.192-00S
7.7t9-008 1.119-003 1.222-003
'.931-006 S.3S?-oOS 6.S61-008
3.626-oc4 3.827-008 3.773-008
6.&99-0OS 7.371-005 I.IS?-008
1.083-302 .5SO-002 1.686-002
8.776-002 8.389-002 .665s-002
8.802-001 2.642-003 8.017-021
9.697-002 1.09S-0O0 1.692-001
3.n12-001 2.717-001 1.0uo-01
.ss5O-08 8.959-006 2.360-006

s.798-008 5.699-008 s5.91-008
3.262.001 7.110.000 2.SSS-033
6.1s52-001 S.837-001 207SO-001
8.788-001 7.838-o0S 1.161-022

7.682-002 2.383-013 .000
3.781*000 1.973-018 1.768-018
S.703-o03 S.299-003 2.583-003
3.6020001 8R.S06000 5.720-001

6.7668-OCS 1-.9Co0-
2.369-008 8.773-008
7.928-008 1.785-o0s
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TABLE A.5. Concentration of Fission Products
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2.372*002
3.402*0&2
4.. X2 * 02
5.177*002
2.330*001
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9.195002
9.532*00
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1.649.002
2.372.002
3.4024002
4.435*0C2
6. 5960 002
7.94.1*001
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3.0030002
.030

3.725S302
2.231 002
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5.750*002
.2*47*002

6.4.72.002
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*000



TABLE A.5. (contd)
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S.8C0.00l 4.0300co
13.2%*003 1300.CI.3
6*.120DC2 8.612*0C2
6.7qA.06.2 6.76s*002
8.3140201 3.769.001
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6.6l24oo2 6.612*002
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3.659. 002
I .653#002
3.762.0,02
3.101.02
I.3249.02
1.0913002
3.8493001
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TABLE A.6. Activity of Fission Products
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TABLE A.7. Decay Heat of Fission Products
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