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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-II 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:

o 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.

e 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.

e 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, a1l technical data
that describe the reference commercial-HLW canister are listed for easy refer-
ence. Finally, an appendix includes & 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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CONCLUSTONS

Laboratory research has indicated the practicality of reprocessing fuel
for the efficient recovery'of uranium and plutonium along with a minimal addi-
tion of nonkadioactive 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 ihtermediate-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.
(Ineonel 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 c¢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 differeht‘emplacement models were analyzed assuming the
repository had an average areal heat loading of 25 wlm2 (100 kW/acre). The



more complex emplacement model having the objective of maximum isolation yields
the highest glass centerline temperature. A maximum glass temperature of
~430°C is predicted for 10-year-old waste (after reactor discharge). The maxi-
mum temperature occurs shortly after emplacement and falls to ~150°C 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 CiIL (at 5 yr after
reactor discharge)
Decay Heat 1624 W/MTU; 2.62 W/L (at 5 yr after reactor
discharge)
Oxide
Constituents Form, kq/MTU
Calcine (Some Vitrification Fission Products 33.7
Processes have a Separate Actinides Plus Daughters 12.36 .
Calcination Stage) Nonradioactive Chemicals 39.81
TOTAL 86.87



High-Level Waste Glass
PNL Identification

- Composition

Waste Loading

Quantity
Activity

Decay Heat

Density »

Process Melting Temperature
Softening Temperature
Transition Temperature

Temperature Limit to Prevent
Devitrification

Leach Rate
= Thermal Conductivity
Heat Capacity

Thermal Expansion

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

. Constituents wt®
S102 : 36
8203 9
P%O5 2
Aikali Metal Oxides 13
Alkaline Earth Oxides 1
Fep03, Cr203, Ni0 1
A1203 2
Ti%z 6
Cug 3
Gdzo? A 10

- Fission Product Oxides 12
Actinide Oxides 5

The oxides from the HLLW constitute 31 wt% of
the glass

277 kg/MTU; 89 L/MTU

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

5.9 W/kg; 18.3 W/L (at 5 years after reactor
discharge)

3.1 g/c3

1050° to 1150°C

575° to 650°C (viscosity = 4 x 107 poise)
500° to 550°C (viscosity = 1013 poise)
500°C

1.0-2.0 x 10-6 g/cm?-d (25°C water)
0.8-1.3 W/m-"K from 0" to 500°C
700 to 800 J/kg-"C (estimated)

1 x 10-5/°C



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-im 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 10% 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,

Jower 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 contaihed in the HLLW is
the fuel cladding that has been chemically dissolved. Dissolution of Zirca-
loy cladding requires the use of a fluoride combound. 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-le#el'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.



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-
tion/NOx absorption process.

The PUREX process has many variations, and the most important factors in
the subsequent HLW treatment process are:
e the fraction of uranium and plutonium recovered during reprocessing
o type of chemical additives used to adjust plutonium valence states
e need for soluble neutron poison for prevention of criticality.

The HLLW Stream

The HLLW stream consists of the 2 to 3 M HNO; 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 containad 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).



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 ﬂ_HN03.ArThe 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 processQ '

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 adsorbérlreaction bed materials by combining them with



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
jiron to the HLLW stream.

2. Type of fuel cladding--Zircaloy or stainless steel. All of the
domestic 1ight-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 tha 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 (gadoiinium 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

10



5.

6.

the HLLW plus ILLW.'"The Exxon Nuclear Co. (1977) design used a cri-
ticality safe dissolver and avoided the need for chemical additives.

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'ILLN.

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 substantia1ly 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 NO, gas or electrolytic oxidation.

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



7.

10.

repository even if solidified separately. Therefore, some HLLW flow-
sheets call for the combination of ILLW with HLLW for waste
solidification.

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 is 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.

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.

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.

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
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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
anticipatedrin a commercial LWR fuel }eprocessing 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 Pu02. 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 UlPu, 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 1s 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 vany fnom one model
of reactor to anoiner, ’Fgrvexemple, the'dimensions of BWR fuel and PWR fuel

13



TABLE 1. Example of the Extremes Possible in HLLW/ILLW from a Fuel-
o 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 diﬁension 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 it 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 in 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 fue] 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 to'be 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 Mde) 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 equaI 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 N2 contamination
(important for carbon-14 calculations).

At the time of reprocessing, (assumed to be 5 years afteg\discharge for
the purpose of thig 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

Elemental or
Ion Bases, kq/MTU

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 HNO; and 2.2 M salts)

Hydrogen ion (HNO; 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 (W/L)

Activity level (Ci/L)

16

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
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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:
ed203 - 25.827
‘Fe203 | 1.143
Crzo3 0.292
NiO 0.127
MnO2 0.221
Zro2 -0.338
9205 5.007
NaSO4 0.037
~ NaCl 0.181

Nazo 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 Element, Oxide(a)
Products kg/MTU ._kgq/MTU
Seo2 0.055 0.077
szo 0.339 0.371
Sr0 0.800 0.946
Y,0, 0.444 0.564
r0, 3.496 4,723
MoO, 3.292 4,938
Tczo7 0.761 1.196
Ruo2 2.180 2.871
Rh203 0.464 0.572
Pd0 - 1.402 1.613
Ag,0 0.078 0.085
Cd0 0.112 0.128
SnO2 0.091 0.116
TeO2 0.479 0.599
1 0.002 -_—
Cs,04 2.472 2.621
Ba0 . 1,578 1.762
La,0, 1.200 1.407
CeO2 2.327 2.859
Prs0y4 1.100 1.329
Nd,04 3.968 4,628
szo3 0.037 0.044
Sm203 0.829 0.961
Eu203 0.143 0.166
Gd203 0.110 0.127
27.759 34.703
Actinides
Plus
Daughters
U304 9.566 11.278
NpO, 0.438 0.497
Puo2 0.087 0.093
Amzo3 0.423 0.465
szo3 0.025 0.027
10.539 12.360

(a) Converted to oxide form in a cal-
cination process.
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'HIGH-LEVEL WASTE GLASS DESCRIPTION

S Ly e
R ER TN

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."lt 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 g}ass is governed
by three factors:
the constituents of the radioactive waste to be 1mmobilized;
the vitrification process to be used for the immobilization;
e 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 tham 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
Jjoule-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, corrosfon,
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:
e maximum solubility of waste components in the glass;

e viscosity increase of the molten glass resulting from excess waste
loading;

e 1leach rate increase in the product glass because of excess waste -
loading; '

e excessive glass centerline temperatures during waste canister storage
resulting from the presence of too much heat-generating waste;

e 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,
jncluding about 95% of commercial glass, and the long-lasting natural rhyolytic
obsidians and tektites, ¢tontain over 70 wtZ 5102. This immediately limits
waste loading to less than 30 wtk. The limits are actually much lower because
of the poor solubility.of many waste components in 5102. Although only
limited investigations-have been made, wastelloading js probably restricted to
5% to 15% in high-melting glasses.

Alumino-Silicate Waste Glasses

Some of the first waste-glass formulations investigated Qere of the
alumino-silicaﬁe type (Go]dman 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 belowAground level as bare glass in a swampy area on the
Chalk River Atomic Energy Establishment. Leaching of 9°Sr from these

TABLE 5. 'Typiéal Waste Glass Compositions

Waste Glass Composition, wt%

A ~ Alumino- 7/-260 Study
Oxide Pyrex Borosilicate -Silicate Reference

SiO2 .81 - . 25=50 33-40 36
3203 13 . 9-22 ‘ 9
P205 o 0-2

Alkali metal oxides 4 8-19 18-22 13
Alkaline earth oxides - 0-6 13-16 1
Fe203, Cr203. NiO ' ‘ 1-20 : 1
A1203 2 0-10 26-30 2
Tio2 : 0-6 6
Zn0 \ . 0-22 _ -
Cu0 - 0-3 ‘ 3
PbO 0-50 : -
Gdzo3 ' 0-12 ‘ 10
Fission products 15-30 5 12
Actinides 2-10 1 - 5
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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 glasslcmz-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
deveToped 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%
8203. |

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 charactetized 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 1iquidus 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 1iquidus temperature, the primary crystalline
phase is completely soluble in the melt. Waste glasses are usually raised to
a temperature of 100°C 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 Ruoz, or ruthenium metal, pal-
ladium metal, spinel and CeOz. A1l 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 Ce02, 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% HZO'

Another significant constituent that is volatilized is the long-lived fis-
sion product 1291. It is estimated that about 0.5% of the 1291 in spent fuel
will be in the HLLW. This constituent will be volatilized entirely during
vitrification, and the volatilized 1291 will be scrubbed from the offgas and
disposed of separately. Most chloride praesent 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-1iquid 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
1050° to 1150°C. The viscosity of waste glasses as contrasted with that of -
commerc1a1 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 is about 575° to 650°C for most waste gIasses. 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 500° to 550°C. As
described earlier, glass is plastic above the glass transition temperature and
thus is 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 relatad
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.

Common commercial soda-lime-silica glass has a density of about 2.5 glc3.
Depending on waste composition and waste loading, radioactive waste glass
densities are usually in the range of 2.5 to 3.3 glc3. The density of 77-260

is 3.1 to 3.2 g/co.

For a given glass composition, the density of the final product may vary
over 0.1 glc3 depending on the time-temperature curve of its cooling through
the transformation range.
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Mechanical Propertiéé

The strength propértiesvof 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-
1ii values can be calculated from this value.

Impact Behavior

Fractures increase the surface area, and the amount of activity released
in a leaching situation méy 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-um-
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 m/s). 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 um 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 devitrified 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 1imits 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 éimi]ar 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 ekception of the alkali
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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 compromisé 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 Expansion

Glass Type Coefficient x 10~ /°C
Waste glasses 80-100
77-260 100¢2)
Commercial Na-Ca-Si gz(b)
Pyrex 32(0)

(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 500°C. Above
950°C, the crystals redissolve.(?) 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-
1ibrium yields at 700°C 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 200°C, 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 600°C
(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 CeOz does not completely dissolve in waste glass until a tem-
perature of about 1200°C is reached. Spinels, having the general formula
A2804, where A can be Fe or Cr, and B can be Ni, Zn, Fe(ll), etc., appar-
ently may even exhibit a retrograde solubility above 950°C 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. Photomicrogrephs of Vitreous and Devitrified Waste Glass 77-260 °

molybdate (Malow and Schiewer 1972). The increase in leaching of borosilicate
waste giasseé 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 devitrification at 750°C as shown in 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 1dent1ty of the crysta111ne specwes formed during
dev1tr1f1cation are so dependent on composwt1on, a large amount of work has
been done to 1dent1fy 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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o 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.

e 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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e Secondary devitrification reactions have alsctﬁeen 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 Gd,Ti,0,, Ca3Gd7[(5104)]5(P04)02, and Ce0,. Crystals of Ru0,,
NiFeZO4 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-
fated 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
1150°C. 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

L Cesium Strontium, Europium,
Simulated Radioactive - Simulated Radioactive
72-68 ‘ '
As Prepared 9.0 x 10-6 2.3 x 10-5 6.9 x 10-6 3.1 x 10-6
Devitrified 3.2 x 10-5 4.3 x 10-5 1.5 x 10-5 4.2 x 10-6
76-68 A
As Prepared 2.7 x 10-6 3.0 x 10-6 2.8 x 10-6 1.3 x 10-6
Devitrified 3.0 x 10-6 2.6 x 10-6 3.3 x 10-6 1.3 x 10-6
77-107 ,
As Prepared 6.4 x 10-6 6.5 x 10-6 6.5 x 10-6 2.2 x 10-6
Devitrified 8.0 x 10-6 4.4 x 10-6 6.0 x 10-6 7.7 x 10-7
77-260
As Prepared 9.1 x 10~7 1.8 x 10-6 1.4 x 10-6 8.1 x 10~7
Devitrified 9.8 x 107 1.8 x 10-6 1.2 x 10-6 5.7 x 10-7

(a) The leach rates in g/cm?-d are average rates covering 8 through |
24 days of testing.

in the static solution have decreased to 3 to 5 x 10'9 glcmz-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'cragking. Data that have been 6btained 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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FIGURE 7.. Comparison of Static and IAEA (Simulated Flow) Leach Test
Results for a 72-68 Glass

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 1012 rads in the first one thousand years; the alpha events
resulting from decay of the contained actinides, many of which have long half-
lives, may exceed 1019 per cm3 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 invalid? 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 fo]lowihg sections,,el] evidence indicates that
it is indeed legitimate to discount radiation effects. The evidence shows
waste glass to be very radiation-resistant material.

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, the tests per-
formed to date have revealed no effects that would jeopardize the use of glass
for the long-term immobilization of up to at least 1 x 105 Ci of fission prod-
ucts per liter of glass and 1 x 103 Ci of actinides per liter 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 Alpha Decay in a Representative
Waste Glass

: ‘Alpha Events,
Time of Vitrification Percent of Total

“First 100 yr ' . 3.4
100-1,000 yr 3.4
1,000-10,000 yr - 6.8
10,000-100,000 yr | 16.7

- 100,000-1, 000,000 yr 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 a/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 chénge 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 comp051tions, 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 whefe the devitrification rate is significant (above
500°C).

Radiation Effects on Leach Rates

Leach rates, measured on waste glasses containing up to 9 x 104 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-

tegrationslcm3 (Mendel et al. 1977). Thus, radiatfon 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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D, = 2.1 x 10~3 exp (-15,000/RT) cm’/s,

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

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-through and full recycle wastes. The estimated pressures are
plotted in Figure 10a and 10b. 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 Tr?nimutations That
Occur in Waste Glass\@

Initial Transmuted
Ion Ion
S I
Cs Ba,,

Tc*'7 Ru

Sr+2 Zr+4
Zr+4 Nb"'5
et pa*2
pd*0 ag*0

(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 contepts 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 ICM 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 1 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 1100°C 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 700°C 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 singieqwal]ed pipe with formed
heads welded to either end. Many alloys have been: investigated. Stainless
steel 304L and Inconel-601® 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: '

e sufficient strength and creep resistance at the glass-forming or
pouring temperature;

@ resistance to corrosion by molten glass;
e resistance td?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 smalier
coefficient of thennal expansion for glass), ‘

e ease of surface decontamination;
o ease of 1id welding;

e resistance to damage from accidental impacts during handling and
transportation; o

e retention of geometry (roundness) sufficient to permit ease in
overpacking;

. potential for demonstrable infegrity dUring a retrieval period of
approximately 150 years in a repository.

® Registered trademark of the Huntington Alloys Division of the International
Nickel Company, Inc., Huntington, West Virginia.

49



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 1050° # 25°C for
approximately 12 hours. The canister is preheated to ~250°C in the JHGM pro-
cess and may reach 700°C 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 1000°C 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 ICM process temperature. Development work on SS 304L
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Lorrosion from Molten Glass

~The molten glass can corrode the Interior of the canister. However, tpe
Processing Period is gq short relative to the time required to Produce any sig-
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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 IO’GI'C)'for the canisters in comparison to
that of the glass (~10 X'IO’GI'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
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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 ICM 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 ICM 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 1id 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
1id dimensions to maintain the appropriate gap between the welding tip and the
1id. The welder is keyed from a hole in the center of the 1id to simplify the
fit-up requirements. The canister opening will have become oxidized in the ICM
process, more so if the canister is stainless steel. This surface must be
cleaned by mechanical or chemical milling, or by "sand-blasting,” before 1id
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. Ouring 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% 1imit was noted. In fact, the combination of a high canister
temperature and a hydrostatic force of the molten glass in the ICM was observed
to improve roundness. o

Cost

Inconel 601 costs approximately three to four timés 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 HLH_is aged to 10 years. The current
recommended thermal loading for a salt repository is 2.2 ki. 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 (12.25-1n.) inner dia and a 3-m overall length (meas-
ured from the bottom to the top of the 1id 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 ICM 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 pfotection.

Closure

The top of the canister is formed from a flanged-oniy 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 1id closure at fﬁe 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

: \
| o \\\\\% CANISTER
wvar— N\
SEAL WEL | % \ LID

J

\p S b B AT 20 R

FIGURE 17. Schematic of the Twist-Lock Canister CIoshre
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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 li;"Oesign Parameters of the HLW Canister

Parameter

Material
Dimensions

e OQutside diameter

‘e Length

e Wall Thickness
Fins

Closure

Empty weight

Volume when 90% filled

Weight of glass
MTU of HLW per ¢
Decay heat

Activity

(3.1 9/c3)
anister-

‘Specifics

Stainless steel 304L

32.4 cm (12-in. Pipe) £ 2 mm

3m (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 dfscharge)
2.2 kW (at 10 yr after reactor discharge)

1.02 x 106 Ci (at § yr after reactor discharge)

 6.58 x 105 Ci (at 10 yr after reactor discharge)

TABLE 12. Canister Decay Heat

Canister Heat

Decay Period, Yr Generation Rate, W
| 5 3690
10 2210
20 1600
50 798
102 292
103 20.1
10* 1.7
10° 0.264
10° 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 storad
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 (~500°C if maintained for periods
greater than a week). These calculations were for a JHGM canister that has no
internal fins. An ICM 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-levei waste in a salt repository
assumed a similar canfster design and decay-heat content as that assumed in
this report. The Interface Working Group also assumed an average repository
heat loading of 25 wlm2 (100 kW/acre). From this assumptjon, 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 teﬁpera-
ture profile calculation'yie1ds 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 fdf 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 zes‘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 émplaéement 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 in Figure 20. The concept employs a thick
steel overpack to withstand the 1ithostatic 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 packagé against water intrusion. This
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CRUSHED SALT
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 ~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 g]dss cehterline temperature and the temperature of
the titanium corrosion barrier are given. The aVerge salt-bed temperature is
taken from NWTS-3 (1980) for a repositofy having 100 kW/acre thermal Toading

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 twd different emplace-
ment models are acceptable. Inferpretation 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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RADIATION ANALYSIS

Radiation flux is an important consideration in the design of systems for
canister storage and transportation of HLW canisters. Thé,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 HLW canister
containing 5-year-aged waste.

TABLE 13. Gamma Source Terms(a) (MeV /W~s/MTU)

Decay Tfme, yr

Group E (MeV) 5 10 50 100
1 0.085 1.3+6 8.6+5 3.0+5  9.4+4
2 0.125 1.7+6 1.0+6  3.0+5  9.0+4
3 0.225 3.0+6 1.9+6 7.0+5  2.1+5
4 0.375 27+6 1.5+6 50+5 1.5+5
5 0.575 7.5+7 4.9+7 1.8+7 56+6
6 0.85 2+7 6.1+6 2.6+5 58+4
7 1.25 7.5+6 3.6+6 2.1+5  3.0+4
8 1.75 3.90+5 1.6+5 1.5+4  3.1+3
9 2.25 27+5  43+3  1.4+0 0

10 2.75 1.0+4 3.3+2 0 0

11 3.5 1.7+3  5.4+1 o0 0

Power = 38.4 x 10% W
2.28 MTU per canister
S = (38.4 x 109) x 2.28 = 8.76 x 10’ with above spectrum

(a) From ORIGEN.
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TABLE 14. frgy Flux at Canister Surface Versus Decay Time (Flux in
. 0 MeV /cm2-s)

Radial Surface
(R = 15.875 cm)

Distance from ' Decay Time, yr

Bottom of Canister _9 10 50 _100
0 3.0 1.6 0.46 0.14

25 6.4 3.3 0.98  0.30

50 7.4 3.9 1.2 0.35

75 8.9 4.7 1.4 0.43

100 10.3 5.5 1.7 0.51

(Center at 132) 125 10.9 5.8 1.8 0.54

150  10.5 5.6 1.9 ~0.52

Axial'Surface
(Z = 293.1 cm)

Distance from Axial Decay Time, yr
Centerline, cm ] 10 50 100
0 1.1 0.61 0.19 0.054

15 0.94 0.50 0.15 0.047

TABLE 15. Dose Rate at Canister Surface Versus Decay Time (Dose
Rate in 106 mrem/h)

Radial Surface
(R = 15.875 cm)

Distance from ' Decay Time, yr
Bottom of Canister 2 10 50 100
0 56 30 8.6 2.7
25 118 62 19 5.8
50 . 137 72 22 6.8
75 165 86 27 8.3
100 192 104 31 9.7
(Center at 132) 125 204 108 33 10
150 196 105 32 9.7

Axial Surface
(Z = 293.1 cm)

Distance from Axial Decay Time, yr
Centerline, cm 5 10 50 100
0 21 12 3.5 1.1
15 18 9.4 2.9 0.90
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TABLE 16. Direct Beam Gamma Spectrum Versus Decay Time (MeV/cme s)
(Detector at Z = 125 cm, R = 15.875 cm; Un-normalized

Spectrum
Decay Time, yr
Group E (MeV) 5 10 50 100
1 0.085 7.1 +1 4.6 +1 1.6 +1 5.1
2 0.125 3.0+5 1.8 +5 5.2 + 4 1.6 + 4
3 0.225 8.4 +7 5.4 +7 2.0 +7 5.9 +6
4 0.375 3.6 +8 2.0 +8 6.7 +7 2.0 +7
5 0.575 1.9 +10 1.2+10 4.6 + 9 1.4 +9
6 0.850 9.2 + 9 2.3 +9 9.9 + 7 2.2 +7
7 1.250 3.9+9 1.9+9 1.1 +8 1.6 +7
8 1.750 2.7 + 8 1.1 +8 1.0 + 7 2.2 + 6
9 2.250 2.2 +8 3.5+6 1.1 +3 0
10 2.750 9.5 +6 3.0+5 0 0
11 3.500 1.7 + 6 5.5 + 4 0 0
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ORIGEN-IT 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-II'represents an improvement over the original ORIGEN
code (Bell 1978). The fuel burnup calculations can be easily modeled as é
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 separatéd_from the fission products
and the actinfdes. 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:. ‘

e 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

AQl



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.l.

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-II 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.l. Index to ORIGEN<II Output

Input
e Card image

e Neutron yield per neutron-induced fission (input)

e (Alpha, N) neutron yield in oxide fuels (input)

e Spontaneous fission neutron yield, neutron/fission (input)
e Individual element fraéiional recoveries (input)

e Group fractional recoveries (input)

e Element assignments to fractional recovery groups (input) -
e Chemical toxicities, grams per M**3 water (input--not used)-.

Tables of Fuel Decay Histories

e Reactivity and burnup data

e 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)

e 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)

e Fission Products
Concentration, g (by radionuclide)
Concentration, g (by element)
Radioactivity, Ci (by radionuclide)
Radioactivity, Ci (by element)
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TABLE A.l1. (contd)

Tables of Fuel Decay Histories (contd)
Thermal power, W (by radionuclide)
Thermal power, W (by element)

o (Alpha, N) neutron source, neutrons/s

Spontaneous fission neutron source, neutrons/s

e 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)

e 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

e Reactivity and burnup data

e 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 radicactivity, Ci (by radionuclide)
Alpha radioactivity, Ci (by element)
e Fission products
Concentration, g
Radioactivity, Ci
Thermal power, W
o (Alpha, N) neutron source, neutrons/s
e Spontaneous fission neutron source, neutrons/s
e Photon spectrum for activation products
18 group photon release rates, photons/s
18 group specific energy release rates, Mev/W-s
e Photon spectrum for actinides + daughters
18 group photon release rates, photons/s
18 group spécific energy release rates, Mev/W-s

Principal photon sources in group (K), photons/s (individual. tables for
each of the 18 groups)

e Photon spectrum for fission products
18 group photon release rates, photons/s
18 group specific energy release rates, Mev/H-s

Separate He, C, N, Ne, Ar, Kr, Xe, Rn, H, and I from the HLW Stream
e Reactivity and burnup data
e 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 e]ement) |
¢ Actinides + Daughters
Concentration, g (by radionuclide)
Concentration, g (by elvement)
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TABLE A.l. (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)

e Fission products
Concentration, g (by radionuclide)
Concentration, g (by elemént)

Radioactivity, Ci (by radionuclide)
Radioactivity, Ci (by element)
Thermal power, W (by radionuclide)
Thermal power, W (by element)

e (Alpha, N) neutron source, neutrons/s

e Spontaneous fission neutron source, neutrons/s

e 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 (1ndiv1dua1 tables for
each of the 18 groups)

e 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)

o 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), photonsls (individual tables for
each of the 18 groups)
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L°Y

POUERS 3.88D00¢001NK,

HE o
81209
u233

u23%

u23e
U238
nP237
PU23Y
Pu2aC
PU24)
An2e)
AM2a)
Cp2 oy
SumToY

T0TAL

WESTINGHOUSE §J84 MWEED PuR, 3.1 PER CENT ENRICH32,70" MUDINTY
3026995000800y, FLUXZ lpsloulnulcutnz-src

SUMNARY TABLE:

DIScMARGE

3.380-001
1.401.01;
2.826-000
T.4920003

3.783¢003:

9.452009
4,256°032
4.8530003

2.008400%

1.352+003
3.457¢001
$.985+C01
28244001
9.650000%

9.661+005

TABLE A.2.

BURNUP S

COMCENTRATIONS, GRpAMS

OUTPUT UNIY =

1 PETRIC YOM OF U AT 3.1 PFR CENT ENRICHMENT

2.0YR

6.902-0G1
2.423-01)
5-'“3-00.
704934003
3.783.,00u3
94520005
44+3700302
4.,951+203
2:0850(S
142274003
125830302
9.999%¢0q1
2632001
9.4559045

9.66130%

S.0YR

8e461-0gl
8.%09-01)
1.008-00%
Ta893+003
3. 7844003

9.452+0D%
8e 3820002

%e953epp)
240870003
1062003
302224002
9,997¢001
23330001}
9655005

9.,66)0008

SYLREPRO)

«000

8,809-011
1.,008.005%
74930001
3.788¢001
9,0524003
6,382¢+C02°
4,951+001
2.047001
1062061
3.2229pn02
9.997+001%
2+333¢001
1.053¢004

1.088+004

10.CYR

1.327-001}
T« 747-01)
7,090 ~00%
Te895 0001
J.78500C}
9.652,003
8e,007¢gp02
§+959001

2.04640D)

8,352 +000
3.2190002
9.992001
1a9260n0)
1.C53¢000

10584000

20.0YP

3.D45-001
‘.105‘0‘0
2.121-00%
T«495+00}
Y, 7884001
9.852+00%

ELLLIT T

8,975+001)
Y,048%001
€.1061+000
3.199+002
©,985¢001}
1314+001
1.053.00%

1.058¢008

SC.OYR

T.188-0(G1
1e13%-006%
6.451-003
7.59%40012
3,79%¢001
9.452¢pn03
%.607002"
S+N)1 2001
3.937¢00)
12194000
3,087,002
9.958 ogp)
8.167e000
1.05%+00%

14058+Dps

100.0vR

1.196°p00
0.245-D07
1.397-002
7.507+CO}
38210001
9.452°003
NafBN1e332
S.06p*nDn1
ne208 0008
1.110-001"
Z.8480+302
9.909+001}
6.148~-001
1,053 ep0%

$1.050¢0DY

Concentration of Actinides (Plus Daughters)

6

T.0KY

$.0808¢000
1.018-00%
1.90%~001}
TebaneNQ}
h.2gbe001
94524003
6.9890N02
S.7180013
3.913¢001
1.582-003
8.T8pe002
92.10%+n01
6.969-015
L1530 MU

1.058+00%

10.08Y

7+859+020
1.125~-002
243324000
9.60%5+001
65700001
90520003
7,63699)2
8.829+021
1+507¢00%
T+450-004
24200-D02
3.2100001
be310-01%
10534000

1058 4008

100,.08Y

1.184+001
3,689+q00
1.980+DD1
2.+,267+002
8.031+0018
9.453+003
T=n230302
10754001
1.081~00%
4 .,834~007
1.%29~008
8.350~003
64986~015
31.055+00n

1,056+008

'lodﬂ'

3230001
Loq884002
Ne28M 4001
243700002
T.820¢001
9.855+n03
SeS4A0D2
1.572-008
2.543-008
«0or
«000
8,%03-007
T.172-015
1.,055+008

1.056+0p%



8V

TL209
PB2CY
PB210
PR21s
6121C
61213
81214
PO21C
P0O213
PO21n
PO21%s
AT217
RN222
FR221
RA22S
RA226
AC225
TH229
TH230
PA233
U233
U2 3

V236
uP233
NP239
PU236
PuU239
PU2AC
PU26,
PU262
AN2ZN]

AM242N0

An262
AN243
CH282
CH2e3
CH2uh
CH24S5

SunTOT

TOV AL

DISCHARGE

1.076-0LY
4,989~-008
24292-010
4,364-0))
2.311-010
‘.’19'0“‘
8.368~0]11)
1.235-010
$e872-058
1.027-p98
8.365-011
4.979-048
4.365-011
4e979-008
4=9%1-0G8
4.361-011
~0919’048
1.294-008
9.769~0u8
2.906~-008
2736-306
9.7%0-023
244%8-001
3.002-041
2.260+007
242930003
3.0168¢002
446590002
13930005
1e984¢00LD
1.387°0u2
7.8362000
1.0C7+005
1991001
S.UlNe0Gy
20371001
242060003
1.733-001
242906067

4.T741+007

SUMMARY TABLE:

BURMUPZ

TABLE A.3.

3.26955¢0088K0,

RADIOACTIVITY,

NrSTINGHOUSE 1184 wuWIED fuURe 3.1 PLR CENT ENRICH. !?'700 HeD/NIU
POMER= 3.84000¢001Mu,

OUTPUT UNIT

FLUNZ 3.810006)/Cuee2-5F(C

CURIES

1 METRIC TOM OF U AT 3.1 PER CENT ENRPICHMENT

2.0YR

2.9‘5'3‘0
1.373-D08
2.473-010
2.4C0-040
2.478-010
1373-00U8
2.450-012
2.831-glo
1.348~-008
2¢399-010
2.4C0~010
1.373-008
2+400=-010
1.372~-p0u8
1.373-008
2.‘00‘0‘0
1.373-008
1.373-008
3.985.047
3.082-001

5.566-326
2.386-202
2.489=-001
3.082-0(1
le9940001

25440303
3.079¢002
86620002
1.265+005
'.q~~0560
Se436¢00,2
T«765¢0u0
77262000
1.994+201]

244674003
2.2584001
2.118ep0Q3
1.732-001

1.35C+005

13500005

Se0VR

3.439~0}0
1.592-008
2.854-010
1.302-009
2.856~-C10
1.592~0C8
1.302~0G9
2.7C09~010
1.558~-008
1.302-009
1.302-009
1.592~-00C8
1.302-009
1.592-008
1.592-0C8
1,3p2-00%
1.592~0C8
1.592~CC8
1+334-00s
3.090-001
9.758~006
4.533-002
2e849-C01
3.,090~0061
1.994+001
244974003
3,079+0p2
%.667°002
1.095+005
1,9449000
1.136°003
T1.65940C0
7.621+000
1.994+001
2.9754001
2.100+001
J.888+003
1.732-001
1.159+005

11594008

SYIREPRO)

3,439-1)0
1.592~008
2.854-010
1.302-009
2.756-210
1.592-0c8
1.302-009
2.709-040
1.£58-008
1.392-009
1.%02-309
1.%92-p08
+00C
1.592-008
1.592-008
1.302-009
1.592-006
1.592-p06
1.334-006
3.090-001
9,758~-008
4,533+904%
2.849-003
3.090~-001
1.994+001
2.497001
3.C79+00C
4,667¢000
1.095+003
l.9nk-002
1.106+003
7.659+000
T.621+000
1.998¢00])
2.97%+001
2.1p00*00}
1.888+003
1.732-001)
42294003

54.230+003

10.CYR

3.,799-010
1.759-008
6.847-010
44212-009
6.848-C10
1.759-008
%,212-009
b6.040~C10
1.721-008
$.211-009
4.2)3-009
1.759-00¢
9,213-00%
1.759=-008
1.759-p08
“e213-009
1.759-0086
1.75%9-008
1362-0n08
3.108-001
6.874-000
P,Chl~0CH
2+080-003
3. 108=-001
1.99%0ng}
240360001
3,084+000
5.575e¢0CP
N, 608002
1,945-002
1,1G5¢003
Te4 86000
T.449¢000
1.99%+00)
6177000
1.25%9+001
15594003
1.731-p01
3,639¢003

3,639+C03

2C.0v%°

¢+60%-0)0
3.057-008
2.439-00%
1.028-008
2.440-009
3.057-008
1.028-00NM
2.440-0C9
2.991-00r
1,52¢8-3080
1.020-000
3.057-00n
1.028-0008
3.057-00R
3.057-008
1.028-00R8
¥.057-00"
3.057-00¢
1.465-006
T, lau-001
22580205
1.475-09%"
2.452-003
Yo 144~001
1.991 002
229790010
3.093¢000
6.94240gN
$+320°00?
1.947-002
1.098°003
7.153¢000

73174060

1.991¢001
5.886+000
1.45800)
1.063+00%
1.730-001
24802003

2.802+003

$N,0¥R

3. " =069
1.8478-007
L 067-0(0
3.272~-008
1.8063-0086
1478007
3.27¥-000
1e863-gge
1e846-007
3.272~-008
3.273-0008
1.428-007
3.27%-008
1.,87R-007
1.478-007
3.,27%-008
1+478-00GY
1.478-0C7
2+112-qqt
3-2&‘-001
6.207-00¢
3.269~003
24459-007
3.28°-001
1.98%001
1929001
34117000
8,920 000
12560002
1.95%-002
1.06M*003
6238000
642079060
1.985+00!
541334000
T.02re00N
3,373%+p02
1.72¢6-001
1.6)9¢00%

1.62C+003

100.0v#

1.322-00¢
60121037
5.,799~008
9.720-00¢
5.790-008
¢.121~007
9.720-008
$,790-008
S.989-007
9.718-1)9
9.722-008
6121-007
9.,722-008
6.121-007
6.121-007
9.722~g08
6.121-007
6.121-007
4,1643-006
S 418-001
1.353-20s
S«647-003
2,473-003
Teq18 =001
1976002
1.849¢001)
31479200
96754000
Je308+001
1.962-002
9,820002
9,966°000
4.942¢000
1.976¢901}
8,067°000
2.N083+000
.'916.001
1.719-001
13274003

1.127+003

Activity of Actinides (Plus Daughters)

6

1«0nY

1.691-006
T.829-00%
1.868-00S
1.868-C0S
1.868-008
1.829-005
1.060-00%
1.868-005
T.660-008
1.86%-00%
1.8¢8-D05
T.829-005%
1.868-00%
7.829-005
7.829-005
1.0068-005
7.829-005
T.829-005
1.069-00%
4.929-001
1.843-003
1.329-002
2722003
4.929-001
1.816¢008
T.973=002
3.553¢000
8.920°000
1.600-0g1
1.997-002
2.321002
8.198-0C2
8+4157-002
18160008
6T46=-002
6895=-p)0
$.640-013
1.597-001
20250002

2.8260002

10.0aY

1.706~00%
1.897-003
8+761-004
8.762-038
8+761-N04
7.897-003
8.762-008
8.761-00%
T.727-003%
87610206
8.764-000
7.897-003
8.768-000
7.897-003
7,897-00%
8+7608~-00%
7.897-003%
T.097-00%
1¢128-003
$<385-001
2+259-092
1.310-002
4.253-003
5.385-001
T.7970000
2.819-D19
5.490+000
3.835¢000
7.678-002
1.995-032
T.691-0p2
1.232-019
1.225-019
Te797¢020
1.016-01%
«000
S.111-013
7.665-002
2.596+001

2598001

100.0uxY

4.074-003
1.886-201
7.054-003

7,056-003
7.054-003
1.886-001
T.056-003
7.054-003
1.045-00)

7.054-223

7.057-003
'0.5“001
7.057-003
1.886-001
1.846~001
7.057-003
1.886-001
1.886-001
T.0806-003
$.233~001
1.878-201
1.087-222
$.198-003
$.233-001
1.643-003
«020
6.683-001
24860-000
4.982-00%
1.707-2062
$.209-00%
«000
000
1.663-223
«000
«000
$.2%50-013
8.974-005
3.519+000

3.533¢000

1.0nY

8.966-003

4151003

%.169-003
4,170-003
%.169-003
4+151-001
8,170-003
%.169-003
$.061+-001
8.169-2)3
4.171-003
4.151-001
4.171-003
“.151-001
%.153-001
“.173-003
4.151-001
4.151-001
%.123-p03
3,910-002
Ne149-031
3.779-233
5.063-003
3.91 ¢-00)
9.773-008
«009
9.773-008
S«797-009
«000
19 inl-ﬂn!
+000
«00 1
«000
9.773-g38
<000
«000
S.iuS’Ol!
«000
4572000

4.587000




6°Y

POVMERZ 3.84000¢001Mw,

TL209
PR2CY
81213
B2l
PO21C
PO213
PO214
PO218
AT217
RN222
FR221)
RAQ25
RA226
AC22%
TH229
TH230
Pp233
v233
2 3s
uz23s
NP227
NP239
PUZTS
PU239
PU2aG
PUze)
PU282
ANMG )
ANZAN3
(4, FL TR
CH243
CH2uyn
LY
SUntToY

ToTAL

NESTINGHOUSE 1184 mMIED PuR, 3.1 PER CENT ENRICH., 32,700 nuh/nlY
rlQI=vJle?Dl.“ICn”Z-sft

‘SUMMARy TABLE:

DiSCHARLE

1= 787-01)3
5. 737-011
2.093-0i0
5.592~-013
3.958-012
2+%65-D09
8.766-01GC
1.582-012
2.125~-009
1046032
1+922~-p09
3.479~011
1.259-0)2
1.739-CGY
3.958-010
24760-L29
6595-000
7.954~008
2+805-008
6.633-003
9174043
S 86340GCH
7459240012
$.301 «000
1851001
4.318+000
Se739~032
3.983+000
6+801+-00)
6.325+001
8.698~001
7.,995+001
%.750~0L3
S.088900%

1.207400S

2.0VR

§.928-012
1.579-011
S.773-011
3.076-012
T.792-012
6,799-N})0
lallé=ql}
8,698-3}12
$.863-210
T.958.912
$.300-010
9.630-032
6,931-0)2
8, 797-C10
8.2C1-010
1,12R=-D08
6-”5’30.
teoln-0u7
6.‘1"“5‘
6e633-0y3
9,420-003
8.820-9G2
0,432+001
9.888¢nun
1e8E2¢001
3.922+000
S.740-002
$.806+301
6.410-001)
2.86640L0
8,288-9¢1
T.4Ca001
S.789-0U3
2.008+002

2.089+0062

BURNUP=

£,0YF

S.7)2-012
1.831-011
.l"?-o.l
1.668-011
8.,0683+012
7.882-010
6e043-0118
8.718-011
64793010
“-!15‘0'1
6e1048-010
1116-011
3«760-011
$561-~010
~-810-UIO
3.778-0080
T+018-004
2.837-0G7
1.306.003
64634~-003
9.%404~-003
4, 019-pC2
22754001
9.488+000
1.453,001
3.395+0(p
Se740~0C2
3.675+001
64509-00)
3.456-002
T.702-001
60608001
Se«747-003
2+185¢002

201864002

3.269959C0MRUG,

SY(REPRO)

Se713-032
1.#31-011
64692-011)
1.668-011
f.683-032
7.8082-010
6.043-D11
8.718-0)13
6.793-030
«00C
$.148-010
T4116-031

‘3.760-011

S.561~01C
4,f70-010C
3.774-n08
T«Cla~000
2.837-009
1.306-00%
6,638-208
9.,808-003
§.819-002
8,275-001
9.438-002
1.8453-001
30395'002
S« 700-004
3.6T75¢901
64409-0C)
3.456-002
7.702=001
S+608001
S.747-003
1.0584002

1.0580002

THERMAL POWER, NATTS
1 METRIC TOM OF © AT 3.1 PFR.CENT ENPICHWENT

10.0YPF

6,317-012
2.023-011%
7e39%-C1)
S.398-011%
2.C6T=D11
A.T09-010
1.95%-010
1.527-030
7.506-010
1.766-010
6.,789.01
1.233-C11
1.216=-D)0
6414%-010
Se¥81-010C
34850-00n
ToSA-0ICAH
1.998-0g7
2+31¢-00S
6.637-00%
94499003
84017-002
8.07%-001
92.508-002
1738 .pp)
2.669-002
Se T43-008
3.671+001
64.006-001
T.172-003
5.820-001
Se858ep0}
S« T85-003
9,375+001

2.376+N0)

20.0vR

1.097-011
3.51¢=-0110
1.28%=-D10
1,310-010
T.A20r-011
1.%14=-009
8, 77%-010
3.726~010
1.305~-00%
S.408-010
1.180-00*
?.134-011
2:969-0110
1+.060~009
9.353-010
4e106-008
T.13%-D04
€4972-007
Ne249-00%
Ce682-008
o, 408+-003
8.812~002
7661304l
9,533-002
2.162-001
1.689~-00?
S 75C~-00LN
3.44%+001
6eNGO=0012
6+038~-00%
S.380-001
Ya 7200001
£, 740~-00%
T.602+001

T7+603¢00%

Sr.0YR

$.30¢-011
1.700-010
6,21%~-01p
Ne190-010
N.0009-D10
T.%20-00%
‘nsl'-oﬂ.
1.186=-00%
6.309-009
1.04%-c®
S« 706-00%
1.037-010
9,%81-010
Sel60-009
Q.S?J-OO’
S.977-000
T30
1.A16-006
9.818-00%
6,66 1-00%
9.,92%-00%
4,79%-0302
6,392-001
%2, 60%-002
Z.78N-001
3. 895-003
S.T6A8-008
3.%21+001
6e.3872-00%
S5.964-003
2.570-nyn1
1.180+001
$5.726-003
q.QOPODn!

100.0YR

2.197-0)0
7.039-010
2.573-00%
1.206~009
1.856-D09®
Y+031-00N0
NeS12-0Ce
T.523-D)9
2.812+300
¥.221-009%
2.382-0086
8,292.01p
2.807-009
2.138-008
1.973-009
1172227
T« 742008
T,933-006
1+626-0g%
6+699-00%
1.083-202
8.T76-002
..802-00‘
9,697-002
!.ﬂl?-OOl
‘-SSl-an'
S 7984 -008
3.262+D09
6.352-001
Ne748-003
7.642-002
‘.7.‘00““
S« T03-003
3.602¢001

3.633001

TABLE A.4. Decay Heat of Actinides (Pllus Da‘ughters)

oUTPUT UNIT = &

leCnY

2.810-008
9.063-008
3.291-007
2398-007
3.,987-0D7
3.876-006
Be671-007
6.770-007
Je301-006
6.191-007
3.022-008
S .A%0-0108
$.395-007
2.735-0g6
2.395-0086
3.n286-006
1.119-003
$.357-005
3.827-008
T+3IN-00S
1.506-002
& .389-0102
2,602-003
1095001
2.727-001
8,9¢9-00¢
$.899-0008
7.710¢000
$.837-001
T7.838-005%
2.383-011}
1.,973~-014
$.299-003

-8,7500000

8,752¢000

1000 Y

100,05y

1.0nY

2.834-006 6.768-0C5 1.49C-pg"

92.082-006
3.320-00%
1.123-00%
2.8008+D0S
3,910-008
4,.048-008
3.176-32%
3.373-02%
2.,908-009
J.088-ppN
$.538-006
2+531-00%
2.759-008
2.,816-00%
34192~00%
1.222-003
6,563-0n0%
3.773-00%
1.152-00%
1.646-002
1.885-002
8,017-021%
1.692~-001
1.073-p01
2.380-006
$.891~-004
2+555-003
2.507-0012

14181-022

+000
1.788-0) 48
2+543-00%
$.720-001

S.725-001

2+169-00%
T.928~-008
9.042~005

8, 773-DD%
1.748-p03
S.304-005

2.261-004""1,337-004
9.337-00% 2,055-002
34275~200%) ,236-pn%

2.557-00%°

8,008+33%
2330008
7.279-003
1.322-000
2.038.008
6.588-003
S 7692003
1994008
1.188-203
Sehp1-003
3+130-0008
JoNDB-DpN
1599-302
8.021-006
+000
2.060-002
T+671-0D6
loS.S’UO‘
5.081-00%
1«Ta8-008
S.387-008
«000
+000
1.836-014
1.650-006
0.&0!-002

B8.427-002

1.511-000
1.771~332
1.302-004%
1.60:-0D2
2211008
1206 ~D08
1.450-002
1.270-002
1.180-000
8.’75'00.
1.208-002
1.089-008
le371-D00
1.195-932
Z2+302-010
<000
3,012-00%
1.805-010
. o000
1.005-008
<003
3.152-009
« D00

000
2.031-014

-«000
1.103-00}

1.106-001




oT°v

SE
kR
we
e

Re
SR

SR
R
ir
44
r44
NG
ik
Ho
R
"o
"o
no
TC
Ru

8l
83
[ 1Y
85
86
a?
[ 1]
[1]
90
UL
91
92
93
93
L 1]
95
9
96
97
98
99
99

Ho1cCo
RUICG
RUIPL
RUL02
RH1D3
RULOY
[JU L]
PDIOS
RUl 06

PD106 -

POLCT
[ 12 WL]
AGICY
PR110
€ollc
coin
TEY 26

1127
TE128

1129
1€ 30
xEY2)
XEL 32
cS)33
*€I 3
CS134
8A)3a
€s135
BAL3S
RE136

DISCHARGE

2.29440u1
3.969+06)
3.109¢002
9.5259001
1.849¢002
223720002
3.4020062
Nolh20DU2
$.17700062
2130001
Se2949002
642850002
1.03) g2
¢+001-005
7.268002
642799002
78639002
3.845¢00)
7.7930002
8.150+002
7.569¢00L2
3,625-3u3
9.195¢002
9.5312001
To6890002
7.669°002
4.1130002
L. 4729002
242254002
3,768 +D02
1.663°002
20620002
202550002
1+556*002
7,858+001
$.,098¢001
Jo4230041
2.796+001
7.516~001
€4377¢001
1.101°002
17659002
3.523¢002
4,171°002
10684003
1.100¢003
1452003
1.172¢C02
3.896°001
200630002
2+755-001
24328003

SYMMERy TJABLE:

AuURNUP:

TABLE A.5S.

3.26955+008NV,

MESTINGHOUSE 1384 MUWIE ) PUR, 3.3 PEP CENT ENRTICM.,32,700 HuN/HTVY
POUERZT 3.80000°C01Ma,

oUTISJT UNIT

FLUNS J.ate01up/CHen2-gF(

CONCENTRATIONS, GPAFS

1} METRIC TOA OF U AT 3.1 PER CENY ENRICHMENT

2.0¥R

3.29%¢00)
3.990+001
11099002
9.608+001
1.849¢002
2.372¢002
JeaL20002
No0350002
4.9360002
4530301
5.750002
6.247e002
7.035°002
1. 660-0is
Te2684332
Te4270002
7.863¢002
3o 445001
T.8C2e002
8.150%002
7.610+092
8.570-003
9.195°002
9.532+001
7,65¢*002
7.6699002
4.6350002
S.4 722052
202250002
3.80%+002
4.204201
3.305+0G2
2.255’002
15569002
7.877¢001
S.098¢301
3.504+001
2,850+001
T.671~001
5.581+031
1.1019002
1.7834002
3.523¢202
4.2508+002
1.07%003
1.113+003
14520003
S.981+0G)
9.630+0013
28704002
2.750-001
243284003

£ .CYR

SYIREPRO)

10,0¥R

Jo294eC¢] 3.294¢001 3.298¢001

3.992¢CC)
1.1090002
1.01 79002
1.649¢002
24372+0C02
3.802+602
8, 835002
405960002
T« 91001
Se 7500002
602079002
7.035+002
4.199-004
Te268+002
Te%27002
7863002
J.8850001
T7.802+0062
841500002
7.610¢002
1.601-0¢2
9.195¢002
9.532+0C1
7650002
T+6694002
446350502
5472002
22250002
3.803¢002
5;3“20000
3.671¢002
242550002
1.556¢002
7.877+¢C01
5.098°00)
35164001
20850+00)
7.677-001
S«5630001
1.101002
176830002
3.523+002
442560002
1073003
11132003
18524003
2182001
1343002
2.870¢002
2.760-001
2+3208¢p03

+000

.cno
1.037+002

-000
2.372,002
3.,402+002
Neu3Se0L2
4.59b 002
T.981+001
$.750002
62470002
T7.035 ¢002
4.199-gg%
7268202
7827002
7.86 3¢002
T.485+0C1
7.ta2+°002
8.1504002
T.610¢002
1.601-002
92.195,002
9.532+001
7.6500002
7.669+002
8.635+002
S,472¢002
2.225+0Q2
3,803¢002
5.342+000
3.671+002
2.,255¢002
1556002
7.877¢001
5.098°001
35160001
285000}
T.617-0p)
5.583-001

1.101+C02

1,783+000
3.523¢002
<000

+000
1.113¢003

«000
2.182+001
1.3430002
2.870°002
2.760-001

000

+CON
«"00
10172002
«f00
2.%72¢002
Jeb20002
8.8354002
40804002
1310002
5.7500002
602870002
74035002
1.057~003
Te260°002
7.%27¢g02
T.06%¢062
Y. 445+001
7.802+002
841504002
T.6100002
2.839-002
9.]950?02
9.532+001
T+650¢002
7.66%¢002
8.635+002
S.872+002
242254002
3.003+002
1.716-001
3.723+002
2.25%002
1.%56 9002
7.8717,001
Se.09nepql
3.517+001
2850000
T.686-0C1
5.583-001
1.J039002
176 Y2000
3.523¢002
+000
«C00
31130003
+C00
8003000
15230002
2.870+002
2.76!.no|
« 000

20.0YR

T,294,0013
cor
«000

1.017¢002?
«J00

2.372¢qp2?

*.402¢002

8,435°002

42162002

201700002

$.750002

fe20T0002
7.035¢002

2.929-003

T.2608¢002

7-.21.002

7.86%+002

3. 445201

7.8024002

0,150+002

7.610°002
€.31¢-002
9.19%¢gg2
9,537+001
7.650+002

Te669*002

0.6350002

$,472+002

2422%¢002?
v.8CY¥¢002

1.770-000

*. 7250002

202550002

1556002

7.877+001

S.098+001

3.517+001

24850001

7.705~001

$.563-001
1.101°002

17830070

3,5230002
«000

. «000

1313003
«00N

1.%09-001

3.560°002

2.8700002

2.773~001
«000

S7.0vP

3.7904001
«pOP
+«000C

1017002
«Tor

243724002

3.002¢002

4o 83%0002

1575002

32028002

$.757002

€e207e0L2
7.03%¢0C2

1.094-002

Te26R 302

7284270002

T.86Y2002

Je44%e0L)

7.802+002

8,150+002

T.609+002

1+274-00)

9.19c9002
9.532+001

T+865negp2

7.669+002

N.63%0002

Se8T72002

2.227 002

3.R034002

I.Qll-!ll!

3.72%.002

2258002

1.55¢002

7.877¢g01

S.09Re0DY

3.51700}%

2850001

T.762-001

5.%83-001

1.101+002

1.78%+000

3.523¢002
«300
+000

t.31130003
«00r

Seg76-006

18614002

2.870%002

2.799-001
+000

100.0%%

3.258np)
NGO
+ 700
1.017+302
=000
2.%72+002
Y.4020C2
8.4352002
8.790¢001
%e912202
$.750+002
60247002
7.035¢002
2.640-002
722684332
74274002
TA63+002
Y.8654031
7.002°032
[ 18 1500002
T.608+002
2.512-00}
9.1985¢302
9.532+001
T7.650+002
7.669¢032
4,635¢002
Se 8724002
242254002
3.8032002
2,213~028
3.725°002
2.25%+002
15564002
7.,877¢001
5.098+90)
3517400}
2.853¢001
T.858-002
$.583-001
1.101¢002
1.783°000
3,523°222
«000
« 000
1.113°003
«G00
2.947-013
1.56) ¢lig2
2.870°002
2,843-001
."oo

Concentration of Fission Products

1e0KY

30290001
-0C0
«0C0

1.017¢002
«000

2.3720002

!.l020002

8,435¢002

20382-008

S,.3910002

$,75N¢002
622470002
7.032¢002
3,132-¢01
Te2860e002
7.4270002
7.80630002
3.8454001
T.802¢002
8.150002
7.5860002
2.476°000
9.195+002
9.532e001
T«6500022
7.6690002
8eb 350002
5.0720002
2.225¢0p2
3,0030002
«000
3.725¢002
202590002
15560002
78770001
S.0980001
3.517¢001
2.850000%
2:569-00)
S+5§3-00)
1.101002
1783000
3.523+002
«000
+»000
1+133¢003
«000
«000
15600002
2480692002
3.621-001
«000

10,06V

’DZQQQUD’
«000
«030

1.017+002
«000

2.372+002

3.4024002

4.435¢002
+000

Se3gle0l2

S.7500002

66207002

71.003+002

3.175°039

72680222

Te427¢002

7.8634002

3.445¢031

T.802¢012

8.1500002

T,367¢002

2.4370001

9.195°022

9.532+001
7.650+002

T.669°002

4.635+002
5.4720002
20225002

3.803¢002.

«000
3.725022
242524002
15560002
7.877001
S.098¢021
3.517¢001
2.05003)
246300022
$.583~001
1.161092
1.762+000
3.,523¢032

«00p

«000
11134003

+000

«000
1.561002
24061 0002
1.139°000

«000

100.0uY

3.2940001
«000
«000

1.017¢302
+030

2.372+gg2
3.402+002

4435002
«000

5.3910332

$.750002

60247002

607230002

3.116°001

7.2680002

T.427+002

7.863002

3.,84500013

7.802°002

8.150002

S.8970002

2.114002

9.195¢g32

9,532+001

7.650002

7.669¢002

8.,635002

5.,872°002

22254002

3.803¢002
«020

3.7254202

242312002

1.556°002

7.877+001
$.,0980201

3.,517008

2.850°00)

1453001

$+583-00)

1.1014002

1.775¢000

3.523¢002
<000
<000
$.113egp3
<000
«000
1.561+002
2.785¢002
8.796¢000
+000

3.294¢001
-000
-B00
1.007¢022
«000

2,372+002
34402002
804354002
« 000

$.3930932

$.750°002
6287002
“.8720002

2.563+002

7.2684332
T.827¢002
7.863¢002
3. 4450001
78020002
8150002
2939001
T+31 7¢002
9.195+032
9.532+00)
7.,650+002
Teb690022
4. 635002
Se8724002
2422%0002
3.803+002
«000
3728002
2.027¢002
1.550 4002
T.877400)
5.098+001
3.517+00)
2.850¢001
2.827+001
5.583-p0)
1.101+002
1706 +000
3.5232002
«000
«000
13330003
«000
«000
1.561+002
241230002
T.495400)
«00D




1y

€s13?
bAL13?
BAL3p
LA13Y
CElag
PRial
CE)a2
LUILS ]
CElan

- ADIoe
. WD) us

nC186

. PEIND
.SmIad
- ND1&G

SH1aa

TNEIS

$M1Sd

LT

EUltl
SM154
6D15s
6DISe
SUNTOT

ToTAL

D1SCHARGE

1.1790303
8,017+001
1.257+003
1-1990003
1.186°003
1.04300G3
1.109¢0u3
743024002

J.naTe002.

9,591 052

66092002

64 76% ¢032

.1e32700G2

6299001

- 3.6594002
. 1eb200002.

1.762¢022

- 3.10)e002.

13289002

"1.0794002

3e7908¢D31
2.,8970000
60259001

3,288400%

3,369e050

SUNMARY TAFRLE:

TABLE A.5. (contd)

CONCENTRATIONS, GPAMS

1 RETRIC TOM OF U AT 3,1 PER CENY ENRICHWINY

Z.0%R

1e126+Nn03
9.341+001
1.2570343
1,200°003
1.2180303
1.100+003
11090003
7.626¢062
5.8C%+301
Je2460003

6+6120002.

6, 7652002
8.318+301

1.2090902
3.659¢002 .
16530002,

1. T62352
3.101°00L2
1.328002
1.091842
3.643°001
2.568+000
6.65940C1
34329008

3e369°00u0

£.0VR

1.0504003
1.688¢002
142574003
1.200+003
1.23440C3
1300003
14109003
762600062

.%,013+060

1.300¢0L2
6,61240C2

60765°002

3,764+003 .
1abb8+0G2
3.,659+002
1.653+002,
1.762¢002°
3.,103+002
1.320%+002
10910002
3,843¢003
1578001
6.65940C1,
3.33140CH

3.36940CH

SYIRFPROY 10.NYR
1.0500003 ©,35¢+002
1.680+002 2.,834002
1.25740D03 1.257+003
1.2004003 1,207+003
142184003 1,2)00003
1.100°003 1,1G0+003
1.109+003 1.109+00?
746264002 7.06264002
4¢D334000 4.671~002
123000003 1.300+003
6;6]2’0“2 6.6120002
6765002 8.765+002
TeT64¢001 1 .0CCHe000
16684002 3,980+002
e 68940002, 3.659+002
16534002 1.653+002

17624002 1.762+002

1.3014002 3.101+002
13284302 1.320+002
1.0914002 1,091e00C2
3.P43+001 3.8834001
15780001 2,852+001
6,6594001 p.0650¢001
2.T8640GH 2. TaT+008

2.7814008 2.781 008

20.0¥%

Te8280002
4, 764002
1257003
31209007
1.2108000%
1.100,00"
1.109¢00%
T.626+0302
¢,331-006
1,30%+0n0Y
€.612¢006G2
6. 7652002
T.152-001

7.033¢002

3.659¢002
1,6530n02
1.762+032
7.101+002
1.,32%¢p02
1.091+002

Y.A834001"

Toh260001
6£.659¢001
2sT40e00N

2.7810p0%

snr.ove

3.71%eq 2
88770002
1 .257 0003
1e2gDe0L3
1e21800Y
1.10M+003
1109003
78626002
1.57¢-017
1+300¢0LY
6.632600L2
S.T8% 0002
2587000
2.0407 002
3.,459¢002
1657002
17624002
3.1014002
3280002
10910002
3,8820001
Na18Te001
5.659¢001
2.788¢00a

2.7814008

100.0ve 1.0%Y
1.169+002
1.102001
1.257Cp?
1.200+003

1.088-1C7
31219003
1.257¢003
1200003
1.218¢00% 1.2108+003
13004003 1.100003
1+1C9¢003 1.10G%003
7.628D02 7482800p2
7.233~-037 .000

1308008 1.3004N03
6.612e002 6 _8120002
Ca 7654002 647650002
4.729-013 ,0CO

2eNuD D2 2.”.00002
3.6590C02 3.65%¢002
10534002 1,653¢002
17620332 17620202
3.233n02 3.101+002
13244002 1.320¢C02
19914332 2.P920002
3.,a83090) 3.0883e00)
8e212001 A,213+4001
6.659¢0p1
27090008 2.78%9¢008

2.781+008 217B|oﬂﬂﬁ

6.65%90001

) (]

10.0nY

«000
1219003
12572003
$+200033
1+2)8¢pD3%
1.100¢0)Y
1109003
7,626+002

+003
13080003
6612002
64765 «002

"«000
24040002
3.659¢002
146530002
17820032
3.101+002
10320002
1.D0%3002
38432301
8.213+001
5659001
27094008

2.781+00%

100.0nY

+000
1.,219¢003
12572003
1+230¢003
1218003
1.1000003
141092003
Te626°002

«020

13089047

66120002
876502
«000
20600002
3659002
1e6530002
175820322
3.101¢002
1 «328+002
1091002
3.883+031
8,.213¢001
8545590001
2+750en0N

2.,781°000

1.0nY

.00c
1219003
1257003
1200003
12104003
1.1070+003
1109003
T.626002

«000
1.30%¢003
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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 fTanged-only tank head. The
bottom 1s 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 1id 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

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 = - - S Specifics
- Material , S Stainless steel 304L
Dimensions ‘
e Outside diameter 32.4 cm (12-in. Pipe) # 2 mm
‘e Length 3m(10ft) ¢ 2m
® Wall Thickness 0.64 cm (0.250-in. nominal pipe tolerance)
Fins o Not required
Closure PNL "twist-lock”
Empty weight 160 kg # 5%
Volume when 90% filled 192 L + 5%
Wefght 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 discharge)

2.2 kW (at 10 yr after reactor discharge)

X 105 Ci (at 5 yr after reactor discharge)

Activity 2
8 x 105 Ci (at 10 yr after reactor discharge)

1.0
6.5

TABLE 12. Canister Decay Heat

Canister Heat
Decay Period, Yr VGeneration Rate, W

5 3690
10 2210
20 - 1600
50 798
10° 292
10 20,1
10° 1.7
100 . 0.264

106 04178
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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 S-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 (~500°C if maintained for periods
greater than a week). These calculations were for a JHGM canister that has no
internal fins. An ICM 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-
£fi11. 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 Bf: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 WIm2 (100 kW/acre). From this assumptjon, 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 teﬁpera—
ture profile calculation yields a time-dependent temperature plot of various
points in the waste-form/overpack model.

A model of the canister emplécement in the repository borehole is shown
in Figure 18. The canister is sukrounded by a steel overpack. The space
between the canistef 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'Advahced Energy Systems Division of the Westinghouse
Electric Corporation have proposéd 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 in Figure 20. The concept employs a thick
steel overpack to withstand the 1ithgstat1c 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
BACKFILL

CANISTER (304L STAINLESS STEEL)

FIGURE 18. Canister Emplacement Model for a Salt
Repository (MWTS-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)

max imum iso]ation mode] 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 twd 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
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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 radfonuclides 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 HLW canister
containing 5-year-aged waste.

TABLE 13. Gamma Source Terms(3) (MeV/W-s/MTU)

Decay Tfme, yr

Group E (MeV) 5 10 50 100
1 0.085 1.3+ 6 8.6 + 5 3.0 +5 9.4 + 4
2 0.125 1.7 + 6 1.0 + 6 3.0+5 9.0 + 4
3 0.225 3.0+ 6 1.9+ 6 7.0 +5 2.1 +5
4 0.375 2.7+6 1.5 +6 5.0 + 5 1.5+5
5 0.575 7.5 +7 4.9 +7 1.8 +7 5.6 + 6
6 0.85 2.4+7 6.1 + 6 2.6 +5 5.8 + 4
7 1.25 7.5+ 6 3.6 +6 2.1+ 5 3.0 +4
8 1.75 3.9+5 1.6 + 5 1.5 + 4 3.1 +3
9 2.25 2.7 +5 4.3 +3 1.4 +0 0
10 2.75 1.0 + 4 3.3+ 2 0 0
11 3.5 1.7 + 3 5.4 + 1 e 0

Power = 38.4 x 10% W
2.28 MTU per canister
S = (38.4 x 10%) x 2.28 = 8.76 x 107 with above spectrum

(a) From ORIGEN.
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TABLE 14. E Egy Flux at Canister Surface Versus Decay Time (Flux in

MeV/cmé-s)

Radial Surface
Distance from

Decay Time, yr

Bottom of Canister - 10 50 100
0 - 3.0 1.6 0.46 0.14
25 6.4 3.3 0.98  0.30
50 7.4 3.9 1.2 0.35
75 8.9 4.7 1.4 0.43
100 10.3 5.5 1.7 0.51
(Center at 132) 125 10.9 5.8 1.8 0.54
150 10.5 5.6 1.9 0.52
Axial Surface
(Z = 293.1 cm)
Distance from Axial Decay Time, yr
Centerline, cm S _10 _50 _100
0 1.1 0.61 0.19 0.054
15 0.94 0.15 0.047

TABLE 15.
Rate in 106 mrem/h)

Radial Surface
{R = 15.875 cm)

0.50

Dose Rate at Canister Surface Versus Decay Time (Dose

Distance from Decay Time, yr
Bottom of Canister ] 10 50 100
0 56 30 8.6 2.7
25 118 62 19 5.8
50 137 72 22 6.8
75 165 86 27 8.3
100 192 104 31 9.7
(Center at 132) 125 204 108 33 10
: 150 196 105 32 9.7
Axial Surface
(Z = 293.1 cm)
Distance from Axial Decay Time, yr
Centerline, cm k) 10 50 100
0 21 12 3.5 1.1
15 18 - 9.4 2.9 0.90
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TABLE 16.

Group

W 0 N Oy O B W N

o
- O

Direct Beam Gamma Spectrum Versus Decay Time (MeV/cml s)
(Detector at Z = 125 cm, R = 15,875 cm; Un-normalized

Spectrum

E (MeV)
0.085

0.125
0.225
0.375
0.575
0.850
1.250
1.750
2.250
2.750
3.500

Decay Time, yr

5 10 50 100

7.1 +1 4.6 +1 1.6 +1 5.1

3.0 +5 1.8 +5 5.2 +4 1.6 + 4
8.4 +7 5.4 +7 2.0 +7 5.9+ 6
3.6 + 8 2.0+8 6.7 +7 2.0 +7
1.9 + 10 1.2 + 10 4.6 + 9 1.4 +9
9.2 +9 2.3 +9 9.9 + 7 2.2 +7
3.9+9 1.9+9 1.1 +8 1.6 +7
2.7 + 8 1.1 +38 1.0 + 7 2.2 +6
2.2 +8 3.5+6 1.1 +3 0

9.5 +6 3.0+5 0 0

1.7 + 6 5.5 +4 0 0
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cessing, 5 years aged)

71



REFERENCES

Bell, M. J. 1978. ORIGEN--The ORNL Isotope Generation and Depletion Code,
ORNL-4628, Oak Ridge National Laboratory, Oak Ridge, Tennessee.

 Bunnell, L. R, 1979. Tests for Determining Impact Resistance and Strength of
Glass Used for Nuclear Waste Disposal. PNL-2954, Pacific Northwest Labora-
tory, Richland,lwashington., :

Cain, V. R. 1977. A Users Manual for ?AD-CG, The Combinational Geometry Ver-
sion of the QAD-P5A Point Kerne ielding Code. C-307, Reactor Safety
Information Center Computer Code Collection, Oak Ridge National Laboratory,
Qak Ridge, Tennessee.

Chick, L. A. et al. 1980. Annual Report on the Development and Characteriza-
tion of Solidified Forms for Nuclear Wastes, 19/9. PNL-3465, Pacific North-

west Laboratory, Richland, Washington.

Code of Federal Regulations, Title 10, Part 60. 1980. "Technical Criteria for
Regulating Geologic High-Level Radioactive Waste." Federal Register,
Vol. 45, No. 94, Tuesday, May 13, 1980. Advanced Notice of Rule Making.

Code of Federal Regulations, Titie 40, Part 191. 1979. “Working Draft of
Environmental Radiation Protection Standards for Management and Disposal of
Spent Nuclear Fuel, High-Level and Transuranic Radioactive Waste."

Code of Federal Regulations, Title 10, Part 50, Appendix F. 1978.

Croff, A. G.  1980.' A USeré’Manual for the ORIGEN-II Computer Code.
ORNL-TM-7175, Oak Ridge National Laboratory, Oak Ridge, Tennessee.

Doremus, R. H. 1973. "Phase Separation." Glass Science, pp. 44-73,
. John Wiley and Sons, New York, New York. .

E. I. duPont Nemours Co. 1978. Spent LMR Fuel Recycle Complex Conceptual
Design, Case A-1, Separated Streams. OP-CFP-78-121, Savannah River Labora-

tory, Aiken, South Carolina.

Elliot, R. M. 1945, "Glass Composition and Density Changes.” Journal of the
American Ceramic Society. 28:303-305.

Exxon Nuclear Company. 1977. PSAR for Nuclear Fuel Recovegy'dnd Recycling
Center. XN-FR-32, Rev. 1, Exxon Nuclear Company, Richiand, Washington.

Gray, W. J. 1976. Volatility of a Zinc Borosilicate Glass Containing Simu-
lated High-Level Radioactive Waste. BNWL-2111, Pacific Northwest Laboratory,
Richland, Washington. g =

73



Goldman, M. I. et al. 1958. "Retention of Fission Products in Ceramic-Glaze-
Type Fusions.” In Proceedings of Second U.N. Int. Conf. Peaceful Uses At.
Enerqy, 1958, Geneva. 18:2/, United Nations, New York, New York.

International Atomic Energy Agency (IAEA). 1977. Techniques for the Solidifi-
cation of High-Level Wastes. Technical Reports Series No. 1/6, p. 16, Inter-
national Atomic tnergy Agency, Vienna, Austria.

International Nickel Company, Inc. 1973. Huntington Allloys Bulletin on
Inconel 601. International Nickel Company, New York, New York.

Larson, D. E., Editor. 1980. Spray Calciner/In-Can Melter High-Level Waste
Solidification Technical Manual. PNL-3495, Pacific Northwest Laboratory,
Richland, Washington.

Malow, G. and E. Schiewer. 1972. Fission Products in Glasses, Part I: Boro-

silicate Glasses Containing Fission Products. HMI-B217/, Hahn-Meitner Insti-

tute, Berlin, Germany.

Mendel, J. E. and J. L. McElroy. 1972. Waste Solidification Program, Vol-
ume 10, Evaluation of Solidified Waste Products. BNWL-1666, Pacific North-
west Laboratory, Richiand, Washington.

Mendel, J. E. 1973. "Measurements on Core-Drilled Samples.” Quarterly Pro-
gress Regortﬁ Research and Deve1o§ment Activities, Waste Fixation Program,
April through June . - » pp. 16-18, Pacific Northwest Laboratory,

Richland, Washington.

Mendel, J. E. et al. 1977. Annual Report on the Characteristics of High-
Level Waste Glasses. BNWL-2252, Pacific Northwest Laboratory, Richland,
Washington.

Mendel, J. E. 1978. The Storage and Disposal of Radioactive Waste as Glass
in Canisters. PNL-2764, Facigic Northwest Laboratory, Richland, Washington.

Merritt, W. F. and P. J. Parsons. 1964. “The Safe Burial of High-level Fis-
sion Product Solutions Incorporated into Glass." Health Physics. 10:655.

Merritt, W. F. 1977. "High-level Waste Glass: Field Leach Test." Nuclear
Technology. 32:88-91.

Nesbitt, J. F., S. C. Slate, and L. K. Fetrow. 1980. Decontamination of High-
Level Waste Canisters. PNL-3514, Pacific Northwest Laboratory, RichTand,
Washington.

NWTS-3. 1980. Interim Reference Repository Conditions for Commercial and
Defense High-Level Nuclear Waste and Spent ruel Repositories in Salt. Office
of Nuclear Waste Isolation, Battelle Memorial Institute, Columbus, Ohio.

74



Perez, J. M. and J. H. Westsik.. 1980. “Effects of Cracks on Glass Leaching."
Presented at ORNL Conference on the Leachability of Radioactive Solids,

Gatlinburg, Tennessee,December 9-12, 1980.

Ross, W. A, “Process for Solidifying High-Level Nuclear Waste," U.S. Patent
No. 4,094,809, June 13, 1978. - A

Ross, W. A. et al. 1978. Annual Report on the Characterization of High-Level
Waste Glasses. PNL-2625, Pacific Northwest Laboratory, Richland, Washington.

Ross, W. A. et al. 1979. Annual Report on the Development and Characteriza-
tion of Solidified Forms Tor High-Level Wastes, 19/78. PNL-3060, Pacific

Northwest Laboratory, Richland, Washington.

Ross, W. A., R. P. Turcotte, J. E. Mendel, and J. M. Rusin. 1979. "A Compari-
son of Glass and Crystalline Waste Materials.” Ceramics in Nuclear Waste
Management, CONF-790420, May 1979.

Shand, E. B. 1958. Glass Engineering Handbook. Second Edition, McGraw-Hill
Book Company, New York, New York.

Simonen, F. A. and S. C. Slate. 1979. Stress Analysis of High-Level Waste
Canisters: Methods, Applications, and Design Data. PNL-3036, Pacific North-
west Laboratory, Richland, Washington.

Slate, S. C. and R. F. Maness. 1978. "Corrosion Experience in Nuclear Waste
Processing at Battelle-Northwest." In Materials Performance. 17(6):13-21.

State, S. C., L. R. Bunnell, W. A. Ross, F. A. Simonen, and J. H. Westsik, Jr.

1978. "Stresses and Cracking in High-Level Waste Glass." In Proceedings of
the Conference on High-Level Radioactive Solid Waste Forms. NUREG/CP-0005,

U.S. Nuclear Regulatory Commission, December 19/8.

Smith, T. H. and W. A. Ross. 1975. %@pact Testing of Vitreous Simulated High-
Level Waste in Canisters. BNWL-1903, Pacific Northwest Laboratory, Richland,
Washington.

Turcotte, R. P. 1976. Radiation Effects in Solidified High-Level Wastes,
Part 2—Helium Behavior. BNWL-2051, Pacific Northwest Laboratory, Richland,
Washington.

Turcotte, R. P. and J. W. Wald. 1978. Devitrification Behavior in a Zinc
Borosilicate Waste Glass. PNL-2247, Pacific Northwest Laboratory, Richland,
Washington. ’

U.S. Department of Energy (DOE). 1979. Technology for Commercial Radioactive
Waste Management. DOE/ET-0028.

U.S. Department of Energy (DOE). 1980. Final Environmental Impact Statement
Management of Commercially Generated Radioactive Waste., DOE/EIS-0046F.

75



Wald, J. W. and J. H. Westsik, Jr. 1979. Devitrification and Leaching Effects
in HLW Glass—Comparison of Simulated and Fully Radioactive Waste Glasses.
CONF-790420.

Weber, W. J. et al. 1979. Radiation Effects in Vitreous and Devitrified Simu-
lated Waste Glass. CONF-790420.

76



ACKNOWLEDGMENTS

Much of the material reported here is based on detailed reports related
to commercial high-level waste processing and immobilization. Background
information on the glass description and canister design was summarized,
respectively, from The Storage and Disposal of Radioactive Waste as Glass in
Canisters (J. E. Mendel 1978), and the Spray Calciner/In-Can Melter High-Level
Waste Solidification Technical Manual (D. E. Larson 1980). The authors wish
to acknowledge J. L. Swanson, Pacific Northwest Laboratory, for his contribu-
tion related to the description of the high~level liquid-waste composition.
ORIGEN-I1I c?lculations were carried out by the Nuclear Analysis Section of the
Hanford Engineering Development Laboratory. L. R. Dodd and R. A. McCann of
Pacific Northwest Laboratory prepared and performed, respectively, the radia-
tion flux analysis of the canister and the thermal analysis for the canister.

The model for the overpack system used in the canister thermal anélysis
is based on a report by the Advanced Energy Systems Division of the Westing-
house Electric Corporation.

D. E. Gordon of Savannah River Plant provided valuable assistance and
direction in formulating the objectives of the report. '

Editing and word processing were performed, respectively, by G. B. Long
and M. A. Eierdam of Pacific Northwest Laboratory.

77



APPENDIX A
ORIGEN-II CALCULATIONS




ORIGEN-II CALCULATIONS

The radioactivity and decay heat of the reference HLW composition are
typical of what would be obtained from fullhburnup of PWR fuel. The fuel expo-
sure and subsequent decay history are modeled with the ORIGEN-II computer code
(Croff 1986). ORIGEN-II represents an improvement over the original ORIGEN
code (Bell 1978). The fuel burnup calculations can be easily modeled as a
series of exposure periods ihterrupted 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: '

e 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.l.

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 tablaes 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-II 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
e Card image

e Neutron yield per neutron-induced fission (input)

"o (Alpha, N) neutron yield in oxide fuels (input)

e Spontaneous fission neutron yield, neutron/fission (input)
e Individual element fractional recoveries (input)

e Group fractional recoveries (input)

e Element assignments to fractional recovery groups (input)
e Chemical toxicities, grams per M**3 water (input--not used).

Tables of Fuel Decay Histories

e Reactivity and burnup data

e Activation products
Concentration, g (by radionuclide)
Concentration, g (by element)
Radioactivity, Ci (by radionuclide)
Radioactivity, Ci (by element)
Thermal power, W (by radionuclide)
Thermal pbwer, W (by element)

e 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)

e Fission Products
Concentration, g (by radionuclide)
Concentration, g (by element)
Radioactivity, Ci (by radionuclide)
Radioactivity, Ci (by element)

A.3



TABLE A.l. (contd)

Tables of Fuel Decay Histories (contd)
Thermal power, W (by radionuclide)
Thermal power, W (by element)

o (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)

o 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

e Activation products
Concentration, g
Radioactivity, Ci
Thermal power, W

e Actinides + daughters
Concentration, g (by radionuclide)
Concentration, g (by element)
Radioactivity, Ci (by radidnuclide)
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, Ci (by radionuclide)
Alpha radioactivity, Ci (by element)

e Fission products
Concentration, g
Radioactivity, Ci
Thermal power, W

e (Alpha, N) neutron source, neutrons/s

e Spontaneous fission neutron source, neutrons/s

e Photon spectrum for activation products
18 group photon release rates, photons/s
18 group specific energy release rates, Mev/W-s

e 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)

e Photon spectrum for fission prgducts
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

e Reactivity and burnup data

e 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)

e Actinides + Daughtefs
Concentration, g (by radionuclide)

. Concentration, g (by element)
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TABLE A.l. (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)

o Fission products
Concentration, g (by radionuclide)
Concentration, g (by elehent)

Radioactivity, Ci (by radionuclide)
Radioactivity, Ci (by element)
Thermal power, W (by radionuclide)
Thermal power, W (by element)

e (Alpha, N) neutron source, neutrons/s

e Spontaneous fission neutron source, neutrons/s

e 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)

e 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)

e 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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Ly

PONERS 3.84D00¢001MMy BuURNUPC

HE o
al2ce

u233

(Tr &1

u23e
uz23s
nP237
Pu23y
PU24«C
PU2s6)
[ LF L}
[ L PLE)
Cr2ne
sSunsor

10%AL

SUNMNARY TABLE:

DIScHARGE

3.380-0012

le801.01
28260048
Te892¢003
3.783¢003
2.452¢008
8,256022
448534003
2:0480003
13524003
S.057+001
9.985¢CG1
2468284003
9:6500005

9.661+00%

TABLE A.2. Concentration of Actinides (Plus Daughters)

2.0VR

6¢902-00G1
2.‘2’.0“
S«TH8-008
Te493¢003
3.7834043

9e852enS

443704202

89510903

2.0%5°C0L3
12270003

145830302

9999001
2+617°C01)
9.655+00LS

9.661+30%

- Se0VYR

G.hbl-bcl
8¢809-011
1.008-003
Tah93¢003
3.704+00C3
9.452+00%
803820002
Ne95)00p3
2.087¢003
1.062¢003
3.2224002
9,99700)
2033340G1
9.655+005

9,661°005

30269 950000My0y

SYCREPRO)
<000
8.509-011)
1.008.00%
T«493¢001
3.788¢00)
9852003

8.382¢C02°

8,951+001
2087001}
10624001
3e222¢0p2
9¢997+0013
223330001
1.053¢008

10580000

utSllusuoust 1188 MUEED PuR, 3.1 PER CENT ENRICHGy32,70" NUD/NTY

OUTPUT UNIY

FLUXS 3.01¢010N/Cnan2-SFC

CONCENTRATIONS, GRAMS - ‘
1 METRIC TON OF U AT 3.1 PFR CENT ENRECHWENT

10.CYR

1.127-00)
TeT47-011
7,090 =00y
T.%94 4001
3.78¢ 4001}
9.852 4003
.-.070002
Ne959¢00)

2..~60°°',

8,352+000
3.219¢002
9.992001
1.926en0)
1.C53+008

1050000

20.,0YP

,-0.5'00‘
1.705-g10
2.121-00%
Te495¢001}
T 748001
9.,452+00%
N.45%002
8.,975+001
1,045¢001
¢.161000
3.199¢002
©,983+001
33140008
1.053,00%

1.050¢008

SC.O0YR

T.180-0G1
1.13%-009
6.451-003
7.%994001
3.79°+001
940529003
Ne6079002
5012+0012
3.917+001
14219000
3.087.002
9.954¢p0)
8.167+000
1057000

1.058+0p%

100.0¥R

1.196+p00
0.245-00%
1.397-002
7.507+C00
3.82)0001
P.452°00%
'."'03:2
S.06pn*001
8.2a08 0001
1«110-001
2.9600002
9.903+001
6+148-001
1.053+pps

10504008

1.0KY

$.,0880000
1.014-00%
1.90%-np}
T.banen0]
8,2g8¢ 00}
9«A52+003
6.98%9¢ 102
S.7180001
39130001

1.552~-003"

6.T8p*n0}
2.105+n01
6.969-018
10530008

l-ns’.ou.

10.0nY

1.05,.930
1.125-002
2+332°000
92.605+001
6.35704001
9.852+003
7.638¢n)2
8829001
1.507+001
T+450-008
2+240-002
3.9106001
6.318-015
1.053+000

1,050 4008

100.0%Y

1.164+001
3,689¢00D
1.9%0+001
2.267+002

8.031+001 .

9.4534D03
Ten214302
1.075+0012
1.083-003
4 .838-007
1.529-005
8.340-003
8.486-01%
1.055¢008

1.056+000

1.00Y

3.230¢001
‘o..ﬁ'ooz
No280 4001
2.370+002
7.0820001
9.4550n003
S«548e032
1.572-006
2+543-008
«ooe
«000
8, %n1-n07
7.172-015
1.055008

1.056ep0%




8°Y

TL20%
PB2CY
PB210
PE21a
8l121C
61213
8121
PO21C
PO213
PO214
PO21s
AT217
RN222
FR221
RA22S
RA226
AC225
TH229
TH2 3
PA233
u233
u23le
U236
KP237
NP239
PU236
PU239
PU280
PU26,
PU2&2
AN24)
AN 42M
AN282
AN243
CH2e2
ChH2al
CH2uy
CH245
SUNTOT

ToT AL

WeSTINGHOUSE 1188 nulED fFups
POWER= 3.84000¢003M4uk,

DISCHARGE

1.076-00L9
4.989-C08
2.292-010
s,364-011
2.311-010
W 9'9' DDB
9.364-011
1.235-010
4.872-008
1.027-038
%,365-011
8.979-0u0
4,365-011
4.979-008
..951'003
%.361-311
4.979-g, 8
1e29%-008
9.769-0u8
2.906~-001)
2¢736=206
9.740-023
2.448~001
3.002~041
2,26G0007
242930003
3.0184002
4.659¢002
13930005
1+984e0LD
1.187+032
7+836°000
1.0G7¢005
1.991+0012
S, 844000y
2371+001
22060003
1.733-001
20290067

4eT741007

SUMMARY TABLE:

BURMUP=

TABLE A.3.

326955+ 008NUD,

RADICACTIVITY,

3.1 PER CENT ENRICH. 32 700 MuD/NTU

OUTPUT UNIT =

FLUds 3410014/ Cnen2-5FC

CURJES

1 PEIRIC TOM OF U AT 3.1 PER CENY ENRICHMENT

2.0k

2.9L6-310
1.373-0U8
2473-0}0
2.4C0-010
2+474=-010
1+373-0U8
2.4350-013
2.."‘0‘0
1304008
24399-010
2+4C0-010
1.373-008
2+400-010
1.372=-g@8
1.373-008
2.400-0})0
1.373-008
1.313-098
3.985-047
3.,082-001

S+5606-306
203686002
2.849-001
3.082-0g1)
994001

2544203
3.079¢002
446620002
1265+06S
1e944e20L0
Se43690(2
Te765¢0u0
T.726400L0
1.994¢30])

2.4674003
22584001
2e11890g3
1.732-0061
13509005

13500009

S«0VYR

3.839-D10
1592-008
2.854=-010
1¢302-009
2.856-C10
1.592~-0C8
1.302-06G9
2.7C9-010
1.558-008
1.302-009
1.302-009
1.592~-0G8
1.302-009
1592-008
1+592-CCs8
1,.3p2-009
1.592-0C8
e 592~CCB
1¢334-00s
3.090-001
9.7568-006
4+533-002
2.449-C01
3.099-0C1
1994001
244974003
3,079+002
8,667+002
1.0959005
1,9%4e0p0
1.106¢003
7.659+0060
74621000
19940001
2975001
2+100+001
1888003
1.732-001
14159005

115940205

SYIREPRO)

3.439-030
l-S’?-ODI
2.854=-010
1+302-009
2.756~-210
1.592-0C8
1.302-00%
2+709-010
1.258-008
1.392-009
1.702~309
1.92-008
«000
1.%92~008
1.592-008
1+302-009
1.592-008
1.592-0g8
1334~-006
3.090-001
9,758-008
4.533-904
2.449-003
3.090-001
1.994°00)
2.497¢001
3.L79¢00C
4,667¢000
1.095°003
1.944~002
11060003
7.659+000
7.621¢000
1998001}
2975003
2,1go0%003
1.808+003
1.732-00}
40229003

4,230+003

10.CYR

3.799-010
1.759-008
ba 047010
4212-009
6.848-010
1. 759=-008
€,2)12-009
6.000-C10
1.721-008
¥.211-009
4e213-00%
1.759=00¢
4.233-009
1.759=-p08
1.759-gg8
4.213-009
1. 759-008
1.750-008
1362-N06
3.,108-001%
6.8T78=006
P.Cul-0CH
20080003
3.108-C01
1993000l
2.4360001
3.08%+000
$5.575¢0C0
N, 6p8*002
1.945~002
1155003
T+486+000
T849¢000
1.99%Y+00)
64127000
1.859¢00)
15594003
1.731-001
3.639¢003

3.639+003

2C.0V®

¢+60%-030
3.057-008
2.439-00°
1.0208~0008
24040-009
3.057-008
1.028-00R
2e840=0C9
2.991-000
1,328-208
1.020-000
3.057-00n
1.028-008
3.057-000
3.057-008
1.028-008
1.057oonn
3.057-00¢
1.465-006
Yo lu4-001
24358-225
1.825-00%
2.452-003
Tolbb-001
1.991¢001
229720451
3.G93+000
64942+0pNn
53200002
1.9847-002
1.098°003
7.153%¢00N

7+117¢0C0

1.991001
S.886+000
1.458+001
1.063+003
1.730~-001
2.802+003

2.802+003

§N.0¥R

3019 =009
1.070-007
l.ib?-ﬂg'
3.272-008
1+863-008
1e87R-00L7
3.27%-00N
1.863-0(0
1e846-007
3.272-00%
3.273-008
1.878-007
3.27¥-008
1.,478-007
1«878-007
3.27%-008
Jo478-~0GT
1.078-0C7
2.112-qqt
3,24°9-001
6+287-00%
3026%-003
2.059-007
J.208°-gpy
1.98%+001
14920200}
34117000
8,.,920+000
12562002
1.952=002
1.061+003
6238000
6207060
19854003
S¢133¢000
Te02# 00N
3.373+g02
1.726~-001
1.619¢00%

1.6202003

100.0v®

1.322-00¢
64121927
$S.799~008
9.728-000
5+ 790~008
6.121-007
9.720-008
L -190-00.
€.969~-007
9.718-229
9.722-008
6+121-007
9.7¢2-008
6.121-007
6.121-007
9.722~-gp8
6.121-007
6.123-007
“.143-006
3. 830-001
1.353-20%
S.647~00Y
2.873-003
Toela=-003
149764001
44900}
3. 147200
9.615+000
13484001
1.962-002
*.820+002
8,966 0000
4.942¢000
19760201
8.087°000
2083000
..9’6'00'
1.719-001
1127003

1127003

Activity of Actinides (Plus Daughters)

[

1.691-006
T.829-005
1.848-005
1.848-C05
1.868-008
1..2'-005
1.868=-005
1.868-00%
Te6t0-005
1+869-008
1.8¢8-00S
7.829-005
1.868-005
7.829-00%
T.829~005
1.068-005
7.829-00%
’..2'-005
1.069-00%
4,.,929-001
1+843-003
1.329-002
2.722-003
4.929-001
1+8160000
7973002
3553000
8..9200000
1.600-0g1
1.997-002
23210002
8.198-002
8.157-002
1e816°001
6T46-002
be095~-010
$.640-0)3
1.597-0013
2.825+002

28200002

10,04V

1706008
T.897-003
8763 -000
8.762-090
8761 ~000
7.897-003
8.762-00%
8.761-000
7.727-003
B.761-220%
8.764-000
7.897-003
..".'on.
7.897-00%
7,897-003%
8e764-00%
T.897-003

‘T7.897-003

1120-003
5.385-001
2259-002
1.330-002
4.253-003
5.385-001
7.797eg900
2.4}19-0)9
5.490°000
J.035¢000
T.670~002
1.995-092
T.691-0p2
1232-019
1.225-019
T«7970029
1016019
+000
Se131-013
7.665-002
24596001

2.598¢001

100.0uy 1.0nv

4.074-003 8.966-003
1.086-20) §.151-001
7.054-0D03 4.169-003
7.056~003 4.,370-003
T.054-003 4.369-003
1.886~001 #.151-001
7.056-003 8.170-003
7.054=003 8.169-003
1.805-00}) 4.063-001
7.054-323 8,169-223
7.057-003 &,173-003
1.866-001 4.151-001
7.057-003 4.171-003
1.886-001 %.351-00)
1856001 %.151-001}
T.057-003 %.171-003
1.886-001 %.151-001
1.886-001 %.151-001
T+046-003 8.173-pp3
$.233-001 3.910-00)
1.028-231 &.349-031
1.087=322 3.779-323
50198-003 S.061-003
$.233-002 3.91c-00)
1.663-003 9.773-008
«020 «009
6+663-001 9.773-008
2868-008 S.797-009
8.9§2-00% 000
1.707-202 3.804.0p3
$.209-00% 000

<000 «00 1
+000 «000
1663-333 9,773-g28
«000 <000
<000 «000

$,250~013 %.80%5-013
8.974-005 .000
3.5190000 4.572+000

35334000 %.587+000




6y

PONER: 3.84000¢001MN, BURNUP:

Taee
PR2CY
81213
Bg2le
PO210

PO233

PO21y
rPO238
AT217?
RN222
FR221
RA22S
RA226
AC225
TH229
TH23g:
Pp233

v233

U2 38
U236
hP237
NP239
PuUZTS
PU239
PU2si
PUZs)
PU242
AMZN]
ANZA3
CH2a2
cn2a3
CrH2uyn
Cn2as
suntgy

ToTAL

MESTINGHOUSE 1188 WWIED PR, 3o3 PER CENT ENRICH.,32,70P HWP/NTD
FLUXZ 3.8300010p/CHee2-cFC

SYMNAFRy |

D1ScHARGE

1.787~011}
$5.737-011
2.093-080
5.592-013
3.958-012
2.465-009
8.766~-01G
1.582-012
2.125-009
’QQQG'OIZ
1+922~-009
J.079-011
1.2%9-0)2
1.739-CC9
3.958-010
2.768-C29
6595-008
7095Q'00°
24805-00N
6.633-003
9.178=003
Se863400H
T.5922001
$.301000
e845S00}
4.318+000
5.739-002
3.943+000
6.401-001
60325001
8.698-0u1
T7.995¢001
$.750-0u3
S.86882008

1.207¢005

2+0YR

44928~012
1.579~011
S.7713~-011)
3.076~D)2
7.792~032
6.799-N10
T.ll8~q11
8.,698~012
$5.863~210
7.956.312
$:300-010
9.630-012
6,931~012
8,797~C}0
8.2C1~-010
1.128-008
6:995~304
1.818-0U7
6.873-000
6633133
9.,420-203
8.820-0452
0.432+001
9.!!60000
1852001
3.922+000
S, 780002
1.806+201
6.410-001
2.80600L0
8,285~0¢1
7+4Ca+00}
5+749-003
2088002

2.089¢002

ABLE:

S0V

5.’1!’0)2
1833-011
6,692-011
1.668-~011
8.683~-012
7.882-010
Ge083-0112
8. 738-011
6.,793-010
4,3515-01)
6.144-010
1+136-011
3+760-011
5.541~010
8.87C-010
3.T774-0008
T«0l0-D0%
24837-007
1.306-003
6.634-003
9.484-003
4,819-pCc2
2.275+008
9.488+0C0
1.453,001
3.395¢0.0
$+700~-0C2
34675001
6.409-00)
3.8456-D02
T.702~001
6+604+001
SeT87-p03
241450002

241064002

30269954 CONNMG,,

THER WAL POMER,
1 METRIC TON OF U AT 3.1 PFR.CENT ENPICHMENT

SYCREPROY

%5.713~0)2
1.#31-011
6¢692-011
1.668-011
3'553‘012
T.882-D10
t.083~011
8.718~011
6.793-010
‘« 000

6.1868=-010
1.118-011
3.76C=-011
%,861-010
§.070-01C
17700t
T«Cla-000
2.837-D09
1.306-00S
6.,634-20%
?,444-003
84.8319-002
8.275-001
9.488-002
1.853-001
3.398-002
S T80-00%
3.675¢901
6.%09-0C1)
3.458-0p2
7.702-001
6.60%¢001
S.7a7-003
1.05%.002

1.058¢002

WATTS
10,079

6327012
2.023-0C11
Te39%-C11
S.398-011
2.067-011
8.709-010
1.96¢~-010
1.527-010
7.506-010
l.?i&-ﬂlﬂ
6.,789.01g
1.233=C11
1.216-010
&, 185 =010
S.%81-0010
!-85.-000
TeLS4-NCH
1.998-pn7
2431¢-008
64637005
9.499-003
N.r17-DD2
8.,07%-001
9.504-002
1736 -p01
2.669-0D2
Se T43-000
3.671+001
6.806-001
7.172-003
6e820-001
S« 84580}
5¢ 7TA%~D03
9.375+N0)

9,376+001

r.0vR

1.097-011
3.51¢-311%
1.20%=-010
1,310-0100
T.820=011
1.5104~00%
A, 773-010
3.726=010
1.30%~-009%9
3.800-010
1.180-009
2.188=-011
2.909~011
1.068-009
9,353-010
4.305=-000
Te135-008
£.972-007
8.249-00%
t.682-008
°.608~-00%
8.812-002
Te613-0ul
2,$33-002
2.162-p01
1.689-p02
%.75C-00N
3.649+001
4+.8G0-0012
6.838-DNDY
S.38R=001
Y.720+003
. 740-00Y
T«602+00)

Te«6030001

ouTPuUT UNI T

SC.OvR

5.30¢-011
1.700-010
623010
q.lq.-blo
a.68%-0)10

Te320-009

1+51%-p0"
1.186-009

64309-00%
1.08%~gC®
S« 786-00%
1.037-010
9.05]-n10
Se)60-DDY
8.523-00°
$.977=008
Te3l8npn
1+816-006
9.814-p0%
6,66 3-00%
9.929-00°%
8,799%-002
6.392-001
92, 40%=02
2.+7aN-001
3.095-003
S« 768008
3.521001
6.382-001
S+ %4-003
2.570 001
11804001
$5.726-003
842900 +N0}

8.901+0012

100.0YR

2.197-010
T.039-01D
2573-009
1.206-007
1.056-00¢
.03} -0D0OR
8.512-0Ce
Y.523~-029
2.612~-708
3,221 ~-D0?
2,.362-008
a,292.010
2.807-007
2138008
1.873-008
1.172-227
T.742-000
2. 933-006
1.628-0gH
6+699-00%
1.083-302
N.T776-np2
N,802-001
°,697-002
3.012-001
v.558 .un.
S 798 ~00%
3.262e001
6.352-001
8.748-003
10“’2'002
1.781 000
S.703-pp3
3.602+0012

3.633+001

TABLE A.4. Decay Heat of Actinides (Plus Daughters)

N

leCRY

2.810-008
9,0L3-009
3,2931-007
2.390-007
S.287-007
3.876-008
a+671-007
6.770-007
3.353-006
6192007
3.022-006
S .090~-008
5.395-007
24+735-0pb
2.395-006
3.026-006
1.119~-003
5357005
3.,827-00%
7370~00%
1.508-002
0.309-002
2.642~-003
1.095-p01
2.777-001
8,959-00¢
5.899-008
T.710¢000
$S.837-010)
7.838-p0%
2.383-011
1.9273-01n
5.299-003
‘B.7500000

8,752¢000

10.0nY

24830006
9.,082-D06
3.320-00%
1.123~-00S
2.800-00%
3,9210-0D8
8.008-005
3.176-32%
3.,373=02n
2+208+DDS
S.0n8-pnn
5.538-006
2.531-00%
2759-D0N
2816-00%
3.192-005
1.222-903
[ ,56 ,.ou.
3.773-00%
14352-008
1.616-002
1.,885-002
8,0317-021
1.692-001
1.072-001
2.380-006
S.891-008
2.555-0D3
2.507-001

1.181-022

+000
1.788-0)0
2383-003
5.720-001

S5.724-001

100.00Y 1.0nY

6.768-0C5 1.49C-ng%

2.189-D08 4,773-D0%
7.928-00% 1.745-0(3
’-u~2'u°2:s.!~~‘ﬂﬂs
2.261-00% 1.337-004
2.337-00% 2,055-002
3.275-008" 1.936-00%
2.557-00% 1.531-D2%
8.948-323 1.771-232
2.338-008 1,382-p00
7.279-003 1,60 i-002

1.322-008 2.911-008

2.038.0C8 },.206-008
6.588-003 1.450-002
5.769-003 1.,270-002

1.994-D08 1.180-004

1.188=2D03 8.875-00%
S.441-003 1.206-002

3.130-00% 1.089-00%
1.406-0p8 1.371-00%

1599302 1.,195-022
N.023-006 2.362-010
«000 «000
2.060-002 3,.p12-009
7.671-006 1.805-010
1.585-009 000
S.081-00% 1.008-008

1.784-006 «003

$,307-005 3.1602-009
+000 " <000
«000 « 000

1.836-018 2,031-0314
1.650-006 «000
8.803-002 1.103-001

A.827-002 1.106-003




o1°v

POBER= 3,.850000¢C0INu,

SE
aR
uR
R
(Y
Re
b1

a2
83
[ 13
85
86
[ 1)
(1}

SR
Y]
F
20
-3
T
I
"o
R
"o
no
HO
TC 99
&u 99
HO1CO
RUICG
RUICL
RUIOZ
RH103
RUI04
P00
PD1OS
RUI06

90
9%
91
02
93
o3
1
95
%%
%
92
98

PD106

POICY
pD1ge
AGICY
PO130
cDl1l0
(4280}
T1E) 26

1127
TE128

1129

TE3 30
XE13)
xE€L32
cS133
XEL 3
€S} 34
84A13a
€s13S
8A13S
XE1 36

TABLE A.5.

Concentration of Fission Products

QUTPAT UNIT = &

MESTINGHOUSE 118% HWUE) PuR, 3.1 PEP CENT ENRICH,. 32,700 KuD/NTU
FLUFS 3.414D)4p/Cusw2-gFL

D1ScHARGE

3,294°00L1
3.969+00G)
1.109+092
9.525+001
1.84990062
243729002
3.402°002
801420002
S.177¢002
2.130¢001
S.294°002
602850602
7.031¢p02
¢t+001-03%
7.268002
6.279¢002
7863002
J.445900)
7.793¢0G2
8.150+002
7.569+002
3.625-30L3
9.195°002
9.531+001
7.6490002
7.669°002
4.1339002
S MT20002
202254002
3.786+002
1663002
2.06240062
225500062
1.556°0u2
7.8584003
$.,09690061
3.423°00)
2.796¢001
7.516~001
£.377+001
1.101°002
1.765¢002
3.523¢002
4,171°002
1.0684003
1.100¢003
1.852003
1e172¢C02
3.896°001
200630002
2+755-001
243280003

syMMARY TABLE:

BuRNUP=

3.269¢S+000MG,

CONCENTRATIONS, GPAMS

3} MEFRIC TOM OF U AT 3.1 PER CENY ENRICHMENT

2.0%R

3.290+00)
3.990+001
1.109¢002
9.,608¢001
1.849¢002
2372002
3.402C02
4e8350002
4.9360°002
4538301
S.750002
62074002
7.035°002
10660-004
Te2680332
Te02700062
T.8630062
3. 445°001
T.8C24002
8.150002
T+630+002
8.578-003
92.195+002
9,532+001
7,650°002
7669002
46350002
Se47200a2
202250002
3.8GY+002
4.204+301
34305002
202554002
15562002
78774001
$+098+301
3.504+4001
2.850+001
7.671-001
$.58101
141012002
17834002
345230302
4+259°002
1.073+003
1113003
1452003
$.98100)
9.630+00)
2.87p°002
2.758-001
2326003

f«CYR

3,294l
3e992¢CL}
1109002
1.017¢002
Je6490002
243729002
3.402¢G602
4,0350C2
4596002
T.9419001
Se 7500002
be2079002
7.035¢002
8,199-004
T.268+002
Ta8274002
T«863+002
34454001
7.802+062
841500002
7.610+002
1.601-0¢2
9.195¢002
9,532¢001
T.650¢G02
T+6690002
4e6350g02
S.4720002
242254002
3,803+002
5-302.000
3.671°g02
24255+002
15560002
T.877+C0]
$5.098°001
345162001
2.850¢001
7+677-001
$.5834001
1.1010002
1.783¢002
3523002
40258002
1073003
le113°003
1.452¢003
2410824001
1.343¢002
2.8702002
201‘0-001
2.3280gp3

SYIREPRO)

10,0YR

20.0¥R sP.0YP

3.2940001 3294001 V,294,001 3,298¢0(C1)

«000
«C00
1.0 70002
«000
2.372,002
3.8402¢002
Ne835000L2
4596002
T-981+001
S.750002
6o,2474002
7.035 002
4.199-pp4
7+268¢002
T.8274002
T.86 30002
J.04%+0L13
7,0p2¢002
841500002
T.61C*002
1.601-002
9.195,002
9.532+001
7.6500002
T.669¢002
4.635+002
S.472¢002
2.225+0Q2
3.803¢002
5.3420000
3.671°002
202550002
1556002
T.877+001
$.,098°001
35162001
2.850+00)
1.677-00)
5.583-001
1101602
1.783¢000
3.523¢002
«000
+000
141139003
<000
24182001
1.3830002
2.870+002
2.760-003
=000

«CON
<000
1.017¢002
«C00
27720002
3e4(029002
4.03%0002
440804002
1310002
S. 750002
60247002
7.03%+002
1.657~003
Te2684002
T+927¢gg2
T.P6%¢002
Y. 4450001
7.802+002
8.1504002
T.610¢g02
2.839-002
9.1950?02
9.532¢001
T«650°002
7,6694002
8.635¢002
Se 8720002
2.22%¢002
3.203+002
1726001
3.723¢002
22550002
1.%56+002
7,877,001
S.Conepgl
3.517+003
24050001}
7.686-0C1
$.563-001
31.101¢002
178 %0000
3.523+002
«000
«CO0
111%4003
«C00
4.063+00¢
35210002
248700002
2.76% =gy
« 000

-COor
«000
1.017+002
+000 «for
2372002 2,3724002
.402¢002 3,402¢002
8e835°002 4.43%+002
¥,2100002 1.57%00C2
2017400062 3,016002
$.7500002 5,757+002
Fa20T00u2 6,2079002
T.0359002 7,03%+0C2
2,929-003 1,09%-002
72268002 T,26R¢352
Te427¢002 7.427+0C2
Te8630002 7,86 %002
3.44%0001 3.uutenLl
7802002 7,802002
f.1500002 81509002
746100002 7.609+002
£,31%-002 1.274-00})
91950002 9,19=¢002
9.,532¢001 9,532+001
76500002 7.65neqQ2
Te669°002 7.6690002
8:635¢002 4.63%002
Ko 720002 S5.872¢002
2022%0007 2,227002
", 8C3¢002 3,803+002
3.770-000 1,944-3)]%
¥.725¢002 3.72%+002
22550002 2.2550002
15560002 1.%5¢+002
7-.7”00' 7..17000'
$S.09%001 S5.09R+001
3.517+008 3.,517001
208500000 2.850°001
7.705-008 7.762-001
5,583-00) S5.%83-00)
1.301°002 1.101002
1.78%°007% 1,783+000
35230002 3.523+002
«000 «000
. «000 +000
14313003 3,)33°003
<000 +oor
1.809-001

000
«0G0
$.,017+002

S+876-006
1.560°002 1.5614002
2.8100002 2.870%002
2.773-001 2.799~001
«000 «000

100.0¥R 1eTuY
3.2%8 000y
160
«700
1.,017302
«00p
2.%72¢002 2.3720002
¥o802¢3C2 3.802¢0g2
8,4350002 9,435¢002
4.790¢003 2.382-008
Ne9423202 5,3930002
5750002 5,750¢002
6562070002 6.2470302
7035002 7,032¢002
2.649-002 3,132-001}
72680332 T26%002
Te8274002 T.427¢002
7863002 7.8630002
38054001 340454001
T.8020032 Ye8g20002
9.150¢002 6.1500002
T7-608¢002 75860002
2+512~000 2476000
901954302 9.195¢002
9.532+001 9.532¢C01
T.650¢002 T.6500Ca2
76690032 T.6690002
4,635°002 446350002
$e6720002 5.4720002
264225002 2.225¢002
3.803¢002 3.0630002
2.273-02% 000
3.7252002 3.725°002
202559002 2.2590002
15560002 15560002
78770081 7.877¢0012
S.0980708 5.098000)
¥.537+001 3.517+001
2.8534002 2.8504000
T.850-001 9.569-p0}
$.,583~-001 S$.583-00)
1.101¢002 1.101+002
1.783°000 1.763°000
3,523¢332 3.523¢002
+000 <000
«000 «000
141134003 1.113¢043
«000 «000
2.947~033 000
1.5610092 j3.56%0002
2.870°002 2.869+002
2.843-001 3.421-0012
.N00 «000

3+2940001
«0C0
+0CO

30874002
»000

10.0uY

3.29%00018
=000
<030

1.017+002
+000

203724002

3.802%002

444350002
«000

Se3919022

57500002

6e2070002

7.003002

3135009

Te2680222

Te827¢002

T.86 30002

34850021

T7.802¢022

8.150+002

7.367¢p02

208370001

9195032

953240010

T.650+002

76692002

806350002

S«472¢002

202250002

J.803+002
+000

347254022

24252002

155690002

-7«077¢003%

5.098¢038
3.517.000
2850008
263002
5.583-001
1.1G1¢0g2
1.762+000
3,523¢022
«00g
+000
11132003
«000
«000
1e561¢002
2861 4002
1.139¢000
+000

100.0uY

3.294¢003
<000
+000
140172202
«020
23729002
3.402+002
9435002
<000
$.3910232
$.750+002
602070002
67230002
3¢114°001
T.260002
T 4270002
7863002
3.,845¢008
T.802+002
81504002
Se8970002
22144002
9.1952p92
9.532+001
T.650002
T+669¢002
9.6350002
$.8729002
22254002
3.803+002
«030
3.7250302
202314002
15560002
T7.827+00)
5.090¢1201
3.517¢001
2.850°001
1.4530001
5450 3-001
11014002
1775000
345234002
«000
«000
1e113¢gp3
«000
+000
1.561002
2.705¢002
8.796¢000
+000

1.0ny

32980001
«000
+000

10170022
«000

20372002

3.402¢002

$»93% 002
« 000

5.3919322

$+7500002

62074002

48720002

25630032

7,2680332

T«427¢002

T.863¢002

3. 4450001

T+8020032

8.150+002

249394001

733 70002

9.195¢032

95324001

T.650+002

T.6690002

406350002

5.4724002

222%0002

3.8003+002
«000

3+728+002

20274002

14556 4002

7.877¢g01}

S.098°001

3.517+001

20850+001

28270001

5.583-gp}

1301002

1.T0é e0DQ

3.523002
+000
«000

13132003
«000
«000

1.561+002

2,12%0002

T.49 50001
+«000




Ity

cs13?
bAL3?
6AL3g
LAL3Y
CElng
PRIN)
[4 3 LV
NODEAN3
CElay
ADl be
ND1as
NClAG
Priny
Sris?
(LT
SMINa
NE1Sa
$M15Q
$n182
Eultl
SH1Sy
6015

- 6DISs
sunToT

T0TAL

D1ISCHARGE

1179203
8.917+001
1257003
1.199+003
le188+003
1.081+063
1.10920u3
T.382°002
Y. 04474002
9.5914052
6609002
b.76% 002
1+327¢0G2
62990001
3.659 4002
1e62%0002
17862022
Y. 203002
1.3280p02
1.079+002
3. 7984021
2.,697000
6.259+00)
3.280+004

3,36%q0n

SUNMARY TAFRLE:

CONCENTRATIONS, GRANS

TABLE A.5. (contd)

1 METRIC TOM OF U AY 3.1 PER CLMT ENRICHNINT

2.0¥R

11264003
9.3010001
14257333
1.2000G3
12180303
141004003
11599603
Te 6264062
$,8C5001
J.246+003
64612002
6,765200u2
8.3140301
1.200°00L2
3.6%94002
Tet53¢202
1. 7620902
3.10000L2
1.328¢002
1,091 9002
3.843¢p08
8.5608¢000
6+6594001
343299008

3¢369°00L8

C.0YR

105040063
1.688+002
1.257¢003
1.2004003
1421440GC3
1100003
14109003
7.626¢002
%,013¢0C0
14300400
6.631200C2
6+765°002
3, 7640001
126600002
3,659*n02
1.653+002
1.762+002
3.101%002
13280002
1.091¢302
3.883¢001
1578001
6659+0G1
3e333e0CH

33699CCH

SY(RFPROD

t.0S0e¢003
1.688+002
1.757+303
1.200+003
1.218003
1.100+003

1.109¢00%

Te«8626¢002
#.0134000
1.300+003
6.612e002
67654002
Ja 76800}
1.6680002
Y 6590002
16534002
1702002
3.101002
13200002
1.091¢002
1.P430001
1570001
6,659+00)
2. 7860000

2.781¢00%

10.0YR

9,35¢eN02
28340002
1.257¢00%
1207003
1,2)8¢003
11G0+003
1.109+002
Teb260002
8.671-002
13040003
6.612+002
b.ToS¢002
1.0CADD]Y
1.9%00002
3.659+4002
1.653¢002
1. 762 +D02
3.101+002
1320002
1.091¢002
S.F83e001
2.052+001
be 65900012

_?q?ﬁ’opni

2.783¢00%

2n.0ve

Teh 280002
8,T64¢002
12574003
1.209¢007%
1.214¢00%
1.100+00%
1.30%¢00%
786269002
¢.331-006
1.30%+00Y
€e6120002
6. 7652002
7.3152-0012
?.033¢00?
3.659002
1,65%e0002
1762002
?.101+002
1,328e002
1.0930002
J.843+001
Ye2060D01
6+6592001
2. TR0 00N

2783004

ELN A L

3.7) %2
B=877000L2
142574003
1.2C00L3
1218003
1.1CM"+003
1.109003
7.626+D0D2
1.57¢~017
1+300+0L3
6012002
&.THE o2
2.58%=-008
.08 ep0?
3.6%9+002
lesSYe002
1.762002
3.1014002
13284002
1.09%¢002
3.887¢0012
NolaTeDO2
6.659+001
2.788¢D0Cy

2.781008

100.0vP

1.169¢002
1.102°003
,c?ﬁ"ﬁn’
1.200+003
1.218¢00%
1.100¢003
1.1C9+003
To626¢002
Te203-037
1.308200%
6.6)24002
teTH5°002
8,729-D12
2700002
Y. 6590002
1.6530002
1762222
S.131 4002
1+3200002
1991322

S.a43030)

8e212700)
8,659%9+0p1
2. Th9+008

2,783 ¢00%

100V

1.088~-C7
12194003
1.257+003
1200003
12180003
11000003
1.109+003
Teb26¢0p2
+DOD
1304003
6,812°062
6.765¢002
+DC0
2.0404002
3.659%0 002
16534002
17620002
31014002
132800002
11910002
3.84%000])
4,213+001
6.6590001
2789000

2.782e000

10,08Y

+«000
1.21929p3
1.2570033
1.200+008
12100023
1.1C0+028%
1.109°003
7.626¢002
<0060
1.304+003
68120062
64765 ¢002

000
2.0404002
3.65%+002
1.653¢002
1.7620)2
3.101+002
13200002
1.091¢002
3.,88309))
%.2130001
6.659+001
2. 7499008

2.781 000

100.00Y

+£00
1.21%¢003
1257003
12200003
1.218¢003
1.100G+003
1.109¢003
76262002

»020 <¥E
1 <300 000
6.6120002
6.T6Se0g2

-000
Z.0400002
3.659+002
16530002
1.782¢202
3.1010002
1.328+002
1091302
3.883¢03)
4.213001
6+659,001)
24750008

2,783000s8

1.0nY

«00¢p
1219003
1257003
1.2004003
1.2180003
1.300+003
1169+003
T«626+002

«000
1300003
6.61 20002
6,76 ten02

«000
2.000+002

3.6590002
1.6530002 -

176200232
3.10 14002
13240002
1.091¢002
32883001
4213001

6.65%4001

2+ TA9 00N

2.7210008 ™

-
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TABLE A.6. Activity of Fission Products

QUTPUT UNIT = ¢
WESTINGHOUSE 1188 WUEED PUR, 3.1 PER CENT ENRICH, 432,700 Wun/NTU
POLER= 3.840000p1Muy BURNUPZ 3.26955¢006KMp, FLUNZ 3.410014)3/Cuse2-gFC

SUMMARY TABLE: RADICACYIVITY, CURIES
1 METRIC TON OF U AT 3.) PER CENTY ENRICHMENT

01ScHARGE 2.0¥R S«CYR SYIREPRO) 10.CYR 2t.0VR 5C.0YR 100.0YR T.0xY 10.00Y 102.08Y 1.08vy
SE 79 4.027-0L) 4.027-001 &,027-001 #.027-001 4.027-00) %.026-001 4.02%-0GC1 %,0N23~00] 3.984-003 3.,619~-001 1.385-001 9.353-gpé
wR 8S 9.062¢003 7.965°0u3 64560003 .000 Ry «000 «0ar «000 «000 «000 2000 «00¢C
Sk 90 740640064 6.7360008 6.2729008 62720004 5.568°008 8,3890008 2,1494004 625370203 3,251-00¢ 009 «020 «000
Y % To%650008 6,7389004 622730008 642730008 S,569°C08 4.390M¢0DN 2.349¢004 6.538+003 3,252-006 000 «000 «000
IR 93 1T67¢0G0 1.7682000 1.768+00C 1.768¢000 1.768¢000 1.76P000 1.76P+000 14768¢000 1,768¢000 1.76D°000 3.690+000 1.12%+000
N8B 93 129C=001) 2,793-00) 9e779-001 %.779-00]1 7,483-001 1.120¢000 1.559¢000 1.670+000 1.6794000 1.672+000 1.606°000 1.06P+000
hB 95 1568006 1.303¢003 9.,316-003 9.116-003 2,¥30-011 .00D «0Qn «000 «000 +000 «000 «000
1C 99 122060001 1.291¢003 12914003 1.291°00) 1.293+003 1.291¢003 3,291¢001 1,290¢4001 1.2g7°001 1.249¢001 9.,322¢000 %.938-00)
RulCe 505670005 1.4C7¢005 170689008 1.768+00% S5,744¢002 S,923-001 6.506~010 T«62A-025 ,LCOO +00] +«002 «000
/RhlCe 603770005 1.4070005 17680004 14788000 5, T4 ¢C02 €,926-001 6.,506-010 7,.608-025 .gon «000 <000 «000
PDICT 116L~001 1.160-001 14160-001 1.360-001 1.160-001 3.160-001 1.16N~000 1.160-00) 1.160-00) 1.159-002 1.148-001 1.043-02)
$8125 1,430000% 87590333 4,135¢933 9.135¢003 1.367¢003 9,688¢001 $.31°-902 1.950-2)7 .00I «032 «032 «00)
TE125n 249719003 2.1389003 1.,309+003 1.009¢003 2.R87¢Cc02 2.364°001 1.298-002 4,777-008 .000 *00d «020 +«000
$h12e 7815001 7.815-001 7.015-0G)1 7.815-001 7,8105-001 7.81%-00) 7.817~001 7.810-001 7.761~00) 7.292-00% 3.908-001 7.635-004%
$8126 162669003 1,094-CL1 1.094~00) 1.094<00) 1.094-001 1.094-00g) 1.0948=-008 2.093-001 1.087-00) 1.021-003 Se871-Gg2 1.070-004
SB)2én 55964002 7.815-00) 7.,815-00) 7.615-001 7,8)5-G03 7.p14~001 7.012-001 7.800-000 7.761-001 7.292-001 3.908-001 7.639-008
CS134 1e516°005 T.7420006 2,826°C0% 2.020°008 5.259¢0L3 1.82044002 7.607-003 3,8;5-232 .000 «033 «020 «003
€513% 34296-D01 3.30¢-0ul 3.306~00) 3.306-00) 3,306-0'D)} 3,304-001 3.306-001 3.3C6~-00) 3.305-00) 3.296-00) 3.208-001 2.446-00}
(s13? 120264005 9.795¢0G4 9,139°00u 91390004 8.142°004 64620008 3.231+00% 1.018¢008 9.472-006 000 «000 « 000
BAL3IIM 927290004 9.266000L4 B.646°004 8.6464000 T,707¢004 ¢ ,51%000 3.057°008 9.627¢003 8.961-006 o000 «000 «000
CEluy 121004006 1.853¢005 1.201°004 1.203°p0% 1.491°002 2.020-002 S.N2°-018 100 +000 +000 «000 «009
PRIaY 1611200306 1,85300LS 14281°0C% 1.201°008 ), 491002 2.020-002 5.929-01% .0GD +«000 «000 <300 «000
pRIGONH 1032290604 2.2230003 105374002 1.5374002 ,78°9¢000 2.424-008 6.035-016 o000 «000 «000 «000 <000
PHL4T 1423029005 7.711°CG08 3.490°0C% 3.4900006 9,318¢003 6.6330002 2,19%.0Q) 4.386-007 .DOO +000 «000 +»000
SK15) 304890002 345120702 3,4320002 3,4320032 3.302¢002 *.057¢002 2.6427+002 1.651+002 1.612-001 .000 +000 «000
Eulss 10659004 9,068¢0G3 7.117¢gp3 7.1174003 4.7560r0Y 2,129,003 1.897e002 Y.365¢000 .00N «000 «000 «000
€ulss 65704003 & ,974+003 3.270°003 7.2709003 1.¢2¢90G3 #,0190002 6067000 S.597~003 .000 «000 «00p +000
SUNTOY $06539C06 11090006 4.5049005 4.0390005 2.9400005 2.174¢035 1.063¢305 3.327¢30% 1.098¢003 1.829¢031 1.40300J1 3.0414020

To¥aL 17600008 11714006 84,509°005 4.439¢005 2.941¢CUS 2.174¢005 1.,06Y0005 Yo3C7¢008 3,8984003 1.830°031 ),403000) 3.081+000
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TABLE A.7. Decay Heat of Fission Products

OUTPUT UNTT = 4
WESTINGHOUSE 13a4 MWEED PuRs 3¢) PgR CENT ENRICH, 32,700 Mub/MTY
POKERS 3.B40C00GIFU, BURNUPT 3,269559008MND, FLUXZ 3.810018p/CHes2-57C

SUMMARy TABLEZ THERMAL PONER, WATTS
} METRIC TON OF U AT 3.1 PER CENT ENRICHMENT

DISCHARGE 2.0vR S«CYR SY(REPRO) 10,0YR  20.0YR  50.0v"R  100.0YR 14OKY  10.0KY  1D0.ONY 1.0nY

SE 79 1.003-0C% 1.003-00% 1.003-0C4 1.003-004 1,002-00% 1.002-008 3.002-00% 1,002-000 9.919-005 9.011-005 3.449-005 2.32#-009
"R 85 1.357¢001 1.193+301 9.827¢020 .000 «C0g +000 «000 +039 «000 «003 «020 <003
SR 90 8.199,001 7.818e301 742790091 7,279¢901 68624001 5.3900301 2.498¢001 7.5879333 3.773-C0% <33 +020 +000

Y 9 #.13840,2 3.730e0D2 3,477¢002 348774002 3.087¢002 2484330007 1.1914002 3.620+001 1.802-008 000 +000 +000
iR 9, 2.C53-0C8 2.050-0u8 2.054-00% 2.058-gh 2.058-P0% 2.D54=008 2.050~00% 24058-008 2,05%-00% 2.D0S~CON 1.963-008 1.306-008
NB 93n 2.286-0C5 #.9%9.005 8,468-005 A.468-005 1.326-008 1,985-00% 2.761-00% 2.963-008 2.975-00% 2.963-008 2.805-008 1.892-90%
NR 95 745190003 6.2504060 #,373-005 8.373-005 1.118-013 S.435-033 .000 «000 000 <000 «030 “° .00
1C 9 6.838-003 6.473-003 6.873-003 6.473-003 6.473-003 6.472-003 6.072-003 6.871.003 6,857-003 £.266-00F 4.675-003 2.499-00% :
/UL 06 3,31C+008 B8,3669000 1.0634000 1.C43¢000 3,415-002 ¥,522-005 3.008-0l% 8,523-029 .000 «000 <000 <000 :
Rulce ©021790u3 1,3504003 1.715¢0C2 17150002 €,509+000 Sos80-0C3 6.200=012 7.297-027 ,000 «DOD 000 +000 -
PDICY 6.877-006 6.877-0G6 6.877-0C8 6.877-006 6.RTT-0C6 6,877-006 6.87T.nn6 6.877-008 6.476-0D6 6.870-038 6.8084~006 6.181-ppb
AGLION 7,9349000 9.799¢0C0 4.690-001 #.690-00) 2.959-r(3 1.178-007 T.#27-021 .COO -00C 00 -000 D00 -
$8125 2,4720003 2.7300001 142930001 7,2939001 3.690¢000 3.029-00) 1.66%-00% £.120-plp <000 ~000 000 «000 :
SNIZ6  9.787-00% 9.747-000 9.786<0CN S.788-008 9,706-CON 9,745-008 9.TAY-008 9. 740=-30% 9,660-008 $.099-008 4,0678-00% 9,52R-007
SE12e 243004001 2.022-0U3 2.021-003 2.021-0D3 2.0€21-003 2.021-003 2.021-003 2.020-003 2,008-003 1.826-00% 1,011-303 1.976-008
SB126m Te118¢0G0 9,951-003 9.950-003 9.950-003 9.950-003 9.949-003 9.947-003 2.948-C03 9,882-003 9.284-003 4.976.003 9.727-00s
€S)3e 1.5432003 7.8800062 2.870¢002 2.77%¢002 S,353¢001 1.8560000 7.782-00% Yo%83-012 o000 «000 +000 +000
€s135 1.1C1=008 1.103-70% 1,103-0CA 1.103-06% 1.163-000 1.103-00% 1.10%-00% 1,.303-008 1.103-008 3.100-0CA 1.,071+-30% 8.162-00%
€s137 141350002 1.083¢302 1.0114002 1.C119002 9.306+308 7.1482001 3.570¢051 141260001 1.04P-008 .00) <030 +200
641217 3482G+002 3.6304C02 3,3950002 3.3954007 3.020¢C02 2.600+002 1.2000002 3.7404001 3.518-008 000 «0G0 »000
CELNN 742974002 142294902 6,0944000 2,490¢00C 9.889-002 1.340-005 3.33¢-017 1.525-036 00N -000 «000 «000 5
PRYgy 821784003 1,3624303 9.813¢001 9.4130ng) 1.096¢CCO 1.48%5-008 3.696-056 010 .000 «003 -00c ~000 =
pring 8.013e0p) 2.7669701 12520001 1.252¢00) 3.38140C0 2.379-0p) 8.%91-00F 1.373-310 .007 000 033 «009 -
£L1Ss 945259001 8.3C7,0G3 643660001 653660905 N.255°CC1 1.90C*001 1.697+000 3.01D-002 .0ip -000 «000 000 i
Euyss 8.78490G0 3,618¢0Gq 2.379°000 2379000 1.1683.,000 2.923-001 %.417-0pY 2.071-108 _.0CO +000 «000 % 000 ‘
suntor 2,.5419000 %07229003 145250003 1.5169003 8.768¢0,2 €.275¢002 3.0154002 9.293,00] 2.003-002 1.905-gn2 1.178-002 #.702-004

10v7AL 2.094¢006 8.72900u3 1,52700C3 1.517¢003 8.772¢002 #,2769002 3.0164002 9.295001 2,007-002 1.905-002 1.178-302 6.700-004
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