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EXPECTED ENVIRONMENTS IN HIGH-LEVEL NUCLEAR WASTE AND
SPENT FUEL REPOSITORIES IN SALT

H. C. Claiborne, L. D. Rickertsen, and R. F. Graham
EXECUTIVE SUMMARY

The uncertainties that exist in the identification of rock formations
for sites of nuclear waste repositories and their design are gradually
being reduced. At this time, design parameters for a high-level waste
(HLW) or spent fuel (SF) repository in salt are sufficiently well defined
that it is possible to predict, with some confidence, many of the conditions
that will be encountered in the vicinity of the waste canisters in the
repository. These conditions, along with the range of uncertainty in
the variables describing these conditions, can serve as a framework:

to scientists conducting material performance tests,
to engineers preparing repository designs,

for license application information,

to those developing waste forms,

for studies needing reference conditions,

(o X BN A T s S N

to identify areas requiring further investigation.

The purpose of this report is to describe the expected environments
associated with HLW and SF repositories in salt formations. These
environments include the thermal, fluid, pressure, brine chemistry, and
radiation fields predicted for repository conceptual designs.

In this study, it is assumed that the repository will be a room and
pillar mine in a rock-salt formation with the disposal horizon located
~2000 ft (610 m) below the surface of the earth. Canistered waste
packages containing HLW in a solid matrix or SF elements are emplaced in
vertical holes in the floor of the room. The emplacement holes are
backfilled with crushed salt or other material, and the storage room is
backfilled and sealed at some later time.
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In determining the expected environments associated with HLW and SF ‘
repositories in salt formations, the baseline repository was considered
to have single rows of canisters in a room with an initial local areal
thermal loading (includes distribution over room and pillar areas) of
150 kW/acre (37.1 W/m2) for HLW and 60 kW/acre (14.8 W/m2) based on HLW
or SF that has aged 10 yr. Lower initial thermal loadings of 100 kW/acre
(24.7 W/m2) for HLW and 40 kW/acre (9.88 W/m2) for SF were also considered,
as well as a two-row configuration for SF that is based on a Conceptual
Reference Repository Design (CRRD) being prepared for inclusion in a
Preliminary Information Report (PIR) that will become part of the
licensing effort.

The maximum temperatures and the time of their occurrence for the
salt, the canister surface, and the centerline (or central fuel pin) are
shown in Table S-1 for these areal thermal loadings. It was assumed
that the thermal load was 2.16 kW/canister for SF. The change in areal
thermal loading was achieved by varying the pitch along an emplacement
row.

The corresponding maximum temperatures and times of their occurrence
for the two-row configuration are shown in Table S-2. The local areal
loadings of 83 kW/acre (20.5 W/m2) for the boiling-water-reactor (BWR)
elements and 130 kW/acre (32.1 W/m2) for the pressurized-water reactors
(PWR) were derived on the basis of putting either PWR or BWR canisters
in the array of emplacement holes specified in the CRRD design. Mixing
of the two types (ratio as yet undetermined) will be a more likely
condition. Consequently, the results for these areal loads represent
upper and Tower limits. Sensitivity studies are presented to show the
effect of changing the areal heat load, the canister heat load, the
barrier material and thickness, delaying the backfilling of the canister
hole, and ventilation of a storage room prior to backfilling.

The effect of decreasing either the areal heat load or the canister
heat load reduces the canister surface temperature. For decreasing
areal heat load, the effect becomes more pronounced as the years after
emplacement increase; however, the effect for a decreasing canister heat
load is most dramatic during the early years after emplacement. The



Table S-1.

Maximum temperatures® in the salt rock formation, canister surface, and waste centerline

Salt

Canister surface

Waste centerline
(or center pin)

Maximum Years after Maximum Years after Maximum Years after
temperature emplacement temperature emplacement temperature emplacement
F °C °F °C °F °C
HLW, 150 kW/acre 412 211 15 587 308 10 670 354 3
(37.1 W/m2)
HLW, 100 kW/acre 312 156 15 508 264 3 603 317 1.5
(24.7 W/m2)
HLW, 50 kW/acre 228 109 5 459 237 0.67 580 304 0.5
(12.4 kW/m2)
SF, 60 kW/acre 211 99 50 237 113 25 280 138 5
(14.8 W/m2)
SF, 40 kW/acre 171 77 50 202 94 15 270 132 a3

(9.88 W/m?)

%pssumes the waste is 10 yr old on emplacement.

mix of fresh U0, and MOX fuels.

PWR fuel element).

The HLW decay rates were based on fuel that is a 3:1
The HLW canister thermal loading was 2.16 kW, and the SF was 0.55 kW (one

AX



Table S-2. Maximum temperatures® of the rock
and fuel pin and times of occurrence for the

salt, canister surface,
two-row configuration

Pressurized water reactor,
130 kW/acre (32.1 W/m2)

Boiling-water reactor,
83 kW/acre (20.5 W/m?)

Maximum temperature Time Maximum temperature Time

°F °C (yr) °F °C (yr)

Rock salt 351 177 60 248 120 50
Canister surface 358 181 50 253 123 55
Fuel pin 403 206 30 311 155 15

aAge at emplacement, 10 yr. The PWR canister loading is 0.525 kW (one fuel element), and

the BWR canister loading is 0.324 kW (two fuel elements).

93°F (34°C).

Ambient rock salt temperature,

LAX
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effect of a change in the barrier on the canister surface temperature is
presented in the form of graphs with backfill materials and barrier
thicknesses as parameters. The importance of the thermal resistance of
the barrier is demonstrated, and from these graphs, the designer can
select the barrier material and thickness based on the design temperature
limitation of the canister surface.

A delay in backfilling around the canister has virtually no effect
on the surface and centerline temperature histories after backfilling is
effected. The temperature history is quickly reestablished to that
which would occur at this latter time had backfilling been initiated
earlier. However, this delay does serve to reduce the maximum temperatures
during the retrieval period. In the case of HLW, for an areal thermal
loading of 150 kW/acre (37.1 W/m?), a reduction of ~300°F (167°C) at the
waste centerline occurs for a delay of 25 yr.

Ventilation of a storage room during a long retrieval phase after
backfilling the canister can lower the maximum temperatures significantly
in the near field.

The HLW salt temperatures for an areal loading of 150 kW/acre
(37.1 W/m2) is reduced by 120°F (67°C) when ventilated for times beyond
the time of peak temperature, whereas temperatures for SF at 60 kW/acre
(14.8 W/m?2) were Towered by nearly 62°F (34°C). The effect on the
canister surface temperatures is not as dramatic but is still substantial.
Temperatures for the HLW canister surfaces are reduced by 57°F (32°C),
while for SF, the reduction is 34°F (19°C) to 202°F (94°C). Waste
centerline (or SF pin) temperatures would be reduced by ~40°F (22°C) for
HLW and by ~10°F (6°C) for SF. Generally, within a few years after
sealing, the formation attains the temperature distribution it would
have reached had the rooms been sealed from the beginning.

The calculated temperature histories are inputs to the brine migration
calculations that utilized an empirical equation relating the speed of
migration of brine inclusions up a thermal gradient to the temperature
and temperature gradient. It is assumed that the brine inclusions are
not trapped on the grain boundaries (although evidence indicates that
this will happen); consequently, the amount of brine entering the emplace-
ment hole should be an overestimate. The brine inclusions can be
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considered in terms of particle density that obeys the continuity equation.
A computer code (MIGRAIN) was developed for this model. The predicted
results of the Salt Block II experiment at Sandia Laboratories by this

code compared reasonably well with the reported experimental results.

The total brine inflow calculated for HLW at an areal loading of
150 kW/acre (37.1 W/m?) was ~6 2. Ventilation of storage rooms for a few
years caused a significant decrease in the total brine inflow.

The pressures exerted by vapors and gases in a sealed repository
will gradually increase until the entire repository is essentially at
the Tithostatic pressure. Until mine closure is large, no significant
pressure rises can be expected. However, in the unlikely event that an
emplacement hole develops a good seal, significant pressures could
develop. In order to estimate the possible pressure histories, the
vapor pressure in the emplacement hole was calculated for three different
scenarios (i.e., no hole closure—no backfill, no hole closure—backfill,
and hole closure—no backfill). The calculations are made using the
thermal and moisture environments that were previously calculated. It
was assumed that the gas in the system consisted of air and water vapor.
A computer code (REPRESS) was developed assuming that these changes
occurred slowly (equilibrium conditions for brine and vapor). For scenario
case 1, the vapor-space pressure for HLW peaks at 700 psi (4.8 MPa) and
SF vapor space pressure does not reach saturation. Scenario case 2
shows a peak pressure of 1000 psi (6.9 MPa) for HLW and 18 psi (0.12 MPa)
for SF. When hole closure is assumed (scenario case 3), the pressure
shows a decrease of only 100 psi (0.69 MPa) from the no-hole-closure
case for HLW. The pressure increases to 50 psi (0.34 MPa) 50 yr after
emplacement for SF.

The brine chemical environment is briefly discussed in terms of
brine chemistry, corrosion, and compositions. An important chemical
consideration is the corrosion of the canister during the period that
retrievability is required. It was concluded that four areas of
additional experimental information would be useful. Estimates of the
corrosion rates that might occur around a reference SF canister emplaced
in a salt repository indicate that a steel canister could remain essentially
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intact for hundreds of years. Three types of brine compositions are
considered; namely, brine inclusions, reacted brine in the emplacement
hole, and brine resulting from dissolution of the salt formation. The
compositions of the first and third types can be described as containing
very little potassium, some magnesium, and calcium in the anhydrite
form. If brine inclusions enter the emplacement hole, water is lost by
reaction with the iron canister, radiolytic decomposition, or evaporation.
The nuclear radiation environment is divided into the following
three categories:

1. exposure to operating personnel,
2. radiation chemistry, and
3. stored energy in the waste forms and rock salt.

The category emphasized in this report is the stored energy that can be
released as a result of radiation damage or crystal dislocations within
crystal lattices by gamma radiation. The phenomenon of thermal annealing
can take place at elevated temperatures and release this stored energy.
The stored energy has an effect (but not large) on the radiation chemistry
involved, but it has been shown previously that the sudden release of
stored energy is not a credible event. Even if it were suddenly released,
the consequences would not be severe. The maximum absorbed dose rate at
the inner edge of the crushed salt backfill at emplacement was calculated
to be 1.0 x 10° and 4.1 x 103 rads/h for HLW and SF, respectively. The
absorbed dose integrated over 10,000 yr was estimated to be 1.6 x 1010

and 9.6 x 108 rads for HLW and SF, respectively.
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EXPECTED ENVIRONMENT IN HIGH-LEVEL NUCLEAR WASTE AND
SPENT FUEL REPOSITORIES IN SALT ‘

H. C. Claiborne, L. D. Rickertsen,* and R. F. Graham*

ABSTRACT

The purpose of this report is to describe the expected environments
associated with high-level waste (HLW) and spent fuel (SF) repositories
in salt formations. These environments include the thermal, fluid,
pressure, brine chemistry, and radiation fields predicted for the
repository conceptual designs.

In this study, it is assumed that the repository will be a room and
pillar mine in a rock-salt formation, with the disposal horizon located
2000 ft (610 m) below the surface of the earth. Canistered waste
packages containing HLW in a solid matrix or SF elements are emplaced in
vertical holes in the floor of the rooms. The emplacement holes are
backfilled with crushed salt or other material and sealed at some later
time.

Initial thermal loadings, distributed over the room and pillar
areas, are assumed to be 2.16 kW/canister and 150 kW/acre (37.1 W/m?)
for HLW and 0.55 kW/canister and 60 kW/acre (14.8 W/m2) for SF in a
baseline repository. Thermal environments are calculated in terms of
near-field and far-field models. The salt temperature for HLW peaks at
412°F (211°C) ~15 yr after emplacement of 10-yr-old waste. The peak for
SF is broader, occurring ~50 yr after emplacement at a temperature of
211°F (99.4°C). At the canister surface, with a 4-in. (10.2-cm) barrier
[2 in. (1 cm) of crushed salt and a 2-in. (5.1-cm) air gap], the maximum
HLW temperature is 587°F (308°C) and peaks ~10 yr after emplacement.

For SF, the maximum canister temperature is 237°F (114°C) and occurs

25 yr after emplacement. The maximum HLW waste centerline temperature
of 670°F (354°C) is reached ~3 yr after emplacement. The maximum temper-
ature of the SF pin assembly is 280°F (138°C), occurring ~5 yr after
emplacement.

Sensitivity studies are presented to show the effect of changing
the areal heat load, the canister heat load, the barrier material and
thickness, ventilation of the storage room, and adding a second row to
the emplacement configuration. Decreasing either the areal heat load or
the canister heat Toad reduces the canister surface temperature. For
decreasing areal heat load, the effect becomes more pronounced as the
years after emplacement increase; however, the effect for a decreasing
canister heat load is most dramatic during the early years after emplace-
ment. The effect on canister surface temperature of a change in the
barrier is presented in the form of graphs which will permit the designer

*
Science Applications, Inc., Oak Ridge, Tennessee 37830.



to select the barrier material and thickness based on the design limitation
of canister surface or centerline temperature. The effect of ventilating
the storage room is to lower the maximum salt temperature of the HLW by
120°F (67°C) and the maximum salt temperature of the SF by 62°F (34°C).
Canister SF assembly temperatures are reduced by 10°F (5.6°C).

The calculated thermal environment is used as input for brine
migration calculations. The brine inclusions can be considered in terms
of a particle density that obeys the time-dependent continuity equation.
A computer code (MIGRAIN) was developed, and predictions compared favorably
with experimental data of the Waste Isolation Pilot Plant (WIPP) Salt
Block II. The total flow for HLW is ~12 2 after 1500 yr, and the corres-
ponding flow for SF is 6 2.

The vapor and gas pressure will gradually attain the Tithostatic
pressure in a sealed repository. In the unlikely event that an emplace-
ment hole will become sealed in relatively early years, the vapor space
pressure was calculated for three scenarios (i.e., no hole closure—no
backfill, no hole closure—backfill, and hole closure—no backfill). It
was assumed that the gas in the system consisted of air and water vapor
in equilibrium with brine. A computer code (REPRESS) was developed
assuming that these changes occur slowly (equilibrium conditions). For
scenario 1, the HLW vapor space pressure peaks at 700 psi (4.8 MPa), and
SF vapor space pressure does not reach saturation. Scenario 2 shows a
peak pressure of 1000 psi (6.9 MPa) for HLW and 18 psi (0.12 MPa) for
SF. When hole closure is assumed (scenario 3), the pressure shows a
decrease of only 100 psi (0.70 MPa) from the no-hole-closure case for
HLW. The pressure increases to 50 psi (0.34 MPa) 50 yr after emplacement
for SF.

The brine chemical environment is outlined in terms of brine
chemistry, corrosion, and compositions. Three types of brine compositions
are considered, namely, brine inclusions, reacted brine in the emplacement
hole, and brine resulting from dissolution of the salt formation. The
compositions of the first and third types can be described as containing
‘'very little potassium, some magnesium, and calcium is in the anhydrite
form. If brine inclusions enter the emplacement hole, water is lost by
reaction with the iron canister, radiolytic decomposition, or evaporation.

The nuclear radiation environment emphasized in this report is the
stored energy that can be released as a result of radiation damage or
crystal dislocations within crystal lattices. The maximum absorbed dose
rates to the crushed salt at emplacement are 1.0 x 105 and 4.1 x 103
rads/h for HLW and SF, respectively. The absorbed dose integrated
over 10,000 yr was estimated to be 1.6 x 1010 and 9.6 x 108 rads for HLW
and SF, respectively.



1. INTRODUCTION

Among the most challenging problems facing the nation today is the
question of geologic isolation of radioactive wastes. Large uncer-
tainties have existed concerning the identification of an appropriate
rock formation for waste emplacement and the future successful isolation
of the waste in this formation for possibly many thousands of years. As
waste repository concepts have evolved, however, considerable progress
has been made in reducing these uncertainties. At this time, design
parameters for a high-level-waste (HLW) or spent fuel (SF) repository in
salt are sufficiently well defined that it is possible to predict, with
some confidence, many of the conditions that will be encountered in the
vicinity of the waste canisters in the repository. As these and other
conditions are established, along with the range of uncertainty in the
variables describing these conditions, they can serve as a framework:

to scientists conducting material performance tests,
to engineers preparing repository designs,

for license application information,

to those developing waste forms,

for studies needing reference conditions,
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to identify areas requiring further investigation.

The purpose of this report is to describe the expected environments
associated with HLW and SF repositories in salt formations. These
environments include the thermal, fluid, pressure, brine chemistry, and
radiation fields predicted for the repository conceptual designs.

In present repository conceptual designs, storage rooms are mined
in the salt ~2000 ft (610 m) below the surface of the earth, and
canistered waste packages containing HLW in a solid matrix or SF elements
are emplaced in vertical holes in the floor of the storage rooms. The
emplacement holes are backfilled with such material as crushed salt or
other material, and the storage room is backfilled and sealed at some
later time. Heat generated by the waste flows from the waste, through



the waste package and backfill, through the surrounding rock, into the
geologic formation, and up to the surface of the earth until it is
convected or radiated away to the atmosphere. The increased temperatures
associated with this heat flow has an important influence on the repository
in that the temperature is the driving force for many phenomena. Naturally
occurring moisture in the salt will migrate due to the induced temperature
gradients and rock stresses. Creep rates will be altered by the increased
temperatures, and chemical reaction rates will be enhanced.

The assessment of the conditions encountered due to the emplacement
of the waste requires a design basis. Although a number of conceptual
designs now exist, such as the Generic Environmental Impact Statement
(GEIS) for the Management of Commercially Generated Radioactive Waste
(ref. 1), The National Waste Terminal Storage (NWTS) Repository for
Storing Reprocessing Wastes in a Domed Salt Formation (ref. 2), and The
NWTS Conceptual Reference Repository Description (CRRD) (ref. 3), the
baseline design of this report differs in some aspects from each of
these. The waste is 10 yr old at emplacement, at which time the HLW is
generating 2.16 kW per canister and the SF is generating 0.55 kW per
canister. The waste canister is assumed to be readily retrievable for
at least 5 yr after emplacement, at which time the storage rooms are
backfiltled with crushed salt. The HLW matrix fills 80% of the canister
volume and a single spent pressurized water reactor (PWR) assembly is
included in the SF canister. A realistic canister design for boiling-
water reactor (BWR) SF assemblies would generate no more heat than that
for one PWR assembly. Consequently, if BWR assemblies were used, the
analysis would be conservative (i.e., the temperatures would be less).

The waste canister is emplaced in a 10-in. (25.4-cm)-diam hole with an
overpack or protective sleeve located at an outside radius of 8 in.
(20.3 cm). The emplacement hole is then backfilled so that the volume
between the overpack and the hole wall is filled with some material.
The gap between the canister and the overpack is assumed to be filled
with air. The air gap width and the backfill material are part of the
engineered barrier design. The canister and engineered barrier design
will be presented in greater detail in Sect. 2.




For the baseline repositories, it was assumed that the average
amount of waste emplaced per unit storage area of the repository (local
areal heat load) is 150 kW/acre (37.1 W/m2) for HLW and 60 kW/acre
(14.8 W/m2) for SF. The thermal environment is predicted for these
baseline repositories, with some sensitivity studies carried out for
variations in the repository design such as for lower thermal loadings.
The results from the thermal analysis are used to obtain the brine
migration and the vapor space pressures. Finally, some comments are
presented on the expected brine chemical environment and the expected
nuclear radiation environment.

In addition, the expected environments for the CRRD design utilizing
two rows of SF canisters in a disposal room were also determined as part
of a special study.



2. THERMAL ENVIRONMENT

Previous analyses of the repository thermal environments have been
made in terms of near-field and far-field models. The near-field model
takes into consideration details of the waste package design and analyses
of conditions in the vicinity of the waste and the emplacement hole
during the first several years after emplacement.

The thermal environments depend on the layout of the repository,
particularly the canister spacing. When these details are taken into
account, temperatures in the vicinity of a waste package can be adequately
determined if the effect of other canisters through the use of unit
cells or some other technique is considered.

The far field includes a region at a sufficient distance from the
source that details of the near field do not have a significant bearing.
The distances concerned are on the order of tens of meters from the
repository, and the time periods are hundreds of years or longer. The
most important factors for the far-field response are the average waste
emplacement density, the average formation thermal properties, and the
long-term time dependence of the waste-heat generation rate. In addition,
heat removal by ventilation of the repository during the operational
phase, by water flow in aquifers, and at the surface of the earth can be
important. Far-field models provide temperature fields that are useful
in understanding the long-term thermal and mechanical response of the
repository host formation and its surrounding strata. These models,
however, cannot be expected to provide an accurate representation of the
temperatures within the repository itself.

The thermal environment discussed in this section is predicted
using both the near-field model and the far-field model. A sensitivity
analysis is performed using the near-field model to show the effect of
varying such parameters as the canister and areal heat load, the backfill
thermal conductivity, the barrier thickness, and the time after emplace-
ment that the canisters are backfilled. Special studies are also performed
for ventilation of the storage room and for a two-row waste configuration.3



The far-field analysis includes temperature predictions for both
the dome and bedded salt stratigraphics. All thermal calculations were
performed using the HEATING5 computer code.* This code has been widely
used in the thermal analyses of repositories, but additional numerical
sensitivity studies were carried out as a part of this effort (Appendix H)
to estimate the effects of mesh spacing, boundary conditions, and time
steps in order to validate the approach for this study.

2.1 The Near-Field Analysis

The near-field analysis is based on the repository characteristics
given in Table 1. As shown in Table 1, two waste types have been calcu-
lated under different thermal loading conditions and slight variations
in the room and emplacement holes. All waste was assumed to be 10 yr
old at emplacement, and all calculations were made for dome salt with no
effect of interbedded layers included in these calculations. The heat-
generation decay rates were different for the two baseline waste types,
and these decay rates are shown in Table 2. The baseline thermal proper-
ties of materials are given in Table 3, with the temperature-dependent
thermal conductivity properties of salt presented in Table 4. The near-
field analysis assumed the same ambient formation temperatures for both
waste types, and this is presented in Table 5.

2.1.1 The near-field model

The unit-cell concept was used in modeling the near-field domain
since the canisters located away from boundaries of the repository may
be considered part of any infinite array. Two different unit cells were
used in the calculations; one for the surrounding salt and the other for
the waste package.

In the calculations for the thermal histories in the salt surrounding
the emplacement hole, a three-dimensional (3-D) cartesian coordinate
model was used, and a schematic representation is shown in Fig. 1. The
areal limits of the unit cell are defined by the adiabatic boundaries
that are vertical planes along the centerlines of the room and pillars

and a vertical plane that is normal to the pillars and located midway



Table 1. Baseline repository characteristics

Characteristics High-level waste Spent fuel
Thermal loading

Areal thermal loading, 150 (37.1) 60 (14.8)

kW/acre (kW/m2)

Canister thermal power, kW 2.16 0.55

Age of waste, yr 10 10

Room

dimensions

Room length, ft (m)

Room width, ft (m)

Room height, ft (m)
Pillar thickness, ft (m)

Canister burial holes

Drill hole diameter, in. (cm)
Drill hole depth, ft (m)
Pitch (single row), ft (m)

Several hundred feet

18 (5.5) 18 (5.5)
18 (5.5) 25 (7.6)
60 (18.3) 60 (18.3)
20 (6.1) 20 (6.1)
18 (5.5) 25 (7.6)
8.04 (2.45)  5.12 (1.56)




Table 2. Relative heat-generation decay properties?

Year after High-Tevel Spent fuel
emplacement waste
0 1.0 1.0
1 0.95 0.956
2 0.907 0.919
3 0.871 0.889
4 0.851 0.861
5 0.810 0.838
6 0.783 0.819
7 0.769 0.799
8 0.734 0.782
9 0.714 0.763
10 0.692 0.750
15 0.600 0.681
20 0.529 0.622
25 0.571
30 0.402 0.525
40 0.313
50 0.397
70 0.157 0.301
100 0.0864 0.239
190 0.0296 0.137
290 0.0215 0.108
400 0.0167 0.0910
590 0.0127 0.0711
690 0.0113
790 0.0569
890 0.0081 0.0514
990 0.0081
1,990 0.00404 0.0247
3,300 0.0125
10,000 0.0114
40,000 0.0027
100,000 0.00081
500,000 0.00004

%See Nuclear Waste Projections and Source Term Data for
FY 1977, Y/OWI/TM-34. The HLW decay rates correspond to waste
arising from fuel, which is a 3:1 mix of fresh U0, and MOX fuels.

b

Waste is assumed to be 10 yr old at emplacement.
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Table 3. Baseline thermal properties of materials

Material Density Heat capacity Conductivity
1b/ft3 kg/m® Btu/1b-°F J/g-K Btu/hr-ft-°F  W/m-K
Vitrified 187 3000 0.84 0.70 1.2
high-level
waste
Spent fuel 187 3000 0.84 0.70 1.2
Salt 135 2170 0.84 See Table 4
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Table 4. Assumed thermal conductivities for salt®

Temperature Thermal conductivity
°F °C Btu/hr-ft-°F  W/m-K
32 0 3.53 6.11
122 50 2.90 5.02
212 100 2.43 4.20
302 150 2.08 3.60
392 200 1.80 3.11
482 250 1.60 2.77
572 300 1.44 2.49
662 350 1.33 2.30

%For more information, consult Baseline Rock Properties,
ORNL/TM-3614-7.
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Table 5. Assumed ambient formation temperaturesa

Depth below earth's surface Temperature
ft m °F °C
0 0 59.0 15.0
400 120 63.0 17.2
750 230 72.5 22.5
1100 335 74.0 23.3
3500 1070 124 51.1
4000 1220 135 57.2
8000 2440 212 100

%See R. L. Bradshaw and W. C. McClain, Project
Salt Vault: A Demonstration of the Disposal of High-

Activity Solidified Wastes in Underground Salt Mines,
ORNL-4555 (1971).
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Fig. 1. The three-dimensional unit-cell near-field model.
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between the row of canisters. Because of axial symmetry in the plane of
the room floor, only one-quarter of the cell is required in the calcu-
lation. The vertical limits are isothermal boundaries at the surface of
the earth and at a depth sufficiently far from the disposal horizon so

as to have no significant effect on the near-field temperatures. Because
the region boundaries must Tie along coordinate surfaces in finite-
difference calculations, the emplacement hole was modeled as a right
parallelepiped whose cross-sectional area is equal to that of the circular
emplacement hole. The heat source was considered to be uniformly
distributed throughout the volume of the parallelepiped. Errors in the
temperature of in the salt introduced by these approximations are not
significant.

The temperatures in the waste-package emplacement hole will not be
correct]y-predicted with the model; consequently, a second axisymmetric
model (2-D, R-Z geometry) was used (see Fig. 2). Details of the waste
package dimensions used in the calculations for both HLW and SF are
shown in Figs. 3 and 4, respectively, and in Table 6. This model is
used to calculate the maximum temperature increases from the rock to the
canister for HLW and SF and from the canister to the centerline for HLW.
The centerline temperature calculations for SF required a special technique
involving radiative, convective, and conductive heat transfer among pins
of a SF assembly. This is described in Appendix B. An adiabatic boundary
condition was applied at the outer radius of the unit cell to account
for the influence of the other canisters of the array. The value of
outer radius was selected based on producing a unit cell equal in cross-
sectional area to the 3-D unit cell of Fig. 1.

The results of the calculations for axisymmetric and 3-D unit cells
can be combined to obtain the expected near-field temperature environment.
Since the axisymmetric unit cell contains the temperature differentials
that occur from the waste centerline to the canister surface and from
the canister surface across the engineered barrier, these temperature
differentials can be added to the salt temperatures obtained from the
3-D unit cell to obtain the expected thermal environment. Since the
axisymmetric unit cell is a cylindrical geometry and the 3-D unit cell
is a Cartesian geometry, special care must be taken to match the
temperatures at the interface of the two unit cells.
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Fig. 2. The axisymmetric unit-cell near-field model.
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overpack characteristics

Characteristics High-level waste Spent fuel
Canister dimensions
Outer diameter, in. (cm) 12.7 (32.4)° 14.0 (35.6)P
Inner diameter, in. (cm) 12 (30.5) 13.25 (33.7)
Wall thickness, in. (cm) 0.375 (0.953) 0.375 (0.953)
Overall length, ft (m) 10 (3.05) 15.33 (4.67)
Active length, ft (m) 8 (2.44) 12 (3.66)
Active volume of waste,
ft3 (m3) 6.28 (0.160)
Filler in canister Air Air
Canister protective sleeve
(or overpack) dimensions
Outer diameter, in. (cm) 16 (40.6)° 16 (40.6)°
Inner diameter, in. (cm) 15 (38.1) 15 (38.1)
Wall thickness, in. (cm) 0.5 (1.27) 0.5 (1.27)
Overall length, ft (m) 11 (3.35) 16.5 (5.03)

Materials
Canister

Overpack

Backfill between sleeve and
salt

Plug in top of drill hole

304L stainless
steel
Carbon steel

Crushed salt
Concrete

Carbon steel
Carbon steel

Crushed salt
Concrete

%Standard 12-in.-diam schedule 40 pipe.

b

Standard 14-in.-diam schedule 30 pipe.

°Standard 16-in.-diam schedule 40 pipe.
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2.1.2 Expected maximum salt, canister, and waste temperatures

The expected maximum salt temperatures calculated for the HLW and
SF baseline repositories are shown in Fig. 5 as temperature histories.
The salt temperature for HLW peaks at 412°F (211°C) ~15 yr after emplace-
ment, and the SF salt temperature peak occurs ~50 yr after emplacement
at 211°F (99°C). The dependence on the loading density or the separation
between canisters is also shown in Fig. 5. If the HLW loading density
is decreased to 100 kW/acre (24.7 W/m2), the maximum salt temperatures
decrease by 100°F (42°C), and an additional loading density decrease to
50 kW/acre (12.4 W/m2) causes another 75°F (42°C) decrease in the maximum
salt temperature. The maximum salt temperature and the years after
emplacement where the peak temperature occurs are shown in tabular form
in Table 7.

A second important quantity is the maximum temperature of the
canister wall itself. It is desirable that the canister remain intact
throughout the retrievability period, and, for this purpose, it is of
interest to know the temperatures and pressures encountered in the
barrier region. Temperature histories of the canister wall at the
midplane level (which is essentially the maximum) are shown in Fig. 6.
Temperatures are elevated above those of the surrounding rock because of
the insulating effect of any lTow-conductivity backfill material and
because of the gap between the canister and protective sleeve or overpack.
For the design considered, canister, overpack, and crushed salt backfill
with a conductivity equal to 10% of the salt conductivity is designated
as the engineered barrier. The backfill is taken to be 2 in. (5.08 cm)
thick. For this case, the maximum HLW canister temperature is 587°F
(308°C) and occurs ~10 yr after emplacement; the peak is broad, however,
with sustained temperatures for 5 yr or more. For SF, the maximum
canister temperature is 237°F (114°C) and occurs ~25 yr after emplacement,
with the broad peak characteristic of the SF. If the HLW loading is
decreased by 33% to 100 kW/acre (24.7 W/m?), the temperature is decreased
by nearly 80°F (44°C) and occurs ~3 yr after emplacement. A further
decrease of the HLW loading to 50 kW/acre (12.4 W/m2) causes the temper-
atures to decrease by 50°F (28°C) <1 yr after emplacement. This indicates
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Table 7.

Maximum temperatures in the salt rock gormation,
canister surface, and waste centerline

Salt

Canister surface

Waste centerline
(or center pin)

Maximum

Years after

Maximum

Years after

Maximum

Years after

temperature emplacement temperature emplacement temperature emplacement
OF OC OF OC OF OC
HLW, 150 kW/acre 412 211 15 587 308 10 670 354 3
(37.1 W/m2)
HLW, 100 kW/acre 312 156 15 508 264 3 603 317 1.5
(24.7 W/m?)
HLW, 50 kW/acre 228 109 5 459 237 0.67 580 304 0.5
(12.4 kW/m2)
SF, 60 kW/acre 211 99 50 237 113 25 280 138 5
(14.8 W/m2)
SF, 40 kW/acre 171 77 50 202 94 15 270 132 3

(9.88 W/m?)

%Assumes that waste is 10 yr old on emplacement.

a 3:1 mix of fresh U0, and MOX fuels.

0.55 kW (one PWR fuel element).

The HLW decay rates were based on fuel that is
The HLW canister thermal loading was 2.16 kW, and the SF was

Le



MAXIMUM CANISTER SURFACE TEMPERATURE (°F)

700

ORNL-DWG 79-1551R

600 |-

500

400

300

200

00—

HIGH-LEVEL WASTE, 2.16 kW/CANISTER 150 kW/ACRE (37.1 W/m?2)

100 kKW/ACRE (24.7 W/m?)

/so KW/ACRE (12.4 W/m?2)

60 kW/ACRE (14.8 W/m2)

-1 350

- 300

—1 250

200

150

SPENT FUEL, 0.55 kW/CANISTER

(9.88 W/m?)

THERMAL CONDUCTIVITY OF BACKFILL =10% OF SALT
BACKFILL THICKNESS, 2in. (5.08 cm)

I | ]

40 kW/ACRE T

-1 50

0. I 10
YEARS FROM EMPLACEMENT

Fig. 6. Maximum temperature histories for the canister surface.

100

TEMPERATURE (°C)

A



23

a slightly smaller dependency on the areal heat load for the canister
surface temperatures than for the maximum salt temperatures. If the SF
loading is reduced to 40 kW/acre (9.88 W/m2), the canister surface
temperature is decreased by >30°F (17°C), and this peak temperature
occurs ~15 yr after emplacement. The canister surface temperatures and
the years after emplacement where the peak temperature occurs are shown
in Table 7.

Maximum temperature criteria may also be applied to temperatures in
the waste or SF assemblies. 1In addition, it is of interest to know
these variables in order to estimate the performance of the waste matrix
or SF cladding and pellets. Fiqure 7 gives the histories for the maximum
HLW temperatures and for the center pin in the SF assembly. For HLW,
the maximum calculated waste temperature is 670°F (354°C), occurring at
~3 yr after emplacement. This is reduced by nearly 75°F (42°C) when the
areal loading is decreased to 100 kW/acre (24.7 W/m2?), with the peak
temperature now occurring at 1.5 yr. A further reduction to 50 kW/acre
(12.4 W/m?) decreases the waste centerline temperature by 40°F (22°C),
with the peak temperature now occurring after 0.5 yr. For SF, the
cladding of the center pin has a maximum temperature of 280°F (138°C),
which is reduced by 10°F (6°C) when the areal loading is reduced to
40 kW/acre (9.88 W/m2). In these calculations, the gas filler in the
canister is assumed to be air (modeled as nitrogen), and free convection
is allowed to take place. The internal convective cooling is relatively
important and reduces the temperature from canister to center pin by
>50%. The waste centerline temperature and the years after emplacement
where the peak occurs are shown in Table 7.

2.2 Sensitivity Studies

The thermal parameters used for the baseline repositories are based
somewhat on previous concepts. Such design parameters as the areal heat
load, the canister heat load, the backfill material, the barrier thick-
ness, and the time of canister backfill may vary as the design of a
repository progresses. It is therefore desirable to determine the
effect of a change in the above parameters from the values used in the
previous section.
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2.2.1 Canister and areal heat Toad

Two important parameters in the design of a repository are the
canister and areal heat loads. In the previous section, the canister
heat Toads for HLW was specified as 2.16 kW/canister. Different packing
densities could result in a different canister heat load. Figures 8, 9,
and 10 show the variation of the maximum temperatures for the salt,
waste centerline, and canister surface, respectively, as a function of
the canister heat load for the HLW with an areal heat Toad of 150 kW/acre
(37.1 W/m2). Figures 11 and 12 show the effect of the variation of the
canister heat 1oad for SF on the maximum salt and canister temperatures,
respectively, for an areal heat load of 60 kW/acre (14.8 W/m2). As
expected, the effect of a decreasing canister heat 1oad is to reduce the
maximum temperatures. This decrease is much more dramatic during the
early years after emplacement, particularly for the HLW.

The variation of the maximum salt, canister surface, and the waste
centerline (or center pin) temperatures vs areal heat load for HLW at
2.16 kW/canister and SF at 0.55 kW/canister is shown in Figs. 13 through
18. The trend of decreasing temperature with decreasing areal heat load
in the temperature is the same as that shown for canister heat load, but
the effect becomes more pronounced in the case of canister surface
temperature and center pin temperatures for SF (Figs. 17 and 18) as the
years after emplacement increase.

2.2.2 Backfill thermal conductivity and barrier thickness

A11 of the previous analyses have been made for a single design
concept for the structure surrounding the canister; that is, an overpack
around the canister is backfilled with crushed salt which is assumed to
have a thermal conductivity equal to 10% of the original salt. Other
design concepts are of interest, and these alternatives may have different
heat transfer properties. For example, engineered barriers that prevent
water intrusion into the canister hole or delay nuclide migration
from the emplacement hole may be used. The thermal environment within
the interior of the barrier is very sensitive to the barrier material
properties. This fact is illustrated in Fig. 19, where temperature
profiles are shown for four distinct barrier designs. The case shown is
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for HLW emplaced at 2.16 kW/canister and 100 kW/acre (24.7 W/m?). This
waste had been out of the reactor 10 yr and had been emplaced for 15 yr.
The lowest curve gives the profile for a barrier material filling the
emplacement hole between the canister and the emplacement hole wall.

The canister is not overpacked. The conductivity is the same as that
for the premined salt, as would occur for crushed salt which has recon-
solidated to solid salt. The second curve corresponds to the result

that is obtained due to a 2-in. (5.08-cm) annular gap of air in the
region between the canister surface and the overpack with the backfill
being solid salt. This gap causes an increase of 60°F (33°C) in the
canister surface temperature. The third curve shows the effect of a
barrier material that has a thermal conductivity equal to 10% of the

salt conductivity and is placed in the 4-in. (10.2-cm) annulus between
the canister and the emplacement hole wall; that is, there is no overpack,
and the canister is backfilled with crushed salt. Note that the baseline
case described earlier has a 2-in. (5.08-cm)-thick annulus and therefore
differs from this case. This material results in a temperature increase
of nearly 140°F (78°C) over the case with reconsolidated salt in the
barrier zone. Finally, the figure shows the result of a barrier material
in this region having a conductivity of 0.05 Btu/hr-°F-ft (0.0865 W/m-K).
In this case, the temperature increases by >400°F (220°C). Careful
consideration of these conditions needs to be made as design concepts

are selected and modified.

The temperature variations caused by changes in the effective
thermal conductivity are shown as a function of the reciprocal of thermal
conductivity in Figs. 20 and 21. In Fig. 20, the results are shown for
a 2-in. (5.08-cm)-thick backfill with an air gap between the canister
surface and the backfill. The solid portions of the curves show the
results of calculations, while the dashed portions give extrapolations
of these curves. Approximate conductivities for prospective backfill
materials such as sand, crushed salt, and bentonite are indicated in
Fig. 20. Figure 21 introduces the concept of effective conductivity.

In this case, the engineered barrier is not divided into an air gap and
a backfill material. It is considered to be an effective barrier and
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could be any combination of an air gap and/or backfill materials which
when added together produce the effective conductivity. Hence, Fig. 21
has a much more general application than Fig. 20. One special application
of Fig. 21 would be in the case of wet backfill where the conductivity

of this backfill could be incorporated into the effective conductivity,
depending on the geometry of the engineered barrier.

The effect of barrier thickness on canister surface temperature is
shown in Figs. 22 to 25 for HLW at 150 and 100 kW/acre (37.1 and 24.7 W/m?)
and SF at 60 and 40 kW/acre (14.8 and 9.88 W/m?), respectively. The
results are correlated in terms of the logarithm of the ratio of outer
barrier radius and the inner barrier radius. ATl results are presented
for an effective barrier thermal conductivity of 0.1 Btu/hr-°F.ft
(0.17 W/m-K), and the backfill material is assumed to fill the region
between the canister surface and the salt formation. It can be seen
that the barrier thickness will have to be limited because of the strong
dependence of the canister and waste temperatures on this parameter.

Additional details on the effect of backfill thermal conductivity
and barrier thickness are given in Appendix C. In particular, temperature
histories are shown for various backfill thermal conductivity values,
and the effect of barrier thickness at the waste centerline (or SF
assembly pin) is presented.

2.2.3 Delay of canister backfill

Because a small conductance can markedly increase canister and
waste temperatures, and because prospective backfill materials may have
small conductivities, it is of interest to determine the result of
delaying the canister backfill operation until some point after emplace-
ment (e.g., at the end of the retrievability period). The general
results of this procedure are illustrated in Fig. 26. 1In this case, the
emplacement cavity is not backfilled immediately after emplacement.
Closure of the hole with a barrier material having a conductivity of
0.1 Btu/hr-°F-ft (0.17 W/m<K) takes place 5 or 25 yr after emplacement.
Although the hole is unfilled, the canister waste centerline temperatures
are 550°F (288°C) or less. Virtually no difference in temperature can
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be observed after backfilling, regardless of whether this operation
takes place 5 or 25 yr after emplacement. Such delays can reduce the
time the canister is subjected to high temperatures. In addition, if
delays are sufficiently long that temperatures start to decrease (e.g.,
25 yr for HLW), maximum canister temperatures may be reduced.

The results for HLW for an areal heat load of 150 kW/acre
(37.1 W/m?2) are shown in Fig. 26. Other areal heat loads and SF results
are shown in Appendix C. Other studies have been previously reported
for backfill of the room,® but the results presented herein are applicable
to canister backfill only.

2.3 Special Studies

Two variations of the thermal environment have been analyzed as
special cases of the results presented in Sect. 2.1. These are ventilation
of the storage room and multiple rows of canisters down the storage
room.

2.3.1 Ventilation of the storage room

During the time the storage room remains open for mining or waste
emplacement operations or during the retrievability period, the free
circulation of air or forced ventilation of the storage room offers a
way to remove a substantial portion of the heat generated in the forma-
tion in addition to permitting personnel access. Depending on the
temperature of the ventilating air and the heat transfer from the rock
to this cooling air, gradients will be set up in the salt to induce
conduction of energy away from the vicinity of the waste canisters.
This effect may significantly lower temperatures in the very near
field. The results of calculations to investigate this effect are shown
in Figs. 27 to 29. For these calculations, 100°F (38°C) air is assumed
to ventilate the room, and a heat transfer coefficient of 1.0 Btu/hr-°F-ft2
(5.7 W/m2-K) is assumed to transfer the energy between the ventilating
air and the floor and walls of the storage room. Although ventilating
air is 1likely to enter the storage room at a lower temperature, it will
heat up as it moves down the room. The choice of 100°F (38°C) is a
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somewhat conservative value for the average air temperature of the room.
For example, some results of convective heat removal from a storage room
have been presented in the Technical Support for GEIS: Radioactive
Waste Isolation in Geologic Transformations (ref. 6). For an inlet air
temperature of 80°F (27°C) and an exhaust air temperature of 127°F
(53°C), a flow rate of 16000 cfm (7.6 m3/s) removes 78% of the heat
generated. Therefore, these results correspond to a canister located
approximately midway down such a storage room. The heat transfer co-
efficient is representative of those estimated for rooms of the given
dimension, geometry, and surface roughness and for the flow rates appro-
priate for repository ventilation.

Figure 27 gives the resulting maximum salt temperatures. Comparison
with Fig. 5 shows that the HLW salt temperatures [150 kW/acre (37.1 W/m2)]
have been reduced by 120°F (67°C) to 293°F (145°C), whereas temperatures
for SF [60 kW/acre (14.8 W/m2)] have been lowered by nearly 62°F (34°C)
to 149°F (65°C). The effect on the canister surface temperatures is not
as dramatic but is still substantial. As can be seen by comparing
Figs. 6 and 28, temperatures for the HLW canister surfaces are reduced
by 57°F (32°C) to ~530°F (277°C), whereas for SF, the reduction is 34°F
(19°C) to 202°F (94°C). Waste centerline (or SF center pin) temperatures,
shown by a comparison of Figs. 7 and 29, would be reduced by ~40°F
(22°C) to 630°F (332°C) for HLW and by ~10°F (6°C) to 270°F (132°C) for
SF. These reductions would be lost soon after the storage room is
sealed. Generally, within a few years after sealing, the formation
attains the temperature distribution it would have reached had the rooms
been sealed from the beginning (see ref. 5 for an example).

Details of the model used to obtain results for a ventilated storage
room are included in Appendix D.

2.3.2 Two-row configuration

Although a specific repository design has been chosen for the
baseline calculations discussed in Sect. 2.1, the impact of alternative
designs is important. An alternative repository design of particular
interest includes different extraction ratios or multiple rows of
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canisters in the storage room. These alternatives may serve the purpose
of decreasing the construction costs or modifying the thermal environment. .
The conceptual reference repository design (CRRD)3 configuration
used for two-row SF isolation in this section is an example which incor-
porates both of -these modifications. The design parameters (Appendix D)
include a 4-ft (1.2-m) canister pitch and a 70-ft (21-m) pillar thickness
[18-ft (5.5-m) room width]. The canister heat load is 0.525 kW per
assembly for pressurized water reactors (PWR) and 0.167 kW per assembly
for boiling-water reactors (BWR). The areal heat load for a configuration
of PWR and BWR canisters is 130 kW/acre (32.2 kW/m2) and 83 kW/acre
(20.5 kW/m?2), respectively. The actual design would contain a mixture
of these two canister types; therefore, the above two areal Toads were
calculated as an upper and Tower limit.

The near-field model as described in Sect. 2.1 was used to calculate
the expected temperatures. Details of the model are included in
Appendix D. The temperature histories of the two cases are shown in
Fig. 30 for the maximum salt, canister surface, and maximum SF pin
temperatures. A direct comparison with the PWR-SF results from Sect. 1
is difficult due to the higher areal heat load, but extrapolation of the
base-case canister surface temperatures (Fig. 17) yields ~375°F (191°C)
for 130 kW/acre (32.2 W/m2), which corresponds to nearly 370°F (188°C) for
the two-row configuration. This suggests that there is Tittle discernible
difference between the salt temperature environments for the two config-
urations as Tong as thermal loading densities are the same. Additional
data for other areal heat loads for the two-row configuration are included
in Appendix D.

2.4 The Far-Field Analysis

The design of an underground repository must be concerned with the
thermal environment far removed from the source (e.g., the temperature
rise at the surface of the earth and where an aquifier may exist). The
unit-cell concept as described in the near-field analysis is not appro-
priate in the far-field analysis because of the boundary conditions that
have been imposed. In the far-field model used, the details of the
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waste packages and distribution are not considered; the waste {(or SF) is

assumed to be spread uniformly over the repository area. Thus, it will

provide sufficiently accurate results that are removed from the vicinity

of the repository. The far-field model is a cylindrical geometry shown
in Fig. 31. The repository is modeled as a 50-ft (15.2-m)-thick (t) by
5282-ft (1610-m)-radius (a) heat source. The repository is located

1975 ft (602 m) below the surface of the earth (d), and the outer model
radius boundary is insulated but is located 15,000 ft (4570 m) from the
center of the repository. An initial temperature gradient is assumed to
be 0.019°F/ft (3.2 x 1073 °C/m), with an isothermal boundary located at
a depth of 15,000 ft (4570 m). It is assumed that the solar flux is

equal to 73 Btu/hr-ft2.°F (230 W/m2) and that the radiation occurs at a
sky temperature of 45°F (25°C). Convection is also assumed to take

place at the surface with an assumed air temperature of 65°F (36°C) and

a convective heat-transfer coefficient of 5.0 Btu/hr-ft2.°F (28 W/m2:K).

Llewellyn? has shown that the selection of the convective heat-transfer
coefficient does not have a strong effect on the far-field results.
Input decay rates for all far-field analyses are given in Appendix E.

The following sections describe the dome salt and the bedded salt
models with the expected salt temperatures that result from these model
calculations.

2.4.1 The dome salt model

A1l the analyses of the previous sections have assumed that the
waste canister is emplaced in a solid salt formation (i.e., the medium
has thermal properties of rock salt only). This condition would be met
for the most part in a repository constructed in a salt dome. The

analyses for a far-field model can also be calculated in this case. The

salt and waste properties are the same as those used in Sect. 2.1.
Details of the model are included in Appendix E.
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2.4.2 The bedded salt model

A model that takes into account a stratigraphy associated with a
bedded salt formation can also be calculated. In this case, layers of
material having conductivities different from salt are included and can
modify the far-field results. A generic bedded salt stratigraphy has
been defined in Technical Support for GEIS: Radioactive Waste Isolation
in Geologic Formations® and is used here. The description of this
formation is given in Table 8. The waste and salt properties are the
same as those of the dome salt model. A1l specific heat values were
held constant at 0.20 Btu/1b-°F (0.84 J/g-K). Details of the model are
included in Appendix E.

2.4.3 Expected salt temperatures
The results of the far-field analyses are presented in Figs. 32 to

35. Figures 32 and 33 show temperatures for selected times and depths,
respectively, for the HLW repository. The thermal loading in this case
is 150 kW/acre (37.1 W/m2). Figures 34 and 35 show similar results for

a SF repository loaded to 60 kW/acre (14.7 W/m2). [Analogous results

for HLW at 100 kW/acre (24.7 W/m2?) and SF at 40 kW/acre (9.88 W/m?) are
shown in Appendix E.] It is noted that, although some differences

exist, the actual temperature rises are not significantly different for
the two stratigraphies in spite of the widely differing thermal properties
of nonsalt layers. The calculated surface temperature rises were <0.1°C.
It is also noted that the temperature rises occur for long periods after
repository closure, in fact, long after the heat operation rate has
decayed to negligible values. Nevertheless, these increases are probably
not significant when compared to ambient formation temperatures, except
within the immediate vicinity of the repository itself.



Table 8. Salt stratigraphy

Depth Rock Thermal Density
conductivity
ft m Btu/hr-ft°F  W/m-K 1b/ ft3 kg/m?3
0-50 0-15 Unconsolidated material 0.48 0.86 119 1910
50-250 15-76 Unconsolidated material 1.69 3.03 150 2400
250-380 76-116 Sandstone 3.37 6.04 147 2360
380-500 116-152 Dolomite 2.41 4,32 174 2790
500-800 152-244 Shale 1.69 3.03 150 2400
800-1050 244-320 Limestone 2.17 3.89 170 2720
1050-1200 320-366 Salt
1200-1400 366-427 Dolomite 2.47 4.32 174 2790
1400-1500 427-457 Salt
1500-1700 457-518 Dolomite/shale 1.69 3.03 150 2400
1700-1900 518-579 Salt
1900-1950 579-594 Shale 0.96 1.7 141 2260
1950-2000 594-610 Salt
2000-2100 610-640 Dolomite 2.4 4,32 174 2790
2100-2200 640-671 Salt
2200-2250 671-686 Shale 0.96 1.7 141 2260
2250-2550 686-777 Dolomite 2.41 4.32 174 2790
2550-3200 777-975 Shale 1.21 2.17 166 2660
3200-3400 975-1036 Limestone 1.21 2.17 166 2660
3400-3750 1036-1143 Dolomite 1.93 3.46 169 2710
3750-3900 1143-1189 Dolomite 2.4 4,32 174 2790
3900-4000 1189-1219 Dolomite 2.89 5.18 172 2760
4000-4500 1220-1372 Consolidated material 2.00 3.58 170 2720

LS
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3. BRINE MIGRATION

Bedded salt (halite) contains a small amount of water (usually
<1 wt %) in the form of saturated brine or water of crystallization.

The relatively pure salt formations considered as potential repository
sites for radioactive waste—SF in the United States contain, among
others, trace amounts of the minerals polyhydrate, carnallite, and
bloedite which contain water of crystallization.

The rock temperature in a repository will be well below the decomposi-
tion temperatures of these hydrates, as well as below the temperatures
required for exerting a sufficient vapor pressure to produce slow de-
hydration at crystal interfaces and other potential cracks.

The saturated brine will occur mostly as small inclusions (< T-mm
diam) in the halite, with much smaller amounts at crystal interfaces.
These inclusions can migrate through the salt under conditions where a
sufficiently large gradient exists in the chemical potential in the salt
surrounding the inclusions, and, until recently, this has been thought
to be a major problem.®

3.1 The Brine Migration Model

When the chemical potential is changed by imposing a temperature
gradient, the brine inclusions will either move up or down the gradient.
An inclusion containing only a brine liquid phase will move up the
gradient in the direction of the heat source, while an inclusion containing
some gas phase will move down the gradient away from the heat source.

It is unlikely that a gas phase will be present in the brine inclusions
at a repository site, but a sufficient gas phase could develop as a
result of radiolysis of the brine. The subsequent refluxing action —
condensation of water with dissolution on the cold side and evaporation
of water with precipitation of salt on the hot side — causes the movement
away from the heat source, which could prevent the brine from reaching
the waste canister. Another effect of high radiolytic gas pressure

would be to increase the tendency of cracking and release of brine in

the crystals near the edge of the hole in the solid state.
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Brine migration toward the heat source is more likely since this
process does not require a gas phase; it simply results from the fact
that salt solubility increases with temperature, causing dissolution of
salt on the hot side and precipitation on the cold side. This phenomenon
has been observed in single crystals in laboratory studies and has been
discussed in ref. 9, although other phenomena may also have been involved
in the Tatter experiment.

A thorough evaluation of the available theoretical and experimental
information has been made by Jenks.!9 He concluded that the effects of
crystal stressing, high pressure, and energy storage from radiation
damage would have little effect on brine migration in halite crystals
and that the kinetic potential was largely responsible for most of the
scatter in experimental results. The kinetic potential acts as a retar-
dant to the speed of migration, so ignoring this phenomenon would produce
conservative results. Consequently, Jenks drew a curve passing near the
maximum values of brine migration and fitted the following equation to
it:

log V/G = 0.00656T - 0.6036 , (1)

where

V/G = velocity per unit temperature gradient, cm2/yr-°C;

T

temperature of salt, °C.

Jenks also showed that Eq. (1) was in agreement with the theory of brine
migration as developed by Anthony and Cline.ll

According to Jenks, the greatest uncertainty associated with predic-
tion of rates of brine migration into a waste emplacement cavity in
bedded salt involves questions regarding the effects of the grain bound-
aries in bedded salt deposits. It is likely that grain boundary trapping
will have important retarding effects on brine migration under the
conditions which are expected to prevail within probable repository
designs, such as maximum temperature gradients <2°C/cm, impurities
present on grain boundaries, and boundaries compressed by thermal
expansion of the salt. However, this trapped brine could be released
when salt that has been heated is allowed to cool. He also concluded,
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on the basis of theoretical considerations, that the kinetic potential
was insufficient in practical repository designs to cause an inclusion
to cross a grain boundary. In Project Salt Vault,® it was observed that
water was collected only during or immediately after a failure of elec-
trical power, at which time the salt adjacent to a canister cooled to
some extent. The amount of water collected during the first 2 d after
shutdown of the heaters at the end of the experiment was about ten times
greater than that collected during the entire 580-d period of operation.
The explanation offered was that the tangential stresses created by
thermal expansion of the salt during heating were released upon cooling,
thus allowing the trapped water in the salt to break free. Jenks has
further suggested that the brine was trapped on grain boundaries during
heating and that release of tangential stresses allowed the grain bound-
aries to open sufficiently for the brine to escape to the air gap space.
Recent experiments at the Sandia Laboratories have produced results
that apparently could not be explained by the previously described
migration model. This led to the postulation of a different model. The
salt is treated as a continuous porous medium, and the liquid-vapor flow
is computed using Darcy's Law together with a simple two-phase water
model. To account for the sudden increase in water release when the
heat is turned off, it was assumed that thermal cracking occurred due
to the thermal gradient reversal. A one-dimensional spherical model was
developed that employed a finite-element method similar to that used
in other finite-element computer codes, such as ADINA (ref. 12), to
determine when tension cracking occurred because of the change in the
thermal gradient. When the stress calculation is combined with the
porous-flow calculation, a test is made to determine whether radial
cracks develop at any time. If they do, the permeability is increased
by a large factor (40 was used) in those regions. Test calculations
indicated that cracking takes place when the temperature gradient is
reversed, which could explain the sudden brine flow. In three experiments
on a 1-kg salt block, the data could not be reproduced in detail, but
the general features of a peaked profile after each heater power increase
and a brine flow spike following turn-off of the heater were consistent.
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This model is undergoing further investigation using a right circular
cylinder of bedded salt measuring 1 m in diameter and 1 m in height.
Comparison of calculations and the experiment for this model are not yet
available.

3.1.1 Calculational model

Equation (1), as recommended by Jenks, was used in calculating the
velocity of migration through the rock mass. Inasmuch as the evidence
indicates that the brine inclusions will remain trapped at the grain
boundaries since the heat source cannot be turned off in a repository,
this assumption of single crystal behavior should be conservative with
respect to the amount of brine entering the emplacement hole.

In implementing the calculations, it was noted that the brine
inclusions could be considered in terms of a density of particles that
obeyed the time-dependent continuity equation, namely,

2+ 9(v) =0 , (2)

where
inclusion density, vol %;

e}
1]

time;

-
i

velocity of migration;

g <
i

gradient operator.

A computer code (MIGRAIN) was developed for both Cartesian coordi-
nates and two-dimensional cylindrical coordinates (R-Z with azimuthal
angle symmetry). The required input of temperatures and temperature
gradients as a function of time and space is supplied by separate heat-
transfer calculations. The computer code greatly facilitates brine
migration calculations and properly accounts for brine volume densities
along flow paths.

Any equation representing the velocity of brine migration as a
function of temperature and temperature gradient can be used in the
MIGRAIN code.
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3.1.2 Waste Isolation Pilot Plant Salt Block II experiment

In an effort to compare the calculational technique with experiment
calculations using the MIGRAIN code were made for the Salt Block II
experiments conducted at the Sandia Laboratories. Appendix F presents a
discussion of the model and the calculation of the temperature fields
and the brine migration. The comparison of the calculated values and
the experimental data as given in Appendix F shows reasonably good
agreement.

3.2 Expected Brine Migration

The prediction for the brine flow into the emplacement hole, using
the method discussed in Sect. 3.1, is presented for the baseline reposi-
tory and the two special studies described in Sect. 2.3 as the ventilated
repository and the two-row configuration repository. The brine flow is
presented as the total inflow per canister hole over a period of 1500 yr
after canister emplacement.

3.2.1 The baseline repository

The predictions for the brine flow into the emplacement hole for
the baseline repository are shown in Fig. 36. For the 150-kW/acre (37-
W/m2) HLW case, the total flow is <10 ¢ in the first 100 yr (0.1 2/yr)
and ~12 & after 1500 yr (note the logarithmic scale for time). This
water essentially comes from the salt within 2 ft (60 cm) of the emplace-
ment hole. The total flow for the 60-kW/acre (14.8-W/m?) SF case in
1500 yr is ~6 2. The dependence on areal loading shows a decrease in
flow that is roughly proportional to the decrease in area loading.

3.2.2 The ventilated repository

Although it is not 1ikely that the repository would be ventilated
for very long, the effect of continuous ventilation of the storage
room above the canisters is shown in Fig. 37. Although the effect of
ventilation is minimal during the first few years after emplacement, it
has a marked effect later on. As before, the ventilation air is assumed
to be 100°F (38°C). A further reduction in the brine flow would result
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from cooler ventilation air. These results suggest that any efforts to
reduce the heat in the formation or to reduce temperature gradients
could have dramatic effects on the brine flow in the long term.

3.2.3 The two-row configuration repository

The two-row repository design for SF would incorporate both PWR and
BWR canisters in the array of emplacement holes. The predicted brine
flow for the SF two-row configuration repository are shown in terms of
BWR and PWR repositories (all emplacement holes in the array are filled
with either BWR or PWR canisters) for various areal heat loads. 1In
Fig. 38, the predicted brine flow is shown for thermal loads of 83 kW/acre
(20.5 kW/m2) for the BWR case and 130 kW/acre (32.2 kW/m2) for the PWR

case.
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4. VAPOR SPACE PRESSURE ENVIRONMENT

Within the heated environment of the emplacement hole, the pressure
would be expected to increase. The predicted pressure rise depends on
the scenario which is assumed to take place, the volume available for
gas expansion, whether or not the emplacement hole is sealed, and the
amount of water present. In the simplest case, the repository is com-
pletely dry and the gas in the emplacement hole is allowed to escape
into the storage room, producing pressure increases <] atm in the vicinity
of the canister. To provide more conservative estimates, it may be
assumed that the emplacement hole is sealed, thus preventing escape of
the gas. Water may collect in the emplacement hole due to the migration
of natural brine in the salt. Furthermore, the available volume in the
emplacement hole may diminish due to the creep flow of the salt in this
vicinity. 1In this case, once complete closure of the hole takes place,
the pressure will be Timited by the lithostatic pressure of the formation.

4.1 The Vapor Space Pressure Model

A model has been developed to predict the emplacement hole pressure
over time from temperature and volume data, brine inflow rates, and the
gas inventory. It is assumed that the gas in the system consists of air
(N, 05) and water vapor. The model can be modified in a straightforward
manner to accommodate radiolysis and corrosion products such as hydrogen
gas, but this application is not made here. Vapor-liquid equilibrium
are evaluated to identify the 1imiting conditions on cavity pressure.
Changes in temperature, volume, and brine inflow are assumed to occur so
slowly that the system pressure is always at its equilibrium value.

A computer code (REPRESS) was developed in order to obtain the
saturation pressures and water inventories for a given temperature and
volume in a waste cavity. The methodology used to predict the vapor
space pressures presented herein is presented in Appendix G.
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4.2 Expected Vapor Space Pressures

Four scenarios have been assumed in order to estimate pressures.

In the first scenario, the emplacement hole is sealed and not backfilled,
and the volume is constant (i.e., no closure of the hole takes place).

In the second scenario, it is assumed that the hole is backfilled after
the waste emplacement and is sealed by some mechanism, but, again, the
volume of the cavity does not change. The hole is sealed but not back-
filled in the third scenario. In this case, however, the hole is assumed
to close due to thermal expansion of the salt. The hole is not sealed

in the fourth scenario. The data for the closure rates are taken from
the RE/SPEC study!3 for the effect of emplacement of 5-kW canisters at

an areal loading of ~46 kW/acre (11.5 W/m?2). Based on this study, closure
of the hole is estimated to take place 250 yr after emplacement. These
results should not be strongly dependent on areal loading, but it is
conservatively assumed that closure occurs 100 yr after emplacement to
account for the higher Toadings in this case.

It should be noted that the temperatures used here were calculated
for the dry repository. The small amounts of water present may increase
the conductivity of the backfill and decrease the average temperature in
the cavity. Therefore, these results may be somewhat more conservative
than anticipated. Furthermore, any connection permitting leakage from
the hole cavity to the room would permit the pressure to decrease.

Other possible scenarios, including reconsolidation of the crushed
salt backfill or thermal expansion of the canister, would not be expected
to provide pressures that are very different from the above pressures.

Pressure histories for HLW (150 kW/acre or 37.1 W/m2) and SF
(60 kW/acre or 14.8 W/m2) are shown in Figs. 39 and 40, respectively,
for each of the four scenarios previously mentioned. In the case of no
hole closure and no backfill for HLW, Fig. 39 shows a peak pressure of
700 psia (4.0 MPa) occurring ~20 yr after emplacement. If the hole
is assumed to be backfilled, the pressure is increased to 950 psia
(6.6 MPa) and the peak now occurs ~10 yr after emplacement. If the hole
is assumed to close due to thermal expansion of the salt, the peak
pressure occurs at 750 psia (5.2 MPa) ~20 yr after emplacement. Finally,
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the unsealed hole shows virtually no rise in pressure. In this case,
any changes in the pressures are due to an increase in air temperature
since the vapor is essentially at infinite dilution.

The SF case at an areal heat load of 60 kW/acre (14.8 W/m2) is shown
in Fig. 40. The no-closure scenarios with and without backfill have
nearly identical pressure histories, with a broad peak occurring at
35 psia (0.24 MPa) ~20 yr after emplacement. The hole-closure scenario
shows a steadily increasing pressure up to 70 psia (0.48 MPa) at 50 yr
after emplacement. Since complete closure of the hole was assumed to
occur 150 yr after emplacement, the pressure would be expected to approach
the Tithostatic pressure of the salt formation. Again, the unsealed
hole scenario shows essentially no pressure rise over the period of
interest.

Also shown in Figs. 41 and 42 are the two-row configuration pressure
histories for 130 and 83 kW/acre (37.1 and 20.5 W/m2), respectively.

Additional results are shown for 100-kW/acre (24.8-W/m2) HLW and
40-kW/acre (14.8-W/m2) SF in Appendix G.

4.3 Expected Quantity of Residual Brine in the Emplacement Hole

The quantity of brine and the available water present in the
emplacement hole will help determine the environments encountered by the
waste package. For example, temperatures within the waste package could
be modified since the heat conductance through the brine is substantially
higher than in void space in the hole. In addition, the corrosion rate
of the waste package materials exposed to the brine would be expected to
be different from those in a liquid-free environment. However, the
amount and composition of the brine existing in the emplacement hole can
be different from the incoming amount and composition since vaporization
of water and water-depleting reactions can occur. If the water vapor is
unable to escape, the pressure will increase within the emplacement
hole. If this water vapor escapes, as is likely to be the case, pressures
will not increase substantially, and the oxygen available for canister
corrosion will be reduced, particularly after final sealing of the
repository. Quantitative estimates of the amount of residual brine in
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the emplacement hole have been made for the sealed-hole scenarios of
Sect. 4.2. The results for the HLW and SF baseline cases are shown in

Figs. 43 and 44, respectively. Additional results are given in Appendix G.

The weight of residual brine in Figs. 43 and 44 includes the liquid
water and the salt dissolved in the water. Since the water is in intimate
contact with the solid salt, the concentration of salt in the brine is
assumed to be the saturation value. The water vapor obviously does not
contain salt, and the salt that was associated with this water prior to
the phase change must precipitate out.

The amount of residual brine remaining in liquid form depends on
the temperature and pressure encountered in the emplacement hole. The
temperatures used in these calculations are those existing at the midplane
of the emplacement hole wall. The equilibrium approximations previously
discussed are applied based on the midplane temperature at the inner
edge of the salt. Possible condensation of the fluid at cooler regions
above the waste package with potential reflexing action and other dynamic
effects were not taken into account. The model is obviously very crude
because of these dynamic effects and the axial temperature variations
were neglected. However, it was felt that the model would be useful in
demonstrating possible brine water behavior and guiding future experiments
and model development.

Figure 44 shows a sudden decrease in the brine quantity at ~10 yr.
At this point, the temperature exceeds the boiling point for the existing
pressure, and water begins to vaporize to reduce the amount of brine.
This dip is not seen for the HLW case in Fig. 41 since the temperatures
are higher and the pressure is below the associated saturation pressure
from the time that brine begins to flow into the emplacement hole.
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5. CHEMICAL ENVIRONMENT

The postulated inflow of brine to the emplacement hole leads to
complex chemical reactions that involve radiolysis and hydrolysis of the
brine and reactions with the canister and backfill material. The actual
radiation chemistry depends on the compositions of the Tiquids and
solids around a waste—SF package and the characteristics and dimensions
of the waste package. The effects of these chemical reactions do not
seem to pose a threat to the long-term integrity of the geologic formation
but could cause deterioration of the waste package. Generation of
hydrogen gas by the corrosion of steel can cause a problem in the oper-
ational phase, but the hazard can be minimized by proper design and
safety procedures.

With the advent of the multiple-barrier concept, where the canister
is considered to be a barrier, corrosion of the canister in the disposal
phase becomes an important consideration. Prior concepts for salt
disposal assumed that the canister could corrode away within a few
months. The canister merely served as a handling medium prior to emplace-
ment. The later ready-retrievability restriction added the requirement
that the integrity of the canister in air be maintained for 5 to 25 yr
when protected from any incoming brine by a steel sleeve or overpack. A
specification for the lifetime of a canister in the disposal phase in
salt has not yet been established. It could be months, 100 yr, or 1000 yr,
depending on regulatory decisions. Estimated effects of brine chemistry
and corrosion rates on the canisters would then become very important.

5.1 Brine Chemistry

Jenks has thoroughly examined the available theoretical and experi-
mental information on brine chemistry in radiation fields in two reports
(refs. 14-15). In a third report,1® he estimated potential corrosion
rates on waste—SF canisters. Considering the complexity of radiation
chemistry and possibilities for widely varying corrosion rates which
depend on assumed conditions, the results will be only briefly summarized

here.
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In the first report (ref. 14), he gave a detailed review and analysis
of literature related to the radiation and thermal chemistries of the
salt and brines within the vicinity of a buried HLW canister in a waste
repository in salt. The objectives were to identify the final radiolysis
and thermal reaction products and to estimate the amounts formed and
released into the spaces around a can. It was determined that important
radiolysis products include H,, 0,, and possibly C103 and BrO; . Most
of the C105 and Br0s; will decompose to halides and 0, at the high
temperatures around a can; Mg(Br03),, if present, may give rise to some
Br,. Radiolytic H,, and the accompanying oxidized species, is formed
within the migrating brine inclusions by the radiation absorbed within
the brine and by dissolution of the aggregates of trapped holes and
trapped electrons within the irradiated salt. Any brine that enters the
open spaces around a canister will lose water by several processes,
including reaction with the iron canister, radiolytic decomposition, and
evaporation. The loss of water from the MgCl,-rich, NaCl-saturated
solutions results in the precipitation of NaCl and an increase in the
concentration of MgCl,. With continued Toss of water, the solutions
become saturated in MgCl,, and a solid hydrate precipitates. Either
MgC1,-6H,0 and/or MgCl,-4H,0 may form, depending on the temperature of
the system. Radiolysis will continue in the space around the canister
at a higher rate of generation of radiolytic products per unit weight of
water present in the space. However, the total amount generated within
the space per unit weight of incoming brine will decrease because of the
water-Toss mechanisms described above (Jenks, Appendix A, ref. 15). The
brine is rich in MgCl, (2.3 to 3 M), and hydrolysis of the MgCl, around
a can at temperatures >180°C will produce HC1 that could accelerate
corrosion.

In the second report,!> the state of the art was again reviewed.
The principle objective was to assess the need for any additional work
in radiation chemistry involving the brines and solids around the waste
canisters. The reference waste and SF packages considered were essentially
the same as those in this report. Jenks concluded that the following
additional experimental information would be useful:
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1. yield of radiolytic hydrogen in NaCl and MgCl, solutions at 25
to 200°C and vapor pressures <1 atm (0.10 MPa);

effects of gamma rays on MgCl, hydrates at 25 to 200°C;

3. effect of gamma rays on slushes of salt and salt-mine brine
at temperatures up to 200°C and vapor pressures <1 atm
(0.01 MPa);

4. chemistry and radiation chemistry of dessicant-containing
backfills after they have been exposed to salt brines.

5.2 Corrosion of Steel and Zircaloy

In a specific application of the information on chemistry and
radiation chemistry, Jenks estimated corrosion rates of carbon steel in
the environments which might occur around a reference SF canister em-
placed in a salt repository.!® Slightly higher corrosion ratios could
be expected for a HLW canister because of the higher temperatures involved.
Stainless steel does not appear to be a good material for the canister
and overpack designs because of possible stress-corrosion cracking due
to the presence of chlorides.

The experimental indications were that in the absence of a liquid
phase, corrosion rates of <1 mil per year would occur for the conditions
around a SF canister. With the Tiquid phase present, corrosion rates
could still be minimal under certain conditions. The final reaction
products of the corrosion of steel in deaerated environments are Fe30,
and H,, with some ferrous ions remaining in solution. Under the conditions
that would exist for a sealed repository, the required oxygen must come
primarily from brine that migrates into the emplacement hole, since a
liquid phase is necessary in the corrosion mechanism. The oxygen and
brine in the backfill can be isolated from the waste package by engineering
design. Jenks points out that 455 g water/yr when completely reacted
with a steel canister SF will result in an average corrosion rate of
1 mil per year.l® For the smaller HLW canister, the same quantity of
water could produce an average corrosion rate of ~2 mil per year. On
this basis, lifetimes of 100 yr or more could be predicted for the case
discussed in Sect. 3. However, Jenks concluded that rapid localized
corrosion is the most likely avenue through which the wall of the
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canister could be breached in a relatively short time (2 to 30 yr) after
emplacement. The potential mechanisms for localized corrosion could .
occur as a result of the pressure-temperature-concentration properties

of the brines and the formation of radiolytic 0, in the liquid brine.

He also concluded that rapid, localized corrosion is a strong possibility,

unless special provisions are made to avoid it.

It appears that on the basis of this investigation into corrosion
properties of carbon steel that a steel canister could remain essentially
intact for hundreds of years in the estimated environment of an SF
repository, although small holes seem probable in a shorter time.

As a precaution against a serious underestimation of the brine
inflow or other mechanisms that could supply sufficient water to com-
pletely corrode the canister, water scavenging materials are being
considered for use in the backfill. Jenks!® suggested the use of quick-
Time (Ca0)-sand mixtures or possibly quicklime-crushed salt mixtures.

Other types of desiccants for use around waste canisters in salt
are under investigation by others (ref. 17). Chemical addition that
would promote the formation of tachydrite (2MgCl,-CaCl,-12H,0) or a
mixture of bentonite and quartz are other possibilities.

The Zircaloy or stainless steel used as fuel pin cladding could
serve as an additional barrier in the case of SF disposal. Zircaloy is
very resistant to general corrosion in salt brines at temperatures of
interest in SF disposal in bedded salt. However, it is known to be sub-
ject to stress-corrosion cracking in brine solutions when anodically
polarized by galvanic coupling with alloys such as a stainless steel
which would be present as part of the fuel assembly. Austenitic stain-
less steel is also subject to stress-corrosion cracking in chloride
solutions at elevated temperatures, especially when oxygen is present.
Consequently, it must be assumed that both the stainless steel or Zircaloy
cladding on fuel pins will be breached by cracking soon after the cladding
is contacted by any brine solution that enters through a break in the
canister.
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5.3 Brine Compositions

Three types of brine compositions that need to be considered in
determining the effects of interaction with a waste-SF canister include
compositions of the brine inclusions, the reacted brine in the emplace-
ment hole, and brine resulting from dissolution of the salt formation,
such as what might occur from mine flooding or other water intrusion
incidents. The following material on brine compositions is taken from
reports by Jenks.10»16

5.3.1 Composition of brine inclusions and dissolution of the salt
formation

The estimated concentrations of various elemental species that
occur in the bedded salt (Hutchinson formation) near Lyons, Kansas, are
shown in Table 9. These values are based on a combination of experimental
determinations, available information on the solubility of NaCl in NaCl-
saturated MgCl, solutions, and a reasonable assumption that small concen-
trations of the other constituents have a negligible effect on the NaCl
solubility.

The brines included within bedded salt at potential repository
sites have not been analyzed directly. The composition for the WIPP
brine inclusions (Brine A in Table 10) was based on the analyses of
several brines from the McNutt potash-bearing region of the Salado
formation. Consequently, these brines were rich in potassium; the
concentration in Brine A was 0.77 M at 25°C. The concentrations of
sodium and calcium in Brine A are comparable to those found in the
Kansas brines mentioned previously; the magnesium concentration is
appreciably smaller.

Results of chemical analyses of core samples of salt obtained near
the WIPP area have been reported by Beane and Popp!® and by Molecke,!”
and information on brine composition can be inferred from their data.

The following is a summary of information given by Beane and Popp
for samples of salt taken from AEC Core 8 between depths of 2615 and
2821 ft (797 and 860 m). The results showed that NaCl was the major
constituent and anhydrite was a minor constituent with trace amounts of
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Table 9. Summary of analytical and deduced values
for concentrations of various species in
Kansas salt brine inclusions

Concentrations
Molar at 25°C Molal
(mo1/1) (mo1/kg H,0)

Mg 2.12 2.41
Na 1.91 2.16
K 0.28 0.32
Ca 0.03 0.034
Cl 6.29 7.15
Br 0.04 0.045

S0, 0.078 0.089
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Table 10. Compositions of Waste Isolation Pilot
plant Brines A and B?

Ton Concentration [(mg/2) = 3%]
Brine A Brine B
Na* 42,000 115,000
K" 30,000 15
Mg2*t 35,000 10
Ca2t 600 900
Fe3t 2 2
Sr2t 5 15
Lit 20
Rb* 20 1
cs* 1 1
c1” 190,000 175,000
$0,2" 3,500 3,500
B(B0337) 1,200 10
HCO3~ 700 10
NO;
Br~ 400 400
I~ 10 10
pH (adjusted) 6.5 6.5
Specific gravity 1.2 1.2

M. A. Molecke, Sandia Laboratories, personal communi-
cation to G. H. Jenks, ORNL.
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one or more of the following: iron oxide, K-feldspar, talc, chlorite,
polyhalite, carnallite, bloedite, and quartz. The results of analyses
for K, Mg, and Ca were as follows: K, 0.03 wt % average, with maximum
and minimum values of 0.09 and 0.01 wt %, respectively; Mg, 0.05 wt %
average, with maximum values of 0.006 and 0.13 wt % in the soluble and
insoluble portions of the samples, respectively; Ca, 0.62 wt % average,
with maximum and minimum values of 1.3 and 0.14 wt %, respectively. The
average weight losses on heating finely ground samples to 70, 200, and
>400°C were 0.17, 0.18, and 0.47 wt %, respectively. The three largest
weight losses among the samples that were heated to >400°C were 1.66,
0.77, and 0.48 wt %. Samples from the same locations as these three
also had appreciable amounts of insoluble material — 1.25, 0.92, and
0.91%, respectively.

The results reported by Beane and Poppl® for AEC Core 7 samples
were in substantial agreement with those summarized above for Core 8
samples.

Pertinent inferences that can be drawn from the analytical results
summarized previously and from those presented by Beane and Popp are as
follows:

1. The samples contained very little potassium, 0.032 wt %
average.

2. The magnesium content of the samples was very low, averaging
0.006 wt % in the soluble portions. If the brine inclusions
within the crystal boundaries of the salt contained MgCl, at a
concentration of 2 M, the average amount of water within the
inclusions was 0.13 wt %.

3. A1l of the calcium (average, 0.62 wt %) was in the anhydrite
form. No calcium was present as CaCl.

The WIPP Brine B, which represents the composition of brine occurring
in a flooded mine condition (Table 10), was based on the analysis of a
saturated brine solution obtained by dissolving a portion of AEC Core 8
taken at a depth of 2725 ft (830 m). The reported composition is in
good agreement with expected results based on previously summarized data
for Core 8. In particular, it can be noted that the molar concentration




89

of SO, exceeded that of calcium by ~60%, indicating that all of the
calcium was present as CaSO,, which would preclude the presence of
significant amounts of CaCl,.

5.3.2 Possible brine composition in the emplacement hole

If the brine inclusions enter the open spaces around a canister,
they will lose water by several processes, including reaction with the
iron canister, radiolytic decomposition, and evaporation. The loss of
water from the MgCl,-rich, NaCl-saturated solutions results in the
precipitation of NaCl and an increase in the concentration of MgCl,
(Figs. 45 and 46). With continued loss of water, the solutions become
saturated in MgCl,, and a solid hydrate precipitates. This hydrate is
either MgCl,-6H,0 and/or MgCl,-4H,0, depending upon the temperature of
the system (Fig. 45). These hydrates exert vapor pressures of water,
and they can be converted to lower hydrates at suitably low partial
pressures of water vapor (Fig. 46). The hydrates can also undergo
hydrolysis to form solid hydroxy chloride, MgOHC1, and HC1 gas. However,
this hydrolysis reaction is 1ikely to be very slow at the relatively low
temperatures around SF canisters in salt and not much greater for the
HLW case.

The MgCl,-rich solutions will undergo hydrolyses to some extent at
temperatures which are present around reference canisters (<150°C) and
will be accompanied by the formation of soluble hydroxy complexes and
hydrogen ions.
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6. NUCLEAR RADIATION ENVIRONMENT

The neutron and gamma-ray radiation fields arising from the waste—SF
canisters can be divided into three categories of effects: (1) exposure
to operating personnel, (2) radiation chemistry, and (3) stored energy
in the waste forms and rock salt. The first category is dependent on a
specific design and operating procedure and, consequently, is beyond the
scope of this report. The effects of radiation on brine chemistry was
briefly discussed in the previous section based on the work by Jenks.!®
He estimated the radiation effects on brine using absorbed radiation
doses to the brine based on the calculations of others, which are approx-
imately applicable to the reference repository environments.

Energy can be stored in solids as a result of radiation damage or
crystal dislocations within crystal lattices. Theoretically, this
energy can be released when annealed at higher temperatures. This phe-
nomenon has been under investigation for many years. In an analysis of
the effects of energy storage in a salt repository, Blomeke et al.l?
concluded that the release of stored energy (if at all possible for a
repository) would produce no serious consequences even for the most
pessimistic assumptions.

Jenks and Bopp2® later conducted extensive experimental studies of
the gamma-ray energy that is stored in salt under a variety of exposure
conditions, the thermal annealing characteristics of the stored energy,
the chemical reactions that radiation defects in the salt undergo upon
aqueous dissolution of the salt, and the retention of the radiation
defects within the salt crystals. The objective was to obtain addi-
tional information for predicting the amounts and release characteris-
tics of stored gamma-ray energy in the salt of a waste repository.

The results of this work confirmed that appreciable amounts of
gamma-radiation energy can be stored under certain exposure conditions
and that thermally activated annealing takes place at elevated temper-
atures. The rates of this annealing at temperatures above ~150°C are
such that negligible amounts of energy will be stored in salt in a
repository where the salt is at temperatures above ~150°C.
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Jenks and Bopp were unable to show that thermally activated annealing
takes place in rock salt at temperatures below ~150°C, although it is
possible, as well as some radiation-induced annealing. The results of
the measurements of energy stored at irradiation temperatures between 30
and 150°C, together with the results of theoretical considerations,
showed that the maximum stored energy that would be formed in salt in a
repository with no annealing whatsoever would be ~50 cal/g (209 J/g).
They could not conceive of a means by which the stored energy could be
released abruptly, nor was any significant hazard believed to be possible
from the release if it should occur abruptly by some unforeseen mechanism.

Radiation damage in salt results in the formation of F-centers,
which are formed by the displacement of the chlorine atom from a Tattice
position and the trapping of an electron at that position. Aggregates
of these defects lead to the formation of collodial sodium and chlorine
that remains trapped in the crystal structure. Jenks and Bopp report
that the available evidence from thermal annealing observations and from
calorimetric and dissolution measurements indicated that there were no
significant losses of either chlorine or sodium during or after irradi-
ation.

Another effect of the stored energy is the generation of H,, which
takes place upon aqueous dissolution of radiation-damaged salt;
~0.1 cm3 of H, at STP is generated per calorie (4.2 J) of stored energy.
However, fresh water is required for the dissolution, which normally
will not be present. In any event, there appears to be no problems
arising from this effect that cannot be counteracted by appropriate
design and operation of a repository.

The energy absorbed in the salt for the reference cases of this
report was calculated using the one-dimensional ANISN shielding code.?!
Actually, kerma (kinetic energy released in materials) factors were used
to convert gamma fluxes to absorbed dose rates (the neutron contribution
will be negligible), but for all practical purposes kerma and absorbed
dose are equal for the configurations considered here. The calculated
dose rates (beginning at the inner edge of the crushed salt zone) are
shown in Figs. 47 and 48 for HLW and SF, respectively, at emplacement



DOSE RATE (rads/hr)

ORNL-DWG 80-950

10 m I I T

-4 | | l ]
20 40 60 80 100 120
DISTANCE FROM CENTER OF CANISTER (cm)

Fig. 47. Dose rates to the salt from an emplaced high-level-waste
canister (2.16 kW/canister) for 0 to 90 yr after emplacement.

v6



(rads / hr)

DOSE RATE

ORNL-OWG 80-951

10 T ] T T

108 | L 1 I
20 40 60 80 100 120

DISTANCE FROM CENTER OF CANISTER (cm)

Fig. 48. Dose rates to the salt from an emplaced SF canister
(0.55 kW/canister) for 0 to 90 yr after emplacement.

G6



96

and 10, 30, 60, and 90 yr after emplacement. The maximum absorbed dose
rate at the inner edge of the crushed salt backfill at emplacement is

10 x 105 and 4.1 x 103 rads/h for HLW and SF, respectively. These results
will closely approximate the mid-plane dose rates that would be obtained
with a 2-D calculation using a finite canister height that would tend
toward a slight overestimation with increasing distance from the canister.
The dose rates at the ends of the canisters would be approximately one-
half of the mid-plane values.

The integrated dose at the inner edge of the crushed salt as a
function of time is shown in Fig. 49 for both HLW and SF. Dose rates
beyond 90 yr were estimated by assuming that the shape of the gamma
spectrum remains constant and that the dose rates would be proportional
to the total gamma-energy release rate. The absorbed dose integrated
over 10,000 yr is 1.6 x 1010 and 9.6 x 108 rads for HLW and SF,
respectively.
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APPENDIX A: DETAILS OF THE NEAR-FIELD MODELS

The detailed listings of the model coordinates used to define the
mesh spacing for the unit-cell models described in Sect. 2.1.1 are given
here.

The 3-D unit-cell model (Fig. 1) has the mesh spacing indicated
by Table A-1. The waste (or fuel assembly) is assumed to be uniformly
distributed in a right parallelepiped with a cross-section equal to that
of a canister. For HLW, the cross section is a square that is 0.886 ft
(0.264 m) on a side and for SF, 0.974 ft (0.297 m) on a side. The
calculational model comprises only one-quarter of the unit cell because
of symmetry with respect to the x and y axes. The model width is equal
to one-half the room and pillar width [39 ft (11.9 m)], and the dimension
(half-pitch) of the unit cell between the plane normal to the pillar
that intersects the canister centerline and the one that forms the
adiabatic boundary between successive canisters is obtained from the
following equation:

Y = canister heat load (A-1)
2 x areal heat Toad x (room width + pillar width)

The near-field axisymmetric unit-cell model as discussed in Sect. 2.1.1
and shown pictorially in Fig. 2 has the mesh spacing indicated by
Table A-1. The model is cylindrical, with the HLW located between 1996
and 2004 ft (608.4 and 610.8 m) and the SF located between 1994 and
2006 ft (607.8 and 611.4 m). The HLW canister has a 6-in. (15.2-cm)
radius (Fig. 3). An air gap is between the canister and the overpack
and is 1.5 in. (9.8 cm) thick for the HLW and 0.875 in. (2.22 cm) thick
for SF. The emplacement hole radius is 10 in. (25.4 cm), making the
backfill thickness 2 in. (5.08 cm) for both the HLW and SF.

The model radius has been given in Sect. 2.1.1 for all the HLW and
SF cases, and Table A-2 shows the 150-kW/acre (37.1 W/m?) case for HLW
and the 60-kW/acre (14.8-W/m?2) case for SF. The model radius depends on
the canister load and the areal load as given by the following equation:

canister heat load
areal heat load (A-2)

model area =
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. Table A-1. Nodal coordinates for near-field 3-D unit-cell studies

z (depth below surface, ft) x (distance from y (distance from
centerline normal waste centerline
pillar, ft) along storage

room, ft)

HLW SF HLW SF HLW SF
0 0 0 0 0 0
1000 1000 0.443 0.487 0.443 0.487

1600 1600 1.0 0.8 1.0 0.8
1850 1850 1.75 1.75 1.75 1.3
1928 1928 3.5 3.5 2.6 2.56

1961 1961 7.0 7.0 4.2
1986 1986 10.0 10.0
1991 1994 15.0 17.2
1995 1995 25.0 29.0
1996 1996 39.0 39.0
1997 1997

2000 2000

2003 2003

2004 2004

2005 2006

2009 2009

2018 2018

2035 2035

2072 2072

2150 2150

2400 2400

3000 3000

4000 4000

8000 8000
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Table A-2. Nodal coordinates used for near-field axisymmetric unit- .
cell studies

z (depth below surface, ft) r (radial distance from
centerline, ft)

HLW SF HLW SF
1000 1000 0.0 0.0
1600 1600 0.5 0.55
1850 1850 0.53 0.56
1928 1928 0.63 0.63
1961 1968 0.66 0.67
1986 1981 0.833 0.833
1991 1991 1.0 1.0
1994 1994 1.33 1.33
1994.5 1995 1.75 1.75
1995 1996 3.0 3
1996 1997 6.0 6
1997 2000 9.0 9.
2000 2003 14.13 11.27
2003 2004
2004 2005
2005 2006
2009 2009
2018 2018
2035 2035
2072 2072
2150 2150
2400 2400
3000 3000
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. The iteration scheme used for both models was the implicit finite-
difference Crank-Nicolson technique, with an initial time step of 0.0l h
and an initial successive overrelaxation acceleration parameter of 1.1,
which was optimized every time step by no more than a 10% change.
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APPENDIX B: TEMPERATURES OF SPENT FUEL ELEMENTS

Heat transfer from SF assemblies in canisters involves radiative
heat transfer among the rods in the SF bundle, convective processes
involving any gas filler in the canister, and heat conduction processes.
Because of the nature of the configuration of SF rods in the canister,
the time-dependent heat-generation rates, and the nonuniform material
and heat transfer properties, the problem presents severe calculational
difficulties. However, because temperature criteria will be placed on
the SF rods stored in a repository for SF canisters, it is crucial that
these temperatures be predicted accurately.

Recently, some fairly reliable techniques have been developed to
treat these processes. The radiative heat transfer can be calculated
using the geometrical techniques developed by Watson,! Klepper,? or
Cox.3 In the last reference, theoretical expressions are given for a
variety of configurations. These equations have been programmed and can
be evaluated numerically for both steady-state and transient conditions
once the canister or boundary temperature is specified. R. A. McCann
has recently developed a comprehensive computer model, HYDRA-1, which
simultaneously treats convection, conduction, and radiative heat transfer
and is described in reference 4. However, the application of the model
to a specific problem requires considerable effort, experience, and
cost. Nevertheless, calculations of the convection contribution to the
heat transfer show contributions which justify the explicit treatment of
this process along with radiation. A simplified procedure that is
suitable for SF canisters placed in a geologic repository is proposed
and applied here.

Theory predicts and calculations have shown that temperatures
outside the canister are relatively independent of the configuration
within the canister, depending almost entirely on the time-dependent
heat flux across the canister walls. In this case, it is possible to
calculate canister wall temperatures in a near-field model knowing only
the total heat-generation rate in the canister. These calculations have
been described elsewhere in this report. Calculations using HYDRA-1 for
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selected canister wall temperatures and SF rod heat-generation rates
show two interesting features:

1. For specified canister-wall temperatures, steady-state
conditions are achieved fairly quickly (within 24 h).

2. In the range of canister temperatures expected for a
repository, convective heat-transfer rates show a
linear relationship to the heat generation rate, and canister
wall temperatures.
These results are achieved for a variety of gas and solid fillers in the
canister. The first result suggests that since changes in the heat
generation rate and repository temperatures are known to be quite slow
(peaks being achieved in the order of years), a quasi-static approximation
may be used for the calculations. The second result suggests that it is
possible to use interpolation or tabular information approaches to
estimate convection effects on the maximum SF rod temperatures. These
approximations have been tested and satisfactorily reproduce the results
of the full calculation for SF element temperatures using HYDRA-1.
The procedure is illustrated for the case of canisters containing a
single PWR SF element emplaced in a salt repository. The steady-state
expression for the center pin temperature based on radiative heat transfer

only is:
- y 6 1/ _ -
Tm.n [(T,a77 + 460)% + (1.74 x 106)QY] 460 , (B-1)
where
Twa]] = the canister wall temperature, °F;

Q = the assembly heat-generation rate, Btu/h; and
Y = a factor characteristic of the geometry and radiosity of
the fuel rods.

Using the Cox program, Klepper's coefficients for nonuniform
radiosity, and dimensions typical of a PWR spent fuel bundle, Y is
calculated to be 93.6°F*-h/Btu (30.4 K*/W). Table B-1 shows the results
of calculations for maximum SF temperatures based on the above equation.
The values of Q chosen reflect those for 10- and 25-yr-old SF elements.
The canister wall temperatures chosen are typical of those achieved in a
repository. The results for other values of these parameters may be
approximated by double interpolation of the results shown in Table B-1.



Table B-1.

Calculated spent fuel temperatures

QW) Twall AT = Toin = Twalt ATeox = AThypra
°F °C cox, HYDRA-1, ATCOX
radiation only full calculation
(°F) (°C) (°F) (°C)
Nitrogen 0.554 212 100 175 97.2 106 58.9 0.39
0.332 212 100 119 66.1 72 40.0 0.39
0.554 356 180 115 63.9 92 51.1 0.20
0.332 356 180 74 41.1 61 33.9 0.17
Helium 0.554 212 100 178 98.9 70 38.9 0.60
0.332 212 100 119 66.1 45 25.0 0.62
0.554 356 180 115 63.9 54 30.0 0.53
0.332 356 180 74 411 32 17.8 0.57
Mullite 0.554 212 100 45 25.0
and
nitrogen 10.332 212 100 27 15.0
0.554 356 180 45 25.0
0.332 356 180 27 15.0
Mullite 0.554 212 100 29 16.1
and
helium 0.332 212 100 18 10.0
0.554 356 180 29 16.1
0.332 356 180 18 10.0

901
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Also shown in Table B-1 are the results for the full calculation
using HYDRA-1, including convection and conduction. From this table, it
can be seen that the temperature rise is decreased ~39% by convection
for a canister wall temperature of 212°F (100°C). For a canister wall
temperature of 356°F (180°C), the temperature rise is decreased ~20% by
convection. Similar behavior is observed in other situations, as illustrated
in Table B-1 for fillers of helium gas, nitrogen gas, and mullite with
the void spaces filled by helium or nitrogen. In the last two cases,
only conduction is considered; there is no calculated radiative heat
transfer. The conductivity of the mullite is taken to be 0.19 Btu/h.ft.°F
(0.34 W/m-K).

A procedure that takes advantage of the uniform behavior of the
convective and conductive processes involves the calculation of canister
wall temperatures in a near-field model, ignoring details of the canister
interior. The temperature rise is then calculated assuming radiative
heat transfer only using a model such as that of Cox. Finally, a linear
correction is applied to take into account possible convection and
conduction processes.
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APPENDIX C: ADDITIONAL DATA RELATIVE TO THE SENSITIVITY STUDIES

As noted in Sects. 2.2.2 and 2.2.3, additional data have been
generated for the backfill thermal conductivity and barrier thickness
and the delay of canister backfill studies. These data can be divided
into four parts:

1. effect of temperature gradient and air gap,
2. effect of backfill thermal conductivity,

3. effect of barrier thickness,

4, effect of delay of canister backfill.

The effect of the temperature gradient is shown in Fig. C-1. If
the initial temperature at the waste midplane of a SF canister is in-
creased by 32°F (18°C), the peak temperature at the waste midplane is
increased by nearly 40°F (22°C). The effect of air gap is shown in
Figs. C-2 and C-3 for HLW and SF, respectively. The effect of the air
gap decreases as the years from emplacement increase. This effect is
especially evident in the HLW case (Fig. C-2). At the peak temperature,
the air gap increases the temperature by nearly 50°F (28°C) for HLW
(Fig. C-2) and ~15°F (8.3°C) for SF (Fig. C-3). 1In the case of SF, the
air gap also causes the peak to occur ~10 yr earlier.

The effect of backfill thermal conductivity is shown by the temper-
ature histories of Figs. C-4 through C-10. Figures C-4 to C-7 show
canister surface temperature histories for 150- and 100-kW/acre (37.1-
and 24.7-W/m2) HLW and areal heat Toads of 60 and 40 kW/acre (14.8 and
9.88 W/m2). A1l HLW curves are for backfill thermal conductivities of
0.05, 0.075, and 0.1 Btu/h-°F-ft (0.90, 0.13, and 0.17 W/m2-K), and all
SF curves are for backfill thermal conductivities of 0.025, 0.05, and
0.1 Btu/h-°F-ft (0.043, 0.090, and 0.17 W/m-K). For HLW canister surface
temperature, the effect of decreasing the backfill thermal conductivity
by one-half increases the temperature at the waste midplane by nearly
300°F (167°C). For SF canister surface temperatures, the effect of
decreasing the backfill thermal conductivity by one-half increases the
temperature at the waste midplane by nearly 40°F (22°C). These results

are not linear and cannot be extrapolated except as shown in Sect. 2.2.
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Fig. C-5. Effect of backfill thermal conductivity on maximum

temperature histories of canister surface for high-level waste [100 kW/acre
(24.7 W/m2)].
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Fig. C-6. Effect of backfill thermal conductivity on maximum
temperature histories of canister surface for spent fuel [60 kW/acre
(14.8 W/m2)].
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Fig. C-7. Effect of thermal conductivity on maximum temperature
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Effect of backfill thermal conductivity on maximum waste
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Fig. C-9. Effect of thermal conductivity on maximum temperature
histories for high-level waste at the waste centerline [100 kW/acre
(24.7 W/m2)].
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Fig. C-10. Effect of backfill thermal conductivity on maximum
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oLl



120

The effect of barrier thickness is shown in Figs. C-11 through C-18
as temperature histories at the waste midplane. Figures C-11 to C-14
show canister surface temperature histories for 150- and 100-kW/acre
(37.1- and 24.7-W/m?) HLW and 60- and 40-kW/acre (14.8- and 9.88-W/m2)
SF. Figures C-15 to C-18 show HLW centerline and SF assembly temperature
histories for 150, 100, 60, and 40 kW/acre (37.1, 24.7, 14.8, and
9.88 W/m?), respectively. The barrier thickness is varied from 4 to
8.4 in. (10 to 21.3 cm) for HLW and from 7.8 to 3.4 in. (19.8 to 8.64 cm)
for SF. Increasing the barrier thickness by a factor of 2.1 increases
the canister surface temperature at the waste midplane by nearly 500°F
(278°C) for HLW. Increasing the barrier thickness for SF by a factor of
2.3 increases the canister surface temperature at the waste midplane by
~70°F (39°C).

The effect of the delay of canister backfilling on temperature
histories is shown in Figs. C-19 to C-23. Figures C-19 to C-22 show
canister surface temperature histories for 5- and 25-yr closure at areal
heat loads of 150 and 100 kW/acre (37.1 and 24.7 W/m?2) for HLW and 60
and 40 kW/acre (14.8 and 9.88 W/m2) for SF. Figure C-23 shows HLW
centerline temperature for 5- and 25-yr closure for 100 kW/acre
(24.7 W/m2).
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Fig. C-11. Effect of barrier thermal thickness on temperature
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(37.1 W/m2)].

100

TEMPERATURE (°C)

Ll



CANISTER SURFACE TEMPERATURE AT THE MIDPLANE (°F)

ORNL DWG. 80-388

800

700

600

500

400

300

200

100

1600
1400 |—
BARRIER THICKNESS, 8.4 in.
(2.3 ¢cm) ]
1200 |—
BARRIER THICKNESS, 6 in. —
(15.2 cm)
1000 |—
BARRIER THICKNESS, 4 In.
800 [— (10.2 em)
600 [—
. 100 KW /ACRE (24.7 W/m?2)
. 2.16 KW/ CANISTER
400 — - INNER RADIUS OF BARRIER, 0.5 ft (0.152 m)
- BARRIER THERMAL CONDUCTIVITY,
0.10 BTU/ h-ft-°F (0.173 W/m-K)
200 | | ]
0.0l ol 1.0 10 100

Fig. C-12.

YEARS FROM EMPLACEMENT
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Fig. C-13. Effect of barrier thickness on temperature histories of

canister surface [60 kW/acre (14.8 W/m2)].
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Fig. C-15. Effect of barrier thickness on maximum temperature
histories of waste centerline for high-level waste [150 kW/acre
(37.1 W/m2)].
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Fig. C-18. Effect of barrier thickness on maximum temperature
histories of spent fuel [40 kW/acre (9.88 W/m2)].
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Fig. C-19. Maximum temperature histories of the canister surface
for 5- and 25-yr retrievability of high-level waste [150 kW/acre
(37.1 W/m?)].
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Fig. C-20. Maximum temperature histories of canister surface for
5- and 25-yr retrievability of high-level waste [100 kW/acre (24.7 W/m2)].
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Fig. C-21. Maximum temperature histories of canister surface for
5- and 25-yr retrievability of spent fuel [60 kW/acre (14.8 W/m2)].
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Fig. C-22. Maximum temperature histories of canister surface for
5- and 25-yr retrievability of spent fuel (40 kW/acre (9.88 W/m2)].
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Fig. C-23. Maximum temperature histories of waste centerline for
5- and 25-yr retrievability of high-level waste [100 kW/acre (24.7 W/m2)].
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APPENDIX D: SPECIAL SENSITIVITY STUDIES — DETAILS
OF THE MODELS AND ADDITIONAL DATA

Two special sensitivity studies were completed — the ventilation of
storage rooms and the two-row configuration.

The details of the model for the ventilation study are the same as
for the baseline repository (see Figs. 3 and 4) discussed in Sect. 2.1.
The coordinates for the mesh spacing for the ventilation model are the
same for the near-field axisymmetric unit-cell model in Table A-1 and
the near-field 3-D unit-cell model in Table A-2.

The two-row configuration geometry is shown in Fig. D-1, with the
details of the canister region shown in Fig. D-2. It should be noted
that the storage room shown in Fig. D-1 was assumed to be filled with
salt. The nodal coordinates that define the mesh spacing for the two-
row configuration are shown in Tables D-1 and D-2 for the near-field
axisymmetric and near-field 3-D unit-cell models, respectively.

Additional data have been generated for the two-row configuration
and are shown as maximum temperature histories for the salt and canister
surface, and centerline (central fuel pin) for BWRs and PWRs in Figs. D-3
to D-6. The different areal heat loads are obtained by varying the
pitch along the room. Figures D-3 and D-4 are for areal heat loads of
60 kW/acre (14.8 W/m2) for BWR and PWR spent fuel elements, respectively.
The corresponding results for areal heat loads of 98 kW/acre (24.3 W/m2)
for BWR and PWR spent fuel elements are shown in Figs. D-5 and D-6,
respectively. This latter loading was initially designated as a maximum
local thermal loading for the two-row design. However, no particular
mixing arrangement of the PWR and BWR canisters was specified. Actually,
in all these cases, the difference in the maximum temperatures for BWRs
and PWRs is small.
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Table D-1. Nodal coordinates for near-field axisymmetric unit-cell
studies for the two-row spent fuel configuration

Depth below surface Radial distance from waste
(ft), z centerline (ft), r

1000 0
1600 0.607
1850 0.63
1928 0.727
1981 0.9
1991 1.0
1992.46 1.33
1995 1.75
1996 3
1997 6
2000 7
2003
2004
2005
2007.54
2009
2018
2035
2072
2150
2400
3000

.48
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Table D-2. Nodal coordinates for near-field 3-D unit-cell studies ‘
for the two-row spent fuel configuration
Depth below surface Distance from waste Distance from waste
(f), z centerline normal to centerline along
storage room (ft), x the storage room
(ft), y
0 0 0
1000 0.7 0.535
1600 1.5 0.9
1850 2.75 1.5
1928 3.82 2.0
1966.13 6
1987.13 9
1990 17.2
1992.46 29
1995 44
1997
2000
2003
2006
2007.54
2009
2018
2035
2072
2150
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APPENDIX E: DETAILS OF THE FAR-FIELD MODEL

The far-field analysis is described in Sect. 2.4, and a cylindrical
model is used as shown in Fig. 31. The coordinates used for the far-
field mesh spacing is shown in Table E-1 for both the domed and the
bedded salt models. The volumetric heat-generation rate required for

input in the numerical model, for example, is obtained for the far-field
analysis as follows:

volumetric heat-generation rate =

areal heat load
waste (or SF assembly) heat Toad x height

(E-1)

Note that the waste (or SF assembly) is assumed to be smeared over a
1-mile (0.631-km)-radius, 50-ft (15-m)-thick region. Therefore, only
the results at a distance from this region are valid.

Results were presented in Sect. 2.4 for HLW at 150 kW/acre
(37.1 W/m2) and SF at 60 kW/acre (14.8 W/m?) and SF at 40 kW/acre
(9.88 W/m2). Figures E-1 and E-2 show the temperature rise vs the
distance from the surface of the earth for the 100- and 40-kW/acre
(24.7- and 9.88-W/m2) cases, respectively. Figures E-3 and E-4 present
temperature rise histories at 0, 500, and 1500 ft (0, 150, and 460 m)
below the the surface of the earth for the 100- and 40-kW/acre (24.7-
and 9.88-W/m2) cases, respectively. The maximum use at the surface of
the earth >1°F (0.8°C) and cannot be seen on the scale of the figure.
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Table E-1. Nodal coordinates used for mesh spacing
in far-field studies

z (depth below surface, ft) r (distance from waste centerline
normal to storage room, ft)
Dome salt Bedded salt Dome salt Bedded salt

0 0 0.0 0
10 50 10 10
20 100 35 35
100 250 50 50
500 300 75 75
1000 500 100 100
1500 800 150 150
1900 1050 225 225
1950 1200 350 350
2000 1400 600 600
2050 1500 1000 1000
2100 1700 1700 1700
2500 1900 2700 2700
4000 1950 3900 3900
6000 2000 5832 5282
10000 2050 6764 6764
15000 2100 8000 8000
2200 10000 10000
2250 12000 12000
2550 15000 15000

3200

3500

3750

3900

4000

6000

10000

15000




145

ORNL DWG 80-875

DISTANCE FROM SURFACE (m)

100 200 300 400 500 600

100 T T T | I |

80 — NOTE: NUMBERS INDICATE
o YEARS FROM EMPLACEMENT -
o L —s0 ©
o — w
F 60— - )
w —-—— BEDDED .-~ —40 &
x ———— DOMED -7 w
S - ~ — ox
= -7 =
< - =
x40 — _ 1000 f1 (305 m) ] 30 ;‘
E TR _ w
= P =TT %
E L //// - TN o —1 20 w

- - 5000 f1 (1520 m) -
20 — S T
| _ ==~ T ~~C_210.000 f1 (3050 my | 1O
',o":__, == TR 50,000 ft (15,200 m)—|
0 = peynggiR P T Y TRy e e
0 500 1000 1500 2000

DISTANCE FROM THE SURFACE (ft)

Fig. E-1. Temperature rise vs the distance from the surface of the
earth for 100-kW/acre (24.7-W/m?) high-Tevel waste.



TEMPERATURE RISE (°F)

125

100

75

50

ORNL DWG B80-876
DISTANCE FROM SURFACE (m)

100 200 300 400 500 600
B T ] T T T
[ NOTE: NUMBERS INDICATE
[~  YEARS FROM EMPLACEMENT
|
}_—
— ———— BEDDED — 40
L__ DOMED 1000 ft (305 m) - ]
B .2 _~—— 30
— // _
5000 ft {1520 m) _—1 20
10,000 ft (3050 m) 110
50,000 ft (15,200 mj-#
7~ 100,000t (30,500 m)__ _
r 1] 11 T 1 ]°
500 1000 1500 2000
DISTANCE FROM SURFACE (ft)
Fig. E-2. Temperature use vs the distance from the surface of the

earth for 40-kW/acre (9.88-W/m2) spent fuel.

TEMPERATURE RISE (°C)

9vl



TEMPERATURE RISE (°F)

50

40

O
O

T T T T T T T T[T T T T T T T T T TT]

20

10

ORNL OWG 80-763

I T TTTTH]

[ 1L

---- BEDDED
—— DOMED

corrrim v ety v rrerny v i

(150 m)
oo oo r oo

fo

-

Fig. E-3.

102 10° 104
YEARS AFTER EMPLACEMENT
Temperature histories for 100 kW/acre (24.7 W/m?)

—_—

high-level waste at 500 and 1500 ft (150 and 460 m) below the surface

of the earth.

25

20

15

S}

TEMPERATURE RISE (°C)

A



TEMPERATURE RISE (°F)

50

40

30

20

[0

ORNL DWG 80-762

-

CTTT T T T T T Ty 1 17T
B ---- BEDDED \ |
— — DOMED
] Lorod v
10 102 103 104 105

YEARS AFTER EMPLACEMENT

Fig. E-4. Temperature histories for 40 kW/acre (9.88 W/m2) spent
fuel at 500 and 1500 ft (150 and 460 m) below the surface of the earth.

25

20

15

10

TEMPERATURE RISE (°C)

8rl



149
APPENDIX F: THE MIGRAIN CODE

In this Appendix, the theory and description of the MIGRAIN code are
given and a comparison of calculation using Eq. (1) of Sect. 3.1 is made
with the available results of the Salt Block II experiments at Sandia
Laboratories.

F.1 Comparison of Calculations and Experiment

The configuration modeled is shown in Fig. F-1. The top and bottom
surfaces of a salt cylinder measuring 1 m in diameter and 1 m high were
insulated. The outer surface was fixed at a temperature of 70°F (21°C).
A heater 0.6 m in length was placed into a 10-cm hole centered along the
axis of the block. The heater power as a function of time is given in
Table F-T1.

The temperature field was computed using the heat conduction code
HEATING5.1 Since the thermal properties of the salt sample were not
known, the temperature-dependent conductivity of Birch and Clark? was
used.

The brine migration into the heater hole was computed for the
model, and the results are given in Fig. F-1. The prediction for the net
collection of water into the heater hole is shown as the lowest curve in
Fig. F-2 and is based on an initial brine inclusion density of 0.5 vol. %,
which was determined from the analysis of core samples from the WIPP
site. The points in this figure give the experimental data. For
comparison, the results due to a constant heat source of 1.5 kW are also
shown, and the shape of the curve is qualitatively different. The
comparison of these curves suggests that the model predicts the shape of
the curve reasonably well, although the results are lower than the data
by ~30% or less.

Aside from the possibility that other phenomena may exist (such as
Darcy flow through cracks or opened grain boundaries), a possible explan-
ation for the high brine inflow is that the actual temperature distribution
may have been different than that computed. The thermal conductivity
used in the calculation was that for pure salt, and since the salt block

was taken from a salt bed, the actual conductivity may have been lower,
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Table F-1. Heater output for the Sandia Salt Block II experiment

Time interval (d) Output (W)
06 0
6—12 200
12—12 400
2035 600

35-50 10004
50-118 1500
118—125 1000
125132 600
132140 0

%power outage for 30 min on day 42 was not taken into account.
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resulting in a steeper temperature gradient and therefore higher migration
rates. If a constant salt thermal conductivity of 3 W/mK is used, calcu-
lated results (bottom curve) agree quite well with the prior experiment
when the heater was turned off, assuming a brine content of 0.7 vol %

will also produce good agreement (not shown in Fig. F-1). The calcu-
lational model cannot be used to predict the brine spike that occurred
after the heater was turned off; consequently, no comparison was made
after that time.

F.2 Theory and Description of the MIGRAIN Code

The MIGRAIN (MIGRAtion of INclusions) treats the distribution of
brine inclusions as a compressible fluid obeying the time-dependent
continuity equation. The momentum and energy equations are not explicitly
solved, but the velocity field is evaluated from a phenomenological
expression that relates the velocity to the temperature and gradient.

The expression used in this report was the Jenks equation [Eq. (1),

Sect. 3.1], which correlates the inclusion velocities in salt crystals;
however, any similar expression could be used. The assumption is made
that the temperature field can be supplied by an independent calculation.
In addition multiphase effects are not currently treated.

The flow is calculated from the mass conservation equation. Upwind
differences are used to approximate the continuity equation,3 and Levy's
modification* is used to ensure stability for the explicit scheme. The
inflow to any specified volume is then calculated by both mass balance
and density variation techniques in order to check the procedure.

The present version of the code is written for an IBM-360 computer,
although only minor modifications would be needed to convert to other
systems. The input required for this version is listed in Table F-2.

The input must specify the boundaries of the cavity where the brine
accumulates. Other input variables describe the data pointed out and

the initial density of the brine in the salt. Both cartesian coordinates
(1-D, 2-D, or 3-D) or cylindrical coordinates (r-z) may be specified.

The code is presently designed to interface with the HEATINGS heat
conduction code, but the modification to accept temperature files generated

by other codes is straightforward.
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Table F-2. Input for the MIGRAIN code
Record Format Variables Description

1 315 IR, IW, IT Input, output, and tempera-
ture input units

2 4F8.3 XB1, XB2, XP1, XPZ X or R cavity boundaries,
X or R printout limits

3 4F8.3 YBT, YB2, YP1, YP2 Y cavity boundaries,
Y printout 1imits (leave card
blank if cylindrical)

4 4F8.3 ZB1, ZB2, ZP1, ZP2 1 cavity boundaries,
Z printout limits

5 F8.3 Density % density (by volume)
Time conversion factor

6 3F8.3 YEAR, TIME IN, Time limits of problem

TIME OUT

9The time conversion is used for convenience to convert
from the time units used in the temperature calculation to any
other units. The time 1limits refer to starting and ending

model time.
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APPENDIX G: VAPOR SPACE PRESSURE METHODOLOGY —
THE REPRESS CODE

The pressure exerted by a gas is a function of gas quantity and
composition, temperature, and volume. The functional relationship
between these variables is referred to as an equation of state. The
simplest and most widely known equation of state is the ideal gas law,

PV = nRT , (G-1)
where

P = pressure,

V = volume,

n = number of moles of gas, and

I

absolute temperature.

The ideal gas law is most accurate in the region of high temperatures,
low pressure, and no molecular interaction. However, departures from
ideal gas behavior cause considerable error near the critical point, the
dewpoint, and at very high pressures or low temperatures. Empirical
corrections to the ideal gas law are usually expressed as charts or
tables of the compressibility factor Z. The compressibility factor of a
real gas is obtained from the relation

7= PV , (G-2)

with Z being a dimensionless parameter and the other variables defined
above. The Nelson and Obert general compressibility charts! give
compressibilities as a function of reduced pressures and temperatures.
For nonpolar and slightly polar gases, the charts are accurate to within
1%.

The equation of state along with the compressibility correction
discussed above is adequate for describing the PVT relationships of
nonpolar gases (N,, 0,, H,) which may be encountered in the waste
repository. However, the equations fail to describe the behavior of

steam. For this industrially important substance, tables of experimentally
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measured thermodynamic data are available. The PVT data from these
tables may be interpolated so that pressure can be predicted from any
specified condition of temperature and volume. Therefore, the pressure
prediction model utilizes the Combustion Engineering steam tables? and
the U.S. Geological Survey tables of the thermodynamic properties of
brine3 to provide the data used in the modeling of air-steam mixtures.
The above discussion of thermodynamic state applies to pure
substances. Since mixtures of air and water vapor are expected in the
repository, a methodology for modeling mixtures is necessary. The most
common procedures include parameter modification in analytic equations
of state and application of compressibility data to simple mixing rules.
Such modified equations still bear the inability to account for polar
interactions and are therefore unsuitable for steam-air mixtures.
Compressibility data may be applied to simple mixture values such as
those given by Dalton's Law. Dalton's Law is most suitable since it can
predict nonideal behavior and does not require the exclusive use of the
generalized compressibility chart. Dalton's Law is given as follows:

n
P= 1z P, ' (6-3)

total pressure, and

pressure of component i.

Using this equation requires a knowledge of the Pi values. These
can generally be found by applying Eq. (G-2) to Dalton's Law:

Py = 2 (niZ.) . (6-4)

Since the compressibility factor for each component is a function
of Pi and T, an iterative procedure would be required to determine the
total pressure.

Examination of expected repository conditions allows the above
equations to be simplified. Assuming that the cavity temperatures lie

in the range of 100 to 700°F (38 to 371°C), the major components of air
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(N, 0,) behave as ideal gases, which have a constant compressibility
factor of 1.0. This simplifies Eq. (G-4) to the ideal gas law — .
Eq. (G-1).

For steam, the thermodynamic data tabulated in the steam tables?
may be used to interpolate to Pi‘ A complicating factor is that the
ratio of the vapor pressure of water vapor to the brine is less than
that of the water vapor to pure water. Superheating the system (no
liquid present) has no effect. The superheated steam tables may be used
directly to find Pi for the steam. This value is then added to the Pi
for air to calculate the total pressure.

The saturated steam tables may not be used when the system is
saturated (1iquid present). Instead, a U.S. Geological Survey publication?
containing the thermodynamic properties of saturated brine was used to
find the vapor pressure.

A region of uncertainty exists where, according to the steam tables,
the system would be superheated, and according to the brine table, the
system would be saturated. When this situation occurs, it was decided
to assume the system is saturated (according to the brine table).

These considerations serve as the basis for the saturation pressure
and water inventory calculation in the REPRESS code. If the amount of
brine inflow meets or exceeds the amount required to saturate the vapor
space, the phase equilibrium relations will apply. If the available
water is less than the saturation value, only the water vapor phase will
exist in the cavity and the phase equilibrium relations will not apply.

In this event, the specific volume of the vapor is calculated and the
pressure is obtained by interpolation from the steam tables. Results
illustrating this methodology using the REPRESS code are shown in

Figs. G-1 through G-4. Figures G-1 and G-2 show the predicted pressure
histories for the HLW [100 kW/acre (24.8 W/m2?)] and SF [40 kW/acre
(14.8 W/m?2)] emplacement holes, respectively. Figure G-3 shows the
1iquid brine history for high-level waste for an areal loading of

100 kW/acre (24.8 W/m?2).

The REPRESS code, which was developed for these calculations, is
described briefly below. The inputs to the REPRESS program are the
original volume, and temperature, brine inflow, and closure as a function ‘
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of time. The output in its present form is total pressure, weight of
brine as liquid, and weight of water vapor. The code can be easily ‘
modified to provide the amount of salt precipitated.

When run, the name of the input data file will be requested. This
should be a file that contains first, the title of the data; second,
the original volume; third, the column headings Time, Temperature,
Inflow, Closure; and fourth, the data itself. 1In its present form, the
code will process data as a function of time. The initial volume is to
be specified in liters. Time can be in any units, temperature is in
degrees Fahrenheit, °F, brine inflow is in liters, and closure is the
fraction of original volume.

The code processes these data using the superheated steam tables
and the saturated brine tables. One note of confusion occurs near the
dew point where the first drop of vapor condenses, or equivalently in
most systems, where the last drop of liquid vaporizes. In a salt-water
system, however, the last drop of liquid to vaporize is a saturated
brine, but the first drop of 1iquid to condense is pure water. This, in
theory, would cause a hysteresis effect upon cyclically vaporizing and
condensing the solution. Since this would not be acceptable in the
model (to achieve continuity), it was assumed that the pressure was
determined by vaporization of the liquid (i.e., it was assumed there was
always at least a very small amount of brine, which could be rationalized
by the fact that some brine is always flowing into the system).

Finally, the output is in five columns. The first two are time and
temperature repeated from the input. The next three are total pressure
(psia), weight of brine (1b), and weight of vapor (1b). The present
version of REPRESS is written for use on a DEC FORTRAN Processor, although
only minor modifications would be needed for use on other systems. The
input required is shown in Table G-1, the output in Table G-2. A sample
input file is shown in Table G-3. The results from this file are shown
as the curves for the no-closure, no-backfill scenarios in Figs. G-1 and
G-3.
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Table G-1. Input for REPRESS
Variables Format Description
ITITLE BOA1 Name of the data
VOLSP F10.5 Original volume of cavity, in liters
ITITLY 80A1 Column headings
TIME Unformatted Time at each point, years; 21 points
TEMP Unformatted Temperature at each point, °F;
21 points
FLOW Unformatted Total brine into the system at each
point, liters; 21 points
CLOS Unformatted Fraction of the original volume left

at each point, 21 points
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Table G-2. Output from REPRESS

Variables Format Description
TIME Time at each point, from input
TEMP Temperature at each point, °F, from
input
PTOT (F10.3, 2F10.1, Total pressure at each point, psia
2F10.3)
WLIQ Weight of brine in the system at

each point, 1b

WVAP Weight of water vapor in the system
at each point, 1b




165

Table G-3. Sample input file® for REPRESS

Years Tem?gp?ture Flow Closure
0.003 418.91 0.000157 1.0
0.038 455,64 0.005 1.0
0.08 468.33 0.011 1.0
0.17 479.82 0.024 1.0
0.25 486.11 0.038 1.0
0.5 495,57 0.081 1.0
0.67 498.15 0.103 1.0
0.83 501.07 0.141 1.0
1.0 502.52 0.171 1.0
1.25 504.53 0.217 1.0
1.5 505.89 0.264 1.0
2 507.10 0.357 1.0
3 508.20 0.544 1.0
5 505.57 0.916 1.0

10 490.48 1.772 1.0

15 469.32 2.504 1.0

20 448 .22 3.120 1.0

25 427.10 3.640 1.0

30 403.12 4.072 1.0

50 344.12 5.304 1.0

100 243.65 6.732 1.0

For high-level waste, 2.16 kW per canister
[100 kW/acre (24.8 W/m2)], no closure.
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APPENDIX H: NUMERICAL MODEL SENSITIVITIES

The thermal environments described in this report for HLW and SF
repositories were obtained through the use of numerical models of the
repository design. The choice of numerical models can sometimes affect
the results due to the assumptions of the model or the inaccuracy of the
computational technique. The HEATING5 finite-difference analysis! was
used in obtaining all the thermal environments presented in this report.
HEATINGS has been used in previous repository studies?:3 with good
success and has been found to be in excellent agreement with other
methods.* In addition to these HEATING5 checks, an extensive series of
model tests has been carried out. These include the sensitivity of the
model to mesh spacing, model boundary contribution, and the sensitivity
of numerical parameters such as initial time step, time-step iteration
limits, and the differencing technique.

It must be emphasized that the particular results presented here
basically represent scouting calculations that were used to establish
reasonable limits on the numerical models. These scouting calculations
were actually made before the baseline repository characteristics were
established; consequently, they should not be related to the results in
the body of the report because of the different parameters involved.

H.1 The Test Case Model

A cylindrical model (R-Z geometry) which assumed that the waste
canister was directly embedded in solid salt with an upper adiabatic
boundary at 1600 ft (488 m) and a lower adiabatic boundary at 2400 ft
(732 m) was the base model. The areal heat load was 150 kW/acre
(37.1 W/m2), but a canister heat load of 3.2 kW was assumed. The heat-
source decay history was somewhat different than described in Table 2.
These differences, however, are unimportant with regard to the purpose
of this sensitivity study.
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H.2 The Effect of Mesh Spacing

A series of calculations was made to determine the effect of mesh
spacing on the maximum salt temperature. In addition to the base case
of 152 nodes (8 grid Tines in the R direction and 19 in the Z direction),
three additional cases were run — with 405 nodes (15 R and 27 Z grid
lines), 481 nodes (13 R and 37 Z grid lines), and 1022 nodes (14 R and
73 Z grid lines). The results of these calculations are shown in
Fig. H-1, where the temperature of the salt at the waste midplane (2000 ft
(610 m) below the surface of the earth) is plotted vs the years after
emplacement. Increasing the number of nodes by nearly a factor of 7
causes an increase in the maximum salt temperature (at Z = 2000 ft
(670 m) and R = 0.05) of ~27°F (15°C). This is less than a 7% increase
over the test case. Doubling the grid spacing in the R and Z direction
increases the maximum salt temperature by nearly 8°F (4.4°C), but
increasing the Z grid spacing, particularly in the vicinity of the waste,
will produce an increase of nearly 14°F (7.8°C) in the maximum salt
temperature. Doubling the Z grid spacing from the above value shows an
additional increase of 5°F (2.8°C).

H.3 The Effect of Model Boundary Location

In addition to the base case, four different thicknesses or
separation distances between the upper and Tower adiabatic boundaries
were made to determine the effect of model thickness in the vertical
direction. These different thicknesses were 144 ft (44 m), 300 ft
(91 m), 2000 ft (610 m), and 4000 ft (1220 m). The waste horizon was
located at the midplane of the model in all cases. The results plotted
in Fig. H-2 show that the change in salt temperature at the midplane was
insignificant for thicknesses beyond 2000 ft (610 m) up to at least
100 years.

H.4 The Effect of Numerical Parameters

The implicit finite-difference Crank-Nicholson iteration scheme was
used in the test case calculation, and the classical implicit finite-
difference scheme was computed for comparison. The results show slight
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‘ differences (<0.2%) for the temperature at the waste midplane up to
5 yr after emplacement. This difference increases to nearly 1% by
100 yr after emplacement.
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