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AREAL THERMAL LOADING RECOMMENDATIONS FOR
NUCLEAR WASTE REPOSITORIES IN SALT

J. E. Russell

SUMMARY

The objective of this report is to establish a wider understanding
of the background and rationale behind the areal thermal loading recom-
mendations for generic studies, including conceptual designs, of nuclear
waste repositories in salt. This objective has been accomplished by (1)
defining a reference repository; (2) proposing a set of tentative perform-
ance limits for the response of a well-sited generic repository; (3)
discussing and documenting the background of the tentative performance
limits; and (4) demonstrating that the reference repository can meet the
proposed performance limits at the recommended thermal loadings by
comparing the results of numerical studies on conservative models within
the performance limits.

Throughout the report, it is emphasized that final recommendations
for performance limits and areal thermal loading cannot be made before a
site is selected. For a given site, the tentative performance limits
may have to be modified and additional limits imposed. Such modifications
in performance limits may be reflected in different areal thermal loadings
than those given herein.

In addition, field, laboratory, and numerical simulation work
relevant to nuclear waste repositories in rock salt is continuing and
may provide justification for altering the tentative performance limits
and/or the thermal loading recommendations.

Within the state of existing technology, a well-sited repository
utilizing the appropriate recommended thermal loading will apparently
satisfy the tentative performance limits. The final appropriate perform-
ance limits are almost certain to be site specific and should be deter-

mined prior to final design.



1. INTRODUCTION
1.1 Scope and Objective

Some confusion has existed relative to the origin of recommended
thermal loadings for nuclear waste repositories in salt. The purpose of
this document is to establish a wider understanding of the history of
the recommended thermal loadings in salt for both high-level waste (HLW)
from fresh UO,-fueled, light-water reactors (LWR) with no recycle and
spent unreprocessed fuel (SURF) from LWRs. Aspects of the current
recommendations that need further study are identified. Finally, an
interim set of design thermal-loading recommendations are given that
have a common rationale of satisfying performance limits within our
current state of knowledge. These recommendations are made on a generic

rather than a site-specific basis.

1.2 Background

The disposal of radioactive nuclear wastes in deep, land-based,
conventionally mined, room-and-pillar repositories in salt has been
studied for the past 20 years. Rock salt was originally recommended for
repositories because of its naturally dry state, plastic nature, rela-
tively high thermal conductivity, abundance, and occurrence in stable
basins at practical mining depths. 1In addition, rock salt may be mined
economically using modern mechanized equipment. The ultimate objective
of a repository is to effectively isolate radioactive nuclides from the
biosphere until they decay to innocuous levels.

Several types of waste have been considered for disposal in under-
ground repositories. In this report, only heat-generating wastes will
be considered. For purposes of rock mechanics and heat transfer calcu-
lations, the waste and emplacement configuration may be characterized by
the following: (1) the type of waste and, hence, its thermal decay
characteristics; (2) the age of the waste at burial; (3) the areal
thermal loading density generally given in kW/acre, but which can be

readily converted to equivalent metric tons of heavy metal (MTHM)

reactor fuel per acre; (4) the thermal power in each hole at the time of




emplacement; (5) the geometric configuration; and (6) rock and other
material properties.

The area thermal loading used in conceptual repository designs has
been identified as one of the most significant design parameters. This
can be seen by considering two major disturbances to an originally
stable rock mass that result from the development of an underground
nuclear waste repository. These are the excavation of the repository

itself and the imposed heat loading.

1.3 Significance of Thermal Loading

The thermal loading of a repository is intimately related to safety
during the operational phase, long-term safety, and economics. During
the operational phase, rock temperatures influence (1) the stability of
the mine rooms and emplacement holes, which should remain open and
stable for safety and ready retrievability; (2) the kinetics of corrosion
and other chemical processes; (3) working temperatures for men and
equipment; and (4) ventilation requirements. With respect to long-term
safety, rock-mass-temperature increases resulting from the thermal
loading cause the rock to expand upward; this could cause fracturing in
overlying strata, increased permeability, changes in ground water flow
and temperature, changes in surface drainage, and possibly have some
effect on the local biota due to slightly increased mean soil tempera-
ture.

The significance of the thermal loading also relates to excavation
costs as well as the total real estate required to store a given quantity
of waste. If the waste can be stored more densely, the amount of exca-

vation and real estate required can be minimized.

1.4 Rock-Mass Disturbance Due to Mining

Salt has been mined underground for centuries and, consequently, a
great deal of empirical knowledge exists on salt mine design. Some of
the factors influencing the design of salt mines include: (1) the local

geology, in particular, the presence of clay bands or other materials

interbedded with the salt mass; (2) the local hydrology, especially the




number and capacity of aquifers that may overlie and underlie the salt
beds; (3) the depth of the mining horizon, which is directly related to
the premining stress field; and (4) mine geometry effects, which include
the areal extraction ratio, pillar width-to-height ratio, and barrier

pillars.

1.5 Rock-Mass Disturbance Due to Imposed Thermal Loading

In contrast to our knowledge of mining salt, there has been compara-
tively little experience on the effects of imposed thermal loading.
Project Salt Vault (PSV)l provided the first demonstration of the
effects of imposed thermal loading on a salt mine. Both electrical
heaters and radiocactive sources were used during this experiment.

Heater tests are now underway at the Avery Island, Louisiana salt dome
where the response of salt in the immediate vicinity of electrical
heaters is being monitored. 1In addition, data from the Avery Island
test will indicate any differences in response that might be anticipated

between bedded salt and domal salt.

1.6 Control of Thermal Loading

Several means are available for controlling thermal loadings per
canister and per acre in a repository. The thermal loading imposed on
the rock mass may be controlled by varying the age of the SURF at
burial, the number of assemblies per canister, and the number of canisters
per acre. In the case of HLW, the thermal power can be controlled by
diluting of the HLW as well as aging it before burial, and by varying
the number of canisters per acre. The spacing of HLW or SURF canisters
and the room-and-pillar configuration control the thermal power per acre
and can be conservatively designed to meet virtually any reasonable
thermomechanical performance criteria in a properly sited repository. A
tentative set of performance criteria are presented in this report.

The response of the rock mass to the thermal loading depends both
on the areal thermal power density at burial and on the thermal decay

characteristics of the SURF or HLW. The SURF thermal power decays much

more slowly than the HLW and, consequently, the long-term far-field :




effects become much more important in the case of SURF disposal than in

the case of HLW disposal.

2. ASSUMPTIONS AND METHODS OF ANALYSIS

2.1 Reference Repository

Several assumptions must be made relative to the configuration

(e.g., size, shape, depth) of the repository before areal thermal loading

recommendations can be established. Collectively, these assumptions are
referred to as the reference case and are presented in Table 1. These
reference case assumptions are based on experience from PSV,l precon-
ceptual designs,2 and the ongoing conceptual designs by Kaiser Engineers
for SURF in bedded salt and Stearns-Roger Engineering Company (SRENCO)
for HLW in domal salt.

Although many other assumptions could have been made for the
reference case, the objective at the conceptual design stage is to make
assumptions and evaluate alternatives that will lead to a workable, safe

repository.

2.2 Tentative Performance Limits Related to Thermal Loading

Tentative performance limits related to thermal loading have been
set in order to determine whether a proposed design would lead to a
repository that would perform satisfactorily. These limits, involving
three geometric scales, are summarized in Table 2 and are considered
tentative because they must be reevaluated on a site-by-site basis.
Also, these limits are subject to change as more data are developed.

Background information on the selection of the performance limits

of Table 2 follows.

2.2.1 Very near field parameters (canister scale)

The response of the rock and components in the very near field is
almost independent of repository depth. Although thermal conductivity
of salt decreases with increasing temperature and temperature increases
with depth due to the natural geothermal gradient, peak temperatures are

expected to occur in about tens of years for depths of interest.




Table 1. Reference repository design parameters

Parameter

Assumed value

Host rock

Repository size
Repository shape
Repository depth
Mine configuration

Burial configuration

Mining method

Waste haulage

Retrievability period

Age of waste at burial

Backfill material

Canister size

HLW density

Thermal decay
characteristics of
HLW and SURF

Bedded or domal salt (undisturbed by man
and geologically stable)

2000 acres underground on a single level
Square or rectangular

2000 ft

Long rooms and rib pillars

One or more rows of vertical emplacement
holes drilled in the floor of each room

Continuous mining machine with rubber-tire
and/or conveyor-belt haulage

Rubber-tire transporters

5 years for HLW and SURF in disposal mode;
25 years for SURF in storage mode

10 years for HLW and SURF

Crushed salt placed to a density as high
as practically achievable

HLW: vI-ft-ID cylinder;
10 ft long (active length = 8 ft);
Net waste volume = 6.28 ft3/canister

SURF: 14-in.-0D cylinder;
16 ft long

1-MTHM fuel equiv/3 ft® of HLW

See Appendix A




Table 2.

Tentative performance limits

Limit

Very near field parameters, canister scale
Decrepitation temp
HLW temp
Glass
Calcine
Sintered glass ceramic
SURF temp
HLW canister temp
Moisture content of salt
(temp and temp gradient result in
brine migration)

Near-field parameters, room scale
Room closure at end of retrievability period

Far-field parameters, regional scale
Uplift over repository
Temp rise at surface
Temp rise in aquifers

Salt 260-320°C

500°C
700°C
800°C
200°C
375°C
No limit established

10-15% of original room height

4 to 5 ft max
<1°F
<10°F and ALARA




Decrepitation temperatures for salt, 260 to 320°C. Laboratory

tests™ indicated that unconfined rock-salt samples from several locations
began to decrepitate (disaggregate) in the 260 to 320°C range, but
samples from other locations show no decrepitation when heated to 400°C.
Decrepitation is undesirable because it reduces thermal conductivity of
the salt in the vicinity of a waste package and could lead to undesirable
higher temperatures in the container and waste. In the case of bedded
salt, decrepitation may release brine, which is also undesirable.

HLW temperature for glass, 500°C. Typical borosilicate waste

glasses have a transition temperature of about 500°C, with a slightly

higher softening temperature. Migration of heavy, separate phases in

the glass might occur above the softening temperature. Significant

increases in cracking and in leach rates have been observed in test

glasses heated for a few months in the range 500 to 800°C. Additional

information is available for solid waste temperatures of glass, calcine,

and sintered glass ceramic.B’4 .

SURF temperature, 200°C. The surfaces of Zircaloy hulls might

become very reactive during storage within a sealed canister due to v
degradation of the protective oxide film, which will occur during

heating in the absence of an oxidant. Additional work is needed to

arrive at firmer estimates of reasonable temperature limits for spent

fuel.3

HLW canister temperature, 375°C. Austenitic stainless steel,

probably 304L, used in HLW canisters undergoes changes in structure
during long-term exposure in air at temperatures in the range 400 to
900°C. The observed effect is an increased susceptibility to stress
cracking when it is subsequently exposed to aqueous solutions.3

Moisture content of salt with no established limit. Brine inclu-

sions in rock salt tend to migrate when subjected to a temperature
gradient with velocities that also depend on temperature. Natural rock
salt contains moisture that may range to 1% by volume. Brine migration
into waste emplacement holes may cause more rapid deterioration of
sleeves and canisters with an accompanying release of gases, including

hydrogen gas. Moisture content in rock-salt samples measured to date do

not seem to cause any unmanageable difficulties.5’6




2.2.2 Near-field parameters (room scale)

Rooms must be accessible at the end of the retrievability period to
allow safe entry for the removal of canisters with the same equipment
used to emplace them. Calculated room closures of less than the limit
imply that the repository will generally remain structurally stable
throughout the retrieval period, although some local failure controlled
by local rock conditions not accounted for in the analysis may occur.

In addition to thermal loading, the closure of rooms in a salt
repository will depend on the depth of the repository; this relates
directly to stress and mine-geometry parameters such as the percent
extraction of salt and pillar width-to-height ratios. Room closure
calculations appear to be relatively insensitive to stratigraphy provided
that the salt near the burial horizon is at least hundreds of feet

thick.

2.2.3 Far-field parameters (regional scale)

Calculations of far-field, long-term effects are sensitive to the
assumed depth of the repository as well as the geologic section assumed,
the waste type, the thermal power emplaced per acre, and the age of the
waste at burial. Consequently, it is imperative that far-field studies
be made for each proposed site before site-specific performance limits
are set.

Uplift over repository, 4 to 5 ft max. Uplift over the repository

centerline was chosen as a measure of the far-field structural consequences
of repository thermal loading. The 4- to 5-ft-max uplift, neglecting
subsidence, is based on the assumption that rock-mass movements caused

by uplift may be no worse than movements caused by subsidence over mines

in sedimentary rocks, which is sometimes more than twice the stated

limit., Far-field effects are currently being studied to determine

whether 4 to 5 ft of uplift is reasonable. This tentative limit may

change as more information is developed. In any case, this limit must

be reevaluated for each site so that the effects of rock-mass movement

on the hydrological regime and long-term safety may be assessed.

Temperature rise at the surface, <1°F. Temperature rise at the

surface has been limited to avoid undesirable effects on the biota.

. .. . 7
This limit must also be reevaluated for each site.
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Temperature rise in aquifers, <10°F and ALARA. Temperature rise in

aquifers has been limited because the flow velocity could conceivably
carry the higher-temperature water outside the repository area. In
addition, temperature rise and temperature gradients can influence
ground-water flow patterns and, in the worst case, may provide a transport
mechanism to return nuclides to the biosphere. This 1limit is currently
under study and must be reevaluated for each site, with consideration
given to flow rate, salinity, ultimate use of the water, and geochem-
istry, including dissolution, transport, and subsequent precipitation of
minerals. Ultimately, this 1limit may prove to be overly conservative
for many sites. Permissible temperature rises of 15 and 50°F for
stagnant aquifers 100 and 300 ft deep, respectively, have also been

proposed.

2.3 Methods of Analysis

Relatively little experience exists on the effects of imposed
thermal loading on a rock mass; therefore, we must rely on numerical
models to investigate the effects of various configurations and power
levels. The mechanical response of the rock mass to an imposed thermal
loading, in addition to the usual isothermal stress loading, is being
analyzed by several different techniques: the finite-element method,8
the finite-difference method,9 and the displacement-discontinuity
method.10 Each method of analysis incorporates a nonlinear creep law
for salt. With the exception of the displacement-discontinuity method,
which uses PSV results directly, the analysis techniques make use of
laboratory—-derived properties that predict the creep and strength
behavior of the rock-salt mass. Predictions using computer codes
involving these techniques are validated by comparing them with field
data from PSV as well as other mines for which deformational data have
been collected.g’ll

The analysis for other rock types in the repository region is
somewhat similar to that for salt with some important differences.

These differences include the importance of features such as existing

joints, contacts, and fractures in nonsalt rocks, the importance of
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porosity, permeability, and ground-water flow through the repository
area, and the relatively greater importance of strength than creep
behavior. Although computer codes presently in use do not incorporate
all of these features, progress is being made.

The finite-element and finite-difference codes are suitable for
analysis of response in the very near field, near field, and far field.
The displacement discontinuity method is useful for near- and far-field
studies but is not suitable for very near field analysis. Finite-
element calculations are being made for the National Waste Terminal
Storage Program (NWIS) by RE/SPEC Inc., of Rapid City, South Dakota.
Science Applications, Inc., Oakland, California is making explicit
finite-difference calculations, while the displacement-discontinuity

method calculations are being performed at the University of Minnesota.

3. AREAL THERMAL LOADING DENSITY RECOMMENDATIONS
3.1 Background

Prior to 1977, the thermal loading recommendation for HLW reposit-
ories in rock salt was 150 to 158 kW/acre of 10-year-old waste. This
recommendation was based on the excellent thermal analysis work of
Cheverton and Turner.12 Interim criteria, based on temperature alone,
were used to arrive at the recommended thermal power loading. These
thermal criteria were termed "interim" because they were based on
preliminary, undocumented rock mechanics analyses of the Lyons, Kansas
site.

In 1977 the interim temperature criteria12 were replaced by the
tentative performance limits given in Table 2. These limits focus
attention on the maximum allowable response of individual components of
the system. Theoretical and experimental methods can be used to evaluate
how reasonable the performance limits are for a specific site. Numerical
simulation of the entire system allows us to compare the performance of
a proposed design with the performance limits. If any of the limits are
exceeded, attention is focused on the controlling variable, and adjustments

can be made in the design until all of the limits are satisfied.
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It should be emphasized that the tentative performance limits given
in this report are for generic studies useful in conceptual design.
Some of the limits will probably change for specific sites, and these
changes may be reflected in different thermal loadings than those

recommended here for generic studies.

3.2 Comparison of Numerical Simulation Results with
Tentative Performance Limits

3.2.1 Very near field results

These results are available13 for maximum salt temperatures for a
single row of 10-year-old PWR-SURF or HLW canisters in the configuration
shown in Fig. 1. Maximum salt temperature increases for these two cases
are shown in Fig. 2 and are summarized in Table 3. Table 3 also contains
results obtained for 10-year-old PWR-SURF at 36 kW/acre (25-year retrieval
case) with canisters in two rows and a pitch of 4 ft.14 The maximum
temperature rise calculated in this case is over twice that of the PWR-
SURF temperature rise calculated in ref. 13; this is primarily caused by
the presence of the second row of canisters in the room and the different
assumptions used in the analyses. In any case, none of the calculated
temperatures approach the tentative temperature limit of 260 to 320°C
given in Table 2.

A relatively high degree of confidence can be placed in temperature
calculations at this scale because the models, material properties, and
computational techniques can be validated by comparison of computed
results with in situ test results. This has been done for results from
PSV.l Data from the Avery Island heater tests should be available in
the near future for further validation of computed results.

With respect to HLW temperatures, tentative limits of 500°C for
glass and 700°C for calcine are given in Table 2. The HLW temperature
will depend on the properties of the glass or calcine, its thermal power
density at burial, the size and shape of the waste container, the ambient
salt temperature, and the heat transfer properties of the rock salt.

Table 4 contains upper-bound conservative estimates of maximum
centerline temperatures for HLW as obtained in Appendix B. The conserv-

ative maximum HLW temperature estimates are comfortably less than the
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Fig. 2. Comparison of maximum temperature increases in salt as
functions of time in the three-dimensional unit-cell models for spent
fuel (SF) stored at 60 kW/acre and HLW stored at 150 kW/acre.13
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Table 3. Maximum salt temperatures for three different repository configurations

Power Maximum Approximate
Type density Power/can temp rise Maximum temp time of maximum Pitch
waste (kW/acre) (kW) (°C) (°C) (years) (ft) Ref.
HLW-UO, 150 2.1 127 171 20 7.82 13
PWR-SURF 60 0.549 43.3 87.2 30 5.12 13
PWR-SURF 36 0.549 106 135 5 44 14

ST

a ,
Two rows of canisters per room spaced 5.5 ft apart.
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Table 4. Estimates of maximum HLW temperatures from Appendix B

Maximum
centerline Maximum allowable
HLW temp? canister temp Thermal conductivity of waste
waste type (°C) (°Q) Btu/bhr - ft - °F Ref.
Glass 435 375 0.66, T = 405°C 4
Calcine 534 375 0.25 12

“Thermal power assumed to be 2.1 kW/canister for a 1-ft-ID canister
with an active length of 8 ft.

tentative temperature limits given in Table 2. For these limits, it is
apparent that the HLW thermal loading limit for the reference repository
in rock salt is not controlled by either the resulting very near field
temperatures of the waste or by its container for canister spacings
under consideration.

A maximum temperature of 200°C for the spent fuel element and 500°C
for PuQ, are recommended for SURF.3 Preliminary temperature calculations
are available for a 10-year-old PWR assembly within a canister within an
overpack of 17.5 in. OD, and an open hole of 24 in. diam.15 Center-pin
temperature estimates vary with time and depend on emissivities assumed
for the canister, overpack, and salt. Estimated peak temperatures occur
approximately 1 year after burial and range from 155°C for moderate
emissivities of 0.6, 0.6, and 0.9 for the canister, overpack, and salt,
respectively, to 198°C when relatively low emissivities of 0.3 are used
for three surfaces. These calculations should be repeated and documented.

Independent temperature calculations for SURF have been made by
Kaiser Engineers. These calculations also indicate that the SURF tempera-
ture maximum will be within the tentative limit given in Table 2.
Therefore, it is unlikely that the thermal loading of the reference
repository for 10-year—-old SURF will be controlled by the pin temperature.

With respect to moisture content of the salt, no discussion of the

effects of different amounts of brine in different temperature and

temperature gradient fields will be included in this report because no
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tentative limit has been set. Preliminary estimates have been made,5

and work is continuing on brine migration and the effects of different

brine contents on the thermal, mechanical, and chemical properties of

| rock salt.

3.2.2 Near-field results

These results are obtained using finite-element, finite-difference,
and displacement-discontinuity computer codes to calculate rock mechanics
response at room scale. A great deal of effort has been expended over
the past decade to assess the stability of the underground caverns in
rock salt after the emplacement of the heat-generating waste canisters,
because preliminary estimates of very near field temperatures indicated

that they probably would not be a problem.

The following information is required to calculate the response of
the salt mass:
. 1. the geometry of the room and pillar configuration;
2. transient temperature field results for the thermal loading and

geometry under consideration;

3. a sufficiently accurate material or constitutive law for rock salt,
and
4, a computer code capable of incorporating (1) through (3) above with

Newton's second law and the strain-displacement relations to calculate
the desired stress and displacement fields needed to judge the

stability of the underground cavities.

All of the near-field analyses performed to date have assumed that
the salt-rock mass will behave as a homogeneous, isotropic continuum.
In general, this assumption is reasonable; however, at any particular
location within a repository, the stability of a room may be controlled
by local geologic features such as clay stringers within the salt-rock
mass and deviations of the material properties from the mean values used
in analysis. Consequently, the value of the near-field analyses lies in
guiding us to the configurations that should be most stable rather than

giving the detailed stress and deformation fields at every location in

the repository.
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A typical finite-~element mesh is shown in Fig. 3.16 This two-
dimensional model, in which one-~half of a room—and-pillar unit are
represented, is typical of analyses performed in the near field to
assess room stability. Fig. 6 represents centerline room closure as a
function of pillar height-to-width ratio for three thermal loadings and
three repository depths.l6 Note that the pillar height is held constant;
therefore, the height-to-width ratios of 1:3, 1:4, and 1:5 imply local
areal extraction ratios of 25%, 20%, and 16.77% respectively. The
results presented in Fig. 4 are for 1l0-year-old PWR-SURF in the Z5-year
retrievable storage configuration. These results clearly demonstrate
the dominant influence of repository depth and the lesser influences of
areal thermal loading and pillar height-to-width ratios (areal extrac-
tion ratios) on room closure after 25 years. Curves analogous to those
shown in Fig. 4 are presented for earlier times in ref. 16.

Results such as those in Fig. 4 provide guidance for site selection
(structural stability during the operational phase is relatively sensitive *
to repository depth) and for repository designers who will choose values
of thermal loading and repository geometry. Sufficient flexibility »
exists to meet performance limits such as those given in Table 2.

As further evidence of flexibility in design, the results shown in
Fig. 5 indicate that reducing the extraction ratio while holding the
thermal power loading per acre and depth constant may actually decrease
the stability of the room due to the higher local temperatures. This is
contrary to what would be expected in a mine without heat sources and
leads to the conclusion that, for local stability, an optimum extraction
ratio exists for a particular depth and thermal loading.

Centerline room closure has been chosen as a key indicator of room
stability because it incorporates pillar shortening, roof sag, and floor
bulging subject to the assumption that the salt mass remains a continuum.
To demonstrate that this is a reasonable assumption, consider Fig. 6,
which shows the displacement of the periphery of the room at 25 years
for three thermal loadings of a repository at 2000 f:.

The strip-model configuration used in these calculations is con-

servative, because it implies that rooms and pillars continue to infinity

on both sides of the modeled room and pillar, and that all of the heat
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Fig. 3. Finite-element mesh describing the four models used in the
mine stability study.l6
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Fig. 5. Comparison of room closure for various extraction ratios
to determine an optimum extraction ratio.l6
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Vector displacements of the roof, rib, and floor of mine

Fig. 6.
cavity for a 2000-ft-deep repository at a 1

:4 pillar height-to-width

16

ratio for various thermal loads at 25 years.
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sources are implaced simultaneously and are at full strength at the same
time. In addition, the beneficial influence of heat removal by ventilation
is neglected. Some heat removal by ventilation is certain to occur as
long as the room is open and being ventilated. This is likely to be the
period of highest thermal power output, which makes results obtained
while neglecting this influence conservative.

Two-dimensional analyses such as those above are reasonable approxi-
mations near the center of the relatively long (hundreds of feet)
burial rooms being planned. However, such 2-D analyses are not adequate
to assess the stability of intersections that occur in all of the designs
being considered. Consequently, an effort is currently underway at
Science Applications, Inc., Oakland, California to evaluate a 3-D version
of the explicit finite-difference code STEALTH by comparing it with PSV
results.

The displacement-discontinuity computer codes developed at the
University of Minnesota are useful for studying repository stability on
a somewhat larger scale and with different room-and-pillar configurations.
Figure 7 shows room closure vs time for extraction ratios of 20 and 257
per cent at depths of 1500 and 2000 ft, assuming a regular array of
rooms and pillars, using the 2-D code SALT 2.l7 Figure 8 shows the
stabilizing influence on room closure of including periodic barrier
pillars while holding the extraction ratio constant at 207%. The analyses
shown in Figs. 7 and 8 are for rooms that are 36 ft wide and 25 ft high.
Even though such large and less-stable rooms are not now being considered,
the configuration shown in Fig. 8 does satisfy the near-field room
closure limit of Table 2; however, the comparable regular extraction
case shown in Fig. 7 does not satisfy the limit. This example illustrates
how mine geometry can be varied to increase the near-field stability of
the repository.

The displacement-~discontinuity method can also be used to study
three-dimensional aspects of near-field stability. Due to the large

size of the problem, less detail can be included in the 3-D analyses.

3.2.3 Far-field results

These results are available in refs. 17-19. 1In ref. 18, the model
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consisted of a right-circular cylinder with a 10,000-ft radius for a
representative bedded-salt case, and a 16,000-ft radius for the domal-
salt case. The top of the model was the surface of the earth, and the
lower surface was assumed to be a horizontal plane at a depth of 10,000
ft. The repository burial level was modeled as a homogenized heat-
generating disk with a radius of 3500 ft at a depth of 2000 ft. A
fictitious geologic section was used and representative thermal and
elastic properties were assigned to each rock type. Axially symmetric
finite-element models were prepared for the bedded- and domal-salt
cases. Temperature distributions, displacements, and stresses were then
determined using finite-element heat transfer and thermoelastic computer
codes for various areal thermal loadings.l

Figure 9 shows typical vertical temperature profiles through the
centerline of the repository for 75 kW/acre of 10-year-old SURF at
various times. Repository plane temperatures are shown in Fig. 10 for
the same case and indicate that the temperature rise is primarily directly
above the repository, particularly at earlier times. This indicates
that the heat transfer is mostly vertical in single-level repositories
of large areal extent.

Heating a large mass of rock in the model results in a doming of
the surface over the repository. Vertical movement upward of a point on
the centerline of the repository at the surface of the earth is shown in
Fig. 11 as a function of time. The results, shown in Fig. 11, indicate
that the uplift for the 10-year-old HLW case peaks at approximately 150
years and approximately 50 in., which is within the limit of 4 to 5 ft
given in Table 2. For the 10-year-old SURF case, the results indicate
that all of the SURF displacements peak at about 1000 years, and 75
kW/acre will not meet the uplift limit. Consequently, the thermal
loading recommendation for 10-year-old SURF is 60 kW/acre if all of the
repository area (including ventilation ways, haulage ways, etc) is used
as area in the calculation, rather than just the room-and-pillar storage
area, as is done in the near-field calculations.

Different models and computational methods were used in refs. 19

and 20, but the basic results discussed in ref. 18 are confirmed.
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. Fig. 9. Bedded-salt repository model centerline temperatures for
| spent fuel, assuming a gross thermal loading of 75 kW/acre.18
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Fig. 10. Repository midplane temperature for the bedded salt

repository model for spent fuel, assuming a gross thermal loading of *
75 kW/acre.18
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- Fig. 11. Comparison of the vertical displacements of the surface
at the centerline of the dome salt model for five thermal loading
conditions.18
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Studies are presently underway to evaluate the influence of repository
depth and thickness of the salt unit on thermally driven ground move-
ment.

The tentative performance limit for temperature rise at the surface
is 1°F (Table 2). Reference 13 indicates the maximum temperature rise
at the surface would not exceed 0.01°F for the reference repository with
either HLW or SURF, thus the 1limit is easily satisfied.

The final, tentative limit considered in Table 2 requires that the
temperature rise in aquifers at the site must be less than 10°F and as
low as reasonably achievable. The temperature rise in an aquifer depends
on several factors in addition to thermal loading. These include proximity
to the burial horizon, flow rate in the portion of the aquifer in the
immediate vicinity of the repository, etc. The temperature rise in
aquifers and its consequences are questions that can be addressed in
detail only for a specific site. For the purposes of this report, we
can show that the proposed limit is probably achievable by assuming that
as a conservative approximation, the aquifer temperature is equal to the
calculated rock temperature.

Temperature rises in aquifers surrounding salt domes are of interest.
Calculations reported in ref. 18 indicate that for SURF, temperature
increases of approximately 7.5°F would occur at the edge of a dome with
a radius of 8000 ft loaded at 50 kW/acre (approximately 9°F for 60
kW/acre). For the HLW case (150 kW/acre), the corresponding temperature
increase is approximately 13°F but drops to 9°F within 500 ft of the
edge of the dome. Consequently, even with a conservative analysis, the
temperature rise in aquifers surrounding salt domes would apparently be
about 10°F, and the limit seems to be reasonable.

In the case of a repository 1in bedded salt, the proximity of
overlying or deeper aquifers to the burial horizon would be limited if
it is again assumed that rock and aquifer temperatures are equivalent.
For a SURF repository loaded at 50 kW/acre, the the temperature rise
from the surface to a depth of approximately 600 ft would not exceed
lO°F.l8 Therefore, this region could probably contain aquifers without
violating the 10°F temperature-rise limit. This conclusion also holds

for HLW at 150 kW/acre.
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The calculated temperature increases for points below the burial
horizon are greater than those above the horizon due to the geothermal
gradient, the decrease in thermal conductivity of salt at higher tempera-
ture, and the boundary conditions. Therefore, for a SURF repository
loaded at 50 kW/acre, a 10°F temperature rise may occur at depths of
about 5000 ft.

It thus appears that a site with approximately the characteristics
assumed in ref. 18 will meet the limit of 10°F temperature increases in
aquifers if no aquifers occur between the depths of approximately 500
and 5000 ft. It should again be emphasized that limits must be set and
calculations made for each site under consideration. The range of
depths given above are for that example only and should not be used as a

criterion in site selection.

3.3 Recommendations for Areal Thermal Loading

Based on the comparison of numerical simulation results of Sect.
3.2 with the tentative performance limits of Table 2, Table 5 gives
thermal loading recommendations for generic studies. The factor(s) that
appear to be controlling the recommended thermal-loading densities are

also given in the table.



Table 5. Recommended thermal loadings for generic studies in salt
Retrievability
Age at burial Thermal load period
Waste type (years) (kW/load) Controlling factor Area used in calculations (vears)
HLW" 10 150 Room closure, far- Room-and-pillar storage 5
field effects area
SURFb 10 60 Far-field effects Gross repository area in-
(V75 based on room- cluding shaft pillars,
and-pillar storage ventilation drifts,
area) haulage ways, etc.
10 36 Room closure Room—-and-pillar storage 25

area

aHigh—level waste from UO,

Spent unreprocessed fuel;

fueled reactors.

values given in this table are for PWR SURF.

[43
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5.1 Appendix A. Waste Projection Data
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UNION INTERNAL CORRESPONDENCE
CARBIDE
NUCLEAR DIVISION POST OFFICE BOX Y, OAK RIDGE, TENNESSEE 37830
To Name) J. E. Russell Date February 15, 1978
Division,
Locatioh”’ Originating Dept.
Answering letter date
Copy 10 A. L. Boch S. C. Matthews Subject Waste Projection Data Memo 15
G. D. Brunton L. L. McCauley
W. A. Burnett W. C. McClain
H. C. Claiborne J. M. Morrison
L. B. Cobb H. N. Noritake
L. R. Dole W. H. Pechin
P. D. Fairchild A. S. Quist
W. A. Goldsmith H. N. Rosenberg
G. H. Jenks R. L. Shoup
R. K. Kibbe C. S. Sims
R. B. Laughon D. W. Turner
T. F. Lomenick J. E. Vath
R. S. Lowrie C. D. Zerby

Attached are copies of the tables you requested. The decay heat generation
rates (Watts/MTU) for HLW as a function of years after discharge are given

in Table 1. The power from HLW (PWR and BWR) for both the full recycle (U,

Pu recycle) and the no-recycle (fresh u cycle) cases are listed separately in
columns one through four. Listed in the next two columns is the power from
HLW having mixed fuel cycles (one part full recycle to three parts no-recycle)
for PWR's and BWR's separately. In the last column is listed the HLW power
from PWR's and BWR's mixed 2:1 having mixed fuel cycles (1:3).

The decay energy (Kw-Yr/MTU) for HLW as a function of years after discharge
is given in Table 2. Column format is the same as Table 1 described above.
The last column of both tables because of the inclusion of mixed fuel cycles
is believed to be a better representation of the actual heat deposited to a
repository than any of the standard fuel cycles taken individually (e.g. U,
Pu recycle; U-only recycle; no-recycle) since different fuel cycles may
coexist during the operating life of a repository.

The equilibrium burnup is assumed to be 33,000 MWD/MT for the PWR and 27,500
MWD/MT for the BWR. It is assumed that 99.5% of the U anc Pu are removed dur-
ing reprocessing. Reprocessing is assumed to occur one year after the fuel
has been discharged from the reactor. ?r/;7 ’
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POWER AND ENERGY AS A FJNCT 1ON OF TIME

11 ME
AF TER PWR
D1 SCHARGE POWER

-LYRARS) . (MATTS)

10402.58
5625.49
3587.00
2559.55
2004411
1682.07
1481.93
1349.10
1255457
1186.23
1132.49
1089.,29
1053.13
1022.20

995.00
970.57
948.23
927.53
908.19
889.72
572.19
853.40
839.23
823.62
808,51
793. 86
779.63
765.79
752433
739.21
726.43
713.97
701.82
689.95
678.40
667,10
656.08
645.32
634.81
624.54
533.95
461.69
403.72
357.01
319.24
288.56
263,54
243.01
226. 08
212.01
200.23
190.29
181.82
174.53
168.21
162.67
142,47
128.96
109.87
95.78
84.55
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PWHR AND BWR (WATTS/MTHM) *

SPENT FUEL

BWR
POWER
{WATT3)

7682416
4226443
2738.24
1985 55
1577.18
1339 .64
1191.45
1092.64
1022 .66
970.42
929.62
896.49
868 .66
844 .61
823.30
804,05
786436
769 .88
754436
73963
725 .56
712.04
699.C1
586 .41
674 .20
662..34
650482
639 .61
528 .69
618.04
607 .67
59755
S87 .67
578.03
56862
559.44
550 .46
541469
533.13
524 .76
450.78
391.59
34397
30S.52
2748 .35
248.98
228.23
211.18
197.07
195.32
175.46
167.11
159.97
153.31
148 .45
143.73
126.41
114,68
97 .99
85.63
75.76

PAR AND BWR
I

N A
2-I0_1_BRATIQ

9495,75
S159.13
3304.08
2368.26
1861 .80
1567 .93
1385410
1263.€1
1177 .92
1114,.29
1064,.,87
1024 .96
991.€4
963.00
937.77
915.0¢
894,28
874 .98
8956485
839.69
823.31
807.€1
792449
777.88
763.74
750 .02
73669
72373
Til.11
698 .82
686.84
675.1¢€
663.77
652465
641.80
631.21
620 .87
610.78
600.52
S91.28
506.22
438.32
383.80
339.85

*PWR Burnup 33,000 MW/MT; BWR Burnup 27,500 MW/MT
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POWER AND ENERGY AS A FUNCT ION OF T IME (CONTINUED)

TIME
AF TJER PWR 3% R Pa#R AND BwR
DI SCHARGE POwWER POWER IN A ENERGY
-LYEARS) (HATTS) (AATTS) 2.1Q_1_RAT[Q LK W= YR /M THM)
7¢0 75431 6764 72.76 142,27
| eco 67.58 650.88 65433 145,17
i 900 61.03 55.08 59 .05 158€.29
| 1CCC 55447 50418 53.71 1€1.C2
| 2¢0¢ 29.18 26499 28435 20Ce77
300¢ 22.69 21.20 22.20 225,56
__ acce 20.30 19.00 19 .87 Z4€,57
S¢CC 18.82 - 17.61 18.42 2€€.10
6CcC 17.51 16¢47 17423 ° 2€2,92
7C00 16453 15.44 16417 200.€2
8c0C 15.54 14.51 1520 21€.29
S000 14463 13.65 14,31 311.C4
16C0¢C 13.80 12.86 13.49 244.53
11¢CC 13.03 12.14 12473 acte,Cs
1200¢C 12.32 1147 12.04 270.42
13c0¢ 11.57 10.85 11449 2EZ.14
14000 11.06 19.28 . 10 .80 392,23
1560¢ 10.50 " 9475 10 .25 403,7¢
16CCO 9.93 926 974 413,75
17¢C¢C 9.50 8.81 9427 . 423,26
18C00 9.05 8.39 8.83 422 2%
1000 8.64 8.00 8442 44C.Sa
20CCO 8.25 7.63 . 8.05 445,17
21C00 7.89 7.29 . 7 «69 457,04
| 22¢ccC 7«55 6.98 7436 464,56
| 23¢00 7.24 668 7.05 .  471.76
| 2acco 6.94 6040 676 . 478,67
2s50¢¢C 6066 5.14 649 4ec.30
26GCC 6440 S.90 6424 491.€6
27¢0CC 6.16 Se67 6 .00 4§7.77
28000 5.93 5445 S.77 $03.66
29G0C Se71 5425 Se56 £CS.22
30C0¢C Se51 5.06 S5.36 £14,78
40CCC 3.96 3.62 3.85 €€0.38
50C0C 2.98 2.72 2.89 £62,.86
€0C0C 2.32 2.10 2425 €15.44%
7CCccC . 1489 1e67 L 79 €3G.54
8occc 1451 135 145 €SE,7C
SsQCcc 1«25 1el2 1e21 CEELSY
160¢c¢C 1.07 0.95 1.03 €EC.15
15000C 0.67 0.57 0464 72C.58
2¢00CCC 0.58 0.50 0456 7%C.71
250CG¢C 0.57 0.48 0.54 77€.10
3g0¢cc 0.56 0.48 0.53 €0A4.S5
40CCCC 0.55 .47 Q.52 €27.66
500CCC 0.52 0.45 0.49 SCE.38
10¢o0coc 0.39 0.35 0 .38 11z24.77
3o0cccoc 0.23 0e21 0e22 17C7.84
1cocccoo 0.12 0.1l 0.12 2E42413

Source: OWI Waste Projection Data - Memo 9, D. W. Turner to W. A. Burmett,
Aug. 17, 1977.
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5.2 Appendix B. Maximum HLW Centerline Temperature

The centerline and canister wall temperatures will reach near
maximum in a relatively short timej; steady-state can therefore be
assumed. For an infinite cylinder with a uniform heat generation (Q),

the temperature drop from the centerline to the surface of a cylinder of

radius r is

2
T, T(r) %ﬁ;— . (B.1)
The maximum possible temperature will occur at the centerline when

the canister surface is at its permissible maximum, 375°C (707°F). For

2.1 kW in a canister that is 1 ft in diam, and 8 ft high,

_ 3413 x 2.1

= L] 3 B.Z
628 1141 Btu/hreft”. ( )

L

Using the flat-plate equation as an approximation, the temperature drop
across the canister wall is (k steel = 25 Btu/hre+ft+°F)
AT = qAX 3413 x 2.1 x 0.375

= = ° B.
Ak T x1x8x25x 12 0-36°F. (B.3)

For calcine (k = 0.25 Btu/hr-ft-°F),

1141 x (0.5)2
4 x 0.25

T, = 707 + + 0.4 = 993°F (534°C). (B.4)

For glass (k = 0.66 Btu/hr+ft+°F).

1141 x (0.5)?
4 x 0.66

T =707 + + 0.4
c

It

815°F (435°C). (B.5)
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