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Abstract
Welded tuff is being evaluated as a possible medium in which to store nuclear waste.
This report analyzes the heat effects of emplacing radioactive waste in welded tuff
below the water table at Yucca Mountain on the Nevada Test Site (NTS). One-, two-,
and three-dimensional calculations were used to evaluate the heat effects of spent fuel
(SF) and commercial high-level waste (CHLW) in three regions: the very-near field, the
room and pillar, and the far field. It was assumed that the canistered waste was placed
in a borehole with no additional waste packaging. As a result of the calculations,
interim reference-repository conditions of a gross thermal loading (GTLI of 100 kW/
acre and a 20 extraction ratio (ER) were defined for both SF and CHLW. For these
conditions, far-field temperatures remain below 1000 C and those in the room-and-
pillar domain below 1200C. In the very-near field, canister centerline temperatures are
1950C for SF and 2950C for CHLW; borehole wall temperatures are 1840C for SF and
2220C for CHLW. (The room-and-pillar and far-field temperatures are recognized as
upper limits.) Once a full waste package is defined, canister loading may have to be re-
duced to prevent excessively high temperature within the waste package.
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Thermal Analysis of Nuclear Waste
Emplacement in Welded Tuff

Introduction
As part of the Nevada Nuclear Waste Storage

Investigations (NNWSI) project, welded tuff is being
examined as a potential medium for the geologic
isolation of nuclear waste. This report analyzes the
thermal impact of emplacing radioactive waste, both
commercial high-level waste (CHLW) and spent fuel
(SF), in welded tuff. Calculations are presented for
three regions: the very-near field (immediate vicinity
of the canister), the room and pillar, and the far field.
These calculations were completed by members of the
Mine Design Study Working Group (MIDES-WG)
that was organized by Division 4537 of Sandia Nation-
al Laboratories (SNL), and madeup of representatives
from SINL, RE/SPEC, Inc., and Texas A&M Universi-
ty. This preliminary report summarizes their results.
New information gained through ongoing data collec-
tion and computer analyses will be evaluated to deter-
mine if it has any significant impact on results from
preceding analyses. In particular, a full waste package
must be introduced into the calculations as soon as
details for it are available.

Background and
Objectives

The thermal calculations described here were
completed to help accomplish the main objectives of
the MIDES-WG:

To define the anticipated environment for a
repository in welded tuff, either above or below
the water table
To identify both model and data needs for confi-
dent design of a repository in welded tuff
To develop conceptual test plans for in-situ tests
to resolve the issues identified above
To integrate results of in-situ tests and laborato-
ry and modeling studies into an engineering-
design data package for use in a conceptual
design of a repository

This report primarily addresses the first objective.
However, analysis of the results has furthered all
objectives by (1) establishing the thermal-property
data and analysis bases; (2) establishing limits on
controllable parameters extraction ratio (ER) and
gross thermal loading (GTL) that affect the thermal
field; and (3) determining scoping information on the
volume of rock in which porewater is vaporized when
heated.

Preliminary limits were set on the ER and GTL to
reduce the number of calculations needed in subse-
quent thermal-mechanical analyses, and to develop a
single set of thermal analyses for use in defining
interim reference-repository conditions needed by the
Reference Repository Conditions-Interface Working
Group (RRC-IWG). Limits were imposed on the ER
and GTL by applying available temperature criteria
to temperatures resulting from the calculations. The
most recently published thermal criteria were used.
These include temperature limits of 3750C for zircaloy
fuel cladding, 37,5 C for a stainless-steel canister, and
5000C for a glass waste form.' No meaningful thermal
criteria could be identified for the emplacement medi-
um, which is a nonzeolitized welded tuff.

The set of calculations used to determine interim
reference-repository conditions also provides scoping
information on the amount of rock in which porewater
is vaporized as a result of waste emplacement. This is
important because the thermal conductivity of water-
saturated tuff is higher than that for dehydrated tuff.
In the thermal calculations it was generally assumed
that tuff dehydrated and thermal conductivity de-
creased when the tuff reached the local boiling point
of water-thus causing higher thermal gradients and
temperatures near the heat source.

Calculation Conditions
Common repository geometries for rooms and pil-

lars similar to those used in other studies were
assumed for very-near-field and room-and-pillar cal-
culations. Two rows of single SF canisters and one row
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of single CHLW canisters were assumed emplaced in
vertical holes in the floors of the rooms. Figures 1 and
2 show the geometries and dimensions used in both
plan and cross-sectional views.

Plan View

Canister

Plan View

Room Cross Section

Room Cross Section

Plug (same
properties
as tuff)

Plug (same
Properties
as tuff) Figure 2. Initial Room Design for CHLW Repository in

Welded Tuff

All the canisters were assumed simultaneously
emplaced at the start of the calculations. The space
above the canister in the hole was assumed backfilled
by crushed tuff with the same properties as the unit in
which the waste was emplaced. No waste package was

Figure 1. Initial Room Design for SF Repository in Welded
Tuff
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used; a 1-in air gap surrounded the canister. The
waste itself was assumed to be 10 yr old. Initial heat
generation for SF was 0.55 kW/can. For CHLW, three
values of 0.50, 1.0, and 2.16 kW/can were treated. The
normalized thermal output of the waste (Q/Q.) used in
the calculations is shown in Table 1 as a function of
time and wasteform. Table 2 displays values for the
bulk density, heat capacity, and thermal conductivity
of the waste forms. Values used for the very-near-field
modeling of SF were calculated by assuming the ge-
ometry and materials given in the table. Table 3 shows
canister dimensions.

Table 1. Normalized Thermal Output as a
Function of Waste Form and Time After
Emplacement 4

Year After Normalized Thermal Output

Table 2. Material Properties of Waste Form

CHLW (vitrified)5

Assumptions for the SF values and equations listed
above are one assembly of SF/canister, containing

289 pins in a 17 7 array
Pitch/diameter ratio between pins: 1.36
Pin diameter: 0.97 cm
Cladding thickness: 0.053 cm
Pin OD: 0.81 cm
Carbon-steel canister, air filler, zircaloy clad-
ding, U0 2 fuel

These values were used in the SF calculations completed
by RE/SPEC. The equivalent thermal/physical properties
of the SF canister and its contents were calculated by using
concentric cylinders to represent the different materials.

The equations were calculated by using material and
thermal physical properties from Reference 7 for zircaloy
cladding and U02, and from Reference 8 for air and carbon
steel.
{COULD NOT BE CONVERTED TO SEARCHABLE TEXT}

temperatures, but should not affect room-and-pillar or far-
field temperatures. In the very-near field the borehole-wall
temperatures should be lower, and the canister centerline
(CL) and skin temperatures higher if a waste package is
considered. The higher temperatures for the canister CL
and skin are a result of the low thermal conductivity back-
fills being considered for the waste package. Although canis-
ter CL and skin temperatures increase, rock-wall tempera-
tures will decrease because of the ignificantly increased
area of the larger borehole. However, the major effect of the
waste package will be that canister loading may be reduced
to prevent excessive temperatures in the waste package.

Table 3. Canister Dimensions (Reference 5
and MIDES-WG)

CHLW Canister Description

Total Length:5 3.05 m
OD: 0.32 m
ID: 0.30 m
Heated length: 3.00 m
Canister material: Stainless-steel 304

SF Canister Description

Total Length: 4.67 m
OD: 0.355 m
ID: 0.30 m
Heated length:5 3.66 m
Air-filled
Canister material: Carbon steel



Geologic Properties
The geology of the modeled repository is based on

that of Yucca Mountain at the Nevada Test Site
(NTS). The modeled repository was assumed to be
800 in below the ground surface, 50 m below the
contact between the Bullfrog and Prow Pass Members
of the Crater Flat Tuff, and 330 in below the water
table. Table 4 shows the stratigraphy and thermal
properties originally defined for the thermal calcula-
tions based on borehole density logs, core logs, and
physical tests on core from Hole UE25a#1 at Yucca
Mountain, NTS. In the calculations, the stratigraphic
units encountered in UE25a#1 were assumed horizon-
tal and representative of the stratigraphy of Yucca
Mountain. UE25a#1 was drilled into but not through
the Bullfrog Member, therefore, because there was no
detailed geologic information about the Bullfrog, we
assumed it extended to infinite depth below
UE25a#1.

Core logs and borehole density logs from the US
Geological Survey (USGS) were complemented by
laboratory bulk-property tests to subdivide the geo-
logic units on the basis of porosity and mineralogy.
Porosity values below 430 m were assigned based on a
borehole density log and on core tests. Above 430 m,
no density log was available and only core tests yielded
measurable, usable data above this point. Few core
tests were available in the Topopah Springs Member,
which is located above the water table, because abun-
dant lithophysae interfered with core recovery. There-
fore, the porosity values denoted by asterisks in Table
5 had to be estimated by using the porosity of sur-
rounding lithophysae-free zones and adding -30%
additional porosity to account for the lithophysae.

Table 4 shows that thermal conductivity and pCp
values change when the tuff is assumed to have dehy-
drated by boiling of porewater. Drying of the tuff was
assumed to occur over a narrow temperature range
bounding the assumed local boiling point of water.
Vaporization of porewater at the lower bound initiates
a reduction of thermal conductivity. When tempera-
tures within the tuff reach the lower bound of the
assumed boiling temperature, energy is assumed tak-
en out of the system by using an effective heat
capacity derived from the heat-of-vaporization values
in Table 5 and the rock volumetric heat-capacity
values in Table 4. Several different methods were used

to model the transition in values of thermal conduc-
tivity and heat capacity as shown in Appendix A

Values used for the thermal conductivities of the
various units were derived from unconfined thermal-
conductivity tests. It was assumed that unconfined
thermal conductivities are the same as the thermal
conductivities at depth. Mechanical tests indicate
that pore collapse should not occur at the pressures
that would exist at typical repository depths; thus
thermal conductivity should not change with increas-
ing fluid-confining pressure. Thermal conductivities
below temperatures of dehydration may rise, but not
significantly Increased fluid pressures would, how-
ever, raise the boiling point.

Volumetric heat capacities shown in Table 4 were
calculated by assuming that

where

volumetric heat capacity of the tuff
porosity of the tuff
heat capacity of water
heat capacity of the grains (assumed to be
0.84 J/g C)
grain density
water density

The thermal diffusivity was calculated by using

K
a =

where

thermal diffusivity
thermal conductivity of the rock
bulk density of the rock
specific heat of the rock

Of the values indicated in Tables 4 and 5, only those
for the Bullfrog Member of the Crater Flat Tuff were
used in the very-near-field and near-field calculations.
The model stratigraphy used in the far-field calcula-
tions is shown in Table 6. In this table, the original
stratigraphy of Table 4 was reduced by combining
units of similar properties to increase computational
efficiency.
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Table 5. Heat Required per Unit Volume to Vaporize
Porewater Present In the Tuff for the Original
Stratigraphy of Yucca Mountain

Heat of Heat of
Vaporization (kJ/m3 ) Vaporization (kJ/m3 )

Depth Assuming Assuming
m (ft) Boiling at 100 C Boiling at 220 C

0- 53 ( 0- 173) 213E3 146E3
53- 63 (173 208) 548E3 372E3
63- 84 ( 208- 276) 975E3 670E3
84-139 ( 276- 457) 234E3 159E3

139-192 ( 457- 631) 180E3 121E3
192-286 ( 631- 939) 234E3 159E3
286-328 ( 939-1076) 180E3 121E3
328-388 (1076-1273) 213E3 146E3
388-401 (1273-1317) 285E3 193E3
401-416 (1317-1364) 607E3 414E3
416-545 (1364-1789) 674E3 460E3
545-560 (1789-1836) 544E3 372E3
560-578 (1836-1897) 628E3 431E3
578-594 (1897-1950) 544E3 372E3
594-614 (1950-2014) 389E3 268E3
614-643 (2014-2110) 695E3 473E3
643-697 (2110-2288) 628E3 431E3
697-711 (2288 2333) 628E3 431E3
711- o (2333-co 502E3 343E3

The heat of vaporization values shown in this table were spread over various
temperature ranges and combined with the volumetric heat capacity of the rock
as shown in Appendix A.

The assumption of boiling at 220 C should be conservative above the reposi-
tory depth.
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One geothermal heat flux, 1.6 was
used in the appropriate calculations, but two different
initial in-situ temperatures were assumed. One of the
temperatures, 55 C, was calculated from assumed
values of thermal conductivities for stratigraphic
units in UE25a#1, combined with the assumed geo-
thermal heat flux: The second temperature, 350C, was
based on an actual field measurement and is probably
more representative of the true in-situ conditions at
Yucca Mountain." Therefore, the calculations done
by assuming an initial temperature of 550C are used
only for comparative purposes, and the calculations
done by assuming an initial temperature of 35°C are
used to obtain more realistic results. In the far-field
calculations, an assumed ground-surface temperature
of 201C was used.

Parameters for the
Analysis

Appendix B includes three tables summarizing
the thermal calculations and their input parameters.
The parameters that were varied include

GTL, from 25 to 150 kW/acre
Waste form (both SF and CHLW)
Boiling temperature, at either hydrostatic or
atmospheric pressure
Thermal conductivity (variations of 20%
from the nominal values were used)
Backfill at 100 yr (saturated and unsaturated),
or no backfill
ER, 10 to 30%

These parameters and their ranges were established
by the MIDES-WG. Other parameters that were con-
sidered and will be treated in future calculations
include waste-package configuration, ventilation, and
blast cooling. These parameters could significantly
affect the thermal fields.

Description of the Models
Calculations were completed with finite-element

thermal-conduction codes. Thermal convection was
not modeled. Thermal radiation was modeled in the
air gap between the canister and borehole wall, and in
the open room, by using an effective thermal conduc-
tivity formalism to represent thermal radiation. One-
and two-dimensional (1- and 2-D) models were used
for the far-field calculations, and two- and three-
dimensional (2-D and 3-D) models for near-field and

very-near-field calculations. Figures 3a through 3e
illustrate the models described below.

Each model treated the heat-producing zone dif-
ferently. In the 1-D far-field model, the repository is
assumed to be of infinite horizontal extent with an
isothermal boundary at the ground surface and a flux
boundary at the bottom of the model (Figure 3a). Heat
production of the repository was generalized within a
10-m-thick heat-producing block centered at the re-
pository depth of 800 m. The 2-D far-field model was
axisymmetric, with repository heat production gener-
alized within a 10-m-thick, 2000-acre, heat-producing
disk centered 5 m below the repository depth of 800 m.
This model had an isothermal boundary at its top
surface, a flux boundary at the bottom, and adiabatic
conditions along its vertical boundaries. One of the
vertical boundaries went through the centerline (CL)
of the repository; the other was far removed (Figure
3b).

In some calculations, a 2-D model was used for the
room-and-pillar domain. It was planar in the X-Z
dimension, with the plane perpendicular to the room
and through the canister and pillar. The heat pro-
duced by the nuclear waste at a given GTL was
generalized to a planar heat source with the dimen-
sions of a canister's diameter, and height. Heat output
per unit volume was determined by assigning the heat
output of a single canister to a parallelepiped whose
volume was determined by a canister's height, diame-
ter, and pitch. Vertical and horizontal boundaries
were adiabatic, because geothermal flux and gradient
were not considered in these calculations. Horizontal
boundaries were far enough from the heat source to
preclude any significant increase in temperature (Fig-
ure 3c).

Another 2-D model was used for the very-near-
field CHLW calculations. It was axisymmetric with an
"effective radius;" i.e., the radius resulting in a circular
area equivalent to the actual area heated per canister.
The actual area heated by a canister is the pitch
distance multiplied by the pillar CL-to-CL distance.
This model had vertical adiabatic boundaries-one
went through the CL of the canister; the other was far
removed to preclude any temperature increase. The
horizontal boundaries were far enough from the heat
source to preclude temperature increase at the bound-
aries (Figure 3d).

In the 3-D calculations, the canisters were mod-
eled as discrete sources. The area modeled extended
from the CL of the room to the CL of the pillar. All
vertical boundaries were adiabatic. Horizontal bound-
aries were far enough away from the heat source to
preclude an increase in temperature (Figure 3e).
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Figure 3a. 1-D Far Field Model

{COULD NOT BE CONVERTED TO SEARCHABLE TEXT}

Figure 3d. 2-D Very-Near-Field Aisymmetric Model.
Figure 3b. 2-D Far-Field Model With Effective Radius for CHLW



and CHLW. At 250 m from the repository, the
largest temperature rise is 55C for SF and 200C for
CHLW. The initial temperatures are -25°C at
+250 m and -40C at -250 m. Thus, temperatures
should remain below 1000C within the volume defined
by the planes at ± 250 m. With increasing distance
from the respository, temperature rises become small-
er. From the figures, it is seen that a much larger
volume of rock is heated by SF than by CHLW. At 50
000 yr the heated volume in Figure 5 for CHLW is
35% of the heated area for SF in Figure 4. This is a
function of the heat-decay properties of SF and
CHLW. SF heats a larger volume of rock over a longer
time because of its slower decay rate in thermal out-
put.

Figure 6 shows a radial temperature profile for SF
waste emplacement with a GTL of 150 kW/acre at a
depth of 795 m, close to the depth of the respository.
Even for very high GTL, the temperatures drop signif-
icantly at the edge of the repository, and significant
temperature increase is confined to within a few tens
of metres of the edge.

These analyses indicate that rock temperatures
should remain below 1000C except within a region
extending 250 m above and below a repository.

Figure 3. 3-D Very-Near-Field
Model for SF

and Room-and-Pillar

For CHLW, the canister is centered on the centerplane of
the room.

Results of the Calculations
Far-Field

Far-Field calculations were done to determine the
response of the stratigraphy to waste emplacement at
distances far removed from the repository for long
time periods (50 to 50 000 yr). The results presented
here are 2-D with hydrostatic boiling. GTL was the
major parameter varied. Boiling at 2250C under re-
pository level (800 m) hydrostatic pressure is the only
boiling condition considered realistic in the far field
although calculations with both boiling at atmospher-
ic (1001C) and hydrostatic were completed. Hydro-
static rather than atmospheric boiling conditions
should prevail, because the far-field water table
should not be drawn down significantly. This is true as
long as the permeability and recharge are large enough
so that there will be no significant drawdown of the
water table above the repository during the long time
periods and distances of interest in the far field.

In these calculations, the hydrostatic boiling tem-
perature was never exceeded, and the thermal conduc-
tivities of the various units remained constant. Two
types of figures show the basic results of these calcula-
tions. One type (Figures 4 and 5) shows the calculated
temperature rise along the vertical CL of the reposi-
tory at selected times for a GTL of 100 kW/acre for SF

Temperature Rise

Figure 4. Temperature-Rise Profiles Along the Vertical CL
of the Repository for SF (GTL - 100 kW/acre, hydrostatic
boiling)
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Room and Pillar and Very-Near
Field

Room-and-pillar calculations were completed to
determine the response of rock near the storage rooms
to emplacement of SF and CHLW. Times of 250 yr
and less have been studied. The GTL, ER, boiling
temperature, and backfill were the main parameters
varied.

The temperatures in the immediate vicinity of the
waste canisters and the interior of the waste package
are most important in very-near-field calculations.
Times of 100 yr and less have been studied; tempera-
ture peaks occur within 100 yr for both SF and
CHLW. The GTL, ER, boiling temperature, and the
thermal conductivity were the main parameters var-
ied in these calculations.

Separate 2-D calculations were done for room-
and-pillar and very-near-field geometries. Both geom-
etries were considered in a single set of 3-D calcula-
tions. The 3-D calculations result in a more realistic
representation of the temperature fields for both ge-
ometries.

Figure 5. Temperature-Rise Profiles Along the Vertical CL
of the Repository for CHLW (GTL - 100 kW/acre, hydro-
static boiling)12

200

Figure 6. Radial Temperature Profile at a Depth of 795 m
for SF (GTL = 150 kW/acre. 55°C initial temperature,
hydrostatic boiling)13

2-D Very Near Field - The effect of varying
the thermal conductivity of tuff and canister loading
of CHLW on very-near-field temperatures is shown in
Figures 7a and 7b. The 2-D axisymmetric effective-
radius model was used to obtain the results. The
initial in-situ temperature was 50C, the ER 20% the
GTL 75 kW/acre, and the boiling temperature 100 C.
Nominal tuff conductivities of 2.4 W/m C below
1000C and 1.65 W/m C above 100 C were used,
based on thermal conductivity measurements. The
rest of the thermal conductivity values used were
permutations of 20 of the nominal values. Table
shows the values used. Several different canister load-
ings (0.5, 1.0, and 2.16 kW/can) were also used in these
calculations.

Table 7. Thermal Conductivity Combina-
tions Used in Very-Near-Field Calculations
With Effective-Radius Model



Figure 7a. Borehole Wall Temperature at 2 Yr vs Thermal
Output of Canister for Nominal and Bounding Thermal
Conductivity Values for CHLW (GTL - 75 kW/acre, 55C
initial temperature, 100 C boiling, 20% ER)

Figures 7a and 7b illustrate results from the
bounding and nominal calculations. Figure 7a is a plot
of the borehole wall temperature at 2 yr vs the thermal
output of the canister, and Figure 7b is a plot of the
canister CL temperature at 2 yr vs thermal output. All
the temperatures for the bounding calculations are
within 20% of the nominal temperatures. Curve 3 in
both figures represents the case in which the conduc-
tivities before and after boiling are reduced by 20%. It
shows the greatest deviation from the nominal term-
peratures.

The figures also illustrate the effect of canister
loading on temperatures. As canister loading de-
creases, the temperatures decrease linearly and there
is less temperature variation in the different thermal
conductivity cases considered. Figure b indicates
that temperatures at the canister CL will reach
-370 C for a canister loading of 3.5 kW/can. This is
not a favored loading, because it results in tempera-
tures too close to the thermal criterion of 375 C for
the stainless-steel canister, therefore, only the 1.0 and
2.16 kW/can canister loadings are used in followup
thermal-mechanical scoping calculations.

2-D Room and Pillar (Figures 8 - 9) -
The effect of backfilling the repository drift on room
temperatures is illustrated in Figures 8a for SF and 9a
for CHLW. Conditions for these calculations were
351C initial in-situ temperature, an ER of 20%, and
75 kW/acre for the GTL. with a boiling temperature of
100 C. Both saturated and dry crushed-tuff backfill
were used. Results for the case of saturated-tuff back-
fill are shown. The drift was assumed backfilled at 50
yr. Although the illustrated calculations are for satu-
rated, crushed-tuff backfill, they are also representa-
tive of dry, crushed-tuff backfill. Two conditions
make results for the two backfills nearly equivalent:

1. The backfill is emplaced at the same tempera-
ture as the drift; thus, if the drift is above the
boiling temperature, both initially saturated
and initially dry backfill have the same thermal
conductivity.

2. Below boiling, the thermal conductivities of
saturated and dry backfill, although different,
are both small in comparison to the effective
conductivity of the air previously in the drift.

Therefore, there is no significant difference observed
as a result of emplacement of saturated vs unsaturat-
ed backfill.

Thermal Output of canister

Figure 7b. Canister CL Temperature at 2 Yr vs Thermal
Output of Canister for Nominal and Bounding Thermal
Conductivity Values for CHLW (GTL - 75 kW/acre, 55°C
initial temperature, 100°C boiling, 20%o ER)15
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Figure 8a. Temperature Histories for Points on a Vertical
Plane Perpendicular to the Room for SF (GTL 75 kW/
acre, 35 C initial temperature, 100°C boiling, saturated
backfill, 20% ER) Figure 9a. Temperature Histories for Points on a Vertical

Plane Perpendicular to the Room for CHLW (GTL - 75
kW/acre, 35°C initial temperature, 100°C boiling, saturated
backfill, 20% ER)
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Figure 8b. Peak Floor CL Temperature for Saturated
Backfill vs GTL for SF 35 C initial temperature, 20
ER)15

Figure b. Peak Floor CL Temperature for Saturated
Backfill vs GTL for CHLW (35 C initial temperature, 20
ER)



Backfill emplaced at a lower temperature than
that of the surrounding rock acts first as a thermal
sink to the ceiling and ribs; and later, when the
backfill reaches the same temperature as that of the
surrounding rock, it acts as a thermal barrier to con-
duction. In our calculations, once the backfill is em-
placed at 50 yr, the floor CL temperature rises (4 to
5° for CHLW at a GTL of 75 kW/acre, and 10 for SF
at a GTL of 75 kW/acre), and the ceiling CL and room
midheight temperatures lower by a smaller amount.
Temperatures in the pillar are not perturbed signifi-
cantly by inputting the backfill. At the higher thermal
loads (i.e., high GTL or low ER), the temperature
changes caused by backfilling are increased and the
temperature gradient through the pillar is larger. Al-
though the temperature gradient through the pillar is
inversely proportional to ER, the absolute tempera-
ture at the pillar CL varies directly with the ER.

Figures 8b for SF and 9b for CHLW show peak
floor temperatures when saturated backfill is em-
placed at 50 yr as a function of GTL, ER, and boiling
condition. The boiling conditions assumed (hydro-
static and atmospheric) should bound the boiling
conditions and temperatures that might occur in the
room and pillar. The figures illustrate that, at higher
GTLs, higher temperatures should be expected as the
pressure in the porewater approaches hydrostatic. If
the porewater is near atmospheric, the boiling tem-
perature is lower, and temperatures at the floor CL are
lower as a result of in-situ dehydration near the canis-
ters. The figures also illustrate that peak floor tem-
peratures are 20'C higher for CHLW and 40'C higher
for SF at 10% ER than at 20° or 30% ER. The
increased peak room temperatures as ER lowers are a
result of the fixed room dimensions for the repository.
Because room dimensions are constant, the dimension
of the pillar is changed to obtain a given ER. As the
pillar size is increased (i.e., the ER decreased), there is
less total room area for a fixed repository area and the
pitch of the canister becomes smaller to maintain a
given GTL. Therefore, floor temperatures increase
with a reduction in ER. An ER of 20% is assumed in
thermal-mechanical scoping calculations.

3-D Very-Near Field and Room and
Pillar

Selected results from 3-D calculations for SF and
CHLW waste emplacement are shown in Figures 10
through 12. These results are for a GTL of 100 kW/
acre, initial in-situ temperature of 351C, 20% ER, and
no backfill. A canister loading of 2.16 kW/can was
used for CHLW and 0.55 kW/can for SF. Parameters

of 100 C boiling and no-boil were considered. These
figures include

Temperature histories (Figures 10a through
l0d) on the vertical plane through the axis of the
waste canister and perpendicular to the axis of
the room
Isotherm plots (Figures 1la through on a
vertical plane parallel to the axis of the rooms
Isotherm plots (Figures 12a through 12d) on the
vertical plane through the axis of the waste
canister and perpendicular to the axis of the
room

Time-temperature plots (Figures l0a and 10b for
SF, and 10c and 10d for CHLW), indicate that CHLW
emplacement causes temperatures to peak much soon-
er than does SF emplacement. Canister and borehole-
wall temperatures peak at 2 to 3 yr for CHLW and

20 yr for SF. In the room and pillar, peak tempera-
tures occur at -100 yr for SF and 40 to 50 yr for
CHLW. These plots also indicate that temperatures
peak at about the same time in boiling and no-boiling
calculations. Although the boiling condition does not
greatly affect the time to peak temperature for the
room-and-pillar or canister domain, it does change the
character of the time-history curves in the canister
area. The slopes of the SF curves in the near-canister
area are greater both before and after the peak tem-
perature is reached in the boiling case than in the no-
boiling case. Also, slopes of the CHLW curves in the
near-canister area are steeper before the peak tem-
perature for the boiling case than for the no-boiling
case.

The isotherm plots for SF (Figures 1la and l1b)
indicate that within a very short time there is no
longer a thermal gradient along the axis of the drift.
The isotherm plots of any cross section perpendicular
to the drift (Figures 12a and 12b for SF) are nearly
identical, and isotherm plots (Figures 11a and l1b)
along the axis of the drift are nearly straight lines. In
less than a year, the thermal gradient has become very
small parallel to the drift as a result of the small pitch
between the canisters for SF (1.19 m), which is less
than half that for CHLW (3.49 m). As a result of the
differences in pitch for SF and CHLW, there is a
difference in the character of isotherm plots parallel to
the drift for SF and CHLW. The isotherm plots for
CHLW (Figures lIc and ld) indicate that outside the

The isotherm plots for SF include only 80, 90, 100,, 110,
and 150 C, and the isotherm plots for CHLW include only
80°, 90, 100, and 110C. The isotherms were too closely
spaced for CHLW to show any isotherms hotter than 110 C.



canister area and at peak temperatures (50 yr), the
isotherms are almost parallel, but near the canister at
0.5, , and 100 yr, there is a thermal gradient. The
larger pitch for CHLW causes a more noticeable ther-
mal gradient as the temperatures rise to their peak
and decline from that peak. At 0.5 and 5 Yr, tempera-
tures are increasing; at 100 yr temperatures are de-
creasing in the canister area.

Figure 10c. Time-History Plots of Points on a Vertical
Plane Through the Waste Canister Axis and Perpendicular
to the Axis of the Room for CHLW; 1000C Boiling (GTL
100 kWacre, 35°C initial temperature,
(A canister center point; B canister skin at canister
centerplane; C - borehole wall at canister centerplane;
F floor at room CL; G room wall at room midheight
H pillar CL at room midheight; I - ceiling at room CL)Figure 10a. Time-History Plots of Points on a Vertical

Plane Through the Waste Canister Axis and Perpendicular
to the Axis of the Room for SF; 100 C Boiling (GTL - 100
kW/acre, 35°C initial temperature, 20% ER)6
(A canister center point B - canister skin at canister
centerplane; C - borehole wall; D - room CL at canister
centerplane; F - floor at room CL; G - room wall at room
midheight; H - pillar CL at room midheight; I - ceiling at
room CL)

Figure lOb. Time-History Plots of Points on a Vertical
Plane Through the Waste Canister Axis and Perpendicular
to the Axis of the Room for SF No Boiling (GTL - 100 kW/
acre, 350C initial temperature, 20% ER)6

canister center point; B canister skin at canister
centerplane; C borehole wall; D room CL at canister
centerplane: F floor at room CL; G - room wall at room
midheight H pillar CL at room midheight; I - ceiling at
room CL)

Figure 1Od. Time-History Plots of Points on a Vertical
Plane Through the Waste Canister Axis and Perpendicular
to the Axis of the Room for CHLW; No Boiling GTL 100
kW/acre. 3C initial temperature,
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Figure 12a Isotherm Plots of the Vertical Plane Through
the Waste Canister Axis and Perpendicular to the Axis of
the Room for SF; 100°C Boiling (GTL - 100 kW/acre, 35C
initial temperature, 20% ER)6
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Figure 12c. Isotherm Plots of the Vertical Plane Through
the Waste Canister Axis and Perpendicular to the Axis of
the Room for CHLW; 100 C Boiling (GTL - 100 kW/acre,
35 C initial temperature, 20% ER)' 6

approximate time of peak temperatures is 450
for SF at 100 yr and 520 m3 for CHLW at 50 yr. In
dehydrating these volumes of rock, 30 of the
cumulative energy output per canister of SF was used,
and 15% per canister of CHLW.

Table 8 summarizes peak temperatures as pre-
d:cted by the 3-D calculations for CHLW and SF.
This table first compares peak temperatures for the
boiling and no-boiling cases for each waste type; then
it compares percentage changes in the boiling and no-
boiling case within one waste type, and similar boiling
cases between waste types. How boiling affects very
near-field and room and-pillar peak temperatures is
shown in this table. In the canister area, peak tem-
peratures for CHLW and SF are to 19% higher
for the boiling case than the no-boiling case; in the
room-and-pillar, peak temperatures for CHLW and
SF are 8 to 15 lower for the boiling case. The heat
removed from the tuff as a result of vaporization of the
porewater at "boiling" in the very-near field causes
lower temperatures in the room-and-pillar area, and
the thermal conductivity that is lowered as a result of
boiling causes temperatures to rise in the canister
area.

Interim reference temperatures used by the RRC-
IWG are based on the 3-D, 100'C boiling results
analyzed above. The calculation conditions included a
GTL of 100 kW/acre, 20 ER, and canister loadings
of 2.16 kW/can for CHLW and 0.55 kW/can for SF.
Figures 13a and 13b show plots of the canister CL
temperature vs GTL for all the 3-D calculations com-
pleted with a 350C initial in-situ temperature. These
figures indicate that the canister CL temperature for
both CHLW and SF, at a GTL of 100 kW/acre, is well
below the only thermal criteria that are applicable.
CHLW has a canister CL temperature of 2950 vs the
temperature criterion of 3750C for a stainless-steel
canister. Clearly, the skin temperature of the canister
must be less than 2950C and is therefore well below
the thermal criterion. SF has a canister CL tempera-
ture of 194 C as compared to the temperature criteri-
on of 375 C for zircaloy cladding.*

The choice of a GTL of 100 kW/acre for a refer-
ence repository should be affected by use of a more
elaborate waste package. This would increase canister
temperatures and may require reduced thermal load-
ing of the canister. The GTL might be lowered by the
desire to restrict the volume of rock in which water is
vaporized and the operating temperature of the room.

It is recognized that this canister CL temperature does not
relate directly to cladding temperatures. However, it is so far
below the allowable maximum that explicit calculation of
cladding temperature would not yield a result in excess of

Figure 12d. Isotherm Plots of the Vertical Plane Through
the Waste Canister Axis and Perpendicular to the Axis of
the Room for CHLW; No Boiling (GTL - 100 kW/acre,
351C initial temperature, 20% ER)

The isotherm plots (Figures 11a and 12a for SF,
and llc and 12c for CHLW) also provide scoping
information on the volume of rock in which water is
vaporized during heating. Vaporization and its corre-
sponding decrease in thermal conductivity were as-
sumed to occur within 10 (90° to 110C) of the
fixed atmospheric boiling temperature of 100C in the
cases in which boiling was considered. Therefore, the
volume of rock dehydrated per canister can be approx-
imated by using Figures 11a and 12a for SF and
Figures lc and 12c for CHLW. One-half the area
between the 900 to 110'C isotherms and all the area
within the isotherms greater than 110C, multiplied
by the pitch, gives the volume of rock dehydrated per
canister of SF. The area from the CHLW curve must
be doubled because there is only one row of canisters
along the drift; thus only one-half the volume heated
per canister is represented in the CHLW curve.
The volume of rock dehydrated per canister at the

25



Table 8. Summary of Resulting Peak Temperatures and Percentage Changes In
Peak Temperatures of CHLW and SF From 3-D Calculations (100 kW/acre, 350C
Initial temperature)616

Very-Near Field (C) Room and Pillar

Canister
CL

Canister Borehole Room Ceiling Pillar
Skin Wall Floor Midheight CL CL

CHLW Boil
CHLW No-Boil

SF Boil
SF No-Boil

295
266
194
175

Temperature Change (%)

CHLW No-Boil to Boil
SF No-Boil to Boil
SF Boil to CHLW Boil
SF No-Boil to CHLW No-Boil

255
225
190
171

+13
+11
+34
+32

222
186

184
166

+19
+11
+22
+12

95
103

105
120

-8
-13
-10
-14

94
103

102
118

-9
-14
-8

-13

93 88
103 100

101 97
117 114

+11
+11
+51
+51

-10
-14
-8

-12

-12
-15
-9

-12

Comparison of 2-D and 3-D
Calculations

In all cases where 2- and 3-D calculations were
compared, the very-near-field temperatures from the
3-D calculations were 10% higher. Comparisons
have been made of the 2-D very-near-field axisymmet-
ric-effective-radius model with a 3-D model, and of
the 2-D room-and-pillar planar model with a 3-D
model. In the first case (Figure 14), the 3-D model
produced larger temperatures because the canisters in
the 2-D model were generalized as a rectangular paral-
lelepiped whereas the 3-D model was able to model
discrete souces of heat to more accurately represent
the waste canisters. With decreasing pitch, the 2-D
planar model should better represent the repository.

Figure 13a. Maximum Canister CL Temperature s GTL
for SF

Figure 13b. Maximum Canister CL Temperature vs GTL
for CHLW (100°C boiling, 20% ER)

Figure 14. Comparison of 2-D and 3-D Time-History Plots
of the Borehole Wall for SF (GTL - 100 kW/acre, 55°C
initial temperature, 100 C boiling)
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The 3-D model temperatures were higher in the
second case (Figure 15) because the adiabatic bound-
ary at midpitch was closer to the canister than was the
adiabatic boundary in the 2-D effective-radius model,
which uses a radius that is a compromise between the
midpitch and midpillar boundaries. As the pitch de-
creases, the effective-radius model becomes less repre-
sentative of the repository.

Figure 15. Comparison of 2-D and 3-D Time-History Plots
of the Canister CL and Canister Skin for CHLW (GTL -
100 kW/acre, 2.16 kW/can, 35C initial temperature, no
boiling)15

Summary
Preliminary thermal calculations completed by

the MIDES-WG include the very-near field, room and
pillar, and far field. Based on thermal criteria and
results from these calculations interim reference-
repository conditions were determined to define the
thermal environment expected in a nonzeolitized
welded-tuff repository below the water table. A refer-
ence was set of 100 kW/acre for GTL, 205 ER, 100 C
boiling, 2.16 kW/can for CHLW, and 0.55 kW/can for
SF.

Very-near-field 3-D calculations for these condi-
tions indicate that the highest temperatures expected
in the repository will be the peak canister CL tempera-
tures of 2950C for CHLW and 1940C for SF, which
occur at 2 to 3 yr for CHLW and at 20 yr for SF.

Room-and-pillar 3-D calculations indicate that
temperatures in the room and pillar should remain

below 120 C. Peak temperatures in the room-and-
pillar calculations occur at 40 to 50 yr for CHLW and
-100 yr for SF. The 3-D room-and-pillar, very-near-
field calculations with 100C boiling indicate that
temperatures will be higher in the very near-field and
lower in the room-and-pillar than for no boiling.

Far-field calculations indicate that rock tempera-
tures, except those within 250 m surrounding the
repository, will remain <100CC. The far-field tem-
peratures are well below hydrostatic boiling tempera-
ture, the only boiling temperature of importance in
the far field.
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APPENDIX A

Methods Used to Change Thermal
Conductivity and Heat of Vaporization

This appendix illustrates different ways that the
thermal conductivities and volumetric heat capacities
of the tuff were changed as a function of temperature

in the calculations. The figures model the properties
of the tuff rock as it changes from saturated to dehy-
drated at boiling as a result of porewater vaporization.
{COULD NOT BE CONVERTED TO SEARCHABLE TEXT}

Figure A-1. Methods By Which Thermal Conductivity and Heat Capacity of Welded Tuff Were Modeled Upon Vaporization
of Porewater.
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APPENDIX B

Summary of Thermal Calculations
and Their Parameters

This appendix summarizes all the parameters
used in the thermal calculations.
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Table B- 1. Summary of All Parameters Input I Far-Field Calculations
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Table B-2. Summary of All Parameters Input In Room-and-Pillar 2-D Planar Calculations
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