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INTRODUCTION

The potential use of welded tuff as an isolation medium for nuclear waste

material is the subject of a continuing investigation at Sandia National Labor-

atories. A central issue in assessing the suitability of tuff as a repository

medium is the thermal response of the rock due to the emplacement of heat pro-

ducing waste. The purpose of the present document is to provide some results

of the initial thermal analysis for a generic waste repository sited in welded

tuff and located below the water table at the Nevada Test Site (NTS). The para-

metric analyses presented here were intended to provide order-of-magnitude bound

on the thermal response of a repository environment; the results are not to be

interpreted as the expected thermal environment in a repository.

The work outlined in the following sections was carried out at the request

of a working group that was organized to support the tuff study program. The

Mine Design Working Group (MIDES) was chartered to act generally as a focal

point for research activities associated with the tuff program and specifically

to address issues and data needs associated with the conceptual design of a

mined repository. In developing the initial thermal analysis program, the MIDES

group chose to divide the task into a series of six subtasks. These subproblems

were defined according to the type of waste form considered (high level waste,

HLW, or spent fuel, SF) and the geometric scale of the analysis (far field or

entire repository scale, room and pillar scale, and waste canister or very near

field scale). Responsibility for the analysis of these six problems was divided

between members of the working group as shown below:
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Responsible Principle
Waste Form Geometric Scale Organization Investigator

High Level Far Field Texas A&M University J. Russell

High Level Room and Pillar SNLA/Division 5511 D. Gartling

High Level Very Near Field SNLA/Division 5511 R. Eaton

Spent Fuel Far Field RE/SPEC W. McLain

Spent Fuel Room and Pillar SNLA/Division 5521 R. Thomas

Spent Fuel Very Near Field RE/SPEC P. Gnirk

This present report is limited to the presentation of results obtained at

SNLA; results for the remaining cases may be found in References 1-3.

PROBLEM DESCRIPTION

The problem considered in the present work concerns the thermal response

of a mined, room and pillar repository to the emplacement of high level (HLW)

or spent fuel (SF) nuclear waste. A primary objective of the analysis was the

determination of changes in the thermal response of the repository due to vari-

ations in parameters such as gross thermal loading (GTL) of the repository,

extraction ratio (ER), type of room backfill and potential dry-out of the ini-

tially saturated rock. In essence, this work was designed to provide a prelim-

inary thermal "data base" for future work in the tuff repository program.

Detailed specifications for a generic repository geometry, stratigraphic

location, material properties, waste configuration, etc., were provided by the

MIDES group. These specifications are outlined here for completeness.

Stratigraphy and Thermal Properties

The assumed stratigraphy for the repository location is given in Table 1.

This data is taken from UE2SA-1, a fully cored drill hole in the Southwest

section of the NTS and immediately adjacent to Yucca Mountain. Also shown are

the relevant thermal properties for each layer. The repository horizon is as-

sumed to be at a depth of 800 m and lies in the welded tuff Bullfrog member

below 711 m. The water table is located 500 m below the surface.
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TABLE 1

ASSUMED STRATIGRAPHY AND MATERIAL THERMAL PROPERTIES--TUFF MINE DESIGN ACTIVITY

Depth-no Itt1
o- 53I O -11J

53- 634 173- 201
63- G4 I 203- 2765
34-13" 1 276- 457)

139-192 1 457- 631)
192-25 n I31- 939

235-326 939-10755

320-316 41076-1273)
333-401 41273-1317)
401-416 (1317-13541

414-545 (13s4-1769)

545-540 (1719-10365
540-576 41135-16975
5739594 41197-19505

594-414 (1950-20141

614-443 (2014-21105
643-497 42110-22393
697-711 12233-23331

711-. 12333-- 5

Ptrosit,

6.23
0.50
0.12
0.50
0.12
0.50

0.11
0.13
0.29

0.31

0.25
0.29
0.25

0.13

0.32
0.29
0.29

.a23

alk Density

2.07
1.53
2.37
1.73
2.37
1.7T
2O36
2.26
2.05

1.97

2*12
2.1S
2.31

2.34

2.13
2 10

2.17

30212

lt3}45(9/1mi
ataln Density

2.56 (a)

(cal/cm 3 "Cs

Pep K (W/15

2.53
2.46
2.56
2.54
2.57
2.56

2.56
2.43
2.45

(a)
(a)

4.)
(a)
I.)

(a)
(a)

4
< tboil >boll I tbl

o.4% -0.46 J.6

0.32 0.35 1.9

0.34 0.25 0.9

0.67 0.45 2.6

0.5o 0.25 0. 5

0.67 0.45 2.6
0. 0 0 26 0.35

0.67 0.46 2.6

0. G 0.43 1.2

0.35 0.35 1.10

1. 05 (oals)

0.95 0.37 141

0.92 0.37 1.55

0.33 0.39 1.55

0.0 0.43 1.30 (Mae)
1.60 (oslo)

0.93 0.36 1.90

0.90 0.36 2.0

0.93 0.33 2.1

0.37 0.41 2.4 (MSae2.35 (Cole)

.%oboil

0.7

2.3
0.7

2.3

0.7

2.3

1.0
0.7

0.67 loal)
0.71 1_es)

0.3

1.0

1.1

1.39 ca41)
1. 33 (most

1.2
1.3

1.4

1.55 ase"
1.7 loglc)

? ("e
9rbetl

('ydwoetatic)
100°C
1888C
100°C
100°

100 C
100°

100°C
100°C

10600c

IO0C100°C

175

167
199

i1s

203

214
221

223

2.40 (U)

2.50 (a)
2.61 (a)
2.61 (.5

2.62 1a)

2.55 (a)

2.5S la)

2.65 (a)

2.56 (a)

(a) - assumed

(m) - measured

* Data is taken from the Mine Design Working Group - Activity
Work Package dtd. 12/4-5/79.



Since consideration was given to the possibility of vaporization of pore

fluid in the tuff layers, data on the heat of vaporization was required. This

data for the assumed stratigraphy is given in Table 2. Thermal property data

was also required for the various room backfill materials and for the two waste-

forms; this data is summarized in Tables 3 and 4, respectively.

Repository Geometry

Specifications for the overall repository geometry and the ambient condi-

tions at the repository location are given in Table S. The repository is as-

sumed to be of a conventional room and pillar type. For analysis purposes, it

is then required to have the geometry of the room cross-section defined. Figure!

1 and 2 show the geometric description of the rooms for the HLW and SF, respec-

tively.

Wasteform

The waste material is assumed to be encapsulated in a cylindrical container

and buried in the floors of the repository rooms. The canister geometries and

initial thermal power outputs for both HLW and SF are summarized in Table 6.

The thermal output from each canister is a function of time due to the radio-

active decay process. A tabulation of the normalized power output for each

wasteform as a function of time is given in Table 7.
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TABLE 2

HEAT OF VAPORIZATION OF H20, ADDITION TO HEAT CAPACITY *

Depth-m (ft)

0- 53 £ 0- 173)

53- 63 ( 173- 208)

63- 84 C 209- 276)
84-139 1 276- 457)
139-192 1 457- 631)
192-286 1 631- 939)

286-328 1 939-1076)
328-389 (1076-1273)

398-401 (1273-1317)

401-416 (1317-1364)

416-545 (1364-1789)

545-560 (1789-1836)

560-578 (1836-1897)

578-594 (1897-1950)

594-614 (1950-2014

614-643 (2014-2110)

643-697 (2110-22881

697-711 (2288-2333)

711- (2333- )

For boiling P 1000C

total Avg. Spread Over 20&C
cal cal
(-7) 3 oC-

51 2.55

131 6.55

233 11.65

56 2.80

43 2.15

56 2.80

43 2.15

51 2.55

68 3.40

145 7.25

161 8.05

130 6.50

150 7.50

130 6.50

93 4.65

166 8.30

£50 7.50

150 7.50

120 6.00

For Boiling @ 2200 C
(assumed conservative
above this depth)

Total Avg. Spread Over 200C)

(Cal) ( ca )
cEm7 Cm oC

35 1.76

89 4.47

160 7.98

38 1.91

29 1.44

38 1.91

29 1.44

35 1.76

46 2.31

99 4.96

110 5.50

89 4.43

103 5.14

89 4.43

64 3.19

113 5.67

103 5.14

103 5.14

82 4.08

* Data is taken from the Mine Design
Work PAckage dtd. 12/4-5/79.

Working Group - Activity



TABLE 3

BACKFILL PROPERTIES *

Case I

Ob
-

ObCp '

Case 11

Ob =

X -

DbCp '

Fully aturated

1.64 9/cm

0.62

1.18 W/mI
1.14 cal/cm3X

Fully dehydrated

1.01 g/cm3

0.62

0.48 W/mX

0.20 cal/cm3K

Assumptions

1. Material is crushed tuff, matrix properties of

Bullfrog Member of Crater Flats Tuff (i.e., from

711 m to a see table)
2. 50% compaction

* Data is taken from the Mine Design Working Group - Activity
Work Package dtd. 12/4-5/79
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TABLE 4

WASTEFORM MATERIAL PROPERTIES*'

HLW (vitrified)

Ob - 187 lb/ft3

C - 0.2 BTU/lb*F
p
K - 0.7 ETU/hr ftoF

SF(UO2) U02 Zircalloy

V (lb/ft3) 694 412

T(OF)
U02 300 1600

Cp (BTU/lbF) 4.05 2.37

K (BTU/hr ft*F) 0.056 0.067

T(IF)
Zircalloy 200 600 1000

Cp 0.073 0.081 0.096

K 8.42 9.42 10.9

SF - 1 assembly/can,

assumes 289 pins, in 17 x 17 array

pitch/diameter ratio between pinst 1.36

rod diameters 0.380

cladding thickness: 0.021'

pin O.D.t 0.320

carbon steel, air filler

* Data is taken from the Mine Design Working Group - Activity
Work Package dtd. 12/4-5/79.
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TABLE S

REPOSITORY GEOMETRY AND INITIAL CONDITIONS*

Repository Depth (to top of heat-producing zone): 800 m

Thickness of Heat-Producing Zone for Generalized Repository: 10 m

Repository Area: 2000 acres

Geothermal Heat Flux: 1.6 ucal/cm s

Static Water revel (depth): 470 m

Air Surface Temperature: 20C

Initial Temperature at Disposal Horizon: 35*C

* Data is taken from the Mine Design Working Group - Activity
Work Package dtd. 12/4-5/79.
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3 meter plug, .-

same properties as tuff Y3

37m

FIGURE 1. Mine Design Working Group Specifications--
Room Design, HLW
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* sTa Big

diameter

FIGURE 2. Mine Design Working Group Specifications--
Room Design, SF
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TABLE 6

CANISTER DIMENSIONS AND INITIAL POWER OUTPUT*

Spent Fuel Canister Dimensions

Total Length, 4.67 m

Outside Diameter, 0.355 m.

Inside Diameter, 0.30 m

Heated Length, 3.66 m

Air-Filled

Canister Material--Carbon Steel

HLW Canister Dimensions

Total Length, 3.05 m

Outside Diameter, 0.32 m

Inside Diameter, 0.30 m.

Heated Length, 3.0 m

Canister Material--Stainless 304

Power at Time of Emplacement; Waste Assumed 10 Years Old

HLW: 3.5 kW/can

SF: O.S5 kW/can

* Data is taken from the Mine Design Working Group - Activity
Work Package dtd. 12/4-5/79.
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TABLE 7

NORMALIZED WASTE POWYER AS A FUNCTION OF WASTE
FORM AND TIME AFTER EMPLACEMENT v

Waste Age After
Emplacementf rAssume

10 yrs old at
emplacement)

0~~~~~~~~~~~,

1
2

5
6 ,
7
8
9

10
is
20
30
40
55
70
90

100
190
290
390
400
490
590
649
690
990

1990
2990
3990
4990
6490
9990

14990
19990
29990

HL (U02)

Q/Qo

1.0
0. 95
0.907
0. 871
O. B51
O.8910
0.783
0.769
0.734
0.714
0.692
0. 600
0.529
O0.402
0.313

0.157

O. 0864
0.0296
0.0215

0.0167

0.127

0.0113
0.00810.
0.00404

Sr (U02)

0/00

1.0

0.8439

0.102

0.0778

0.0521
0.4039
0.0347
0.0265
0.0153

0.0139
0.0102
0.0084

0.00778

O. 00455

r

*These values
beihg chocked

* Data is taken from the Mine Design Working Group - Activity
Work Package dtd. 12/4-5/79.
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ANALYSIS AND RESULTS

As noted previously, the thermal analysis of the repository was divided

into six subproblems based on type of wasteform and a geometric scaling for the

analysis. The present section provides a brief description of the analyses

carried out for each subproblem.

..Far Field Models

The far field or global repository analyses assume that the repository and

its thermal output can be modeled as a heat producing disc located at the appro-

priate horizon in the assumed geologic stratigraphy. Typically, these far field

models attempt to estimate the temperature field over horizontal and vertical

dimensions of several kilometers. The far field calculations for the present

repository configuration were carried out by several contractors to Sandia

National Laboratories. These results may be found in References 1 and 2.

Room and Pillar Models

The second level of analysis considered the temperature field on the scale

of an individual repository room and pillar. Invoking the usual arguments re-

garding the multiplicity of identical drifts in a full repository and identify-

ing the existing planes of symmetry allowed the problem sketched in Figure 3a

for HLW to be reduced to the simpler geometry shown in Figure 3b. The three-

dimensional problem illustrated in Figure 3b may be simplified to a two-

dimensional model if the cylindrical waste canister is idealized as an

"equivalent" planar heat source. This technique was used in both the HLW and

SF room and pillar analyses. A typical (HLW) model is shown in Figure 3c.

The room and pillar computations were carried out at Sandia using two

general purpose (finite element) heat conduction computer codes. The program

COYOTE4 was used for the HLW geometry while the ADINATS program was used to

19



Drift

a ) Schenatic of Tpical Room and Pillar Waste Storage, HLW

Figure 3. Repository Modeling - Room and Pillar Models
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j > Pillar

Canister I
I' -

b ) Schematic of 3-Dimensional
Unit Cell Model, HLW

Planes of Symmetry I

RoomE]

K Pillar -s

Canister

Planes of Symmetry

c ) Schematic of 2-Dimensional
Unit Cell Model, HLW

Figure 3. Repository Modeling - Room and Pillar Models
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model the SF case. In both instances the programs were employed to model the

transient temperature response of a typical room and pillar due to the imposed

heat load.

The analyses were carried out in a parametric fashion with the independent

variables being the repository gross thermal loading (i.e., canister spacing

or thermal power density for the planar source), mine extraction ratio (i.e.,

pillar width), type of backfill material and vaporization temperature of the

pore fluid. The specifications for the parameter variations were provided by

the MIDES group and are reproduced in Appendices A and B for HLW and SF, res-

pectively. Details of the thermal models and results of the numerical computa-

tions are also provided in the Appendices.

Near Field Models

The third and final level of thermal analysis considered the temperature

response in the immediate vicinity of the waste canister. The models for this

case were intended to be of sufficient detail to include the major features of

the waste package structure (e.g., air gaps between canister and tuff borehole).

Like the room and pillar models the basic geometry for the near field model is

inherently three-dimensional. However, for the HLW geometry the effective radius

concept was used to simplify the problem to a two-dimensional (axisymmetric)

geometry. This idea is more fully described and justified in Appendix C. The

SF waste geometry could not be reduced to a simpler model and therefore was

analyzed as a three-dimensional problem.

The near field HLW analysis was carried out using the finite element con-

duction code, COYOTE.4 The independent variables in the parametric study of

this problem were specified by the MIDES group and are reproduced in Appendix C.

Details of the thermal models and results of the computations are also collected

in Appendix C. The results of the near field SF analysis can be found in

Reference 3.
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SUMMARY

Under the direction and guidance of the MIDES working group a series of

scoping thermal calculations were carried out for a generic nuclear waste repo-

sitory sited in tuff. The thermal analyses were performed on three geometric

scales that included far field or global repository models, individual room and

pillar models and near field single canister models. Both HLW and SF waste-

forms were considered in the computations. The present document serves to

collect the results of those thermal calculations performed at Sandia National

Laboratories, i.e., room and pillar analyses of HLW and SF and the near field

analysis for HLW. The remaining thermal calculations may be found in the pre-

viously referenced documents.

23



REFERENCES

1. M. L. Klasi, J. E. Russell, W. C. McClain, and T. Brandshaug, Far Field
Thermal Analysis of a High Level Waste Repository in Tuff, RSI-5W37,
/PC Inc., Rapid City, South Dakota, January, 1981.

2. M. L. Klasi, W. C. McClain and T. Brandshaug, Far-Field Thermal Analysis of
a Spent Fuel Repository in Tuff, RSI-0128, RE/SPEC, Inc., Rapid City, South
Dakota, November, 1980.

3. D. Parrish, Very Near Field Thermal Analysis of a Spent Fuel Repository in
Tuff, RSI-0144, RE/SPEC, Inc., Rapid City, South Dakota, in preparation.

4. D. K. Gartling, COYOTE - A Finite Element Computer Program for Nonlinear
Heat Conduction Problems, SAND77-1332, Sania National Laboratories,
Albuquerque, New Mexico

S. K. J. Bathe, ADINAT - A Finite Element Program for Automatic Dynamic Incre-
mental Nonlinear Analysis of Temperatures, MIT Report 82448-s May, 1977
(Revised December 1978).

24



APPENDIX A

Room and Pillar Analysis for HLW

Part I: MIDES Working Group - Work Package

Part II: Tuff Mine Design Thermal Analysis - High Level Waste
(Memo, D. K. Gartling, S511, to Distribution, dtd. 2/4/80)

Part III: Further Results for Tuff Mine Design Thermal Analysis - High Level
Waste
(Memo, D. K. Gartling, SS11, to Distribution, dtd. 2/19/80)

Part IV: Tie Effect of Thermal Radiation in the Disposal of High Level Waste
in Tuff
(Memo, 0. L. George, 5S11, to D. F. McVey, 5511, dtd. 1/4/80)

Part V: Further Results Concerning the Effect of Thermal Radiation and Free
Convection in the Drift of a High Level Waste Repository in Tuff
(Memo, 0. L. George, S511, to D. F. McVey, S511, dtd. 1/22/80)
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TUFT MINE DESIGN WORKING GROUP

ACTIVITY WORK PACKAGE

TITLE: Room-and-Pillar Thermal Analysis - High Level Waste

INVESTIGATOR: D. P. McVey (SLA, Div. 5511)

PHONE NUMBER: (505) 264-4949

OBJECTIVE: To model room temperatures as a function of extraction
ratio, power densities, and resultant pitches

DESCRIPTION:
1. Model Geometry - 2-D planar
2. Room Initial Conditions - see specifications (5)
3. Room and Canister Dimensions, Hole Geometry, Initial

Canister Power - see specifications (7 & 8)
4. Waste - HLW, instantaneous emplacements for waste thermal

output history see specification (9)1 for waste material
and thermal properties see (10)

5. Backfill - assume room open 50 years, with radiative heat
transfer, but no active cooling; for backfill properties -
see specification (4)

6. Temperature-Dependent Rock Properties (X, pC , etc.) -
- use properties for tuff layer at greater thaR 711 m depth,

see specifications (2 & 3)

PARAMETERS:
1. Extraction Ratio and Power Densities

a. 10% extraction ratio - 75 kW/acre
b. 20% extraction ratio - 25, 75, 150 kW/acre
c. 30% extraction ratio - 75 kw/acre

2. Boiling Temperature
Case I - 100 C
Case It - hydrostatic-head - potential boiling (223 C), see

specification (2)
(Case 1I run at discretion of modeler)

DUE DATE: February 5, 1980

REPORTING: 1. Technical Memo (letter form) to Working Group Members
2. Presentation of Results
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Sandia Laboratories
date: February 4, 1980 Albuquerque. Now Mexico

Livermore. California

to: Distribution

from: D. *- Gartling - 5511

subject: Tuff Mine Design Thermal Analysis - High Level Waste

At the request of the mine design working group, the thermal
analysis of a high level waste repository was undertaken.
The specifications for the problem of interest were outlined
in the work package section of Reference 1. The primary
objectives of the analysis were the prediction of peak room
and pillar temperatures as a function of mine extraction
ratio, thermal power loading and type of backfill material.

Thermal Mndel

The two-dimensional room and pillar geometry for the case of
a high level waste repository is shown schematically in Figure
1. Canister dimensions, burial depth, and drift dimensions
were maintained as shown in the figure; pillar width (S2) was
varied to produce the extraction ratios (ER - Sl/S2) of
interest. The vertical dimension of the model was carried
to + 250m from the drift floor.

The assumption of a two-dimensional planar model for the mine
required that the thermal energy produced by an array of
cylindrical canisters be converted into an 'equivalent" planar
heat source. This conversion was effected by uniformly dis-
tributing the energy in each canister over a rectangular slab
with dimensions corresponding to the canister height, diameter
and canister pitch. The canister pitch was varied between
cases in order to maintain an initial canister power of 3.5
KW in conjunction with the assumed gross thermal loading (GML)
for the repository. In all cases, the heat source varied with
time according to the decay law for high level waste as speci-
fied in Reference 1.
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Distribution -2- February 4, 1980

The repository was assumed to reside in a uniform layer. of
saturated tuff with material properties as specified in
Reference 1. The drift was assumed to be opened for the
first 50 years after canister emplacement. Heat transfer
(i.e., radiation) across the air filled drift was simulated
through the use of an "effective" material as defined in
References 2 and 3. The drift was filled 50 years after
canister emplacement with either a saturated tuff or dehy-
drated tuff backfill. The boiling point and latent heat
of vaporization for the pore fluid in the tuff and backfill
were taken as parameters in the study. Thermal conductivity
and heat capacity for the tuff and backfill were assumed to
vary with temperature as shown in Figure 2. Further details
of the mine geometry, waste form, material properties, etc.,
may be found in Reference 1.

The thermal analysis of the model outlined above was carried
out using the finite element conduction code, COYOTE (4).
Figure 3 shows a typical element mesh for the problem which
contains 320 elements and approximately 1000 temperature
nodes. The transient analysis was performed using a modified
Crank-Nicholson time integration scheme with quasilineariza-
tion (i.e., nonlinear coefficients are evaluated at the
beginning of the time step - no equilibrium iterations are
performed). Typically, approximately 100 time steps were
used to carry the computation out to 250 years; time steps
ranged in value from approximately six days to ten years.
A check on the time integration was made by re-running
several cases with the time steps reduced by a factor of 2.
As the thermal response of the model was found to be inde-
pendent of the choice of time step, the transient solution
was judged to be of acceptable accuracy.

Results and Discussion

Fifteen cases were analyzed for the high level waste configur-
ation and these are tabulated in Table I according to extrac-
tion ratio (ER). For the 10% and 30% ER's, the gross thermal
loading (GTL) was held at 75 KW/acre while the type of back-
fill and boiling temperature were varied. The 20% ER was
studied more extensively by allowing the GTL to take on values
of 25, 75, and 150 KW/acre. As the data produced from these
computations were quite voluminous, no attempt will be made
to describe each case in detail. Rather, some typical results
will be presented followed by a discussion of the trends
inferred by the remaining cases.
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Distribution -3- February 4, 1980

Shown in Figures 4-6 are a series of isotherm plots for a 20%
ER that was backfilled at 50 years with saturated tuff. The boil-
ing point was 1000 C. The GTL's for the three cases shown are 25,
75, and 150 KW/acre. The main point of interest in these
figures is the variation in the volume of tuff near the heat
source that exceeds 1000 C and is therefore subject to dryout.
With increasing GTL (decreasing canister pitch), the dryout
zone is observed to increase rapidly in size for a given point
in time. Similar trends were apparent for the cases where the
GTL was fixed (at 75 KW/acre) and the extraction ratio (i.e.,
canister pitch) varied. The lower extraction ratios (smaller
pitch) produced large dryout zones.

The effect of increasing the assumed boiling temperature on
the isotherm pattern is shown in Figure 7 for the case of a
20S ER and GTL's of 75 and 150 KW/acre. Since the dryout
process serves to extract energy from the system (through the
heat of vaporization), it would be expected that a low boiling
point would result in generally lower temperatures for a fixed
power input. That this is the case may be seen in Figure 7
(especially the GTL of 150 KW/acre) where the volume of material
at a temperature greater than 1070C is much smaller for the
1000 C boiling point case than for the 2200 C case. Further
reference to this point will be made when peak temperatures
in the room and pillar are discussed.

Of particular interest in this study were the temperatures of
representative points in the mine drift and pillar. Shown in
Figures 8-9 are temperature histories for points around the
periphery of the drift and through the mid-height of the pillar.
Also, shown in Figure 10 are temperature profiled (for selected
times) taken through the mid-height of the room and pillar.
The precise locations of these temperature computations are
shown in Figure 1. All of the data presented in Figures 8-10
are for the "average case of 20% ER, GTL - 75 KW/acre with
saturated backfill and a 100IC boiling point.

Prior to backfill (time <50 years), the temperature of the room
boundary (Figure 8) is very uniform due to the effectiveness of
the radiative heat transfer across the drift. Also, just prior
to backfilling the temperatures in the room and pillar are
observed to reach a peak value and then decrease due to the
decay of the heat source. Upon backfilling of the drift, the
floor temperature (T 1) increases rapidly for a short period of
time while the ceiling temperature (T 2) is reduced. The back-
fill produces a large thermal resistance (compared to radiation)
across the room which in turn produces an appropriate tempera-
ture gradient in the backfill. The temperature difference
across the filled drift decreases with time due to the decreas-
ing energy output of the waste material. The temperatures
through the pillar (Figures 9-10) are seen to be relatively
uniform especially after backfill has occurred. Prior to back-
fill, the temperatures near the drift wall are affected by the
radiative transfer in the room.
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Examination of the room and pillar data for cases with other
ER's and GTL's showed the results to be qualitatively similar
to those illustrated in Figures 8-10. Quantitative differences
between cases were observed primarily in the magnitude of the
floor and ceiling temperature perturbations at the time of
backfill and the degree of temperature non-uniformity in the
pillar prior to backfill. For the lower thermal loadings
(i.e., low GTL or high ER), the temperature change across
the drift is reduced and the pillar temperatures are very
uniform. At the higher thermal loads (i.e., high GTL or low
ER), the temperature changes due to backfilling are increased
and the temperature gradient through the pillar is larger.
There was no significant effect on room and pillar temperatures
due to the use of a dehydrated backfill in place of the satur-
ated material.

In order to obtain a more quantitative idea of the variation
in room and pillar temperatures with ER and GTL, Figures 11-
13 were prepared. These figures show peak temperatures for
the floor (Ti) room mid-height (T3) and pillar centerline (T4)
plotted versus GTL with ER, boiling point and backfill material
as parameters. Examining first the effect of ER (for a given
GTL), it is seen that floor and room mid-height temperatures
increase slightly with decreasing ER (decreasing canister pitch) ;
pillar centerline temperatures decreased with a reduction in ER.
Room temperatures are expected to vary inversely with canister
pitch since for a fixed room/heat source orientation the canister
pitch effectively determines the local thermal loading on the
drift. However, the pillar centerline temperature varies
directly with ER since the pillar width (distance from heat
source) changes with ER.

Peak room and pillar temperatures are observed to vary linearly
with GTL (fixed ER) when a 2200 C boiling criteria is assumed.
For the case of a 100IC boiling point, the temperature variation
is linear with GTL up to 75 NW/acre; the departure from linearity
at higher GTL's is a result of the significant loss of energy
from the system due to dryout.

The data presented in Figures 11-13 showed no significant varia-
tion due to the type of material used in backfilling the drift.
The lack of dependence on this parameter is felt to be due to
several causes. For the lower GTL cases, room temperatures do
not exceed a dryout temperature and as a result, the only dif-
ference between saturated and dehydrated backfill is the small
variation in thermal properties. For the higher GTL cases where
the room temperatures exceed the boiling point, some differences
between backfills would be expected. However, in running the
thermal model, the backfill was assumed to be emplaced with an
initial temperature equal to the room temperature. Since room
temperatures are above the boiling point at time of backfill,
this assumption essentially reduced the saturated material to
a dried out state and eliminated the difference between types
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of backfill. The use of this assumption also prevented.both
backfill materials from acting as a thermal sink as would be
the case if the backfill was emplaced at a lower initial
temperature.
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Table I

Tuff Mine Design Analysis -
Level Waste

Summary of Cases for
High

Gross Thermal
Loading (GTL)

KW/acre

Pitch

(metres)
Type of
Backfill

Boiling
Temp 8 rature

C

10% Extraction
Ratio (Si - 2.5m,
S2 - 25.0m)

20% Extraction
Ratio (S1 - 2.5m,
S2 - 12.5m)

75

75

75

25

25

25

75

75

75

150

150

150

3.777

3.777

3.777

22.662

22.662

22.662

7.554

7.554

7.554

3.777

3.777

3.777

Saturated

Dehydrated

Saturated

Saturated

Dehydrated

Saturated

Saturated

Dehydrated

Saturated

Saturated

Dehydrated

Saturated

100

100

220

100

100

220

100

100

220

100

100

220
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Table I (coant)

Gross Thermal
Loading (GTL)

KW/acre

Pitch

(metres)
Type of
Backfill

Boiling
Temperature

oC

30% Extraction
Ratio (S1 - 2.5m,
S2 - 8.3im)

75

75

75

11.331

11.331

11.331.

Saturated

Dehydrated

Saturated

100

100

220
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Figure 1 - Schematic of HLW Room and Pillar Design
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Sandia Laboratores
date: February 19, 1980 Albuquerque. New Mexico

Livermore. California
to: Distribution

aeV
from: D. K. ftlin- 5511

subject: Further Results for Tuff Mine Design Thermal Analysis --

High Level Waste

Ref.: Memo, D. K. Gartling, 5511, to Distribution,
dtd 2/4/80, subject: Tuff Mine Design Thermal
Analysis -- High Level Waste

The thermal analysis reported in the referenced memo was
carried out using the assumption that the initial temper-
ature at the mine horizon was a uniform 350 C. This par-
ticular initial condition was specified as part of the
problem description in the work packages issued by the
mine design working group. As a result of more recent
data, the initial temperature at the mine horizon is now
felt to be .550C. The nonlinearity of the heat conduc-
tion process in the tuff (due to the assumed model for
pore fluid boiling) precludes the scaling of the previously
computed results to account for the change in initial con-
dition. Therefore, several of the thermal analyses pre-
viously reported were re-computed to allow an assessment
to be made of the influence of the assumed initial temper-
ature.

The repository model, waste form, and material properties
for the high level waste mine design were previously des-
cribed in the referenced memo. For the present analyses,
the extraction ratio (ER) was fixed at 20%; the gross
thermal loading (GTL) for the repository was varied be-
tween 25, 75, and 150 kW/acre. Backfilling of the mine
drift was assumed to occur 50 years after emplacement of
the waste canister; the backfill material was assumed to be
saturated tuff. The assumed boiling point for the pore
fluid was varied between 1000C and 2200C. The initial tem-
perature distribution in the thermal model was computed
from an assumed geothermal heat flux of 1.6 HFU (1.6 pcal/
cm2 s) and a temperature at the earth's surface of 200 C.
With these values, the initial temperature in the vicinity
of the room and pillar was -53 0 C.
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Six cases were analyzed for the high level waste configu-
ration with the revised initial temperature distribution.
In each case, the qualitative behavior of the thermal
response was the same as reported in the previous memo.
Of particular interest in this study were the peak room and
pillar temperatures and their variation with GTL. Shown in
Figures 1 through 3 are plots (re-plotted from the referenced
memo) of peak temperature for the mine floor (T1), room mid-
height (T3), and pillar centerline (T4). The data shown in
black are for cases with an initial temperature of 350C; the
data in red corresponds to an initial temperature based on
the geothermal heat flux.

As observed in the analyses reported previously, the peak
room and pillar temperatures are seen to vary linearly with
GTL when a 2200C boiling point is assumed (solid red line).
The uniform increase in the peak temperatures for this case
is a direct reflection of the increase (-180C) in the as-
sumed initial room and pillar temperature. For the case of
a 1000C boiling point, the temperature variation is linear
with GTL up to 25 kW/acre (broken red line); the departure
from linearity at higher GTL's is a result of the signifi-
cant loss of energy from the system due to dryout. Note
that as the initial temperature of the formation is increased
(black data e 350C to red data @ 530C) the GTL, at which
boiling influences the peak temperature, is reduced.
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Sandia Laboratories
date: January 4, 1980 Nbuquefqui. New Mexico

Ltermors. Calforria

to: D. F. McVey - 5511 .

from: 0. L. G rge. Jr. - 5511

subject- The rffect of Thermal Radiation in the Disposal of High
Level Waste (MMW) in Tuff

In response to your request, a CINDA thermal model was
created to determine the effect of thermal radiation on
the interior drift temperatures for the case of ULW
buried in tuff.

The model was two-dimezsional, with the 75 kW/acre (initial
emplacement density) heat source assumed to be uniformly
distributed longitudinally beneath an infinitely long drift
floor. - This source was 3 m tall, with its top residing
3.03 m beneath tCue drift floor. The drift cross-section
was 5 m x 5 m, and the extraction ratio was 30%. An
initial temperature of 3SOC was assumed. In the interest
of expediency (short computer run times, resulting in
quicker answers), the tuff thermal properties were assumed
invariant with the following values: P - 22C0 kg/In 3 ,
Cp - 3.725 x 10-5 watt-yr/klg-OC, and k - 2.0 watt/m-OC.

Two computer runs were made; one assumed the drift surfaces
to be adiabatic, while the other allowed radiation heat
transfer to occur within the drift. The tuff emissivity
was assumed to be 1.0 for the radiation run. Each run
covered a period of 50 years from the time of emplacement.
Figure 1 shows the mesh arrangement in close proximity to
the drift. The heating was applied in the three cross-
'hatched nodes. The unit cell which was analyzed was 8.34 m
wide, 1 m thick and 330 m high.

The graph in Figure 2 shows an elevation view of the drift
with numbers indicating the locations for which temperature
data are plotted. Arrows indicate the temperature/time
curves for these locations when radiation was neglected.
The temperature/time curves for all five locations fell
within the shaded region on the graph when the effect of
radiation was included. For the radiation case, all five
temperatures remained within 20C of one another (for times
greater than two years).
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It is apparent that radiation plays a significant role in
this problem.

OLG:5511:ljg

Copy to:
4512 T. O.liunter
4537 L. D. Tyler
4537 J. K. Johnstone
4537 A. R. Lappin
5500 0. E. Jones
SS10 D. B. Hayes
5511 R. R. Eaton
SS11 D. K. Gartling
5520 T. B. Lane
5521 S. W. Key
5521 R. D. Krieg
5521 C. M. Stone
5521 R. K. Thomas
5S30 W. Herrmann

55



Ln
0M

I e__

64 '3 96 �1O �37 �I6 172 169 16660
-4-i-I-I-i-f -f-t t - - -

91 90 1 19 JI 19 17 I 172 189 lee

58
so

as

$5 _ - L 1 1 1 -I _ 4
8S 8 0 12 111 t5S is

I

54 - - S - _

79 IC$14 14
_9 _ 7 _ 7 06 _ 13S 134

49 -S 02 04 -2 e 139 1 30
_~~~~ ~~~~~~~~~~ _ _ _ . _ _-_-_-_

4

r. k34 1,33

770 63 _ 97 B I _ 29 21 2 8

_IIIIII _ Ei -I I0e _

t46

J

I I I I I I I I I I
15O ISO

I I I76

L J

Figure 1. Noding Arrangement Near Drift and Heat Source



110

100

~~A - -------.-

90

80

50

40

0 10 20 Years 30 40 50

Figure 2. Temperature Histories With and Without Radiation



Sandia Laboratories
date: January 22, 1980 Atbuquefaue N~. Mevco

LUefmore. Ca31o1rra

to: D. F. McVey - 5511

from. 0. L. Geo4C Jr. - 5511

subjet: Further Results Concerning the Effects of Thermal Radiation
and Free Convection in the Drift of a High Level Waste (HLW)
Repository in Tuff

Ref.: Memo, 0. L. George, Jr., 5511, to D. F. McVey, 5511,
dtd 1/4/80, subject: The Effect of Thermal Radiation
in the Disposal of High Level Waste (IIIL) in Tuff

The referenced memo created considerable interest in pur-
suing the drift heat transfer problem further. Requests
were received to (1) create a purely conductive CINDA model
which would duplicate the radiation/conduction model re-
sults, and (2) investigate the effect of free convection
in the drift.

The reason for the first request was that several codes
which lack a radiation capability are being used to solve
various aspects of the HLW/tuff problem. The most effective
way for these codes to accommodate the effects of radiaticn
would be to simulate radiation as a conduction phenomenon.
The desire to evaluate convective effects was an extension
of the question concerning the transfer of energy within
the drift.

A CINDA model which included the presence of a fictitious
conductive medium within the drift was created. This model
was run strictly as a conduction model. It was found that
if the fictitious medium had a thermal conductivity of 25
watts/rn-OC, this model duplicated the results of the pre-
vious conduction/radiation model to within 1.20C at all
points throughout the model over the entire 50-year span
of the run.

Hand-calculations ware made to evaluate the effect of free
convection vis-a-vis radiation. Input drift temperatures
for the calculations were taken from the conduction/
radiation results of Reference 1. The computed heat fluxes
from the drift floor for both convection and radiation at
2-years and 50-years after emplacement are shown below.
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At t - 2-years:

Convective flux - 1.6 watts/m2
Radiative flux - 12.5 watts/m2

At t - 50-years:

Convective flux - 0.3 watts/m2
Radiative flux = 5.1 watts/n2

Radiation is seen to be an order of magnitude more signi-
ficant than convection.

OLG:5Sll: ljg

Copy to:
4512 T. 0. Hunter
4537 L. D. Tyler
4537 J. K. Johnstone
4537 A. R. Lappin
5500 0. E. Jones
5510 D. B. Hayes
5511 R. R. Eaton
5511 D. R. Gartling
5520 T. B. Lane
5521 S. W. Key
5521 R. D. Krieg
5521 C. M. Stone
5521 R. K. Thomas
5530 W. Herrmann
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APPENDIX B

Room and Pillar Analysis for SF

Part I:

Part II:

Part III:

MIDES Working Group - Work Package

Tuff Room and Pillar Thermal Analysis - Spent Fuel
(Memo, R. K. Thomas, 5521, to Distribution, dtd. 2/4/80)

Mine Design Working Group: Further Results for Room and Pillar
Thermal Analysis - Spent Fuel
(Memo, R. K. Thomas, 5521, to Distribution, dtd. 4/7/80)

60



TUFF MINE DESIGN WORKING GROUP

ACTIVITY WORK PACKAGE

TITLE: Room-and-Pillar Thermal Analysis - Spent Fuel

INVESTIGATOR: Bob Thomas (SLA, Division S521)

PHONE NUMBER: (505) 264-1457

DESCRIPTION:
1. Model Geometry - 2-D planar
2. Room Initial Conditions - see specification (5)
3. Room and Canister Dimensions, Hole Geometry, Initial Canister

Power - see specifications (7 & 8)
4. Waste - HLW, instantaneous emplacements for waste thermal

output history see specification (9); for waste material
and thermal properties see (10)

S. Backfill - assume room open SO years, with radiative heat
transfer, but no active coolingi for backfill properties,
see specifications (4)

6. Temperature-Dependent Rock Properties (K, oC , etc.) - use
properties for tuff layer at greater than 71? m depth, see
specifications (2 & 3)

PARAMETERS:
1. Extraction Ratio and Power Densities

a. 10% extraction ratio - 75 kW/acre
b. 201 extraction ratio - 25, 75, 150 kW/acre
c. 30% extraction ratio - 75 kW/acre

2. Boiling Tempegature
Case I- 100 C
Case II - hydrostatic-head - potential boiling (223 C)

see specification (2)
(Case II run at discretion of modeler)

DUE DATE: February 5, 1980

REPORTING: 1.
2.

Technical Memo (letter form) to Working Group Members
Presentation of Results
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Sandia laboratories
date. February 4, 1980 Albuquerque. New Mexico

Livermore. Calfornia

to: Distribution

from: R. K. Thomas, 5521

subject: Tuff Room and Pillar Thermal Analysis - Spent Fuel

References:

1. Mine Design Working Group - Activity Work Package, December
4-5, 1979.

2. K. J. Bathe, OADINAT - A Finite Blement Program for
Automatic Dynamic Incremental Nonlinear Analysis of
Temperatures," MIT Report 82448-5, May, 1977 (Revised
December 1978).

3. Memo, 0. L. George, 5511, to D. F. McVey, 5511, *The Effect
of Thermal Radiation in the Disposal of High Level Waste
(HLW) in Tuff," January 4, 1980.

4. Memo, 0. L. George, 5511, to D. F. McVey, 5511, Further
Results Concerning the Effects of Thermal Radiation and
Free Convection in the Drift of a High Level Waste (HLW)
Repository in Tuff,O January 22, 1980.

Introduction

This memo summarizes the results of a thermal analysis of the
room and pillar region for a nuclear spent fuel (SF) waste heat
source. The analysis was performed as part of the NTS tuff
repository study presently being conducted by the mine Design
Working Group. These results are to be presented at the next
meeting of the working group to be held on February 5-6, 1980.

The problem description for this analysis is fully documented
in Ref. [1]. A summary of the work package taken from Ref. (11
is shown in Fig. 1. The design parameters specific to spent
fuel, and the location of points where calculated temperatures
are reported,- are given in Fig. 2. A listing of the cases run
is given in Fig. 3, and the temperature-dependent thermal
properties of the tuff and backfill material used in this
analysis are shown in Figs. 4 and 5, respectively.
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Thermal Model

The numerical calculations were made using the ADINAT (21
finite element computer code. Four-node isoparametric
quadralateral elements were used exclusively. The heat
capacity was modeled in a consistent manner and an implicit
time integration scheme was employed. The finite element grid
for 10% extraction ratio, shown in Fig. 6, was composed of 800
node points. The model for 20% extraction had 600 node points,
and the model for 30% extraction had 500 node points.

Initially at zero time the entire region modeled was assumed to
be a uniform 356C. Calculations were carried to 250 years in
167 variable time steps, at which time the temperatures in the
room and pillar vicinity had peaked and were declining in a
monotonic fashion. The vertical boundaries of the model
extended 250 m above and below the drift floor and were assumed
to be adiabatic. At 250 years, the temperature at these
boundaries had increased only 20C in the worst case.

Calculations by George (3, 41 have shown the importance of
thermal radiation in determining the temperatures around the
perimeter of the drift, and that this mechanism could be
satisfactorily approximated by a thermal conduction model with
an appropriately large diffusivity. Using his recommended
conduction properties,

K = 788 x 106 J/yr - m - OC

VcP 0.001 x 106 j/ M3 - *C,

the drift in this study was modeled as solid material for the
first 50 years before backfilling.

Results and Conclusions

Since the nature of the thermal response was essentially the
same for all cases considered, only one typical data set is
shown in this memo (Figs. 7-16). Contour plots for Case 8
(identified in Fig. 3) are shown in Fig. 7. They extend
horizontally 18.75 m to the centerline of the model, and
vertically 50 m above and below the floor centerline. It is
significant to note that the material heated above 100lC, the
fluid boiling temperature in this case, is confined to a small
region surrounding the heater. Contour plots for three
different power levels (Cases 5, 8, and 11), are shown in Fig.
8. The increasingly larger volume of material heated above
100lC for the higher power levels in clearly evident.

Temperature-time history plots are shown for Case 8 in Figs.
9-10 at locations defined in Fig. 2. At 50 years in Fig. 9,
when the drift is backfilled, the floor temperature rises
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abruptly because the backfill material acts as a thermal
barrier to conduction. For the same reason, the ceiling
temperature decreases. Note that just prior to backfilling all
three room temperatures are nearly equal, this being due to
thermal radiation in the drift. As seen in Fig. 10, the
temperature gradient through the pillar is greatest at early
times yet does not appear to be severe. Temperature gradients
through the pillar are best illustrated by the profile plots in
Figs. 11-16. At 250 years, the gradient is insignificant.

Results for all cases examined are summarized in Figs. (17-19)
where the peak temperatures at the T1, T', T4 locations
defined in Fig. 2 are plotted as a function of the gross
thermal loading for selected extraction ratios. Results are
not shown comparing saturated and dehydrated backfill material
because the predicted temperatures are nearly equal for the two
situations. This must be due, in part, to inserting the
backfill at the same temperature as the pseudo-radiative
material in the drift. If the drift temperature is above
boiling (higb power loadings) at 50 years, then the backfill is
inserted at the same temperature and there is no difference
between saturated and dehydrated conditions Below the boiling
temperature (low power loadings) it appears that the baseline
thermal conductivities of saturated and dehydrated backfill,
although different, are both small in comparison to the
conductivity of the pseudo-radiative material in the drift, and
thus no significant difference is observed. Base on these
assumptions, therefore, it can be concluded that prior
knowledge of the water content of the backfill material is not
necessary for room and pillar thermal predictions.

The primary design variables in room and pillar maximum
temperatures are extraction ratio and gross thermal loading.
As expected, all temperatures in the room and pillar region
increase with power level, but at locatins far removed from the
waste heat source (pillar centerline in Fig. 19) the
temperatures are approximately independent of extraction
ratio. It should be remembered that the plotted values are
peak temperatures and do not in general occur at the same
time. The highest temperatures, and largest variation with
extraction ratio, occur at the drift floor (Fig. 17). Because
this location is nearest the waste source, the lower extraction
ratios yield higher temperatures since they have larger
volumetric power levels for the same gross thermal loading.

An equally important variable in the regime of high thermal
loadings is the boiling criteria. The effect of the boiling -
temperature on the thermal field depends upon the volume of
material that is heated to the boiling temperature and, as
such, is difficult to ascertain without first performing the
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calculations. Contour plots for lOO1C and 2206C boiling are
shown in Fig. 20. Note the larger volume of material contained
withing the 1000C isotherm for 2200C boiling. Based on these
results, temperatures in the room and pillar region increase
when the boiling criteria is increased from 1000C to 2200C
because a smaller volume of material is heated to the boiling
temperature. Less energy is extracted by vaporization and
therefore more conduction takes place. It can be seen that the
effect on room and pillar temperatures is marginal at lower
power levels (<75 kw/acre), and hence, the boiling criteria is
irrelevant for thermal calculations in these instances.

RKT:5521:njr:1951A

Distribtuion:
Mine Design Working Group Members

4530 R. W. Lynch
4537 J. K. Johnstone
4537 A. R. Lappin
5500 0. E. Jones
5510 D. B. Hayes
5511 J. W. Nunziato
5511 R. R. Eaton
5511 D. K. Gartling
5513 0. L. George
5520 T. B. Lane
5521 S. W. Key
5530 W. Herrmann
5521 R. K. Thomas
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TUFF MINE DESIGN WORKING GROUP

ACTIVITY WORK PACKAGE

TITLE: Room-and-Pillar Thermal Analysis - Spent Fuel

INVESTIGATOR: Bob Thomas (SLA, Division 5521)

PHONE NUMBER: (505) 264-1457

DESCRIPTION:
l. Model Geometry - 2-D planar
2. Room Initial Conditions - see specification (5)
3. Room and Canister Dimensions, Hole Geometry, Initial Canister

Power ;v4eespecifications (7 a 8)
4. Waste WI, instantaneous emplacements for waste thermal

output hlstory see specification (9): for waste material
and thermal properties see (10)

5. Backfill - assume room open 50 years, with radiative heat
transfer, but no active cooling; for backfill properties,
see specifications (4)

6. Temperature-Dependent Rock Properties (K, pC , etc.) - use
properties for tuff layer at greater than 71? m depth, see
specifications (2 & 3)

PARAMETERS:
1. Extraction Ratio and Power Densities

a. 10% extraction ratio - 75 kW/acre
b. 20% extraction ratio - 25, 75, 150 kW/acre
c. 30% extraction ratio - 75 kW/acre

2. Boiling Tempegature
Case I - 100 C
Case IT - hydrostatic-head - potential boiling (223 C)

see specification (2)
(Case II run at discretion of modeler)

DUE DATE: February 5, 1980

REPORTING:
2.

Technical Memo (letter form) to
Presentation of Results

Working Group Members

FIGURE 1 Activity Work Package from Ref. [1]
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S1 = 3.75 m

ER = Extraction Ratio = S1/S2

GTL - Gross Thermal Loading, kW/Acre

P = Cannister Pitch, m = 593.6 (ER/GTL)

3
QO = Initial Volumetric Power, J/YR-m = 0.2873/P

Temp-Time Plots at T1, T2, T3, T4, T5

Temp Profile Plots At A-A

C I

T2
4 S

A 1 ,
.1

IL -t- -4

C I

IA
r3 T5 T4 IA

-5- - --
S I

I-1 ~11

-XZ 8.m

L1 1.2Sm

1

I

FIGURE 2 Room and Pillar Design Parameters

for Spent Fuel and Location of

Reported Temperatures
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FIGURE 3 List of Cases Run and Design Parameters

Gross Initial H l Bi n
Case Extraction Thermal Pitch(P) Volumetric Backfill 2 Boiling

Number Ratio(ER) Loading(GT ) m Power(Q9 ) Condition Temp(TBOIL)
kW/Acre IL)J/YR-m - _

1 0.1 25 2.374 3.815 x 109 SAT 100

2 0.1 75 0.7914 11.45 x 10 SAT 100
3 0.1 75 0.7914 11.45 x 10 DRY 100
4 0.1 75 0.7914 11.45 x 10 SAT 220

5 0.2 25 4.748 1.908 X 10 SAT 100
6 0.2 25 4.748 1.908 x 10 DRY 100
7 0.2 25 4.748 1.908 x 10 SAT 220

8 0.2 75 1.583 5.723 x 10 SAT 100
9 0.2 75 1.583 5.723 x 10 DRY 100

10 0.2 75 1.583 5.723 x 10 SAT 220

11 0.2 150 0.7914 11.45 x 10 SAT 100
12 0.2 150 0.7914 11.45 x 10 DRY 100
13 0.2 150 0.7914 11.45 x 109 SAT 220

14 0.3 75 2.374 3.815 x 10 SAT 100
15 0.3 75 2.374 3.815 x 10 DRY 100
16 0.3 75 2.374 3.815 x 10 SAT 220
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FIGURE 7 Temperature Isotherms at Various Times

for Case 8 (ER=0.2, GTL=75 kW/Acre,

1000 C Boil, SAT Backfill)
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Sandia Laboratores
date. April 7, 1980 Albuquerque. New Mexico

Livermore. California

to: Distribution

from: R. K. Thomas, 5521

subject: Mine Design Working Group: Further Results for Room and Pillar
Thermal Analysis - Spent Fuel

Ref: Memo, R. K. Thomas, 5521, to Distribution, "Tuff Room
and Pillar Thermal Analysis - Spent Fuel," Feb. 4, 1980.

At the request of B. Langkopf, 4537, several additional thermal
scoping calculations were made with the 2-D room and pillar
geometry for spent fuel. The only difference between these
additional calculations and those presented at the Feb. 5-6
meeting of the Mine Design Working Group, and referenced above,
is that the uniform initial temperature was taken to be 550C,
instead of 351C.

Results of these calculations are summarized in Figs 1-7, the
form of which is identical to plots presented in the above
reference. Calculations were made for 75 and 150 kW/Acre,
100°C and 2200C boiling, with a fixed 20% extraction ratio
and saturated backfill after 50 years. The nature of the
thermal response was found to be the same as that reported
previously, except that the magnitude of response in the
room and pillar region is approximately 20°C higher. Temperatures
above the boiling criteria were found in all cases, except for
75 kW/Acre and 220-C boiling.

Incidently, in Fig 3 in the above reference, the exponent of
numbers is the colunua labeled 'Initial Volumetric Power" should
read x 10 , not x 10' as shown.

RKT:5521:njr
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APPENDIX C

Near Field Analysis for HLW

Part I: MIDES Working Group - Work Package

Part II: Single Canister Thermal Calculations to Estimate Canister and Very
Near-Field Temperatures Resulting from Emplacement of High Level
Waste in Welded Tuff
(Memo, R. R. Eaton, 5511, to A. R. Lappin, 4537, dtd. 1/31/80)

Part III: Single Canister Thermal Calculations to Estimate Canister and Very
Near-Field Temperatures Resulting from Emplacement of High Level
Waste in Welded Tuff for an Initial Tuff Temperature of SSC
(Memo, R. R. Eaton, 5511, to Distribution, dtd. 3/7/80)

Part IV: Single Canister Thermal Calculations to Estimate Canister and Very
Near-Field Temperatures Resulting from Emplacement of High Level
Waste in Welded and Non-Welded Tuff
(Memo, R. R. Eaton, 5511, to Distribution, dtd. 5/12/80)

Part V: Single Canister Thermal Calculations in Welded Tuff for an Initial
Tuff Temperature of 35C
(Memo, R. R. Eaton and C. M. Korbin, 5511, to Distribution, dtd.
7/3/80)

Part VI: Comparison of Effective Radius 2-Dimensional Thermal Simulation with
Full 3-Dimensional Results
(Memo, R. R. Eaton, 5511, and R. K. Thomas, 5521, to Distribution,
dtd. 11/12/80)



TUFF MINE DESIGN WORKING GROUP

ACTIVITY WORK PACKAGE

TITLE: Very Near-Field Thermal Analysis - High Level Waste

INVESTIGATOR: D. F. McVey (SLA, Div. 5511)

PHONE NUMBER: (505) 264-4949

OBJECTIVE: To perform single-canister thermal calculations to
estimate canister and very near-field temperatures resulting
from emplacement of HLW.

DESCRIPTION:
1. Hodel Geometry - 2-D axisyzmetric
2. Initial Conditions - see specification list (5)
3. Canister and Hole Geometry, Baseline Canister Initial

Power - see specifications list (8)
4. Waste - HLW; for thermal output history and waste material

and thermal properties, see specifications list (9 S 10)
5. Baseline Temperature-Dependent Rock Properties - use values

for Bullfrog Member of Crater Flat Tuff (> 711 m depth),
see specifications list (g L 3)

6. Boiling Temperature - 100 C.

PARAMETERS:
1. Initial Canister Power (Cases, I, II, III) - 3.5 kW (base-

line case) plus 2 lower levels (picked at modeler's discretion)
2. Temperature-Dependent Rock Properties (Cases IV-VII, 3.5 kW)

Case X (T < Tboil) K (T >Tboil)

I, 1I, III 2.40 1.65 (W/mK)
IV 2.88 1.98
V 2.88 1.32

VI 1.92 1.98
VII 1.92 1.32

DUE DATE: February 5, 1980

REPORTING: 1. Technical Memo (letter form) to Working Group Members
2. Presentation of Results
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Sandia laboratones
date: January 31, 1980 Albuquerque. New Mexico

Livermore. Caifornia

to: A. R. Lappin - 4537

from: R. R. Eaton - 5511

subject: Single Canister Thermal Calculations to Estimate Canister
and Very Near-Field Temperatures Resulting from Emplace-
ment of High Level Waste (HLW) in Welded Tuff

A preliminary thermal analysis has been completed for the
very near-field (radius t 15 m) of a single canister con-
taining HLW (3.5, 2.16, and 1.0 kW) emplaced in welded tuff.
Specifications not given in this memo regarding canister
geometry, canister output versus tine, canister and tuff
properties are given in, "Mine Design Working Group Activity
Work Package," dtd 12/4-5/79 and authored by Division 4537.

The COYOTE finite element heat conduction code* was used to
generate time-dependent, two-dimensional axisymmetric tem-
perature solutions in the canister and tuff. A schematic
of the nodalization used is given in Figure 1. A total of
273 elements were used to simulate the geometry. A total
of 15 runs were made using three different canister output
levels (3.5, 2.16, and 1.0 at time - 0) and 201 variations
from the norm in thermal conductivity (see Table 1). The
plus-minus symbolism designating variations in K will be
used when referring to specific cases.

The drift above the canister was modeled by using the pro-
perties of air (p - 1.2 kg/m3, c - 1.6 x 103 J/mJ-OC-kg),
and an effective thermal conductivity of K - 25 W/m-K to
simulate the effect of radiation.** In-an attempt to deter-
mine the effect of the adiabatic conditions imposed at the
boundaries of the finite region considered, three runs were
repeated after increasing ymax from 15 m to 25 m, and rmax
from 9 m to 14 m (see Figure 2). This change effects the
maximum canister and tuff temperature by less than 20C one
year after canister emplacement. It was, therefore, con-
cluded that the boundary conditions imposed were satisfactory

*D. K. Gartling, "COYOTE--A Finite Element Computer Program
for Non-Linear Heat Conduction Problems," SAND77-1332,
Sandia Laboratories, Albuquerque, NM, June 1978.

**Memo, 0. L. George, Jr., 5511, to D. F. McVey, 5511,
dtd 1/4/80, subject: The Effect of Thermal Radiation in
the Disposal of High Level Waste (HLW) in Tuff.
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A. R. Lappin - 4537 -2-

for times up to one year. Figure 3 shows isotherms, at one
year, for the nominal (0) case for an initial canister out-
put of 3.5 kV1. Figure 4 shows the radial distribution of
temperature for the nominal case for three different initial
canister output levels. It can be seen from Figure 5 that
at one year the center point of the drift floor ranges from
1.5 0 C to 10.5 0 C above the initial temperature of 35 0 C. This
implies that the simulated drift boundary condition must be
made more realistic in order to obtain reliable calculated
temperatures for run times longer than one year. It is
anticipated that the drift will be convective cooled at
early times (t c 50 yrs). No convection was considered in
this model. Figures 6a and 6b show that at one year, the
peak canister and tuff temperature have been adequately ap-
proached for this study. The temperature time slope (dT/dt)
is less than 3 0 C/year. Because of this small slope and the
boundary limitations discussed above, all calculations were
terminated at one year.

Figure 7 shows the 1000C isotherm for the three canister
outputs. The volume of the tuff which is above the 1000 C
(unsaturated or dried) is plotted on Figure 8. This volume

was estimated assuming it to be equal to the volume of an
ellipsoid. The major and minor axes are taken from Figure 7.

Figure 9 shows the influence of the thermal conductivity of
the tuff on the 1000 C isotherm for the 3.5 kW case. The
volume of tuff above 1000C is given in Table 2. It is dif-
ficult, and slightly confusing, to attempt to decipher the
significance of the conductivity magnitude. The data pre-
sented in Figures 10 and 11 are easier to interpret. They
give the maximum canister temperature (centerline-centerplane)
and maximum tuff temperature (centerplane, r - 0.185 m). From
these two figures, it can be seen for the conductivities
considered that for initial canister outputs above 3.0 kW the
magnitude of the thermal conductivity used for tuff above
1000C is closely coupled to the maximum calculated tempera-
tures for the canister and tuff. The smaller the conducti-
vity, the larger the peak temperature. The maximum canister
temperature of 358 0 C for the nominal case (3.5 kW) increases
by 17% for the (-,-) case and decreases by 11% for the (+,+)
case. For initial canister outputs of less than 2.0 kW, the
tuff conductivities used below 1000 C are the most strongly
coupled to the maximum calculated temperatures. The maximum
canister temperature for the 1.0 kW case of 1130 C increases
by 23% for the (-1-) case and decreases by 7% for the l+,+)
case.

RRE:5511:ljg
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A. R. Lappin - 4537 -3-

Table 1

Thermal Conductivity (W/m-K)
for the Nominal Case and Four Parametric Cases

sol

0
++

K (T < 1000C)

1.92

2.88

2.4

1.92

2.88

K (T > 1000C)

1.32

1.32

1.65 (nc

1.98

1.98

ominal case)

Note that each case varied by t20t.

Table 2

Effect of Thermal Conductivity on Volume of Tuff
Above 1000 C-at One Year for 3.5 kW Case

Volume of Tuff Inside
~Case the 1000C Isotherm (m3 )

__ 18.17

-+ . . 16.12

. 10.0 (nominal case)
--. 7.889

4.4 7.4
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FIGURE 3. Isotherms at t - 1 yr, Power - 3.5 kW, Nominal Case
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Copy to:
4530 R. W. Lynch
4537 L. D. Tyler
4537 J. K. Johnstone
5500 0. E. Jones
5510 D. B. Hayes
5511 J. W. Nunziato
5520 T. B. Lane
5530 W. Herrmann
5531 L. D. Berthoff
All members of Tuff Mine Design Working Group
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Sandia Laboratores
date: March 7, 1980 Albuquerque. New Mexico

Lwermore. California
to: Distribution

from: . Eaton - 5511

subject: Single Canister Thermal Calculations to Estimate Canister
and Very Near-Field Temperatures Resulting from Emplacement
of Sigh Level Waste (BLW) in Welded Tuff for an Initial
Tuff Temperature of 55C -

Refs Memo, R. R. Eaton, 5511, to A. R. Lappin, 4537,
dtd 1/31/80, subjects' Single Canister Thermal Cal-
culations to Estimate Canister and Very Near-Field
Temperatures Resulting from Emplacement of High
Level Waste (ELH) in Welded Tuff

A preliminary thermal analysis has been completed for the
very near-field of a single canister containing HLW (3.5,
2.16, and 1.0 kW) emplaced in welded tuff for ER - 20% and
canister loading of 75 kW/acre. Specifications not given
in this memo regarding canister geometry, canister output
versus time, canister and tuff properties are given in,
"Mine Design Working Group Activity Work Package," dtd
12/4-5/79 and authored by Division 4537.

The primary purpose of making these calculations was to
supplement the calculations reported in the referenced
memo where all initial temperatures were set to 35CC.
All'initial tuff and canister temperatures used in this
study were equal to 550C. Additionally, the size of the
mefh grid used~was determined using the'size of unit cell
(m ) concept. The mesh grid maximum radius was determined
such that the total material considered equal that of a
unit cell for a single canister (see Table 1). secondly,
the calculation extended to +30 m in the vertical direction
thus eliminating all end boundary effects. Finally, the
maximum times considered were extended so the peak canister
and tuff temperatures were calculated for the nominal cases.

The COYOTE finite element heat conduction code1 was used to
generate time-dependent, two-dimensional axisymmetric tem-
perature solutions in the canister and tuff.- A schematic
of the nodalization used is given in'Pigure 1. A total of
338 elements were-used to simulate the geometry. A total
of 15 runs were made using three different canister output
levels (3.5, 2.16, and 1.0 at time a 0) and 20% variations
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from the norm in thermal conductivity (see Table 2). The
plus-minus symbolism designating variations in x will be
used when referring to specific cases.

The drift above the canister was modeled by using the pro-
perties of air (p - 1.2 kg/r3, c - 1.6 x 103 J/m -OC-kg),
and an effective thermal conduct? ity of K a 25 W/m-K to
simulate the effect of radiation. Figure 2 shows isotherms,
at two years, for the nominal (0) case for an initial canis-
ter output of 3.5 kW. It shows that a considerable portion
of the canister skin is above 4000C. Portions of the drift
floor exceed 650C. This implies that the simulated drift
boundary condition must be made more realistic in order to
obtain reliable calculated temperatures for run times longer
than two years. It is anticipated that the drift will be
convective cooled at early times (t < 50 years). No convec-
tion was considered in this model. Figures 3a, 3b, 3c and 3d
show that the peak canister and tuff temperature have been
calculated. The maximum canister temperatures occurred within
one year for the 3.5 kW case and six years for the 1.0 kW
case. The temperatures calculated at two years were within
8C of the maximum temperatures.

Figure 4 shows the lO0C isotherm for the three canister
outputs. The volume of the tuff which is above the lOO1C
(unsaturated or dried) is plotted on Figure 5. This volume
was estimated assuming it to be equal to the volume of an
ellipsoid. The major and minor axes are taken from Figure 4.

Figure 6 shows the influence of the thermal conductivity of
the tuff on the lOOC isotherm for the 3.5 kW case. The
volume of tuff above 100C is given in Table 3. Figure 6 also
shows the results of the Tinitial - 351C study. The temper-
atures for this study range hrom 20C to 300C higher. The
maximum canister temperature (centerline-centerplane) and
maximum tuff temperature (centerplane, r * 0.185 m) is given
in Figures 7 and 8. From these two figures, it can be seen
for the conductivities considered that for initial canister
outputs above 1.3 kW, the magnitude of the thermal conduc-
tivity used for tuff above 1009C is closely coupled to the
maximum calculated temperatures for the canister and tuff.
The smaller the conductivity, the larger the peak tempera-
ture. The maximum canister temperature of 3840C for the
nominal case (3.5 kW) increases by 17% for the (-,-) case
and decreases by 11% for the (+,+) case. These percentages
are within 1% of the results obtained for the Tini i 1 - 351C
study. For initial canister outputs of less than i.8 kW, the
tuff conductivities used-below 100lC are the most strongly
coupled to the maximum calculated temperatures. The two year
canister temperature for the 1.0 kW (0) case of 1480C in-
creases by 10% for the (-,-) case and decreases by 51 for
the (+,+) case (as compared to 23% and 7% for the T * 359C
study.

114



Distribution -3-

It is concluded that maximum canister and tuff temperatures
are obtainable for the very near-field using unit cell, two-
dimensional axisymmetric nodalization. R. K. Thomas, 5521,
is currently running the nominal cases using a fully three-
dimensional code. Comparisons will be made when these results
become available.

RREt5511:ljg

Distributions
4537 L. D. Tyler
4537 A. R. Lappin
5500 0. E. Jones
5510 D. B. Hayes
5511 J. W. Nunziato
5512 D. F. McVey
5513 D. W. Larson
5520 T. B. Lane
5530 W. Herrmann

~. .
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Canister
Output

1.0
2.16
3.5

TABLE 1

Dimensions for Unit Cell Calculations
for 20% ER, 75 kW/acre

Pitch Mesh Radius Drift Radius
{m) (X) (--m}-

2.153 4.14 1.85
4.662 6.09 2.72
7.554 7.75 3.47

Drift Height

1.85
2.72
3.47

TABLE 2

Thermal Conductivity (W/r-k) for the
Nominal Case and Four Parametric Cases

Symbol K (T < logiC) K (T > 100oC)

-- 1.92 1.32
+- 2.88 1.32
0 2.4 1.65 (nominal case)
-+ 1.92 1.98
++ 2.88 1.98

Note that each case varied by ±20%.

TABLE 3

Effect of Thermal Conductivity on Volume of
Tuff Above 100lC at Two Years for 3.5 kW Case

volume of Tuff Insid
Case the 1000C Isotherm (m )

__ 59.00
53.95

0 45.86 (nominal case)
-+ 35.68
++ 30.93
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FIGURE 2. Isotherms at t - 2 years, 75 kW/acre, ER - 20%
Initial Canister Output 3.5 kW/can, Nominal Case
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Sandia Laboratodes
date: May 12, 19 80 Albuquerque. Now Mexico

Livermore. Calionmia

to: Distribution

from: R. R. Eaton - 5511

subject: Single Canister Thermal Calculations to Estimate Canister
and Very Near-Field Temperatures Resulting from Emplacement
of High Level Waste (HLW) in Welded and Non-Welded Tuff

Ref: 1. Memo, R. R. Eaton, 5511, to Dist. dtd 3/1/80.
Subject: Single Canister Thermal Calculations
to Estimate Canister and Very Near-Field Tem-
peratures Resulting from Emplacement of High
Level Waste (HLW) in Welded Tuff in Initial
Tuff Temperature of 55 0 C.

2. D. K. Gartling, "COYOTE - A Finite Element
Computer Program for Non-Linear Heat Conduc-
tion Problems," SAND77-1332, Sandia Labora-
tories, Albuquerque, NM, June, 1979.

3. Memo, W. E. Wowak, 4541, to Dist. dtd 4/14/80.
Subject: Temperature Limits for Operations
in a Welded Tuff Repository.

A preliminary thermal analysis is presented in Reference 1
for the very near-field of a single canister containing
HLW (3.5, 2.16 and 1.0 Kw) emplaced in welded tuff for an
ER-20% and a repository loading of 75 KWf acre. This memo
supplements those calculations by presenting the results
for non-welded tuff. These calculations were made using
the two-dimensional axisymmetric geometry and mesh system
identical to that used in the welded tuff study (Fig. 1).
The 1.0 KW/can case is considered. Material properties are
given in Table 1. The COYOTE finite element heat conduc-
tion codes was used to generate time-dependent temperature
solutions in the canister and tuff.
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Figure 2 shows the time-dependent temperature profiles for.the canister centerline, tuff next to the can and a tuffboundary location at rmr . Both welded and non-welded results are given.ffiaMgure shows that the maximumcanister and tuff temperatures for the non-welded materialhave increased by approximately 50% above those calculatedfor welded tuff. This is caused primarily by the thermalconductivity change from 2.4 to 1.1 for T < Tboil and 1.65to 0.74 for T > Tboil.

In the non-welded and welded tuff case the floor of thedrift reaches a maximum temperature of 1030C and 980C res-pectively. The maximum temperature cycle in the non-weldedcase exceeds the 100 0 C maximum rock temperature recommendedby Worak'.

RR :5511:oma
Attachment (Table 1, Figures 1 .1 2)
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TABLE 1. Material Properties

Welded Tuff*

2.4 T <Tboil
K 1

1. 65 T > Tboil

Non-Welded Tuff

|1.1 T c Tbol
K a

10.714 T > Tboil

pLI306 4E6

k(1. 72E~6
T~T

boi
Tc Tboll

13.72E6

iip1. 38E6

T < Tboil

T !~ Tboil

Can

K - 1.21

p - 2995.0

Cp - 0.834E3

Tunnel (Air)

K - 2S.0

p - 1.1

Cp - 1.6E3

Tbi 1000C

Unitas

K(3/B-moc)f, O(Kq/m ), Cp(J/K9OC)

Tinitial.. 550C

* Reference 1.
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Sandia Laboratores
date: July 3, 1980 Albuquerque. New Mexico

Livermore. California
to: Distribution

from: R. Eaton and C. H. Xorbin - 5511

subject: Single Canister Thermal Calculations in Welded Tuff for an
Initial Tuff Temperature of 35 C

Raft Single Canister Thermohydrologic Calculations to
Estimate Very Near-Field Temperatures, Pressures,
and Boiling Regions Resulting Prom Emplacement of
High Level Waste HLW)1 in Welded Tuff

A preliminary thermal analysis has been made for the very
near-field of a single nuclear waste canister containing
2.16 kW of High Level Waste (HLW) emplaced in welded tuff
for an Extraction Ratio (ER) of 20% and repository loadings
equal to 50, 75, and 100 kW/acre. The effective radius
concept as discussed in the reference was used to determine
the radial extent of the computational mesh grid, Table I.
Additional specifications regarding capacitances,
conductivities, geometry and densities are given in Table
II.

The primary purpose of making these calculations was to
predict the maximum canister and tuff temperatures and the
times at which they occur. Figures l, 2, 3, and 4 show
canister midplane temperatures as a function of time for
several radial locations. Figure 5 shows the effect of
global canister loading (kW/acre) on maximum canister and
tuff temperature. The maximum predicted temperatures are
nearly linear with repository loading. Figures 6, 7 and 8
give radial distribution of temperatures along the
centerplane of the canister at a time when the canister
temperature is maximum.

Figures 9 and 10 show peak temperatures for the 50 and 100
kW cases as a function of radius. It should be noted that
the times at which peak temperatures occur increases for
increasing radius.

RRZtCMKs5Sllslh
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TABLE I

Case Reff (m) Rdrift ' Odrift (n)

1 7.45 3.3

2 6.09 2.7

3 5.27 2.4
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T TABLE It

2.4 T < b$Toil
1.6 5 T > .oiT b

3.64 E6 T C(Tboil - lOC)

PCp 1.72 E6 T > (Tboil + 100 C)

2.5 E7 (Tboil - 1 0 Cl<T c CTboil + 100 C)

Canister

K 1.21

p a 2995

Cp 0.834E3

Tboil ' 100 C

units

WKS/ . m0 Cl. 0(cg/m31, C pT 0 cl
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Sandia National Laboratories
date: November 12, 1980 Albuquerque. New Mexico 87185

to: Distribution

from: Eaton and R. K. Thomas - 5521

subject: Comparison of Effective Radius 2-Dimensional Thermal Simulation
With Full 3-Dimensional Results

Ref. 1. D. K. Gartling Coyote - A Finite Element Computer
Program for Non-Linear Beat Conduction Problems,*
SAND77-1322, Sandia Laboratories, Albuquerque, NM,
June, 1978.

Ref: 2. R. J. Bathe, OADINAT - A Finite Element Program For
Automatic Dynamic Incremental Nonlinear Analysis of
Temperatures," MIT Report 8 2 448-5, May, 1977
(Revised 1978).

This memo colpares the results of two-dimqnsional effective
radius (2-D) and three-dimensional (3-D)' thermal analysis
of the very near field of a simulated HLW heat source buried
in tuff. Previously, numerous studies have been made using
a two-dimensional effective radius model to simulate three
dimensional problems. This 2-D model greatly simplifies the
code set up procedure and significantly reduces the required
computer run time. The intent of this memo is to document
the details of this simplified model and to compare the
results with a full 3-D conduction model.

The numerical nodalization for the two-dimentional axisym-
metric model is based on an effective radius or unit cell
concept where r ff is the location of the far adiabatic
boundary (see Figure 1 and 2),

reff - ((hL X h 2 )/w)1/2

The drift dimension was determined such that wr2 a hi x W
(equal floor area/can) and 2,rax Za - 2 x h X R (equal
wall area/can). R equals the Seight of the drift. See
Table 1 for material properties and problem dimensions. The
vertical extent of the numerical zoning was *150m from the
floor of the mine drift. From symmetry consideration, the
3-D model spans the cross-hatched region (h 1/2 by h 2 /2).

148



Distribution -2- November 12, 1980

The results of these two calculations are given in Fig. 3
and 4. All data is taken from the canister horizontal center
plane location at various radial distances along the pitch line,
Fig. 2a. The results show that temperatures calculated from the
3-D model are consistently higher, in the rear region of the
canister, than those obtained from the 2-D effective radius
model, Peak temperatures calculated by the effective radius
model are approximately 10% lower than those obtained by the
3-D formulation. The times for the peak temperature to occur
are within 0.5 years of each other.

The higher peak temperature for the 3-D case is in part a re-
sult of the adiabatic wall in the vicinity of the heat source.
It is located at Y - 1.7 m for the 3-D model and r - 5.27 m
for the 2-D case. An adiabatic wall in the near vicinity of
the canister tends to result in higher temperatures because it
greatly restricts heat release in the pitch direction.

The 2-D approximation is well suited for parametric type
studies. The input code data cards for this geometry are
reasonably easy to generate and the run times for the 2-f program
are about one order of magnitude less than that required for the
3-D runs. However, if more accurate absolute temperatures are
required, then the additional effort and expenses required for
the 3-D runs are justified.
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TABLE I
I

Material Propertit

RTuff

"can i si

Rairgap = 1 tui

(1Cp)tug

(PCp)car

Problem Dimensionw

Pitch

Drift c to e

Output

Loading

- . 2.4 J/s9m*C

ter - 1.21 J/SXm.mC

Inel - 25 J/simC

Ef - 3.64E6 J/n 3 oC

I a 2.4836 J/m2 *C

- 3.4 m

- 23.8 m

- 2.16 kW/can (SLW)

- 100 kW/acre
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