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THERMAL ANALYSIS OF THE NATIONAL RADIOQACTIVE WASTE REPOSITORY:
PROGRESS THROUGH MARCH 1972

R. D. Cheverton
W. D. Turner

ABSTRACT

Thermal studies are continuing in connection with the
burial of radioactive wastes in a salt formation similar to
that at Lyons, Kansas. Parametric studies pertaining to
high-level waste were recently conducted in which room size,
waste package array and spacing, waste age, and power per
package were variables. The objective of the studies was
to aid in determining optimum burial conditions. Room widths
of 15, 30, and 50 ft and waste ages of 1 to 100 years at the
time of burial were considered. The previously used three-
dimensional heat conduction code was revised to include the
temperature dependence of the thermal conductivity, and
criteria associated with limiting temperatures were modi-
fied to achieve a greater degree of consistency for the
different room sizes and package arrays.

Results from the analysis show that, independent of
waste age, there is an advantage in using the 15-ft room,
based on Repository mining costs and gross space require-
ments. In connection with the latter requirements the
preference for the smaller room size is restricted to the
maximum permissible loading condition.

Delaying burial of the waste until about 10 years after
the parent fuel is discharged from the reactor also appears
to be beneficial.

The calculated maximum permissible loading per gross
acre for 10-year-old waste is 6 metric tons of waste nu-
clides, which corresponds to 158 kW/acre at the time of
burial. Considering the lowest expected thermal conduc-
tivity and permissible temperature for any of the presently
anticipated wastes, and assuming a container diameter of
12 in., the maximum permissible initial (time of burial)
power per waste package is 5 kW (independent of waste age).
The limiting power for a 6-in.-diam container is about 3 kW.



A limitation on power per package is also imposed by
various waste package handling operations within the Reposi-
tory. Thermal considerations limit the power for a 6-in.-diam
container to 5 kW, independent of waste age, while transporter
shielding limits the power to 3.3 kW for 1-year-old waste;
however, the permissible level is greater than 5 kW for wastes
older than about 3.2 years.

A few calculations were made to determine the effect of
varying the waste package arrays within a room. Indications
thus far are that there is little difference in permissible
loading surface density for one, two, and three rows in a 15-ft
room and for two and three rows in a 30-ft room., It is tenta-
tively concluded that the addition of more rows will not intro-
duce significant changes. Thus the parametric analysis applies
to very low power levels per package, accommodated by numerous
rows, as well as to the higher power levels for which the
calculations were made.

Calculations have also been made with regard to tempera-
tures in the high-level repository fringe areas (adjacent
rooms, corridors, shafts, etc.), and in connection with the
burial of cladding hulls and alpha wastes. Neither of these
cases appears to pose particularly difficult thermal problems.

1. INTRODUCTION

It is proposed that radioactive wastes such as concentrated fission
products, fuel element cladding hulls, and alpha-contaminated materials be
placed in salt formations beneath the earth's surface for permanent stor-
age. Heat released from these wastes will be dissipated in the salt and
surrounding geologic formations and will eventually be transferred to the
atmosphere. A consequence of the subsurface heat release is an increase
in the temperatures of the mined area and its environs. The temperature
increases will eventually subside since the heat generation rate of the
waste continuously decreases. However, thousands of years are required
for the temperatures to return to normal. The design of a facility, desig-

nated as the Repository, to contain these wastes must be such that the



temperature variations will not adversely affect operational safety,
containment integrity, and the environment. Results of previous studiesl’2
indicate that a satisfactory design can be achieved at a reasonable cost.

The design concept for the Repository calls for two separate burial
areas: one for alpha waste, and another for high-level waste (fission
products, actinides, and cladding hulls). The alpha waste has a power
density that is about a factor of 10° less than that in the solidified
high~level waste, and does not present a thermal problem of the magnitude
that the high-level waste does. Thus, the thermal analysis pertains
primarily to the high-level portion of the Repository, which is shown
schematically in Fig. 1.1. As indicated, waste packages are buried in
vertical holes beneath the floor of a room that is mined in the salt
formation about 1000 ft below the earth's surface.

Previous thermal analyses2 of the high-level portion of the
Repository considered several different room sizes, double and single
rows of waste packages, wastes of different ages, and variations in the
geologic formation stratigraphy and thermal properties. It was concluded
that reasonable variations in stratigraphy and thermal properties had
little effect on the temperatures. However, Repository space and mining
costs were found to be sensitive to room and pillar dimensions, waste
package array and pitch (spacing between waste packages), loading per
waste package, and age of waste at the time of burial. Thus there was a
need for parametric studies that would consider these factors, and such
studies are the subject of a portion of this report.

Information derived from the parametric studies is used in the
overall economic analysis of waste management to determine, among other

things, the optimum above ground storage time for the high-level waste
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3,k indicate that the

in both liquid and solid forms. Previous analyses
optimum time is in the range of 3 to 10 years, assuming that the waste is
solidified within 5 years of reactor discharge. Thus, for most of the
calculations discussed herein, the maximum age of the waste prior to bur-
ial was assumed to be 10 years; however, a few calculations were made for
20-year-old waste, and the results were extrapolated to 100 years.

Before the parametric studies were begun, the thermal criteria were
modified to achieve a greater degree of consistency between the different
dimensional layouts. Furthermore, temperature dependence for the thermal
conductivity of salt was incorporated in the three-dimensional heat con-
duction code.

In addition to the parametric studies, this report discusses tem-
peratures in working areas adjacent to burial areas, temperatures in the
alpha waste packages, temperature limitations imposed by waste package
handling procedures in the high-level facility, and a three-dimensional
superposition model that is being developed for mine loading sequence

studies.

2. SOLUTION OF THE HEAT CONDUCTION DIFFERENTIAL EQUATION
WITH TEMPERATURE-DEPENDENT THERMAL CONDUCTIVITY
Numerical solution of the heat conduction differential equation
for 3-D(XYZ) models and with temperature-independent properties was
accomplished using the alternating direction implicit procedure proposed
by Doug]as.5 Details associated with the specific computer code developed
at ORNL for the Repository studies are discussed in ref. 2, Before the

recent parametric studies were begun, the ORNL code was revised to include



thermal dependence for the thermal conductivity. It is now possible to
recalculate the conductivity at each node for specified time intervals
that consist of one or more time steps.

The conductivity used for the time interval tw1 "t is evaluated
at the temperature

T + n Tn-1 (tm+1 3 tm )
n t -t 2 ’

Tn is the last calculated temperature,

Tn - Tn_1 is the temperature change during the last time step,
t, "ty is the last time step,
tm+1 - tm is the next time interval, which can consist of one or

more time steps, and

The time step and the time interval are made as large as is consistent
with desired accuracy in order to reduce computer time; in principle,
there is an optimum combination. For the Repository analysis, the
accuracy appears to be less sensitive to the size of the time interval
(effect of temperature dependence) than to the size of the time step.
Trial-and-~error attempts showed that, in combination with time step

sizes based on the constant-thermal-property studies, the time interval
could span ten time steps. Although this does not necessarily represent
an optimum combination, it has been quite satisfactory for the Repository
parametric studies conducted thus far. For a typical problem, the maxi-
mum difference between témperatures calculated by reevaluating the thermal

conductivity for every time step and for every tenth time step was only 0.5%.



3. SELECTION OF INPUT PARAMETERS

3.1 Room Sizes and Waste Package Arrays
for High-Level Facility

Room widths of 15, 30, and 50 ft were considered in the parametric
studies. The 15- and 50-ft values are specified as minimum and maximum
based on waste package transporter size and maneuverability and on ceiling
sag characteristics, respectively. Pillar widths for the different room
sizes are based on pillar deformation analyses and, at present, are not
considered to be variables. The corresponding pillar widths are 25, 30,
and 50 ft.

The appropriate waste package array within a room depends upon the
power per package, the size of the room, and shielding requirements. A
qualitative analysis indicated that two rows in the 30- and 50-ft rooms
and a single row in the 15-ft room would be best for the greater portion
of the range of conditions expected. Thus, these arrays were used for
most of the calculations. Furthermore, the two-row arrays were restricted
to rectangular geometry because this simplified the numerical analysis.

In some cases, staagering the waste packages (i.e., arranging them in
triangular arrays) would improve heat transfer and shielding and will
eventually be included in the analysis.

When the pitch is small compared to the transverse distance between
packages, a condition encountered with low power levels, there will be
thermal and shielding advantages in increasing the number of rows. There-
fore, a few calculations were made with three rows in a 30-ft room and
two and three rows in a 15-ft room. As an extreme in this regard, a calcu-
lation was made with the waste homogenized over a specific width of the

burial zone beneath a room.



3.2 High-lLevel Waste Characteristics

Two types of high-level wastes are considered in this report:

(1) a mixture of fission products and actinides, and (2) fuel cladding
hulls. The cladding hulls are considered as high-level waste because of
their strong activation and because they are contaminated with fission
products and actinides. In the remainder of this report, the cladding
hulls will be referred to as hulls, and the fission product—actinides
mixture will be referred to as high-lével waste,

To date, only one type of high-level waste has been considered in
the parametric analysis. |t corresponds to a typical light-water reactor
(LWR) fuel having an initial enrichment of 3.3% 235y, an average specific
power of 30 MW(t)/metric ton, and a total burnup of 33,000 MWd/metric ton.
It was assumed that reprocessing took place 150 days after discharge of
the fuel from the reactor, that 99.5% of the uranium and plutonium was
recovered during reprocessing, and that the remainder of the uranium and
plutonium, plus the other actinides and fission products, were included
in the solidified waste. Time-dependent compositions and heat generation
rates for this waste were obtained from the computer code ORIGEN.6 A
compilation of nuclides and their relative heat generation rates as a
function of time is presented in Table 3.1. Only those nuclides that
contribute at least 1% to the total heat generation are listed in this
table. The recorded total heat generation rates, howevér, include heat
from all nuclides. [t is of interest to note that essentially all of the
heat during the first 200 years comes from the fission products and that

the actinides make the greatest contribution in the period which follows.



Table 3.1.

Nuclide Sources of Heat Generation

for a Typical LWR Waste

in Fission Products and Actinides

i Heat Generation Rates, Relative to Grand Total at T Year, at Designated Times After Reprocessing at 150 Days (years):
Nueltde 1 2 5 10 20 50 100 200 500 103 10"
X10~ x10” x10”! x1072 x10°2  x1072 x1073 X10~ x10™" X102
0g, 0.01 0.12 0.11 0.10 0.78 0.37 0.11 0.09
0y 0.06 0.54 0.50 0.4k 3.4 1.65 0.48 0.41
EET 0.01
EES 0.12
1062, 0.25 1.28 0.16
126, 0.07
134¢g 0.21 1.47 0.53 0.10
137¢s 0.02 0.21 0.20 0.18 1.50 0.70 0.22 0.22
137mg, 0.05 0.48 0.45 0.540 3.16 1.58 0.50 0.49
by 0.04 0.15
il 0.30 1.24 0.09
1‘07Pm
B, 0.05 0.05
154, 0.01 0.08 0.07 0.05 0.3 0.09
Subtotal 0.97 5.65 2.16 1.30 9.25 4. k2 1.32 1.27 0.08 0.02 0.21
239p 0.07 0.06 0.28
238, 0.02 0.11 0.13
233p, 0.07 0.08 1.64
2ho, 0.03 0.33 0.31 1.23
2, 0.07 0.06 0.53 3.30 1.48
243, 0.07 0.72 0.69 3.05
2h2., 0.02
2hhe, 0.01 0.10 0.09 0.07 0.48 0.15 0.02
Subtotal  0.03 0.15 0.10 0.08 0.61 0.27 0.12 0.78 464 2.63 6.26
Total 1 5.81 2.26 1.39 9.85 4.69 1.44 2.04 4.72 2.66 6.47
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A curve of relative heat generation vs time is shown in Fig. 3.1,
The thermal conductivity and the maximum permissible temperature

Ve (°F)“1 and 1100°F, respectively)

for the waste (i.e., 0.25 Btu hr
were the least expected nominal values for any of the anticipated solidi-
fied wastes. For many of the calculated cases, the waste temperature was
limiting; thus there is some incentive for improving the thermal proper-
ties of the waste.

The hulls that were considered in the calculations were assumed
to have been discharged from the same LWR and to have been exposed to the
same operating conditions as the high-level waste discussed in this
report.7 It was assumed that the zircaloy hulls were contaminated with
0.1% of the high-level waste. Heat generation rate as a function of

time for this ''waste' is shown in Fig. 3.1. The burial scheme for the

hulls was assumed to be the same as that for the high-level waste.

3.3 Diameter of High-Level-Waste Container

The high-level-waste container was assumed to have a 6-in. dia-
meter for the parametric analysis. Increasing the diameter tends to
reduce temperatures in the waste and in the salt adjacent to the container.
Although small, this effect will be considered in greater detail in a

future analysis.
3.4 Alpha Waste Characteristics and Burial Scheme

The analysis of the alpha facility was based on a typical alpha
waste composition consisting of 1% 238Py, 60% 233py, 24y 240py, 11g 241py,
and 4% 2%2py, The heat generation characteristics for this waste are

shown in Table 3.2.
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Table 3.2. Heat Generation Rate of Typical Alpha Waste
as a Function of Time
Time Poer Closure = Total Power
Time - 26 years
0 0 30 6.55 X 10°
1 7.97 X 102 1 X 102 6.13 X 10°
2 3.23 X 103 3 X 102 4.28 x 105
3 5.80 X 102 1 x 103 1.99 X 10°
4 8.49 X 10“ 3 X 103 9.08 x 10*
5 1.13 X 10 1 X 10" 5.58 X 10
6 1.42 x 10" 3 X 10% 2.20 X 10
7 1.96 X 10" 1 X 105 3.25 X 103
8 2.69 X 104 3 X 10° 8.74 X 102
9 3.44 X 10% 1 X 108 6.20 X 102
10 4.39 x 10" 3 X 108 2.89 X 102
1 5.37 X 10 1 X 107 5.04 X 10
12 6.78 x 104 3 X 107 1.89 X 10
13 8.76 x 10
14 1.14 X 10°
15 1.41 x 105
16 1.70 X 10°
17 1.99 X 103
18 2.29 X 105
19 2.61 X 10°
20 2.92 X 10°
21 3.25 X 10°
22 3.59 X 10°
23 3.93 X 10°
24 4,28 x 105
25 4.63 x 10°
26 4,76 X 105

2 Total power of all alpha waste considered for burial in

the Repository,
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It has been estimated8 that 1.53 X 108 ft3 (prior to compaction)
of alpha waste will be accommodated in the Repository by the year 2000.
If the specified compaction schedule is followed, the gross space re-
quired for the waste will be 180 acres. The heat generation input used
in the thermal analysis was based on these quantities and on an average
plutonium concentration in the waste, prior to compaction, of 0.25 g/ft3,
It was further assumed that the waste packages would be placed adjacent
to each other and stacked 10 ft high in rooms that are about 1000 ft

below the earth's surface.

L, MODELING THE REPOSITORY
4.1 Models for High-Level-Facility Parametric Studies

The two=- and three-dimensional models used for most of the para-
metric studies are essentially the same as those discussed in ref. 2.
Boundaries on the latest two-dimensional model are extended to permit
consideration of longer times after burial. In the latest three-
dimensional model the pitch is a variable, and salt subregions are re-
moved, consistent with the application of temperature-dependent thermal
properties for the salt. The 2-D(RZ) model is shown in Fig. 4.1; 3-D(XYZ)
models for the 15-, 30-, and 50-ft rooms are shown in Figs. 4.2, 4.3,
and 4.4, respectively. Additional detailed information pertaining to
these models is given in Tables 4.1 — 4.4,

An additional 2-D(RZ) model, which simulates a high-level facility
with an adjacent alpha facility, is shown in Fig. 4.5 and is further

described in Table 4.5. Additional 3-D{(XYZ) models included different
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Table 4.1. Description of Two-Dimensional Cylindrical Model

A. Region Definition

Region No. Material No.a Inner RP Outer Rb Upper Zb Lower Zb
1 1 0 12,000 0 365
2 2 0 12,000 365 755
3C 3 0 12,000 755 1000
4 4 0 3500 1000 1020
5 3 3500 12,000 1000 1020
6 3 0 12,000 1020 1070
7 2 0 12,000 1070 10,000

B. Grid Line Locations
Grid Line Index Rb Zb
(1, 3, or K)

1 0 0
2 500 100

3 1000 200
4 1500 300

5 2000 365
6 2500 400

7 3000 500
8 3500 600
9 3750 700
10 4050 755
11 4250 800
12 4500 850
13 4750 900
14 5000 925
15 5250 950
16 5500 975
17 5750 1000
18 6000 1020
19 6250 1045
20 6500 1070
21 7000 1100
22 7500 1150
23 8000 1200
24 8500 1250
25 9000 1300
26 9500 1400
27 10,000 1500
28 10,500 1600
29 11,600 1800
30 11,500 2000
31 12,000 2200
32 2400
33 2600
34 2800
35 3000
36 3250
37 3500
38 4000
39 4500
40 5000
41 5500
42 6000
43 7000
44 8000
45 9000
46 10,000

aSee Table 6.2 for the names and thermal properties of the materials.
bDimensions are given in feet.

“Heat generation occurs in this region.



Table 4.2.
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Description of Three-Dimensional Model for a

15-ft Room in the Repository

A. Region Definition

Region  Material®  Left  Right  Front Back Top Bottom
b b b b b b
No. No. X X Y Y for z z
Pitch (ft) of:
10 30 50
1 10 0 20 0 5 15 25 600 800
2 7 0 20 0 5 15 25 800 900
3 6 0 20 0 5 15 25 900 985
4 8 0 7.5 0 5 15 25 990 1000
5 5 7.5 20 0 5 15 25 985 1000
6 5 0 20 0 5 15 25 1000 1002
7 10 0 20 0 5 15 25 1002 1004
8 5 0 20 0 5 15 25 1004 1008
9 5 0 20 0 5 15 25 1018 1021
10 10 0 20 0 3 15 25 1021 1025
11 5 0 20 0 5 15 25 1025 1050
12 10 0 20 0 3 15 25 1050 1400
13 5 0.25 20 0 5 15 25 1008 1018
14 5 0 0.25 0.25 5 15 25 1008 1018
15¢ 9 0 0.25 0 0.25 0.25 0.25 1008 1018
B. Grid Line Locations
Grid Line Index Xb Yb Zb
(I, 3, or K) Pitch (ft)
10 30 50
1 0 0 0 0 600
2 0.25 0.25 0.25 0.25 700
3 0.75 .75 0.75 0.75 800
4 1.5 1.5 1.5 1.5 900
5 3 3 3 3 950
6 5 5 5 5 980
7 7.5 7.5 7.5 985
8 10 io 10 990
9 15 15 15 995
10 20 20 1000
i1 25 1002
12 1004
13 1006
14 1008
15 1010.5
16 1013
17 1015.5
18 1018
19 1021
20 1025
21 1050
22 1100
23 1200
24 1300
25 1400

860s Table 6.2 for the names and thermal properties of the materials.

Dimensions are given in feet.
CHeat generation occurs in this region.



Table 4.3.

20

Description of Three Dimensional Model for a
30-ft Room in the Repository

A.

Region Description

Region Material? Left Right Front Back Top Bottom
No. No. Xb Xb Yb Yb for Zb Zb
Pitch (ft) of:
10 30 50
1 10 0 30 0 5 15 25 600 800
2 7 0 30 0 5 15 25 860 900
3 6 0 30 4] 5 15 25 900 985
4 8 0 15 0 5 15 25 990 1000
5 5 15 30 0 5 15 25 985 1000
6 5 0 30 0 5 15 25 1000 1002
7 10 0 30 0 5 15 25 1002 1004
8 5 o] 30 0 5 15 25 1004 1008
9 5 0 30 0 5 15 25 1018 1021
10 10 0 30 0 5 15 25 1021 1025
11 5 0 30 0 5 15 25 1025 1050
12 10 0 30 0 5 15 25 1050 1400
13 5 0 10.75 4] 5 15 25 1008 1018
14 5 10.75 11.25 0.25 5 15 25 1008 1018
15 5 11.25 30 [¢] 5 15 25 1008 1018
16¢ 9 10.75 11.25 G 0.25 0.25 0.25 1008 1018
B. Grid Line Locations
Grid Line Index Xb Yb for 2P
(1, J, or K) Pitch (ft) of:
10 30 50
1 0 0 0 0 600
2 5 0.25 0.25 0.25 700
3 8 0.75 0.75 0.75 800
4 9.5 1.5 1.5 1.5 900
5 10.25 3 3 3 950
6 10.75 5 5 5 980
7 11.25 7.5 7.5 985
8 11.75 10 10 990
9 12.5 15 15 995
10 14 20 1000
11 15 25 1002
12 17.5 1004
13 20 1006
14 25 1008
15 30 1010.5
16 1013
17 1015.5
18 1018
19 1021
20 1025
21 1050
22 1100
23 1200
24 1300
25 1400

a
See Table 6.2 for the names and thermal properties of the materials.

b ;
Dimensions are given in feet.

c . ; . .
Heat generation occurs in this region.
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Description of Three-Dimensional Model for a
50-ft Room in the Repository

A. Region Description
Region Material? Left Right Front Back Top Bottom
No. No. Xb Xb Yb Yb for Zb Zb
Pitch (ft) of:
10 30 50
1 10 0 50 0 5 15 25 600 800
2 7 0 50 0 5 15 25 800 900
3 6 0 50 0 5 15 25 9200 985
4 8 0 25 0 5 15 25 990 1000
5 5 25 50 0 5 15 25 985 1000
6 5 0 50 0 5 15 25 1000 1002
7 10 0 50 0 5 15 25 1002 1004
8 5 0 50 0 5 15 25 1004 1008
9 5 0 50 0 5 15 25 1018 1021
10 10 0 50 ] 5 15 25 1021 1025
11 5 0 50 0 5 15 25 1025 1050
12 10 0 50 0 5 15 25 1050 1400
13 5 0 20.75 0 5 15 25 1008 1018
14 5 20.75 21.25 0.25 5 15 25 1008 1018
15 5 21.25 50 o] 5 15 25 1008 10138
16¢ 9 0 0.25 0 0.25 0.25 0.25 1008 1018
B. Grid Line Locations
Grid Line Index Xb Yb for Zb
(I, J, or K) Pitch (ft) of:
10 30 50
1 0 0 0 0 600
2 0.25 0.25 0.25 700
3 10 0.75 0.75 0.75 800
4 15 1.5 1.5 1.5 900
5 18 3 3 3 950
6 19.5 5 5 5 980
7 20.25 7.5 7.5 985
8 20.75 10 10 990
9 21,25 15 15 995
10 21.75 20 1000
11 22.5 25 1002
12 24 1004
13 25 1006
14 27.5 1008
15 30 1010.5
16 35 1013
17 40 1015.5
18 50 1018
19 1021
20 1025
21 1050
22 1100
23 1200
24 1300
25 1400

aSee Table 6.2 for the names and thermal properties of the materials.

b, ; .
Dimensions are given in feet.

c : . .
Heat generation occurs in this region.
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Table 4.5. Description of Two-Dimensional Cylindrical Model
Simulating High-Level Waste Repository with

Ad jacent Alpha Facility

A. Region Definition

Region No. Material No.a Inner Rb Outer RP Upper Zb Lower Zb
1 1 0 12,000 0 365
2 2 Q 12,000 365 755
3 3 0 12,000 755 1000
4¢ 4 0 3500 1000 1020
5 3 3500 4000 1000 1020
6 3 5000 12,000 1000 1020
7 3 0 12,000 1020 1070
8 2 0 12,000 1070 10,000

B. Grid Line Locations
Grid Line Index Rb Zb
(I, J, or K)

1 0 ¢}
2 500 100
3 1000 200
4 1500 300
5 2000 365
6 2500 400
7 3000 500
8 3250 600
9 3300 700
10 3350 755
11 3400 800
12 3450 850
13 3500 900
14 3550 925
15 3600 950
16 3650 975
17 3700 1000
18 3750 1020
19 3800 1045
20 3850 1070
21 3900 1100
22 3950 1150
23 4000 1200
24 4250 1250
25 4500 1300
26 4750 1400
27 5000 1500
28 5500 1600
29 6000 1800
30 6500 2000
31 7000 2200
32 7500 2400
33 8000 2600
34 8500 2800
35 9000 3000
36 9500 3250
37 10,000 3500
38 12,000 4000
39 4500
40 5000
41 5500
42 6000
43 7000
44 8000
45 9000
46 10,000

35ee Table 6.2 for the names and thermal properties of the materials.

bDimensions are given in feet.

c : . .
Heat generation occurs in this region.



24

high-level-package arrays for the 15- and 30-ft rooms, including a
homogenized source zone. These arrays are shown in Fig. 4.6.

The use of rectangular geometry (XYZ) in the 3-D models makes it
necessary to represent the cylindrical waste package with a rectangular
parallelepiped having a square cross section normal to the long axis.

In each case, the sides of the square cross section were tangent to

the cylindrical surface of the waste container. Thus, the surface area
and the volume of the parallelepiped were greater by a factor of L/n
than for the cylinder. To determine the effect this had on the célcu-
lated surface temperatures 2-D(XY) and 1-D(R) comparison calculations
were made. The results indicated that, when the cylinder and the paral-
lepiped contain the same power per unit length, the surface temperatures

agree to within about 3%.
4.2 Models for High-Level-Mine Loading Sequence Studies

To facilitate the study of mine loading sequence effects on temper-
ature distributions, two superposition models are being developed. One
of them, shown in Fig. 4.7 and further described in Table 4.6, depicts
a unit cell consisting of a square slab source region and a square
room-pillar-corridor region embedded in an effectively infinite extent
of the formation as considered in the other 3-D(XYZ) models. Three of
these unit cells, placed in series so that the source and room-pillar-
corridor regions are continuous, make up a rectangular section of the
Repository, one end of which ties into the main corridor. Sections are
placed side by side on both sides of a main corridor to make up the

entire mined portion of the Repository. The horizontal dimensions
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Table 4.6. Description of 3-D (XYZ) Superposition
Model for the High-Level Mine

A. Region Definition

27

Region Material® Left Right Front Back Top Bottom
No. No. Xb Yb Yb Zb Zb
1 10 0 1000 ] 1000 600 800
2 7 0 1000 0 1000 800 900
3 6 0 1000 [¢] 1000 900 985
4 11 0 500 0 500 985 1000
5 5 0 500 500 1000 985 1000
6 5 500 1000 0 1000 985 1000
7 5 0 1000 0 1000 1000 1002
8 10 0 1000 0 1000 1002 1004
9c 5 0 1000 0 1000 1004 1008
10 5 0 500 0 500 1008 1018
11 5 0 500 500 1000 1008 1018
12 5 500 1000 0 1000 1008 1018
13 5 *0 1000 0 1000 1018 1021
14 10 0 1000 0 1000 1021 1025
15 5 0 1000 0 1000 1025 1050
16 10 0 1000 0 1000 1050 1400
B. Grid Line Locations
Grid Line Index
(I, J, or K) Xb Yb Zb

1 0 0 600
2 200 200 650
3 300 300 700
4 400 400 750
5 450 450 800
6 500 500 850
7 550 550 900
8 600 600 925
9 700 700 950

10 800 800 962.5
11 1000 1000 975
12 980
13 985

14 987.5
is 990

16 992.5
17 995

1 997.5
19 1000
20 1002
21 1004
22 1006
23 1008

24 1010.5
25 1013

26 1015.5
27 1018
28 1021
29 1025

30 1037.5
31 1050
32 1075
33 1100
34 1150
35 1200
36 1250
137 1300
38 1350
39 1400

3gee Table 6.2 for the names and thermal properties of the materials.

Dimensions are given in feet.

“Heat generation occurs in this region.
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within the unit cell are such that several rooms on both sides of a
corridor are included. The contents of the two finite slab regions are
distributed uniformly throughout their respective regions.

To obtain temperatures throughout the Repository, temperature
changes calculated for two or more unit cells are superimposed at the
appropriate space and time positions. |If two or more types of waste are
considered, each waste can be assigned to a different cell, and each of
these cells must be calculated.

The second superposition model is 2-D(RZ). It consists of a
single waste package located in an effectively infinite horizontal
extent of the stratigraphy considered in the other 2-D(RZ) models (refer
to Fig. 4.1 and Table 4.1). This model is used for determining the
effect of loading sequence on temperatures in the near vicinity of a
waste package. A comparisoﬁ of results obtained with the simultaneous
loading scheme [3-D(XYZ) models] with results obtained with various
sequence loadings provides correction factors to be used with the
3-D(XYZ) results. Such comparisons also provide guidance in selecting
optimum loading schemes.

The superposition technique is strictly applicable only when tem-
perature-independent properties are considered. However, less overall
error is introduced by using temperature-dependent properties with the
superposition model, and the net error is reasonably small. Temperature-
dependent properties were used with the 3-D(XYZ) superposition model;
however, to date they have not been used with the 2-D(RZ) superposition

model.
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L.3 Model for Studying High-Level-Mine Fringe Area Effects

The above or similar superposition models can be used to obtain
temperatures in fringe areas such as the alpha mine, shafts, adjacent
rooms, etc. However, the 2-D(RZ) model shown in Figs. 4.1 and 4.5 will
provide much of the same information. Figures 4.1 and 4.5 differ in
that the latter figure includes the alpha facility, which is simulated
by an annular void surrounding the disk source. This is a conservative
approach to considering the insulating effect of the alpha mine on the
high-level facility once the alpha mine is filled with waste and back-

filled with crushed salt.

5. CRITERIA RELATED TO THERMAL ANALYSIS

5.1 Waste Temperatures

The maximum permissible temperature of the solidified waste is
specified as the maximum temperature that existed during the solidifica-
tion process. It appears that this temperature will range between 1100

and 2000°F, the specific value depending upon the process used.

5.2 Salt Temperatures

Permissible temperatures in the salt and other formations have
thus far been derived from analyses of the room closure rate and the
deformations in the shale bed above the mined area. An iterative proce-
dure is required in which the thermal calculations are followed by a

rock mechanics analysis, which, in turn, provides feedback for a new
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thermal analysis. The most recent rock mechanics analysis indicates
that the following interim thermal criteria should be used in the thermal
parametric studies. .
Consider a unit cell of the burial zone similar to those shown in
Figs. 4.2 — 4.4, extending in the vertical direction from end to end of
the waste container. The following conditions are specified: (1) no
more than 1% of the salt in this unit cell shall be at a temperature
above 482°F, and (2) no more than 25% of the salt in this unit cell
shall be at a temperature above 392°F,
It is possible that more restrictive salt-temperature criteria
will be specified in connection with brine migration and the effects
thereof (production of radiolytic and chemical species such as H2 and
HC1). However, at this time, it does not appear that‘this will be the

case.

5.3 Temperature lIncreases in Freshwater Aquifers,
in Mineral Deposits, and at the Earth's Surface

The maximum permissible temperature rises in stagnant aquifers
at depths of 100 and 300 ft are 15 and 50°F, respectively. Because of
the low heat flux at and above these elevations, a small flow rate in
the aquifers would reduce the temperature rise by a large factor.

Temperature rises anywhere in the geologic formations outside the
AEC-controlled buffer zone shall be less than 1°F., This limiting value

also applies to the earth's surface directly above the Repository.
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6. THERMAL PROPERTIES

The thermal property data used in the most recent studies are
essentially the same as the most up-to~date values discussed and listed
in ref. 2. For the 3-D(XYZ) calculations, it was assumed that the shale
was isotropic; however, thermal conductivity anisotropy was included for
shale in the 2-D(RZ) calculations. The ratio of horizontal-to-vertical
thermal conductivity for shale was assumed to be 1.5 on the basis of

9

experimental data from the Lyons site.” The ratio presumably is temper-
ature dependent, decreasing with increasing temperature. From the stand-
point of calculating temperature rises quite some distance out from the
edge of the Repository, it is conservative to use the maximum value of
anisotropy for all temperatures; this was done in the 2-D(RZ) calcula-
tions.

The temperature dependence of the thermal conductivity of salt
was considered in the 3-D(XYZ) calculations. For regions containing
salt and shale it was assumed that the two materials were in discrete
horizontal layers, and that most of the heat transfer in these regions
occurred in a vertical direction. The effective thermal conductivity

for the salt-shale regions was calculated from

k1(T) ko
fiky + faki(1) ’

k(T) =

where

k(T) = effective thermal conductivity for temperature T,

k1(T)= thermal conductivity for salt at temperature T,

ko = thermal conductivity for shale (measured in vertical
direction),

f1 = volume fraction of salt, and

f, = volume fraction of shale.
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Calculated values of k(T) for the two salt-shale mixtures considered in
the 3-D(XYZ) calculations are shown in Table 6.1. Other thermal proper-
ties used in the 2-D(RZ) and 3-D(XYZ) calculations discussed in this
report are presented in Table 6.2,

Recent experimental resultsl0 indicate that the thermal conduc-
tivity of crushed salt is about twice the value that was used in the
parametric studies. However, an uncertainty factor of 2 is not unreason-
able for these studies, considering the possible variations in the nature

of the actual backfill in a room.

7. RESULTS OF ANALYSES
7.1 Parametric Analysis of the High-Level Mine

The bulk of the results from the parametric analysis is presented
in terms of the quantity (weight) of high-level waste nuclides (fission
product and actinide nuclides) that can be accommodated per gross acre
(room and pillar area), per net acre (room area only), and per waste
package without exceeding permissible salt and waste temperatures, which,
as will be shown later, are more restrictive than the other limiting con-
ditions. The independent variables are: age of the waste, size of the
room, and distance between the waste packages parallel to the length of
the room. The recorded weights of nuclides include all waste nuclides
including xenon and krypton, even though these and other gases will be
collected separately during the solidification process. Thermal contri-

butions from the gases are negligible.
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Table 6.1, Thermal Conductivities of Salt and Salt-Shale Mixtures
as a Function of Temperature [Btu hr™! ft~! (°F)~?)

Conductivity

Iﬁ?f' 53Tt (80%)— Salt (50%)= Room and

Salt Shatle (20%) Shale (50%) Pillar
32 3.53 2.29 1.50 1.83
122 2.90 2.06 1.43 1.515
212 2.43 1.85 1.37 1.28
302 2.08 1.68 1.31 1.105
392 1.80 1.53 1.25 0.965
482 1.60 1.1 1.19 0.865
572 1.4k 1.31 1.15 0.785
662 1.33 1.23 1.11 0.730
752 1.20 1.14 1.06 0.665




Table 6.2. Summary of Thermal Properties — Most Recent Values

Thermal ConductivitY
]

Material Temp. [Btu hr-! fe-1 (°F)~ Densitg Speciflc HeaE
(°F) Isotropic Anisotropic (1b/fFt3) [Btu I1b~1(°F)~1]
Vertical Horizontal
Two-Dimensional (RZ) Model
1. Surface deposits 70 1.59 1.59 1.59 150 0.2
2. Shale 70 0.952 0.952 1.43 150 0.2
3. Shale and salt 70 2.78 2.78 3.12 140 0.2
4, salt 300 2.06 2.06 2.06 135 0.22
Three-Dimensional Models
5. Salt a 135 0.22
6. Salt (80%)—Shale (20%) a 138 0.216
Salt (50%)—Shale (50%) a 142.5 0.21
8. Crushed salt 70 0.13 98 0.21
9. Calcine waste 0.25 113 0.22
10. Shale 70 0.952 150 0.2
11. Room and pillar a 116.5 0.215

@ See Table 6.1 for thermal conductivity as a function of temperature.

he
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The following results do not specifically take into account the
effects of mine loading sequence. It will be shown in Sect. 7.9 that

this ommission is valid for sequences being considered for the Repository.

7.1.1 Permissible Loadings Based on Salt and Waste Criteria

Figure 7.1 shows the relative effects of the three limiting tempera-
tures (waste, ''1% salt,' and ''25% salt") for a typical case. As indicated,
based on the 25% salt criterion, the surface density is nearly independent
of pitch; based on the 1% criterion, it decreases somewhat with increasing
pitch; and, based on the waste criterion, it decreases substantially with
increasing pitch. These relative trends are valid for all of the cases
considered in the parametric studies.

The minimum envelope of the three curves in Fig. 7.1 represents
the maximum permissible loading, It is noticed that the peak waste tem-
perature can be very restrictive for the larger pitches (heavier loadings
per container). This situation can be improved substantially by using a
solidified waste having a higher thermal conductivity and/or a higher.
permissible temperature. For example, one of the proposed wastes (pot
calcine) has a 50% higher maximum permissible temperature (1650 vs 1100°F),
but about the same thermal conductivity,]] as was used in the parametric
studies. For the particular case illustrated in Fig. 7.1, the higher per-
missible temperature barely eliminates the waste as a limiting factor for
a 50-ft pitch.

Comparisons of results obtained for the 15~, 30-, and 50-ft rooms
are shown in Figs. 7.2, 7.3, and 7.4 for 1-, 4-, and 10-year-old waste,
respectively. Only the minimum envelope for the 1% and 25% curves and

the portion of the waste curve below this envelope are shown in these
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figures. Significant trends that can be observed in the figures are as
follows:
1. The younger the waste, the smaller the pitch for which the 1%

salt and the waste criteria become limiting.

2. For a particular waste age, the difference between maximum
permissible gross surface densities for the three room sizes
is small. However, there are significant differences between
net surface densities. For instance, in the case of a 10-year-
old waste (Fig. 7.4), the maximum permissible net surface
density for a 15-ft room is about 37% greater than that for
the other two room sizes. This constitutes a substantial

saving in mining and salt disposal costs for the 15-ft room.

3. Increasing the pitch permits more waste per package, except

where limited by the waste temperature.

Some of the data in Figs. 7.2 — 7.4 and similar data for 20-year-old
waste have been cross-plotted in Fig. 7.5 for the 15-ft room to more
clearly depict the effect of waste age. This figure shows the limiting
gross loading surface densities based on the salt criteria.

Costs associated with the burial of the waste (i.e., Repository
charges) are a function of the reciprocal of the curve in Fig. 7.5. Other
costs that make up the total for high-level waste management are those
for interim storage of the waste (as liquid and/or solid) aboveground,
for solidification, and for transportation from the processing site to

3,4

the Repository. Previous analyses indicate that the summation of these
costs as a function of waste age at burial will have a minimum somewhere

between 3 and 10 years, likely closer to 10 years because of recent
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probable increases in estimated costs for the Repository.

It was possible to extrapolate the curve in Fig. 7.5 from 20 to
100 years because the effective half-life of the waste is nearly constant
(T]/2 = 30 years) from 20 to about 150 years, and the limiting salt tem-
peratures peak within 40 years. A constant half-life results in a con-
stant maximum permissible initial power level per waste package. This
is shown in Fig. 7.6 for a 10-ft pitch. Thus, the shape of the loading
curve from 20 to 100 years, as shown in Fig. 7.5, is the same as that of
the quantity-of-waste- nuclides-per~unit-of-power curve shown in Fig. 7.7

(data also presented in Table 7.1).

7.1.2 Temperature of the Waste Container Surface

Specific criteria do not as yet exist for the container surface
temperature after burial. However, it is of interest to note the calcu-
lated peak temperature rises and the times at which they occur. This
information is presented in Table 7.2 for the case in which the backfill
around the waste package is assumed to have thermal properties similar
to those of solid salt, and the container loading is limited by the salt
temperature criteria. The container diameter is 6 in.; and the room
size, pitch, and waste age are variables. It is observed that, for the
range of variables considered in the parametric analysis, the peak tem-
perature rises range from about 360 to 1840°F. The higher peaks are
associated with the younger waste and larger pitches, for which higher
power levels per container are permissible. The times at which the temper-
atures peak range from a fraction of a year for the higher temperatures

to 30 years for the lower temperatures.
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Table 7.1. Mass of Waste Nuclides per Unit of Waste Thermal Power
versus Time After Reprocessing

Time After Reprocessing Mass/Power
(years) (kg/kW)
1 5.21
2 8.97
3 13.6
L 18.5
5 23.1
7 30.4
10 37.7
11 39.6
12 b1.3
15 k5.9
17 L8.6
20 52.8
25 60.0
30 68.1
35 77 .1
ko 87.1
50 11
75 201
100 362

aAssuming that reprocessing takes place 150 days following the
discharge of fuel from the reactor (typical waste from LWR).
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Table 7.2. Maximum Surface Temperature Rises
for 6-in.-Diam Waste Containers

Waste Room Pitch Peak Peak Thermal Power
Age Width Temp. Rise Time per Package
(years) (ft) (ft) (°F) (years) (kW)
1 15 10 640 1/2 5.6 (1%)
30 1220 1/4 1.4 (1%)
50 1590 <1/8 4.4 (1%)
30 10 550 3/h 4.5 (25%)
30 1070 1/4 9.9 (1%)
50 1370 1/8 12.1 (1%)
50 10 690 3/8 6.1 (1%)
30 1400 1/8 12.3 (1)
50 1840 <1/8 15.6 (1%)
4 15 10 370 30 2.4 (25%)
30 700 1/2 7.2 (25%)
50 1320 1/4 11.8 (1%)
30 10 350 30 1.7 (25%)
30 L9o 2 5.2 (25%)
50 960 1/2 8.7 (25%)
50 10 Loo 20 2.8 (25%)
30 920 1/2 8.4 (25%)
50 1640 1/4 13.6 (12)
10 15 10 370 30 1.4 (25%)
30 530 20 4.3 (25%)
50 810 7 7.1 (1%)
30 10 350 30 1.0 (25%)
30 460 20 3.1 (25%)
50 630 12 5.2 (25%)
50 10 380 25 1.7 (25%)
30 600 12 5.1 (25%)
50 970 5 7.9 (1%)
20 15 10 360 30 1.3 (25%)
30 520 20 4.0 (25%)
50 800 <10 6.6 (12)
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7.1.3 Effect of Backfill Around Waste Container

Immediately following placehent of a waste package in a hole, the
annular space (v 2 in.) between the container and the surface of the hole
will be backfilled, probably with finely crushed salt. At 212°F, the
thermal conductivity of crushed salt, prior to any reconsolidation, is
about a factor of 10 less than that for solid salt.10 Over a period of
time, pressure and heat will cause the crushed salt to reconsolidate, and
the thermal conductivity will presumably increase to the value for solid
salt. The actual time behavior has not as yet been determined. In the
parametric analysis, it was assumed that the peak temperatures in the
waste and on the container surface occurred after the backfill reverted
to solid salt. This permitted the use of thermal properties of solid salt
for the backfill through the time-dependent calculation.

Two additional calculations were made in which a 2-in. annulus of
crushed salt was placed around a 6-in.-diam package containing 4.3 kW of
10-year-old waste. Based on experimental results for finely crushed salt,
the minimum thermal conductivity of the backfill was assumed to be
0.2 Btu hr~! ft=! (°F)-1, The initial temperature of the container sur-
face in one case was 74°F, the same as that for the surrounding formations;
in the other, it was about 700°F, nearly the actual temperature to be
expected at the time of burial. In each case the surface temperature after
1 day was 800°F and still increasing, assuming the backfill properties to
be unchanged.

According to the Project Salt Vault experimental results,12 reconsoli-
dation of the backfill would terminate the temperature rise at about

1.5 days after burial, at a temperature less than 830°F, and the surface
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temperature would have decreased to about 700°F by 100 days after burial.
In the parametric analysis, which considered only solid salt, the peak
surface temperature was about 600°F and occurred 20 years after burial.
It is believed that the backfill will revert to solid salt long before

a 20-year period has passed; thus it is likely that a minimum temperature
will occur between 100 days and 20 vyears.

Since the initial peak occurs within only 1.5 days, the peak value
will be independent of waste age, nuclide composition, and (to a large
extent) room size and pitch. Thus, a single maximum permissible power
level per package, based on the allowable waste temperature, can be speci-
fied for all waste ages and burial schemes considered in the parametric
analysis. For a waste thermal conductivity of 0.25 Btu hr~! ft~! (°F)"!,
the temperature drops through the waste and across the backfill are about
109°F/kW and 1L40°F/kW, respectively, for the conditions stated above. The
temperature rise at the surface of the hole at 1.5 days is about 53°F/kW.
Consequently, the temperature rise at the center of the waste at 1.5 days
is about 300°F/kW. For an allowable waste temperature rise of 1000°F,
the maximum permissible power would be only 3.3 kW. |If the allowable waste
temperature rise were 1500°F, the permissible power would be 5 kW.

Increasing the diameter of the waste container will decrease the
temperature drop across the backfill nearly proportionally. Suppose that
the diameter is increased from 6 in. to 12 in. The heat flux will be
decreased by a factor of 2, and the temperature drop will be 77°F/kW
instead of 140°F/kW. There will also be a decrease in the hole surface
temperature; however, this will be ignored at present. Thus, a conserva-

tive estimate for the waste temperature rise at 1.5 days for a 12-in.-diam
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container would be 109 + 77 + 53 = 240°F/kW. If the allowable waste
temperature rise is 1100°F, the permissible power is 4.6 kW. Considera-
tion of the lower surface temperature for the hole increases the permis-
sible power to about 5.0 kW.

A complete evaluation of the effect of the backfill material

awaits compilation of more experimental data. In situ experiments are

expected to be conducted in the near future.

7.1.4 Power Limitations Imposed by Handling Operations
Within the Repository

In the preceding discussion of results from the parametric analysis,
limitations that will be imposed by factors at the Repository other than
those directly associated with burial were not considered. It is not the
intent of this report to analyze such factors in detail. However, it is
of interest to briefly review them to see if they are significantly more
or less restrictive than the others.

In the process of conveying a high-level waste package from a
shipping cask to the mine-level transporter, the package must be cooled
by thermal radiation to the walls of relatively large enclosures and by
natural convection in air. All of the waste handling areas involved are
to be cooled with circulating air and/or water to maintain adequately low
air and enclosure temperatures for transient and steady-state conditions.

13

Calculations ° made for a 6-in.-diam waste package suspended vertically
in air at 70°F and surrounded by walls at 70°F predict a container surface
temperature of 520°F for a waste power of 0.65 kW/ft. The corresponding

temperature drop across the waste, assuming the thermal conductivity of

the waste to be 0.25 Btu hr™! ft™! (°F)~! is 710°F. For this case, the
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centerline temperature of the waste is 1230°F. If the allowable waste
temperature is 1100°F, the permissible power level would be 0.56 kW/ft
or 5.6 kW in a 10-ft-long container. Although a maximum permissible
waste container surface temperature has not as yet been specified, 520°F
will not be limiting. Thus, from the standpoint of cooling in air, the
power for a waste exhibiting the poorest expected thermal properties is
limited to about 5 kW per package. Improved waste properties and/or a
large-diameter container would result in a higher permissible value,
based on the waste temperature, and also a higher surface temperature.
A thermal analysis]h performed on the existing PSV mine-level
waste-package transporter indicates that the maximum permissible power
per package is about 5 kW, the limiting factor being the temperature of

15

the waste. Shielding calculations “ show that the power level for some
waste ages is further restricted by the dose rate (including a contribu-
tion from neutrons) outside the transporter shielding. These limitations
are illustrated graphically in Fig. 7.8, which is a plot of dose rate vs
power for different waste ages, and Fig. 7.9, which shows the limiting
powers based on dose rate and heat removal. It is obse;ved that, based
on dose rate, the allowable power is only 3.3 kW for a 1-year-old waste
but is in excess of 5 kW for ages greater than 3.é years.:

An interesting consequence of the above power limitations, including
the one imposed immediately after burial by the crushed salt backfill, is
that the container surface temperatures for all acceptable cases will not
exceed approximately 550°F. However, if the waste thermal properties and
the transporter design are improved, higher powers might be permitted.

This would result in higher surface temperatures.



51

ORNL-DWG 71-160A

(&)

1 YEAR AFTER
REPROCESSING

N

TOTAL DOSE RATE (mrem/hr)
w
X \\

ZONE OF ACCEPTABLE

s o
CONTAINERS /3
o 7

N

AN
MAAAN

N\

\\z
o)
AN

o %
0 1000 2000 3000 4000 5000 6000 7000
THERMAL POWER (watts/container )

Fig. 7.8. Dose Rate at Surface of Existing Mine~Level Transporter

vs Thermal Power and Age of High-Level Waste Within Transporter.



POWER PER CONTAINER (kW)

)}

ORNL-DWG 72-7013

D

n

O
@)

2 4 6 8 10
AGE OF WASTE (years)

Fig., 7.9. Maximum Permissible Power per Waste Package, Based

on Dose Rate and Thermal Limitations Imposed by the Mine-Level Transporter.

[4]



53

7.1.5 Multiple Rows of Waste Packages

As indicated by the results presented in Figs. 7.1 — 7.4, the
optimum pitches for power levels below 1 or 2 kW are quite small. In
some cases this can result in shielding and other operational problems
during hole preparation and burial. The use of additional rows increases
the pitch for the same loading surface density and hence might be a
desirable feature for low loadings.

Multiple-row 3-D(XYZ) calculations were made with two and three
rows in a 15-ft room and with three rows in a 30-ft room. The particular
arrays are shown in Fig. 4.6, The pitches for the 30-ft room cases were
10 ft; 10- and 30-ft pitches were considered for the 15-ft room. An addi-
tional calculation was made for each of the two rooms with the waste
homogenized over a 3-ft width for the 15-ft room and over a 22-ft width
for the 30-ft room. The height of the homogenized zone was 10 ft. The
age of the waste was 10 years in each case,

Results from the above calculations show that, for a specified
room width, there is essentially no difference between permissible loading
surface densities for all combinations of discrete packages considered.
The permissible loadings were about 10% lower for the homogenized cases.
For the cases involving discrete packages, the loading was limited by
the 25% salt criterion. This same criterion was also used to evaluate
the homogenized cases.

These results indicate a considerable amount of flexibility in
accommodating low-power packages of all ages. The permissible loading
surface densities will be equal to the values shown in Figs. 7.2, 7.3,
and 7.4 for pitches less than 10 ft for 1-year-old waste, about 20 ft

for L-year-old waste, and 30 ft for 10-year-old waste.
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7.1.6 Summary of Parametric Analysis

To summarize the results from the parametric analysis, it appears
that there will be a cost advantage at the Repository in using 15-ft
rooms and in delaying waste burial for about 10 years. This combination
would permit as much as 6 metric tons of fission product nuclides (of
the composition described herein) to be accommodated per gross acre
(exclusive of corridors, etc.). If the thermal properties of the waste
are about the same as those assumed in this particular analysis, and if
the container diameter is at least 12 in.,, the maximum permissible loading
per. container will be 200 kg of waste nuclides. At the time of burial,
this would be equivalent to a power level of 5.3 kW. The appropriate
pitch for this case, using a single row of burial holes, is about 35 ft.

A waste with better thermal properties would permit a greater loading.

7.2 Temperatures Throughout the Repository

Temperatures some distance from the mined area are independent of
room size and waste package arrays; however, they are a function of the
waste age and composition and, of course, the gross loading surface den-
sity. Results from the 3-D(XYZ) and 2-D(RZ) parametric analysis calcu-
lations indicate that the waste or local salt temperatures, rather than
the temperatures farther out, are limiting over the waste age range of
1 to 20 years, considering the present set of criteria specified herein.
Temperature-rise-vs-time curves obtained from a consistent set of 2-D(RZ)
and 3-D(XYZ) calculations are shown in Fig. 7.10 for the case illustrated
in Fig. 7.11. This latter figure shows a typical burial scheme, which,

in three dimensions, corresponds to a 15-ft-room case with a 30~ft pitch.
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The gross loading surface density in the calculations was 6 metric tons
per acre, and the waste age was 10 years. The specific locations for
which temperature histories are recorded in Fig., 7.10 are identified
alphabetically in Fig. 7.11.

Figure 7.10 shows that the waste centerline and the container sur-
face temperature rises peak in about 5 and 15 years at 900 and 550°F,
respectively. Near the base of the pillar, the maximum temperature rise
is 300°F and the corresponding time 50 years. The maximum temperature
rise at the base of the protective shale layer is 170°F (130 years),
37°F (500 years), in a stagnant freshwater aquifer at 300 ft below the
surface, and 0.26°F (500 years) at the earth's surface. It is also
observed that the permissible 1°F temperature rise in the geologic forma-
tions surrounding the Repository occurs at a location 2500 ft beyond the
edge of the mined area (well within the AEC-controlled buffer zone) and
about 2000 ft below the earth's surface. The corresponding time is 6000
years.

The 2-D(RZ) calculations indicate that when the maximum permissible
loading surface densities are based on the 25% salt criterion, all peak
temperatures and peak times for positions farther out are essentially
independent of waste age. Thus, the peaks of curves ¢ through j in
Fig. 7.10 are also applicable for 3.7 metric tons of 1-year-old waste
per gross acre (i.e., 700 kW/acre), 4.9 metric tons of L-year-old waste
per gross acre (i.e., 265 kW/acre) and 7.7 metric tons of 20-year-old
waste per gross acre (i.e., 14l kW/acre). Prior to the peaks there are
differences in the temperature curves. The younger the waste, the more

rapidly the temperatures tend to increase.
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Thermal conductivity anisotropy in the shale was not considered
in the above 2-D(RZ) calculation. Including anisotropy tends to increase
the temperatures at points beyond the edge of the mined area. When a
horizontal-to-vertical thermal conductivity factor of 1.5 is used, the
1°F temperature-rise location occurs at 3000 ft beyond the edge rather
than at 2500 ft beyond. The depth and the time are the same as for the

isotropic case.

7.3 Repository Space Requirements

At the present time it is intended that the Repository will accept
high-level waste through the year 2000. |If nearly all of the waste is
10 years old at the time of burial, the amount of electrical energy gener-
ated that will provide waste for the Repository is, according to the most
recent AEC prediction, 2440 X 10° MWd. For the proposed 15-ft room and
25-ft pillar arrangement, the permissible gross loading surface density
will be 6 metric tons of waste nuclides per acre. Waste generation cal-
culations indicate that for a typical LWR there will be 40.5 kg of waste
nuclides per metric ton of fuel, assuming the burnup to be 33,000 MWd
per metric ton of fuel. Thus the burial area required per unit of thermal
energy generated is 0.20 acre per 10° MWd; and the total area, exclusive
of corridors, shafts, etc., is about 490 acres. It is estimated that the
corridors and shafts will occupy about 10% of the area of the Repository.
With this addition, the total area of the Repository excluding the AEC-

controlled buffer area around the Repository would be 550 acres.



59
7.4 Diameter of the Waste Container

The effect of the diameter of the waste container has been considered
briefly. Increasing the diameter while holding the power constant decreases
the heat flux at the container-salt interface. This tends to reduce local
salt temperatures, the reduction becoming smaller as the distance from the
interface increases. At radial distances corresponding to the peripheries
of the 1% and 25% salt volumes, the reduction in temperature. is negligible;
however, it is significant at the container-salt interface. For example,
increasing the container diameter from 6 in. to 14 in. decreases the inter-
face temperature rise by about 17% for 10-year-old waste in a 15-ft room on
a 50-ft pitch. In this case, the larger container would result in a 7% in-
crease in the maximum permissible loading surface density. The effect is
not as great for smaller pitches, but is somewhat greater for larger rooms
(v 13% for a 50-ft room and 50-ft pitch).

The actual diameter of a container specified for a particular waste
will depend upon several factors, including the density of the solidified
product. The specific volume of the solidified product is expected to be in
the range 0.25 to 1 ft3/10% Mid. '® For the case considered here, the burnup
is 33,000 MWd/metric ton, and ORIGEN6 results predict the waste nuclide pro-
duction to be 40.5 kg/metric ton. Thus, the solidified waste-product
"density"™ range is:

40 .5 kg X metric ton 10% Mwd
metric ton 33,000 MWd = (1 to 0.25) ft3

kg of waste nuclides

= 12.3 to 49.1
3 to 39 ft3 of solidified product

* This is not a true density since the 40.5 kg includes quantities of gases
that will not actually exist in the solidified product, and the specific

volumes do not include these quantities. However, the 'density,'' as calcu-
lated, is consistent with the recorded weights and surface densities in this
report and, when used with them, yields the correct solidified-waste volume.
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Assuming the height of the waste in the container to be 10 ft,
consistent with the height used in the parametric analysis described

herein, the inside diameter of the container is computed from:

D =0.357 ft % (%)’l’ ,

where
D = inside diameter of the container,
p = density of the solidified waste,
L = loading of waste nuclides.

Reference to Figs. 7.2 through 7.4 and consideration of heat
removal and nuclear radiation limitations imposed during handling and
transporting the wastes suggest that waste nuclide loadings per con-
tainer will probably range from 25 to 300 kg. Corresponding container
diameters are shown in Fig. 7.12 for the two ''extreme'' waste densities.

Consider a specific case in which the waste age is 10 years, the
room size is 15 ft, and the waste thermal properties are the same as
those used in the parametric analysis. According to Fig. 7.4, the maxi-
mum permissible loading of waste nuclides per container is 200 kg. |If
a solidified waste having the lowest anticipated density is used, the
required container diameter would be 17.5 in. The existing high-level
waste-package transporter accepts a container having a maximum diameter
of 14 in. To comply with this limit a density of 26.9 kg/ft3, which

corresponds to 0.4 ft3/10% MWd, would be required.
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7.5 Temperatures in the Fringe Areas

Working areas adjacent to loaded portions of the high-level mine
must be maintained at sufficiently low temperatures to permit safe oper-
ation of the Repository. These fringe areas include the corridors, shafts,
areas undergoing excavation and loading, and perhaps an adjacent alpha
facility. Temperatures in these areas are a function of the mining and
loading sequences, the distances between these areas and heat sources
and the ventilation scheme. Nearly any practical loading sequence is
such that mining and/or drilling and burial operations must take place
adjacent to areas that have previously been loaded with waste. For a
particular sequence and ventilation scheme, both of which tend to be
established on the bases of other factors, the distances between the new
and the old areas can be specified such that temperatures are not exces-
sive. Of course, there is a desire to minimize these distances so as to
minimize the total land area required for the Repository.

Temperatures in the fringe areas have been calculated with a
2-D{RZ) model (Fig. 4.5 and Table 4.5) and a 3-D(XYZ) superposition model
(Fig. 4.7 and Table 4.6). The 2-D{(RZ) mode! includes an annular void
surrounding the high-level mine to simulate the worst possible insulating
effect of the alpha mine during the early years. Also, the full size of
the high-level mine is included, and all waste is assumed to be loaded
simultaneously. These features tend to result in higher-than-actual
temperatures for the fringe areas, but not substantially higher because
of the time constants and times of interest involved. Homogenization of
the source regions has the opposite effect for locations very close to

the rooms. However, the heterogeneity effect is quite small at 50 or
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more feet out from the source.

Figure 7.13 shows temperature-rise-vs-time curves for specific
locations in the salt surrounding the source region. The results pre-
sented in this figure correspond to the '"typical' LWR high-level,
10-year-old waste discussed previously and are conservatively applicable
for younger wastes when the 25% salt criterion is limiting (refer to
Sect. 7.1.1).

Results from the 3-D(XYZ) superposition model take into account
the loading sequence effect, which tends to result in lower temperatures
than those calculated with the 2-D(RZ) model. A comparison of results
from the superposition and 2-D(RZ) calculations shows negligible differ-
ences for positions 50 ft or more away from the source.

Although limiting temperatures have not as yet been specified for
the fringe areas, it is of interest to examine the temperatures at a few
points using a tentative layout of the mine for the Lyons site (Fig. 7.14).
Ten years after burial is commenced in the first section of the reposi-
tory (years 1 — 10), burial must commence in an adjacent section (years
11 and 12). The width of the salt column (buffer) between the back ends
of rooms in adjacent sections is tentatively specified as 50 ft. The
temperature rise in the salt at the location of the back end of the new
room just prior to excavation at 10 years would be about 45°F, which
probably is not excessive for mining, drilling, and burial. As the burial
rate accelerates, the delay time between sections is considerably less,
and hence the temperature rises in new sections at the time of their
operation are less. An exception to this general rule involves the main

corridor, sections on the opposite side of the main corridor, and a final
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section (year 23) that is adjacent to the first. A portion of the corridor
that is used essentially up until mine decommissioning and a section receiv-
ing waste at about this same time are directly opposite the first section
and thus are exposed to waste buried about 13 years beforehand. Suppose
that, in the absence of surface cooling by means of the ventilating air,
the maximum permissible surface temperature rise in the corridor is 50°F.
Assuming that decommissioning takes place in 25 years, the closest permis-
sible approach of waste in the first section to the main corridor just
outside this section would be about 80 ft. The opposite section, which
receives waste about 23 years after burial is initiated in the first sec-
tion, is separated from the first section by the main corridor; therefore,
the temperature rise at the entrance to the new section would be less than
50°F.

The last section to be filled with waste is adjacent to the first
section and is separated by 50 ft of salt at the back ends of the rooms.
At 23 years the temperature rise at the back end of a new room opposite
one of the first rooms loaded would be about 75°F. |If the distance between
the two sections involved were 100 ft instead of 50 ft, the temperature
rise would be only 40°F,

The high-level shaft is located about 500 ft from waste in the
first section. Its temperature rise at the end of 25 years would be less
than 1°F.

The proximity of the alpha waste to the high-level waste and a
permissible temperature rise in the alpha waste due to the high-level
waste have not been specified. However, at this time it appears that a

25°F rise, corresponding to a distance of 500 ft and a peak time of about
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LoOo years, would be acceptable. Further discussion of temperatures in

the alpha mine is included in Sect. 7.8.

7.6 Removal of Heat from Rooms with Ventilating Air

Several 2-D(XZ) calculations (see ref. 1 for model detail) were
made for cases in which the interior of a room directly above buried
waste was cooled with ventilation air. The coolant flow rate was such
that the coolant film heat transfer coefficient (hf) was controlled almost
entirely by natural convection. Calculations were made with hy = 0.1,
0.4, 0.7, and 1 Btu hr=! ft=2 (°F)~!. It was assumed in any one calcula-
tion that the hg value was uniform over all room surfaces. In actuality,
he = f(AT) (see Fig. 7.15), where AT is the difference in temperature

17

between the surface and the bulk coolant. Furthermore, AT is not uni-
form over the surfaces. However, the approximation of uniform hg is ade-
quate for obtaining preliminary information on the effect of air cooling.

Figure 7.16 shows a plot of the temperature rise at the center of
the floor of a 15-ft room as a function of time for the four different
values of hg and for the case in which the room is partially filled with
crushed salt and topped off with an insulated void. |If it is assumed that
sufficient air is circulated to maintain the room air temperature at about
the original ambient (74°F), then the temperature rises in Fig. 7.16
represent the temperature drops across the coolant film. Referring again
to Fig. 7.15, it is observed that hg for these temperature drops ranges

between 0.5 and 1 Btu hr~! ft=2 (°F)~!., The actual temperature drop, esti-

mated using the information in Figs. 7.15 and 7.16, is expected to be
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slightly above the hg = 0.7 curve in Fig. 7.16. This means that the
maximum temperature rise in the floor with ventilating air passing through
the room will be about 20°F,

The amount of heat removed from a 15-ft room with the ventilating

air can be roughly estimated from

Z=130n"%,
where
P = power (W),
L = length of room (ft),
AT = temperature drop across coolant film (°F).

This equation is plotted in Fig. 7.17, which shows that, for AT = 20°F,
%‘= 55 W/ft. The power per unit of length of the room that corresponds
to 158 kW/acre is %-= 145 W/ft. Thus, a maximum of about 40% of the waste
heat can be removed with the room ventilating air, the maximum rate occur-
ring at about 5 years after burial.

The specified flow rate of ventilating air in a room is 20,000 cfm.
If 55 W/ft is being removed with this air, the temperature rise of the
air would be about 5°F,

A primary implication to be drawn from the above results is that
temperature rises in the fringe areas mentioned in Sect. 7.5 can be sub-

stantially reduced with ventilating air. This provides an additional

degree of flexibility in working out a loading sequence pattern.
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7.7 Cladding Hulls

Calculations were made for cladding hulls that were buried 1 and
3 years after reprocessing. There is little change in the effective
half-1life over this period of time; thus the permissible power per waste
package is essentially the same for the two ages. The 25% salt tempera-
ture criterion was limiting for a 15-ft room and a 10-ft pitch, the con-
ditions for which the calculations were made. The maximum permissible
power per package was 3.3 kW, or 359 kW/gross acre.

The expected power from 1-year-old cladding hulls is about 95 W per
ton of fuel (U + Pu), and the compacted volume is 2.1 ft3/ton. It has
been proposed18 that a 10-ft-long, 9-in.-diam cylindrical container be
used to contain the hulls for burial. Consequently, the initial power
per package is 200 W for 1-year-old hulls, and 147 W for 3-year-old hulls.
For two rows of waste packages in a 15-ft room, the pitches corresponding
to these powers and to the maximum permissible power surface density are
1.2 ft and 0.9 ft, respectively.

According to ref. 18, shielding during burial operations will re-
quire about 3 ft between holes in the floor in the case of the l-year-old
hulls. Thus, burial in a 15-ft room will not be very efficient. The use
of multiple rows in a larger room tends to rectify this situation. A
23-ft room with a 27-ft pillar, six rows of waste packages spaced 3 ft
apart, and a pitch of 3 ft results in the limiting power surface density
with 200 W per package. In ref. 18 it was estimated, on a somewhat dif-
ferent basis, that 15 rows in a 50-ft room with a 3-ft spacing and pitch
would be acceptable. However, the power surface density for this arrange-

ment would be 25% too high.
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7.8 Temperatures in Combustible Alpha Waste

Tempe ratures in the alpha waste are equal to the summation of the
alpha- and high-level-waste contributions to the temperature of the sur-
rounding salt formation and of the temperature drop in the waste and back-
fill material in the burial rooms. In a previous analysis,2 a one-
dimensional model was used to determine temperatures in the formations
above and below the central portion of the alpha burial horizon, inde-
pendent of the high-level facility. The high-level contribution can be
obtained from the 2-D(RZ) results discussed in Sect. 7.5 and can be super-
imposed on the 1-D(Z) results. This is somewhat conservative at the edge
of the alpha facility because the 1-D(Z) model does not consider the radial
degradation of the temperature in this area. Based on this conservative
approach, the maximum temperature of the salt just above the alpha waste
at the edge of the alpha facility nearest to the high-level facility
(assuming a 500-ft separation) is about 140°F. The contribution from the
high-level waste is 25°F,

With a compaction factor of 10, the peak average power density in
the alpha waste is expected to be about 0.042 W/ft3®. In the previous
analysis, segregation within an individual container was ignored and the
effective thermal conductivity for the waste and backfill material was
assumed to be 0.1 Btu hr™! ft=! (°F)~!, This resulted in a temperature
drop from the center of the '"homogenized'' waste to the solid salt of about
20°F. The peak power density actually occurred prior to the peak salt
temperature so that the addition of the above temperatures (which yields
160°F) is somewhat conservative, based on the particular assumptions

considered.
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A continuing evaluation of the alpha facility indicates that a
conservative lower limit for the thermal conductivity of the waste and
backfill is 0.02 Btu hr™! ft™* (°F)~!, which is approximately the value
for stagnant air at the temperatures of interest. This increases the peak
waste temperature drop to 100°F and the waste temperature to 240°F, if
the source is assumed to be uniformly distributed. Segregation within
an individual container can increase the drop considerably.

The maximum permissible uniform temperature for combustible alpha
waste has been tentatively specified as 350°F, based on experimental
work’9 conducted at ORNL with typical combustible alpha wastes in 55-gal
metal drums. This temperature is less than the '"handbook'' ignition tem-
peratures for spontaneous combustion of all of the different types of
anticipated wastes. It is recognized that segregation of the nuclear
energy source within a container might result in local temperatures in
excess of 350°F and in excess of handbook values for spontaneous combus-
tion ignjtion temperatures. However, at the present time, it is believed
that the ignition temperature for compacted waste in a drum containing a
limited amount of oxidant will be higher than the handbook value. It is
also believed that ignition in one of these packages would not be objection-
able because the lack of oxidant would 1imit combustion to a small fraction
of the waste in a single container. Further studies regarding segregation

and limiting temperatures are being conducted.
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7.9 Sensitivity of Maximum Temperatures
to Loading Sequence (Phasing)

The temperature change at any point in the Repository can be thought
of as the sum of temperature-change contributions from each of the many
waste packages. For theihypothetical case of temperature-independent prop-
erties, the conduction equation is linear and the temperature-change dis-
tributions for single sources can be superimposed in accordance with any
desired space and timewise loading scheme to obtain the total temperature
change at a given point. Typical temperature-rise distributions in space
and time for a single waste package are shown in Fig. 7.18. At each point
in space, the temperature curve exhibits a maximum; and, the farther the
point from the source, the smaller the maximum value and the longer it
takes to occur. Thus, for the case of multiple sources, the temperature
at a particular point in space and time is dependent upon the relative
positions and times of burial of all the sources. This can be described
as a phasing effect.

To illustrate the phasing effect, consider a concentric-circle
burial array with 40 ft between circles and about 40 ft between adjacent
packages on any particular circle. (This closely resembles single-row
burial of high-level waste in 15-ft rooms with a 40-ft pitch.) The problem
is to find the maximum surface temperature of the central package for
different loading sequences.

Each curve in Fig. 7.18 can be thought of as the contribution made
by a single package, located the indicated distance away, to the central
package. Suppose that all packages are loaded at the same time. For the

circular array considered, the number of containers on circle n is 2mn.
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The temperature rise on the surface of the central package is:

AT = AT _+ 2min AT _,
st s n
where
ATst = total temperature rise on the surface of the central package,
ATS = surface temperature rise with a single package,
ATn = surface temperature rise with a single package at a radial

distance of 40n ft.
The maximum value obtained for Tst’ using the data in Fig. 7.18, is L6L4°F,
It occurs at about 7 years.

Figure 7.18 indicates that a higher temperature could be obtained
by loading each circle at the most opportune time to ensure that all of
the peaks are superimposed. Suppose that the outer ten circles are
loaded about 100 years before the central package is loaded, and that
the other circles are loaded at the appropriate intermediate times for
superposition of peaks. The resultant maximum surface temperature rise
is about 703°F, occurring about 0.4 year after the final package (central
package) has been buried. Of course, such a burial scheme is not real-
istic, although it does illustrate the potential effect of phasing.

An actual loading sequence being considered for the Repository
results in a 10-year lapse between burial in adjacent sections. Suppose
that the distance between the back ends of rooms of the two sections is
about 40 ft, that the minimum distance between packages in the two sec-
tions is 40 ft, and that the spacing within a section is also 40 ft.
Further, suppose that both sections are loaded instantaneously but one is
loaded 10 years prior to the other. Again, using the circular array,

the number of packages in the first section that is a radial distance of
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Lon ft from a centrally-located package at the closest edge of the second
section is mn-1. The corresponding number in the second section is mn+1.
Using the superposition technique, the maximum surface temperature rise is
found to be 500°F. Thus, the error in assuming instantaneous loading is
500 - 46k4 = 36°F, If the minimum distance between packages in adjacent
sections is 80 ft rather than 40 ft, but the spacing within each section

is still 40 ft, the error is only 9°F. These results indicate that maximum
temperatures can be accurately calculated for normal operation of the
Repository, assuming that all waste is buried at the same time. This is
fortunate since three-dimensional models, which are required for much of
the Repository analysis, would be impractical (considering computer time)
if loading sequence had to be considered. For some unusual (or at least
unanticipated) cases, the sequence may need to be considered. In that
event, the single-package superposition model can be used to obtain correc-
tion factors to be applied to the instantaneous-loading results, or to

determine spacings that will minimize the effect.
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