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ABSTRACT

A thermal analysis of a deep geologic depository for spent nuclear

fuel is being conducted at LLL as part of the NRC Nuclear Waste Management

Program. The TRUMP finite difference heat transfer code is used to
analyze a 3-dimensional model of the depository. The model uses a unit
cell consisting of one spent fuel canister buried in salt beneath a
ventilated room in the depository. A base case was studied along with
several parametric variations. It is concluded that this method is
appropriate for anaiyzing the thermal response of the system, and that
the most important parameter in determining the maximum temperatures is
the canister heat generation rate. The effects of room ventilation and
different denository media are secondary. Future work will extend this

analysis and improve upon some of the simnlifications used.

*"Work performed under the auspices of the U.S. Department of Energy

by the Lawrence Livermore Laboratory under contract number W-7405-ENG-48."
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i INTRODUCTION

Methods for the storage of spent nuclear reactor fuel are being

studied as part of the NRC Waste Management Program at LLL. Ore method

being considered is storage in deeﬁ underground depositories such as
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salt formations. The designing of a repository to isolate the spent
fuel for either long term ultimate disposal or for the shert term with
subsequent retrieval requires knowledge of the thermal environment in
the depository so that the conditions of the buried spent fuel and
surrounding geologic media may be predicted. Therefore, a thermal

analysis of a depository is being undertaken. The analysis employs a

i three dimensional computer model of the depository by means of the
TRUMP heat transfer code (Ref. 2). This report preseats the 3-D model
used, as well as preliminary results from a base case and several
parametric studies. Then it outlines the scope of future refine-

j ments in the analysis.

i UNIT CELL MODEL

i The geologic depository consists of many long parallel rooms of
18' x 18' cross section. The rooms are mined horizontally, with the floor
located 2000 ft. below the surface. A solid salt pillar of 60 ft. width

; separates the rooms. The spent fuel canisters are buried 10 ft. below

P the floor in a single file along the centerline of the room.

The 3-D model is based on a unit cell within the depository. The

unit cell consists of a single waste canister, the surrounding salt, and

a section of the voom. The dimensions of the unit cell (Fig. 1) are 39' x

18' x .1000', the same as those used in Reference 1 in a thermal analysis of a

high level waste depository.
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The rpom is split in half along its axis for one boundary of the
unit cell. Since the canister is positioned beneath the center of the
room, it too is split in half by the unit cell. The width of the cell
extends 39 ft. out to the center of the salt pillar between rooms. The
canisters are spaced 18 ft. apart along the room axis, and therefore
the cell length is also 18 ft. The cell height of 1000 ft. is chosen so
that the interior heat generation will have little effect on the top and

bottom cell temperatures during the time periods of interest.

BGUNDARY CONDITIONS
Boundary conditions for the unit cell are as foliows. Again refer

to Figure 1.

1) Left Side - This is an axis of symmetry. For a room in the center
of a depository filled with equal strength sources, this plane is
adiabatic.

2) Right Side - This is the center of the salt pillar between rooms.
Therefore, for central rooms, this is also an adiabatic plane.

3) Front and Rear Sides - These are symmetry planes between adjoining
canisters in the room and again are adiabatic.

4) Top and Bottom Sides - Fer the short times under consideration in
this problem these sides are not affected by the presence of the
heat source and are therefore fixed at a constant geologic

temperature.

NODE GEOMETRY

A complex nodal systemisused to provide an accurate representation

of the thermal gradient in the regions close the the canister without



compromising on the source geometry. Previous techniques have modeled
the cylindrical canister as a rectangular solid of equivalent heat generation
in order to maintain simple rectanguiar geometry throughout the unit cell.
This introduces error 1nto the temperature field near the canister/salt
boundary. This model maintains cylindrical geometry both within the
canister and outside of it to a distance of 9 feet from the canister
centerline. Thus, more accurate temperatures are obtained near the
canister. This information is essential for future studies of brine
migration, canister corrosion, and thermal stress analysis.

Figure 2 is a side view of the cell showing its division into 12
axial sections of various heights. Each section is then divided into
a two-dimensional pattern. Tne sections near the canister (3-9) contain
70 nodes each, while sections 1, 2, 11, 12 contain 18 nodes each. The
room interior (section 4} is described by 1 node, therefore section 4
contains 13 nodes. Figures 3, 4, and 5 show the 3 nodal patterns used

for the 12 sections.

MATERIALS AND PROPERTIES

Three materials are used in the TRUMP model. The canister is
composed of uoz, and the size set at 16 feet in length and 1 foot in
diameter. The heat generation rate for the canister is based on a
contents of 650 PUR fuel rods. This corresponds approximately to the
maximum density packing achievable while leaving the individual rods intact.
For the purposes of this study, the thermal properties of the canister
are chosen to be those of a solid cylinder of UOZ‘ The decay heat rate

and the UO2 properties used are listed in Table 1.
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Nodal pattern for sections 3-9
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Figure 3. The 70 node geometry.
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Nodal pattern for section 10
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TABLE 1

HEAT GENERATION RATE FOR

TIME (YR)
0* -

100

SPENT FUEL

K/ CANISTER

28.8%*

11.6
4.6
2.81
1.81
1.13
0.40

Initial time is 160 days after reactor shutdown.
Based on a contents of 650 PWR fuel rods per canister.

THERMAL PROPERTIES QF UO *

Conductivity-----—ccomwmmmnm-
Density----=—--cmomnmcccraamao
Specific Heat-----v-cmceneaa-

Properties are constant with temperature.

2

4.62 BTU/hr. ft.°F
655 1b/ft>
.059 BTU/Lb.°F
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The depository material is salt. The properties of salt used in
the analysis including temperature dependent conductivity, are given in
Table 2.1 and 2.2 of Ref. 1. The well known nronerties of the third

material, air, are used for the node witnin the room.

BASE CASE

The base case for the TRUMP heat transfer model consists of a UO2
cylindrical heat source surrounded by a salt heat sink. Heat is
conducted through the salt to the cell boundaries and is convected to
the room from the adjacent nodes. Room ventilation i5 modeled by main-
taining the room node at constant temperature of 74°F. Initially, the
heat source is set at a temperature of 200°F, while the salt is set to
the natural geologic temperature corresponding to its depth below the
surface. The convection coefficient chosen for the base case is 0.4
BTU/Fthr°F, The source strength is set at 4.6 Kw, which corresponds to 3
year old spent fuel.

The results of the base case analysis are shown in Figures 6-9. 1In
Figure 6, the radial temperature profile is plotted for 8 nodes from the
canister to the pillar. The time of the plot, 216 days after emplacement,
corresponds to the time of maximum canister temperature. The profile
shown is for section 5, the hottest of the 12 sections.

Figure 7 shows the peak axial temperature profile for 6 nodes
extending from the center of the canister vertically through 10 feet of
salt and %ﬁto the room. Figures 8 and 9 ave plots of temperature histories
for the middle canister node and the adjacent salt node respectively.

The base case and all parametric calculations are performed over a
time interval 2xtending from the time of emplacement until the peak
temperature was reached in the salt pillar. These times range from about

100 to 750 days. Long term calculations which can be used to predict
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Figure 7. The peak axial temperature profile extending from
the canister center to the room for the base case.
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Figure 9. The peak salt temperature history for the base case.
The plot is for the salt node nearest the canister at
section 5.
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surface thermal effects at the repository site will be addressed in

future work.

PARAMETRIC STUDIES

Eight variations of the base case were run in order to study the
effects of several parameters. The parameters of interest are the spent
fuel heat generation rate, the convection coefficient for room ventilation,
the room air tempercture, anu the depository thermal diffusivity.

For runs 2-4, the canister heat generation rate was varied from the
base case {4.16 Kw) to 28.8 Kw, 11.6 Kw, 2nd 2.8 Kw, corresponding to
spent fuel of age 0, 1, and 5 years respectiv2ly. The prak Canister and
salt temperatrues for these cases are plotted in Figure 10. It is clear
that the age and the packing aensity of the spent fuel at the time of emplace-
ment is a very important factor for determinina maximum temperatures.

The effect of the convection heat transfer coefficient for ventilation
can be seen in Figure 11. There the peak radial temperature profile is
plotted for the base case value of 0.4 BTU/hr ft2°F and for values of 0.2
and 0.6 , which represent a range similar to that studied in Ref=rence 1.

A similar plot illustrating the effects of the room ventilation temperature
appears in Figure 12, for the nominal value of 74°F and for 84°F. The
effects of both the ventilation coefficient and the room temperature are
quite small on the peak radial profile.

Run 8 replaces the salt in the depository with granite. The proper-
ties used are typical for western granite and are 1isted in Table 2. The
thermal diffusivity of western granite is considerably smaller than that of
salt over the temperature range of interest. For example, at 212°F, the
thermal diffusivitites are 0.031and 0.082 ftzlhr for granite and salt
respectively. The effects are shown in Fig. 13, which plots the peak

radial profile for these two cases.
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emplacement times. The O-yrs curve corresponds to
emplacement 160 days after reactor shutdown.

( I R L T YT T T T
-
=

3yr
{base case) |
1 { i = ——————t
1] 5 10 15 20 25 30 35
Distance — ft
Figure 10. The peak radial temperature profile for various



Temperature — °F

300

280

260

220

200

180

160

140

120

100

-18-

.
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Figure 11. The peak radial temperature profiles using various

room convection coefficients.
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T = B4A°F

T = 74°F (base case)
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Figure 12. The peak radial temperature profiles using room temperatures

of 74 and 84°F.
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TABLE 2

THERMAL PROPERTIES OF WESTERN GRANITE

TEMPERATURE (°F) CONDUC TVITY (BTU/hr. ft. °F)
32 1.40
122 1.34
212 1.3)
302 1.27
392 1.23

|
DENSIT¥=m v mmcme m e o cmc o mmmmm e mem 171 W/t

SPECTFIC HEAT===s==n==mmmmmremcmmamamnn 0.25 BTU/Lb. °F
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A1l the 3-D TRUMP runs are summarized in Tables 3 and 4. Table 3
lists the important input parameters for the runs, while 7able 4 presents
the radial temperature profiles at the time of maximum source temperature.
The nodes away from the source reach their maximum temperatures later
than the source nodes. The final row in Table 4 lists the ultimate

maximum temperature of the pillar for each case.

CONCLUSTONS AND FUTURE WORK

A thermal analysis using 2 3-D model to be run with the TRUMP heat
transfer code has been outlined. It is concluded from this analysis
that the most important parameter affecting the maximum temperatures
within the deep geologic depository is the heat generation rate within
the unit cell. This rate is dependent upon the age of the spent fuel,
the amount of fuel per canister, and the canister spacing. The thermal
effects of room ventilation and different depository media are of
secondary importance.

The model used is simplified through several assumptiors which will
be improved upon in future work. First of all, as the canister and its
contents become more precisely described, the canister material itself
will be included. The properties of the contents will be adjusted to
represent more accurately the rod bundles and air gaps. Similarly, the
assumption of perfect thermal contact between the canister and the salt
will be relaxed.

The ventilation model will be improved through the addition of more
nodes in the room. Mass flow of air will then be modeled, along with
thermal radiation from the room surfaces. The convection heat transfer
coefficient will be determined based on temperature and flow rate. Cases
with no ventilation and with the room backfilled with salt will also be

considered.




TABLE 3

TRUMP PARAMETER DESCRIPTION

UN NUMBER 1 2 3 4 5 6 7 8
A FexTu prse cose | Tt | LYoy [V fion n  [wian n | 19 o] e
EJESIEL:CGEEMENT (¥R) 3 0 1 5 v/ v vy v
?”EE.ELEZEE’;&}“ 1.25%10° | 7.80% 10° 3.14x0% 0.76 X100 v v v/ v/
(BTU/hr. £t3)

e o SORTFICIENT 1y 4 / vl v ez o g y
?gg? TEMPERATURE 74 / J J J J/ a4 J
DEPOSITORY MEDIUM salt v v v v v/ v granite
?'E:Q%II)JRY DIFFUSIVITY ?g?gor / / / / / / Eagi ; o

A 7/ indicates the same value as used in the base case

-g2z-



TABLE 4 - TRUMP RESULTS

RADIAL TEMPERATURE PROFILE AT THE TIME OF THE MAXIMUM SOURCE TEMPERATURE

Run

Number
Radial 1 2 3 1 5 6 7 8
Position (ft)
0.25 257 1016 496 200 263 255 261 276
0.75 228 842 424 181 235 225 232 248
2.0 190 618 332 157 198 187 195 213
4.0 171 501 284 145 179 168 176 194
6.0 160 432 256 138 168 156 164 183
8.0 152 385 237 133 161 149 157 175
16.5 127 225 173 118 136 124 132 148
31.5 12 139 134 109 120 " 109 116 130
Time of
Peak Source
Temperature
(Days) 216 . 9% 166 372 266 201 231 321
Peak Pillar
Temperature* 124 241 183 N 137 122 134 153

*Initial Temperature -+ 98°F

~pz-
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Another significant improvement will be the addition of more
nodes to the probiem. It is anticipated that the number of nodes can
be doubled, allowing for a much finer zoning in the critical area near
the canister/salt interface. Finally, the lime scale of the analysis will
be broadened and the unit cell extended in order to study longer term
thermal effects at the repository surface. With these improvements, the
analytical modelof the'depasitory thermal environment will be greatly

refined.
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