
DISCLAIMER 

Thi i book wei prepared « a n account o< worK ipon»o'«J by an ^ n c y ol the Un i iw Statv* Guv<*rvf*"il 
toilher |h» United Sl»t«t Covvrntrwnt rxn any riQfincv Ihvroof. nor uny of their employ** . cw ik< iny 
mrtanly, e«U'«» or ImptiWl 0' any Ifya" lubiMv ui fmpanvbil ' ty lor tlie *ccu><Ky, 
eumptMenm*, « ute<u»««» o l Inltwmmmn, juw i« Iu» u«*»u<t, <w t>»<»<-«*» rf^inwrt <« 
rapi»»«fit» trut il« u t t wwwld "Ut inlfifiye unvatelv UMttwl (•«'>! I HmIO'WK« fierinn to Any u m i h r 
c o m m f t U I product, itruceu. » ' wvce> by naD« n«m« irerietrwfc, rrvmufiKtu"1' or o t rwvnv , ' k m 
not neceu»rt'y cnnitituts V imply lt« undo'tertf f t l . 'ero«"»>*n<J«tlon or fitvonng by th« Umt«l 
Slate* Gov«rrim«ni or «ny agency thmeol. t h e *ie/rt oDi"'oni ot authori e io ' tnted hwpm do mji 
rwc«MTily ttate or f « ' l « l t h e * ot t i e United Stales Government or any agency th rea t 

ORNL/TM-8109 
Dist. Category UC-70 

Contract No. W-7405-eng-26 
ORML/TM—8109 

CHEMICAL TECHNOLOGY DIVISION DE82 00 9607 

NUCLEAR WASTE PROGRAMS 
Program Coordination and Special Problems 

(Activity No. AP 05 15 15 0; FTP/A No. 0NW-2801) 
EXPECTED VERY-NEAR-FIELD THERMAL ENVIRONMENTS FOR ADVANCED 

SPENT-FUEL AND DEFENSE HIGH-LEVEL WASTE PACKAGES 
L. D. Rickertsen* 
M. A. Misplon* 
H. C. Claiborne 

Science Applications, Inc., 800 Oak Ridge Turnpike, 
Oak Ridge, Tennessee 37830 

Date published: March 1982 

The project was administered by the Office of Nuclear Waste 
Isolation, Battelle Memorial Institute. 

OAK RIDGE NATIONAL LABORATORY 
Oak Ridge, Tennessee 37830 

operated by 
UNION CARBIDE CORPORATION 

for the 
DEPARTMENT OF ENERGY 



\ 

PORTIONS 
^ i 

OF THIS 
DOCUMENT 

ARE 
ILLEGIBLE 

M 



iii 

CONTENTS 
Page 

LIST OF FIGURES v 

LIST OF TABLES vii 
ABSTRACT 1 
1. INTRODUCTION 1 
2. WESTINGHOUSE WASTE PACKAGE CONCEPTUAL DESIGNS 2 

2.1 Spent Fuel 3 
2.1.1 Emplacement borehole concept 3 
2.1.2 Self-shielded waste package concept 10 

2.2 Defense High-Level Waste ^ 
2.2.1 Emplacement borehole concept 
2.2.2 Self-shielded waste package concept ^ 

3. COMPUTATIONAL APPROACH 19 

4. RESULTS 27 
4.1 Spent Fuel 27 

4.1.1 Borehole emplacement concept 27 
4.1.2 Self-shielded package concept 35 

4.2 Defense High-Level Waste 40 
4.2.1 Borehole emplacement concept 40 
4.2.2 Self-shielded waste package 43 

5. SUMMARY AND DISCUSSION 45 
6. REFERENCES 47 
APPENDIX A. REPOSITORY DESIGN CONSTRAINTS 49 



V 

LIST OF FIGURES 

Figure Page 
1 Reference design concept for borehole emplacement 6 
2 Self-shielded package concept H 
3 Typical emplacement scheme for self-shielded packages. . . . 13 
4 Reference defense high-level waste (DHLW) canister 
5 Reference defense high-level waste (DHLW) package 

for borehole emplacement ^ 
6 Reference self-shielded emplacement package design 

for defense high-level waste (DHLW). . . . 21 

7 Typical emplacement scheme for defense high-level 
waste (DHLW) self-shielded packages 22 

8 Sensitivity of maximum borehole wall temperature to 
areal loading and borehole pitch 25 

9 Temperature histories for reference pressurized water 
reactor (PWR) spent-fuel emplacement borehole concept. . . . 29 

10 Temperature histories for reference boiling water 
reactor (BWR) spent-fuel emplacement borehole concept. . . . 31 

11 Temperature histories for alternate No. 3 pressurized water 
reactor (PWR) spent-fuel emplacement borehole concept. . . . 33 

12 Temperature histories for alternate No. 3 boiling water 
reactor (BWR) spent-fuel emplacement borehole concept. . . . 34 

13 Sensitivity of spent-fuel (SF) borehole package 
temperatures to bentonite thermal resistivity 36 

14 Sensitivity of spent-fuel (SF) borehole package 
temperatures to thickness of the bentonite layer 37 

15 Maximum temperature histories for reference spent-fuel 
(SF): self-shielded concept 38 

16 Temperature histories for reference spent-fuel (SF): 
self-shielded concept with consolidated salt backfill. . . . 41 

17 Temperature histories for reference defense high-level 
waste (DHLW): emplacement borehole concept.... 42 

18 Temperature histories for reference defense high-level 
waste (DHLW): self-shielded concept 44 



vii 

LIST OF TABLES 

Table Page 

1 Spent-fuel assembly description 4 

2 Relative heat-generation rates for spent fuel 5 

3 Waste package description: spent-fuel emplacement 
borehole concept 7 

4 Repository description: spent-fuel emplacement 
borehole concept . . . . . 9 

5 Waste package and repository descriptions spent-fuel 
self-shielded concept 12 

6 Thermal power generation for reference Savannah 
River Plant defense high-level waste 16 

7 Waste package description: defense high-level waste 
(DHLW) emplacement borehole concept 18 

8 Repository description: defense high-level waste 
(DHLW) emplacement borehole concept 20 

9 Waste package and repository descriptions: defense 
high-level waste (DHLW) self-shielded concept 23 

10 Thermal properties of materials 28 

11 Thermal conductivity of salt 28 

12 Predicted peak emplacement temperatures for spent-fuel 
borehole emplacement packages 32 

13 Predicted peak temperatures for spent-fuel 
self-shielded packages 39 

14 Predicted peak temperatures for defense high-level 
waste (DHLW) borehole emplacement packages 40 

15 Predicted peak temperatures for self-shielded defense 
high-level waste (DHLW) packages 43 

16 Comparison of expected peak vaste package temperatures 
with guidance values . . . . . 46 



1 

EXPECTED VERY-NEAR-FIELD THERMAL ENVIRONMENTS FOR ADVANCED 
SPENT-FUEL AND DEFENSE HIGH-LEVEL WASTE PACKAGES 

L. D. Rlckertsen*, M. A. Misplon*, H. C. Claiborne 

ABSTRACT 

The very-near-field thermal environments expected in a 
nuclear waste repository in a salt formation have' been 
evaluated for the Westinghouse Form I advanced waete package 
concepts. The repository descriptions used to supplement 
the waste package designs in these analyses are realistic 
and take into account design constraints to assure conserva-
tism. As a result, areal loadings are well below the accept-
able values established for salt repositories. Predicted 
temperatures are generally well below any temperature limits 
which have been discussed for waste packages in a salt 
formation. These low temperatures result from the con-
servative repository designs. Investigations are also made 
of the sensitivity of these temperatures to areal loading* 
canister separation* and other design features. 

1. INTRODUCTION 

An extensive program is presently under way to determine acceptable 
waste package designs for a geologic nuclear waste repository. It is 
intended that the waste package serve not only for transportation* 
handling* and emplacement purposes* but also to supplement the natural 
geologic barriers after the waste has been emplaced in the repository. 
This last function places Important requirements on the package. For 
example, the waste package should provide an additional factor of safety 
during the Initial period when the largest variation from natural condi-
tions is expected. The associated environments will be greatly affected 
by the heat generated from radioactive decay of the wastes within the 
first several hundred years after emplacement. Therefore* consideration 
of these thermal conditions encountered by the waste package Is critical 
in designing for waste package integrity and performance during this 
period. 

Preliminary designs for advanced waste packages intended for a 
waste repository in salt have been presented by Westinghouse Electric 

£ 
Science Applications* Inc.* 800 Oak Ridge Turnpike* Oak Ridge* 

Tennessee 37830. 
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Corporation.1*2 In these preliminary conceptual design efforts, estimates 
of waste package temperatures were based on the conditions for general 
repository designs.3Actual thermal environments experienced by the 
waste packages will depend upon the waste package design as well as the 
specific repository design Incorporating these packages. In this report, 
the expected thermal environments for the Westinghouse designs are 
evaluated for realistic salt repository conditions. The Westinghouse 
Form I preliminary designs are for spent fuel (SF)1 and defense high-
level waste (DHLW).2 Eventual designs are likely to be different from 
these descriptions; nevertheless, the results given here are useful and 
serve to illustrate the methods used in the evaluation of thermal 
environments for the advanced waste package designs. 

Section 2 summarizes the Westinghouse preliminary designs, the waste 
package descriptions, and the repository designs suitable for the evalua-
tion of the thermal environments. In some cases, the design descriptions 
given in Reference 1 are insufficient to determine the thermal environ-
ments in detail and the additional necessary specification is inferred. 

In Section 3, the computational approach to the evaluation of the 
near-field and very-near-field temperatures is briefly described. The 
results for the Westinghouse SF and DHIW package preliminary designs are 
presented in Section 4. These include the temperatures for the usual 
emplacement borehole concept as well as those for the "self-shielded 
package" concept. These results are summarized and compared, and conclu-
sions are presented in Section 5. 

2. WESTINGHOUSE WASTE PACKAGE CONCEPTUAL DESIGNS 
The nuclear waste repository design is based on the standard room-

and-pillar mine concept. The waste packages are assumed to be brought 
to the mine storage rooms and emplaced in the rooms themselves or in 
boreholes excavated in the floors of the rooms. The specific emplace-
ment configuration used will affect repository temperatures. The near-
field rock temperatures will depend upon the spacing of packages within 
the storage rooms as well as the waste package heat generation rate, 
and, in the longer term, on the separation between storage rooms. The 
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specific waste package design will determine the temperature rise which 
occurs within the waste package itself. These specific design charac-
teristics are described in this section. 

2.1 Spent Fuel 
The reference spent-fuel assembly elements are listed in Table 1. 

These descriptions are given for typical pressurized water reactor (PWR) 
or boiling water reactor (BWR) assemblies. In the designs considered 
herej it is assumed that disassembly is not involved and that only inte-
gral elements are in a package. Thus, exact thermal power generated in a 
waste package depends upon the number of assemblies it contains. The 
spent-fuel elements are assumed to be emplaced in the repository 10 years 
after discharge from the reactor. The relative heat-generation rates 
for PWR and BWR spent fuel after this time are shown in Table 2. These 
characteristics are based on a PWR fuel burnup of 33,000 megawatt days 
per metric ton of uranium (MWd/MTU) and BWR fuel burnup of 27,500 MWd/MTU 
and have been calculated with the ORIGEN5 computer code. In this case, 
the thermal load at 10 years after discharge from the reactor is 1.189 
kW/MTU for the PWR spent fuel and 0.996 kW/MTU for the BWR spent fuel. 
Therefore, the heat generation rate at emplacement is 0.548 kW per PWR 
assembly and 0.182 kW per BWR assembly (based on 0.461 MTU per PWR 
assembly and 0.183 MTU per BWR assembly for these generic assemblies). 

2.1.1 Emplacement borehole concept 
The emplacement borehole concept for a reference spent-fuel waste 

package is illustrated in Fig. 1 (taken from Ref. 1). Several alterna-
tives to this design have also been considered, and the specific 
parameters for the reference design and for the alternatives considered 
here are summarized in Table 3. The reference design includes an outer 
metallic barrier, or overpack, constructed of TiCode-12, a titanium alloy. 
This overpack is 0.64 cm thick and is reinforced internally with thick 
carbon steel; the overpack and overpack reinforcement package is designed 
to contain one PWR or two BWR assemblies. 
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Table 1. Spent-fuel assembly description 

Assembly element PWR BWR 

Fuel rod length, m 3.66 3.75 
Fuel rod diameter, cm 0.94 1.20 
Cladding thickness, cm 0.064 0.081 

Fin diameter, cm 1.C7 1.36 
Pin configuration 17 x 17 square 

array 
8 x 8 square 

array 

Active pins 264 64 a 

Pitch-to-diameter ratio 1.30 1.16 

Assembly length, m 4.0 4.5 

Assembly width, m 0.247 0.140 

Emis8ivlty of surfaces 0.5 0.5 
Atmosphere around 

assemblies He He 
Heat generation rate of 

assembly at emplace-
ment,2' W 548 183 

aSome of these pins may be used for monitoring, but this is not 
taken into account here. 

T, 

Emplacement at 10 years after discharge from reactor. 
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Table 2. Relative heat-generation rates for spent fuel 

Tine a PWRfc BWR° Time® PWRfe BWRC 

10 1 . 0 0 0 1.000 150 0.168 0.177 
11 0.953 0.956 160 0.160 0.168 
12 0.916 0.921 170 0.153 0.161 
13 0.886 0.890 180 0.146 0.155 
14 0.860 0.862 190 0.141 0.149 
15 0.837 0.842 200 0.137 0.144 
16 0.817 0.819 250 0.120 0.127 
17 0.797 0.799 300 0.108 0.115 
18 0.780 0.782 400 0.093 0.098 
19 0.764 0.766 500 0.081 0.086 
20 0.749 0.749 600 0.071 0.076 
21 0.734 0.734 700 0.063 0.068 
22 0.719 0.720 800 0.057 0.061 
23 0.706 0.707 900 0.051 0.055 
24 0.693 0.694 1,000 0.046 0.050 
25 0.680 0.681 2,000 0.024 0.027 
26 0.668 0.668 3,000 0.019 0.021 
27 0.656 0.657 4,000 0.017 0.019 
28 0.644 0.645 5,000 0.016 0.018 
29 0.632 0.634 6,000 0.015 0.017 
30 0.622 0.622 7,000 0.014 0.015 
31 0.611 0.609 8,000 0.013 0.015 
32 0.601 0.599 9,000 0.013 0.014 
33 0.590 0.589 10,000 0.012 0.013 
34 0.580 0.580 11,000 0 . 0 1 1 0.012 
35 0.570 0.570 12,000 0.010 0.012 
36 0.561 0.561 13,000 0.010 0.011 
37 0.552 0.552 14,000 0.009 0.010 
38 0.543 0.544 15,000 0.009 0.010 
39 0.533 0.535 16,000 0.008 0.009 
40 0.525 0.527 17,000 0.008 0.009 
50 0.449 0.452 18,000 0.008 0.008 
60 0.388 0.394 19,000 0.007 0.008 
70 0.339 0.345 20,000 0.007 0.008 
80 0.300 0.306 25,000 0.008 0.0061 
90 0.268 0.276 30,000 0.005 0.0051 

100 0.243 0.250 40,000 0,003 0.0036 
110 0.221 0.229 50,000 0.003 0.0027 
120 0.204 0.212 90,000 0 . 0 0 1 0 . 0 0 1 1 
130 0.190 0.199 100,000 0 . 0 0 1 0.0004 
140 0.178 0.186 500,000 0.0004 0.0004 

"Years a f t e r d ischarge from r e a c t o r . 

^Besed on a burnup o f 33 ,000 MW'd/KTU. 
"Based on a burnup o f 27*500 MW*d/MTU. 
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ORNL DWG 8 2 - 1 8 6 

Fig. 1. Reference design concept for borehole emplacement. 
Source: Westinghouse Electric Corporation, Engineered Waste Package 
Conceptual Design — Spent Fuel (Form 1) Disposal in Salt, AESD-TME-
3087 (March 1981). 
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Table 3. Waste package description: spent-fuel 
emplacement borehole concept2 

Design element Reference 
design 

Alternate 
No. 1 

Alternate 
No. 2 

Alternate 
No. 3 

Canister ID, eta3 Not used 30.5 Not used Not used 
Canister OD, cm'' Not used 32.4 Not used Not used 
Canister length, cm Not used 4.52 Not used Not used 
Overpack reinforcement ID, cm 30.5 34.9 30.5 64.8 
Overpack reinforcement OD cm 38.9 43.9 38.9 82.6 
Overpack reinforcement length, m 4.52 4.80 4.52 4.52 
Bottom head thickness, cm 4.06 8.38 4.06 8.89 
Titanium overpack ID, cm 39.8 45.1 39.8 83.8 
Titanium overpack OD, cm 41.1 46.4 41.1 85.1 
Nickel overpack ID,'' cm Not used Not used 42.4 Not used 
Nickel overpack OD, cm Not used Not used 43.7 Not used 
Overpack length, m 4.99 5.20 5.00 5.14 
Bentonite ID, cm 0.422 0.474 0.448 0.858 
Bentonite OD, cm 1.03 1.00 1.06 1.47 
Bentonite base thickness,'' cm 30.5 30.5 30.5 30.5 
Bentonite backfill top 
thickness," oni 30.5 30.5 30.5 30.5 

Borehole diameter, m 1.12 1.18 1.15 1.56 
Borehole depth, m 6.26 6.29 6.25 6.64 
Number of spent-fuel assemblies 
PWR 1 1 1 4 
BWR 2 2 2 10 

Waste package heat-generation 
rate,® W 
PWR 548 548 548 2192 
BWR 364 364 364 1820 

^Except where noted, values are taken from Ref. 1 
''inferred values. 
at.t emplacement. 
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This package is to be installed in a borehole which has previously 
been lined with compacted bentonite, a clay with a high montmorillonite 
content and good nuclide sorption properties. After emplacement, the 
space between the top of the package and the floor of the emplacement 
tunner will be filled with compacted bentonite and covered with a con-
crete plug or crushed salt to provide radiation shielding for operating 
personnel. Three variations to the foregoing reference design are 
presented: 

1. Alternate No. 1 is the same as the reference design except that 
the size is increased to accommodate previously canlsterlzed 
spent-fuel assemblies. 

2. Alternate No. 2 is the same as the reference design except for an 
additional corrosion barrier. 

3. Alternate No. 3 contains the same components as the reference 
design but is sized to handle 4 PUR or 10 BWR spent-fuel 
assemblies. 

These designs have the advantage of utilizing materials (alloys of 
titanium or nickel) which have been Investigated for this and other 
similar applications. While the primary corrosion barrier in each of 
these designs is TlCode-12, an alloy rich in nickel is used for the 
exterior corrosion barrier in Alternate No. 2. The dimensions and other 
design parameters are given in Table 3. These values are, for the most 
part, taken directly from Ref. 1. Some values that are not specified in 
this document have been inferred, as noted in Table 3. The precise 
values in these cases usually have little effect on thermal environments 
but are needed in order to perform the detailed calculations. 

The thermal conditions will depend not only upon waste package 
designs, but also upon waste package spacing and other aspects of 
repository design. These parameters are given in Table 4. These 
designs are all based on a two-row configuration for the spent fuel in 
the storage room. That is, emplacement holes are drilled in two rows 
down the storage room, with the separation between rows and the pitch 
between holes in a row determined by rock strength and thermal density 
considerations. The design parameters in Table 4 differ somewhat from 
the bases in Ref. 1. A minimum borehole separation of two borehole 
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Table 4. Repository description: spent-fuel 
emplacement borehole concept 

Design 
element 

Reference 
design 

Alternate 
No. 1 

Alternate 
No. 2 

Alternate 
No. 3 

Room height, m 6.00 6.00 6.00 6.00 

Room width, m 6.72 7.08 6.90 9.36 
Pillar width, m 20.2 21.2 20.7 28.1 

Borehole diameter, m 1.12 1.18 1.15 1.56 

Borehole row separation, m 3.36 3.54 3.45 4.68 

Borehole pitch down a 
row, m 3.36 3.54 3.45 4.68 

Waste package loading, 1f1 

PWR 548 548 548 2192 

BWR 364 364 364 1820 

Local areal thermal 
loading,« W/m 2 

PWR 12.1 10.9 11.5 25.0 

BWR 8.1 7.3 7.6 20.8 

Average areal thermal 
loading, a W/m 2 

PWR 7.3 6.5 6.9 15.0 
BWR 4.9 4.4 4.6 12.5 

a A t emplacement, 10 years a f t e r discharge from the r e a c t o r . 
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diameters (at least three diameters center-to-center spacing) has been 
assumed to assure Integrity of the rock webbing between the holes. In 
addition, a maximum 25Z extraction ratio has been assumed to assure 
stability of the storage room opening during emplacement operations. 
These requirements result in the parameters given in Table 4, as dis-
cussed in Appendix A. The local areal thermal loadings resulting from 
these parameters are also given In Table 4. These values are the maxi-
mum possible for the specified design constraints and, except for 
Alternate No. 3, are well below the value of 25 W/m 2 that is acceptable 
for salt1* and for which reference temperatures are often estimated.3 

2.1.2 Self-shielded waste package concept 

The Belf-shielded package approach permits emplacement operations 
to be performed with little additional shielding and, in particular, 
eliminates the need for the borehole shielding during emplacement 
operations. The concept implies that self-shielded packages can be 
simply laid on the floor of the storage rooms, which are subsequently 
backfilled. Long-term safety considerations have not been determined 
for such a concept. The reference self-shielded package design is shown 
schematically in Fig. 2, and the emplacement scheme is illustrated in 
Fig. 3. Corresponding design parameters are given in Table 5. 

The reference waste package consists of a thick (0.32-m) iron or 
steel overpack sized to contain two PWR elements or six BWR elements. 
A number of alternate designs have also been considered, and a design 
that accommodates four PWR or nine BWR assemblies is evaluated here. 
The waste package design parameters are given In Table 5. 

Table 5 also presents the repository design parameters. The values 
for the reference design have been taken from Ref. 1, while those for 
the alternate designs have been adjusted to provide the same thermal-
loading density as in the reference self-shielded case. The waste 
packages are to be laid horizontally in the storage room as shown in 
Fig. 3, and the storage rooms are to be backfilled with bentonite. The 
spacing and resulting areal thermal loading for the waste are listed in 
Table 5. 
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CAST SHIELD/SEAL PLUG ELECTROSLAG WELD 
CLOSURE/SEAL 

HANDLING 
TRUNNIONS 

CAST MAIN BODY 

PWR SPENT FUEL 

Fig. 2. Self-shielded package concept. Source: Westinghouse 
Electric Corporation, Engineered Waste Paakage Conceptual Design — 
Spent Fuel (Form 1) Disposal in Salt, AESD-TME-3087 (Kerch 1981). 
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Table 5. Waate package and repository descriptions: 
spent-fuel self-shielded concept*1 

Reference 
design 
(WR) 

Reference 
design 
<Nfc) 

Alternate 
design 
(PWR) 

Alternate 
design 
(BWR) 

Package length, • 5.20 5.45 5.20 5.45 
Package cavity length, • 4.32 4.65 4.32 4.65 
Package cross-section, • * • 1.12 x 0.96 1.12 x 0.95 1.16 x 1.16 1.16 x 1.16 
Package cavity cross-section, 
• * a 0.48 x 0.32 0.48 x 0.32 0.48 x 0.48 0.48 x 0.48 

Number of aaaaabllee 2 6 4 9 
Ion height, • 2.5 2.5 2.5 2.5 
Room width, • 6.5 6.5 6.5 6.5 
Pillar width, • 18.0 18.0 18.0 18.0 
Package spacing down row, a 
Package tbetsal loading,b W 

1.79 1.80 3.56* 2.67* Package spacing down row, a 
Package tbetsal loading,b W 1100 1100 2190 1640 
Local thermal loading,6 W/mz 
Average thermal loading,6 
W/m* 

25 25 25 25 Local thermal loading,6 W/mz 
Average thermal loading,6 
W/m* 15 15 15 15 

abcept where noted, values are fres> Kef. 1. 
6Inferred values. 
*At emplacement. 
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Fig. 3. Typical emplacement scheme for self-shielded packages. 
Source: Westinghouse Electric Corporation, Engineered Waste Package 
Conceptual Design — Spent Fuel (Form 1) Disposal in Salt, AESD-TME-
3087 (March 1981). 

u> 
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2.2 Defease High-Level Waste 

It is assumed that the matrix in this case is a glassy waste form 
such as boro8ilicate glass and that it will be canlstered in a defense 
high-level waste (DHLW) processing facility. The DHLW package would 
include a canister such as the reference canister design shown in Fig. 4 
(from Ref. 2). The thermal performance of the DHLW will vary greatly, 
but a conservative waste form has been defined by personnel at the 
Savannah River Laboratory. 5 For the Westinghouse reference canister, it 
is assumed that the waste would generate about 400 W at emplacement, 
which is assumed to take place 10 years after processing or ^15 years 
after discharge from the reactor, tlowever, it is unlikely that loading 
in an actual canister will be this high. Previous analyses 6 considered 
a loading of 310 W at emplacement, based on a reference waste form, 7 and 
it is likely that the actual loading will be much lower. Therefore, a 
loading of 310 W per package is considered here, along with the waste-
decay characteristics listed in Table 6 (taken from Ref. 7). 

2.2.1 Emplacement borebole concept 

Figure 5 shows the reference design for the borehole emplacement 
concept. ThiB design includes a 0.64-cm-thick overpack constructed of 
TiCode-12 and a thick overpack reinforcement of carbon steel. The waste 
form canister is to be Inserted in the overpack reinforcement before the 
waste package is sealed. The package would then be installed in a 
borehole which is lined with compacted bentonite backfill, and the space 
between the top of the package and the storage room floor filled with 
bentonite backfill. Three alternate designs are also considered: 

1. Alternate No. 1 utilizes a modified, structurally reinforced 
waste canister without the carbon steel overpack reinforcement. 

2. Alternate No. 2 - The same as the reference design but utilizes 
a redesigned waste canister to make a shorter package. 

3. Alternate No. 3 - The same as the reference design but with an 
additional corrosion barrier. 

The design parameters for the reference system and for these variations 
are given in Table 7. 
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REMOTE CLOSURE 

GLASS LINE 

3.0 m 
tr-10") GLASS 

046 cm (0.375") 
WALL THICKNESS. 
304 LSST 

Fig. 4. Reference defense high-level waste (DHLH) canister. 
Source: Westinghouse Electric Corporation, Engineered Waste Paokage 
Conceptual Design — Spent Fuel (Form 1) Dispoeal in Salt, AESD-TME-
3087 (March 1981). 
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Table 6. Thermal power generation for reference 
Savannah River Plant defense 

high-level waste a 

Time out of reactor Heat generation Relative power generation 
(years) (W/canister) from emplacement 

5 C- ocessing) 540.6 
10 358.5 
15 (<_ ̂ placement) 310.5 1.0 
20 275.0 0.886 
25 245.0 0.789 
30 218.8 0.705 
35 195.6 0.630 
40 175.1 0.564 
50 140.7 0.453 
75 82.83 0.267 

100 50.22 0.162 
200 10.26 0.033 
300 4.057 0.013 
400 2.289 7.3E-03 
500 1.521 4.9E-03 

1,000 0.656 2.1E-03 
1,700 9.476 1.5E-03 
2,000 0.402 1.3E-03 
5,000 0.298 9.6E-04 

10,000 0.239 7.7E-04 
20,000 0.167 5.4E-04 
50,000 0.0866 2.8E-04 

100,000 0.0550 1.8E-04 
200,000 0.0460 1.5E-04 
500,000 0.0264 8.5E-05 

1,000,000 0.0090 2.9E-05 

aSource of the data: E. I. du Pont de Nemours and Company, 
DPSTD-77-13-3, Savannah River Plant, Aiken, S.C. (1980). 
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DRIFT FLOOR 

HOST ROCK 
(SALT) 

OVERPACK 
REINFORCEMENT 
(CARBON STEEL) 

BASE MATERIAL 

Fig. 5. Reference defense high-level waste (DHLW) package for 
borehole emplacement. Source: Westinghouse Electric Corporation, 
Engineered Waste Package Conceptual Design — Spent Fuel (Form 1) 
Disposal in Salt, AESD-TME-3087 (March 1981). 
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Table 7. Waste package description: defense high-level 
waste (DHLW) emplacement borehole concept 

Design 
element 

Reference 
design 

Alternate 
No. 1 

Alternate 
No. 2 

Alternate 
No. 3 

Canister OD, cm 61.0 61.0 61.0 61.0 
Canister length, m 3.0 3.0 2.8 3.0 
Overpack OD, cm 85.0 63.5 85.0 85.0 
Overpack ID, cm 83.8 62.2 83.8 83.8 

Overpack reinforcement 
OD, cm 82.6 Not used 82.6 82.6 

Overpack reinforcement 
ID, cm 63.5 Not used 63.5 63.5 

Titanium overpack OD, cm 85.0 63.5 85.0 85.0 
Titanium overpack ID, cm 83.8 62.2 83.8 83.8 
Nickel overpack OD, cm Not used Not used Not used 87.6 
Nickel overpack ID, m Not used Not used Not used 86.4 
Overpack length, m 3.34 3.16 3.11 3.34 
Bentonite backfill OD, m 1.51 1.30 1.51 1.54 
Bentonite backfill ID, m 0.902 0.686 0.902 0.930 
Borehole diameter, m 1.56 1.35 1.56 1.59 
Borehole depth, m 4.25 4.08 4.02 4.26 
Waste package thermal 

loading,a W 310.5 310.5 310.5 310.5 

aht emplacement. 
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The repository configurations for the DHLW borehole concept are 
given in Table 8. As in the case of spent fuel, these descriptions are 
different from the Westinghouse design bases. The considerations 
described earlier act to reduce the areal loading density in this case 
as well. The minimum two-borehole-diameter (three diameters center-to-
center) separation of the boreholes results in the low areal loadings 
shown in Table 8. 

2.2.2 Self-shielded waste package concept 

A self-shielding concept for DHLW has also been considered, as 
illustrated in Fig. 6. The waste canister is shown enclosed in a thick 
overpack which requires no shielding during emplacement operations and, 
therefore, can be laid on the floor of the storage rooms as in Fig. 7, 
without recourse to the emplacement boreholes. The waste packages would 
then be covered with compacted bentonite backfill. The long-term con-
tainment characteristics of this system have not been investigated. The 
parameters, including specific dimensions, for the reference design are 
given in Table 9 (taken from Ref. 2). 

An alternate self-shielding design is also considered, which speci-
fies a larger canister with a correspondingly larger overpack to contain 
twice the thermal loading of the reference design. Waste package spacings 
in the mine would be adjusted to maintain the same thermal loading as in 
the reference case. There is no apparent reason for fixing the areal 
thermal loading in this way, since this value is well below acceptable 
limits for SF and other wastes. However, this procedure is useful to 
allow comparison between the cases. 

3. COMPUTATIONAL APPROACH 

Expected conditions for generic waste packages in repositories in 
salt have previously been evaluated. In pacticular, thermal analyses 
for spent fuel 8 and for DHLW 6 have already been performed for the generic 
packages, and numerical techniques for these analyses have been developed. 
The evaluations for these analyses are generally performed according to 
the following scheme: (1) far-field formation temperatures are 
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Table 8. Repository description: defense high-level 
waste (DHLW) emplacement borehole concept 

Design 
element 

Reference 
design 

Alternate 
No. 1 

Alternate 
No. 2 

Alternate 
No. 3 

Room height, m 5.0 5.0 5.0 5.0 
Room width, m 9.36 8.10 9.36 9.54 
Pillar width, m 28.1 24.3 28.1 28.6 
Borehole canister, m 1.56 1.35 1.56 1.59 
Borehole row separation, m 4.68 4.05 4.68 4.77 
Borehole pitch down 

a row, m 4.68 4.05 4.68 4.77 
Waste package loading, a W 310.5 310.5 310.5 310.5 

Local areal thermal 
loading, a W/m 2 3.5 4.7 3.5 3.4 

Average areal thermal 
loading,£ W/m 2 3.5 4.7 3.5 3.4 

a A t emplacement, 10 years after processing and 15 years after discharge 
from the reactor. 
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Fig. 6. Reference self-shielded emplacement package design for 
defense high-level waste (DHLW). Source: Westinghouse Electric 
Corporation, Engineered Waste Package Conceptual Design — Spent Fuel 
(Form 1) Disposal in Saltt AESD-TME-3087 (March 1981). 



22 

ORNL DWG 8 2 - 1 8 1 

Fig. 7. Typical emplacement scheme for defense high-level waste 
(DHLtf) self-shielded packages. Source: tfestinghouse Electric 
Corporation, Engineered Waste Package Conceptual Design — Spent Fuel 
(Form 1) Disposal in Salt, AESD-TME-3087 (March 1981). 
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Table 9. Waste package and repository descriptionsi a defense 
high-level waste (DHLW) self-shielded concept 

Design element Reference design Alternate design 

Canister length, m 3.0 3.0 

Canister OD, cm 61.0 81.0 
Overpack length, m 3.9 3.9 
Overpack cavity length, m 3.2 3.2 

Overpack OD, cm 124.5 145.0 
Overpack ID, cm 63.5 64.0 

Room height, m 3.0 3.0 

Room width, m 5.0 5.0 

Pillar width, m 19.5 19.5 

Package spacing down row, m 1.3 2.6 
Package thermal loading, W 310.5 621.0 

Local thermal loading, W/m 2 9.75 9.75 
Average thermal loading, W/m 2 9.75 9.75 

aAt emplacement, 10 years after processing and 15 years after discharge 
from the reactor. 
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evaluated with a slab model for the repository, using appropriately 
space-averaged heat generation rates characteristic of the waste type; 
(2) near-field salt temperatures are evaluated in Cartesian unit cell 
models to take into account the geometry of the local canister place-
ment; (3) temperature rises within the waste packages are evaluated in 
cylindrical unit cell models to account for the symmetry in the very-
near-field; and (4) In the case of spent fuel, fuel pin temperatures are 
evaluated in explicit models of the spent-fuel package, utilizing calcu-
lated canister temperatures as a boundary condition. The details of 
these various steps and the interfaces between the models are discussed 
in detail in Ref. 8. 

For the evaluations in this report, the repositories are assumed to 
be located at a horizon 600 m below the surface of the earth in a uniform 
salt formation. Temperatures at depths of 555 m and 645 m are evaluated 
in the far-field model and used as temperature boundary conditions for 
the near-field unit cell model. The average areal distribution of waste 
in the repository serves as the heat source in this calculation. The 
near-field unit cell width corresponds to the room plus the pillar 
width, and the length corresponds to the distance between waste packages 
in the row down the storage room. Because of the symmetry assumed in 
this model, adiabatlc boundary conditions are imposed at the vertical 
boundaries defining the unit cell. The storage room and the finite 
dimensions of the waste package are considered in determining near-field 
temperatures. For the emplacement borehole concept, temperatures at the 
wall of the borehole are calculated, and for the self-shielding concept, 
temperatures at the surface of the waste package are calculated. These 
local temperatures are sensitive to the thermal loadings and to the 
canister spacing in the row. For example, Fig. 8 illustrates the sensi-
tivity of the maximum salt temperature in the spent-fuel emplacement 
hole concept. In this evaluation, the waste package pitch in the storage 
room and the complementary room-plus-pillar width are varied for two 
different fixed areal loadings. The waste-package loading is fixed 
( 5 4 8 W a t emplacement) for all of these calculations. It can be seen 
t h a t a range of peak borehole vail temperatures is possible, depending 
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Fig. 8. Sensitivity of maximum borehole well temperature to 
areal loading and borehole pitch. 
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on the waste package separation and the areal loading. It follows that 
the waste package thermal environments will be sensitive to the waste 
package emplacement configuration. This sensitivity increases as the 
waste package separation is decreased and is very great for separations 
of less than *v<3 m. Figure 8 shows the results for two different load-
ings, 25 W/m 2 and 12.1 W/m2, corresponding to the reference PWR design. 

It follows that the calculation of the very-near-field temperatures 
will depend on an accurate representation of the geometry, particularly 
for small borehole separations. Thus, an axi-symmetric model of the 
waste package and the near-field salt may not provide an accurate evalua-
tion of the absolute thermal environment, since it does not take into 
account the asymmetry of the waste package placement. However, it has 
been determined 8 that such a model can be used to predict the tempera-
ture increase within the waste package satisfactorily, and it is used in 
concert with the near-field model for that purpose. In the very-near-
field model, the waste package is modeled in detail in a cylindrical r-z 
model. In this very-near-field model, the overpacks, the overpack 
reinforcement, and the canister (If any) are modeled explicitly, along 
with the air gaps between any of the structures. Radiative heat transfer 
across the gaps is modeled with an emissivity of 0.5 for all surfaces. 
Natural convection and conduction heat transfer across such thin gaps 
are small compared to radiative transfer and were not included. This 
produces slightly higher waste package temperatures than if they were 
included. Conduction heat transfer through solid layers is included, of 
course. 

The compacted bentonite and crushed salt backfill are also modeled, 
as well as the salt host rock in the immediate vicinity of the waste 
package. The boundary of the model is determined by requiring that the 
areal loading correspond to the local areal loading of the respository 
design. Temperature increases are calculated in this model, but the 
actual resulting temperatures are adjusted upward so that the tempera-
ture at the borehole wall (or at the edge of the overpack for the self-
shielded waste package) corresponds to that calculated in the Cartesian 
unit cell model. 

All calculations have been made with the HEATING-5 finite-difference 
heat conduction code. 9 Mesh spacing, time steps, and iteration procedures 
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have all been suitably tailored to the models in each case. Thermal 
properties assumed for the materials involved are given in Tables 10 and 
11. The temperature dependence of the conductivity of salt is explicitly 
taken into account. 

For the spent-fuel evaluations, the pin temperatures have been 
evaluated with the HYDRA-1 model. 1 0 This code accounts for the coupled 
conduction, convection, and radiation modes in the vicinity of the 
spent-fuel element in a canister. Appropriate temperature distributions 
(e.g., at the inner surface of the overpack reinforcement or the canister) 
are used as temperatures of the sheath surrounding the elements to 
determine the center pin temperatures. The version of HYDRA-1 used in 
this analysis is not strictly applicable to the nonsymmetric arrays of 
spent-fuel elements that occur for some of the designs. However, since 
calculations show that the center pin temperature is relatively insensi-
tive to the shape of the array of pins for reasonable aspect ratios, the 
center pin temperature is not expected to be very different from that 
evaluated using a symmetric representation. 

4. RESULTS 

4.1 Spent Fuel 

4.1.1 Borehole emplacement concept 

A typical temperature history for wastes in the repository is 
illustrated in Fig. 9. This figure displays the results for the refer-
ence PWR borehole emplacement package, showing the maximum temperatures 
for the borehole wall, the compacted bentonite in the hole, the titanium 
in the overpack, the carbon steel overpack, and the spent-fuel pins. The 
temperatures in the overpack and the overpack reinforcement essentially 
result from the radiative heat transfer across the air space outside the 
waste package and across the thin gap between the overpack and the 
overpack reinforcement. The peak spent-fuel temperature of ^142°C 
occurs from 20—70 years after emplacement and does not vary more than a 
few degrees during this time period. 
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Table 10. Thermal p roper t ies of m a t e r i a l s 

Volumetr ic 
Type of Conduct iv i ty heat capac i ty 
m a t e r i a l (W/m*K) (MJ/m3 »K) 

S a l t a 1 . 8 

Crushed s a l t 0 .35 1 .5 

Bentonite 0 .75 1 . 8 

N i c k e l 5 9 . 0 3 . 5 

T i tan ium 1 0 . 0 3 . 6 

Cerbon e t e e l 2 6 . 0 3 . 6 

S ta in less s t e e l 16 .0 3 . 6 

Z i r c a l o y 15 .0 7 . 2 

U02 0 . 1 0 3 . 6 

B o r o s l l i c a t e g lees 0 .94 1 . 8 

Helium 0 .22 3 . 1 

A i r 0 . 031 1 . 0 

^Conduct iv i ty data f o r var ious temperatures ere l i e t e d I n 
Table 11. 

Table 11. Thermal conduct iv i ty of s a l t 

Temperature Conduct iv i ty 
C C ) (W/m»K) 

0 6 . 1 1 

50 5 .02 

100 4 . 2 0 

150 3 . 6 0 

200 3 . 1 1 

250 2 .77 

300 2 .49 

350 2 . 3 0 
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Fig. 9. Temperature histories for reference pressurized water 
reactor (PWR) spent-fuel emplacement borehole concept. 
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The analogous temperature histories for the emplacement of the BWR 
reference package are shown in Fig. 10. It can be seen that the tempera-
tures are lower because the canister loading is lower than the FWR case 
by a factor of about 2/3. Peak spent-fuel temperatures are about 30°C 
lower than for the PWR waste package. The maximum salt temperatures are 
less sensitive to the canister loading and more dependent upon the areal 
loading. The peak temperatures vary by only ^ " C . Since the decay 
characteristics of the wastes and the thermal properties of the salt are 
similar in both cases, the peak temperatures for both BWR and PWR wastes 
occur over approximately the same time range. The peak temperatures for 
these two cases are summarized in Table 12. The ambient value with no 
heat-generating wastes present was assumed to be 38°C for these cal-
culations. 

The peak temperatures that are predicted for the alternate borehole 
emplacement packages are also summarized in Table 12. Alternate No. 1 
reflects the difference expected from the additional radiation baffle of 
the gap between the overpack reinforcement and the canister wall and 
also the small difference caused by the larger geometry and subsequent 
increased spacing that is necessary to accommodate the additional spent-
fuel canister. Temperatures for the analogous BWR package have not been 
calculated, but they should have nearly the same relationship to the PWR 
temperatures as in the reference design, since the canister loadings 
have the same relationship. 

The peak temperatures for the Alternate No. 2 design, also shown in 
Table 12, reflect a slight difference that is due to the additional 
nickel overpack and the gap between the two overpacks. The BWR package 
temperatures have not been predicted, but the values can be inferred 
from the reference designs. 

The peak temperatures for the Alternate No. 3 design show a marked 
difference from the reference case in Table 12. Peak spent-fuel tem-
peratures for PWR elements are ^330°C and for BWR elements are ^275°C. 
Figures 11 and 12 show that the peaks occur earlier, largely because the 
thermal diffusivity of the salt host rock is lower at these higher 
temperatures, and the ability to readily transport heat away from the 
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Fig. 10. Temperature histories for reference boiling water 
reactor (BUR) spent-fuel emplacement borehole concept. 



Table 12. Predicted peak emplacement temperatures'3 fer spent-fuel 
borehole emplacement packages 

Design 
element 

Reference 
?WRb 

<°c) 

Reference 
BWR2' 
(°C) 

Alternate 
No. 1 
PWR 
(°c) 

Alternate 
No. 2 
PWR 
(°C) 

Alternate 
No. 3 
PWR 
(°C) 

Alternate 
No. 3 
BWR 
C°C) 

Center pin 141 (183) 109 (157) 149 154 332 (353) 274 (286) 

Canister Not used Not used 119 Not used Not used Not used 

Overpack reinforcement 115 (159) 96 (144) 112 124 208 (224) 180 (194) 

Titanium overpack 109 (151) 94 (139) 107 115 196 (213) 170 (184) 

Nickel overpack Not used Not used Not used 108 Not used Not used 

Compacted bentonite 104 (144) 92 (135) 103 103 185 (203) 160 (174) 

Emplacement hole wall 94 (131) 88 (126) 94 94 147 (164) 128 (142) 

aAmbient temperature * 38°C. 
^Values in parentheses are for an areal loading of 25 W/m 2. Areal loadings for other values 

are those shown in Table 4. 
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Fig. 11. Temperature histories for alternate No. 3 pressurized 
water reactor (PWR) spent-fuel emplacement borehole concept. 



34 

ORNL 0W6 6 2 - 1 9 4 

Fig. 12. Temperature histories for alternate No. 3 boiling 
water reactor (BUR) spent-fuel emplacement borehole concept. 
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waste packages is reduced. Increasing the separation between waste 
packages in the repository would not greatly mitigate these high tem-
peratures; for example, increasing the borehole pitch by 50% would 
decrease the peak temperature by less than 10°C, as shown in Fig. 8. 

Other design modifications may have a more important effect on the 
interior temperatures. For example, the insulating effect of the 
compacted bentonite blocks around the waste package in the borehole can 
be controlled by changing the density and moisture content of the 
bentonite. The dependence of the waste package peak temperature on this 
parameter can be seen for the reference PWR design in Fig. 13. The 
interior temperatures are essentially linear with the thermal resis-
tivity of this material, and the corresponding temperature increases 
would be expected to increase proportionately with the higher canister 
loading. Note that these results would also be applicable to other 
backfill or buffer materials with these thermal properties. 

The waste package temperatures can also be modified by reducing the 
thickness of the bentonite layer. Figure 14 shows the predicted depend-
ence of the reference PWR package temperatures on the outer radius of 
the surrounding bentonite layer. The inner radius is fixed at 0.211 m 
so that this figure shows only the dependence on the thickness of the 
compacted bentonite. (The emplacement hole diameter has been scaled to 
accommodate the smaller or larger size of the bentonite.) It can be 
seen that the temperature increases are reduced by VL0% by a decrease of 
bentonite thickness from 30 cm to 5 cm. This modest sensitivity reflects 
the temperature rise across the backfill, which essentially depends 
logarithmically on the backfill thickness. 

4.1.2 Self-shielded package concept 

The temperature histories calculated for the emplacement of the 

self-shielded, spent-fuel waste package are shown in Fig. 15. The 

maximum temperatures of the spent fuel in the package, the waste package 

itself, and the salt are shown. The PWR case and the BWR cases are 

virtually indistinguishable for this design. The waste package tempera-

ture differs very little from the temperature of the bentonite backfill 
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Fig. 13. Sensitivity of spent-fuel (SF) borehole package 
temperatures to bentonite thermal resistivity. 
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Fig. 14. Sensitivity of spent-fuel (SF) borehole package 
teaperatures to thickness of the bentonite layer. 
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F i g . 15. M a x i m a temperature h i s t o r i e s f o r re fe rence spent f u e l 
( S F ) : s e l f - s h i e l d e d concept. 



39 

around the package, so this curve can be used to evaluate the conditions 
in the bentonite as well. The maximum salt teaperature occurs on the 
floor of the storage roon directly below the canister, because it is the 
point closest to the wante package with the specified storage room 
design. The peak speut-fuel ceaperature in this case is 204"C and 
occurs about 20 yea?s after emplacement. The peak temperature of the 
waste package is /About 164"C and occurs about the same time as the 
spent-fuel peak temperature. The maximum salt temperature is 149°C and 
occurs about 20 years after the waste-package peak. These peak tempera-
tures are summarized in Table 13. 

Table 13. Predicted peak temperaturesa for spent-fuel 
self-shielded packages 

Design 
element 

Reference 
PWR or BUR 

(°C) 

Alternate 
PWR 
<°C) 

Alternate 
BWR 
C C ) 

Center pin 204 240 188 
Overpack 164 160 155 
Room backfill 163 159 154 
Room floor 149 131 131 

aAmbient temperature - 38 °C. 

The results for the alternate self-shielded design are also given 
in Table 13. Because of the heavier waste-package loading, the tempera-
tures of the spent fuel are higher despite the adjustment of package 
spacing in the storage room to provide the same areal loading. In this 
case, the PUR spent-fuel peak temperature is nearly 240°C and the BWR 
peak temperature is ^190°C. 

These results would be modified somewhat if the storage room were 
backfilled with crushed rock rather than bentonite, since the conduc-
tivity of the backfill would be lower, and the temperature of the package 
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would be correspondingly higher. If the backfill reconsolidates and 
recrystallizes around the waste package in the first few years after 
backfilling, as crushed salt is expected to do, temperatures would 
actually be lower than with the bentonite backfill because of the 
conductivity. Figure 16 shows that the peak temperature for the spent 
fuel is *20°C less wxth use of a consolidated salt backfill than with 
bentonite backfill. 

4.2 Defense High-Level Waste 
4.2.1 Borehole emplacement concept 

The temperature histories for the reference borehole DHLW package 
are shown in Fig. 17. The maximum waste temperature occurs at the 
centerline of the glass matrix. Peak temperatures are <v>126°C, which is 
lower than those for the spent-fuel package, mostly as a result of lower 
power density of the waste in the canister. Package temperatures are 
also evaluated farther from the waste container where the heat flux is 
smaller. The main reason for higher temperatures than those calculated 
earlier2 is the insulating effect of the bentonite blanket, which was 
not considered in the previous study. The peak temperatures for the 
reference design and for the alternate designs are summarized in Table 14. 

Table 14. Predicted peak temperatures01 for defense high-level 
waste (DHLW) borehole emplacement packages 

Design 
element 

Reference 
design 
(°C) 

Alternate 
No. 1 
(°C) 

Alternate 
No. 2 
(°C) 

Alternate 
No. 3 
(°C) 

Waste centerline 126 125 131 136 
Canister 100 109 115 120 
Overpack reinforcement 100 Not used 105 110 
Titanium overpack 91 99 94 101 
Nickel overpack Not used Not used Not used 92 
Compacted bentonite 82 84 82 82 
Emplacement hole wall 71 73 71 71 

aAmbient temperature = 38°C. 
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F i g . 16 . Temperature h i s t o r i e s f o r re fe rence s p e n t - f u e l (SF) : 
s e l f - s h i e l d e d concept w i t h consol idated s a l t b a c k f i l l . 
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Fig. 17. Temperature histories for reference defense high-level 
waste (DHLW): emplacement borehole concept. 
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Alternate No. 1 differs from the reference design by eliminating 
the overpack reinforcement, with consequent outslzlng of the emplacement 
hole and the bentonite blocks. There Is virtually no difference in 
waste package temperatures, however. The results for the Alternate 
No. 2 design reflect the shorter package length and the slightly higher 
effective concentration of the heat source with an increase in the peak 
temperatures of only M>°C. The results for Alternate No. 3 include the 
effect of the second overpack but, as for Alternate No. 1, the tempera-
ture rise associated with the outer overpack and the resulting addi-
tional radiation baffle is insignificant. 

4.2.2 Self-shielded waste package 

Maximum temperatures for the reference self-shielded DHLW package 
are shown as a function of time in Fig. 18. The temperature histories 
are shown for waste, canister, overpack, and salt. The temperature 
of the overpack closely corresponds to that of the bentonite backfill. 
The peak waste temperature is VL18°C and occurs 10-15 years after 
emplacement. The peak temperatures are summarized in Table 15. 

Table 15. Predicted peak temperatures a for self-shielded 
defense high-level waste (DHLW) packages 

Design element 
Reference design 

temperatures 
(°c) 

Alternate design 
temperatures 

(°C) 

Waste centerline 118 129 
Canister 107 108 

Overpack 98 100 

Room backfill 98 99 
Room floor 90 90 

aAmbient temperature - 38°C. 
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F i g . 18. Temperature h i s t o r i e s f o r re ference defense h i g h - l e v e l 
waste (DHLW): s e l f - s h i e l d e d concept. 
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Although the areal loading is the same as in the reference design, 
the alternate design self-shielded waste package has twice the thermal 
loading of the reference design and, consequently, higher peak tem-
peratures. The peak waste centerline temperature is approximately 
130°C. The peak values for the alternate design are also summarized 
in Table 15. 

5. SUMMARY AND DISCUSSION 
Tables 12—15 summarize the peak temperatures predicted for the 

Westinghouse advanced waste package designs. Generally speaking, the 
borehole designs have lower temperature increases than the self-
shielded designs. In fact, the borehole emplacement temperatures 
are generally less than those calculated for generic package designs.6»8 
This results largely from the low areal loadings required by the reposi-
tory design constraints. When these constraints are ignored and reposi-
tory loadings comparable to those considered for the generic reference 
repository conditions analyses are used, the resulting temperatures are 
actually higher because of the thick, insulating blanket of bentonite 
in the borehole. 

The temperatures for the reference designs considered here can be 
compared to the temperature limits that have been discussed for the 
waste package materials. Although actual temperature criteria have not 
yet been established, Table 16 lists some values to be considered as 
guidance to the design efforts. These values should not be interpreted 
as absolute limits since the actual performance of the waste package 
depends on the duration of the temperature excursion, the rate of change, 
and the temperature gradients, as well as a host of associated conditions 
induced by the temperature increases. These conditions will be site-
specific and have not yet been determined. Nevertheless, the values in 
Table 16 give a measure by which to evaluate the predicted temperatures. 
With one exception, the predicted temperatures for the reference designs 
in Tables 12—15 are well below the values listed in Table 16. The 
exception is the overpack temperature for the spent-fuel self-shielded 
package, which is rvl00°C higher than the guidance value based on corrosion 



Table 16. Comparison of expected peak waste package 
temperatures with guidance values 

Peak SF package temperatures Peak DHLW package temperatures 

Design element Emplacement 
borehole 

Self-
shielded 

Emplacement 
borehole 

Self-
shielded Guidance 

concept 
(*c) 

concept 
(°C) 

concept 
(°C) 

concept 
(°C) 

values 
(°C) 

Spent fuel pin 141 204 <375? 
£200*| 
<10 0° 

Carbon steel overpack 
reinforcement 115 100 <122d 

TiCode-12 overpack 109 91 <250® j% 
Nickel alloy overpack £15</ 
DHLW glass 126 118 <500^ r. 
Stainless steel canister 110 107 £375 
Cast iron overpack 164 98 < 63* 
Bentonite 109 163 82 98 

<250? Salt host rock 94 149 71 90 <250? 

aBased on creep rupture of fuel-pin cladding. (See Ref. 1.) 
B̂ased on reactivity of the Zircalloy cladding. (See Ref. 11.) 

0Based on leach rate data for U02. (See Ref. 1.) 
B̂ased on corrosion data for oxic conditions. (See Ref. 1.) 

SBased on general corrosion-rate data at 250°C in oxic conditions. (See Ref. 1.) 
^Inference from general corrosion data at 250°C and 90°C in anoxic conditions. (See Ref. 1.) 
B̂ased on devitrification and thermal effects on insoluble places in the glass. (See Ref. 1.) 
''Based on stress-corrosion cracking of austenitic stainless steel. (See Ref. 11.) 
Ĉorrosion data for oxic conditions. (See Ref. 1.) 
•'Based on decrepitation of certain samples of halite. (See Ref. 12.) 
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data. For some of the alternate conceptual designs, the temperatures 
may also exceed the guidance values. For example, in some cases in-
volving more than 1 FUR element in a package or more than 3 BWR elements 
in a package, the 200°C guidance value for the spent-fuel cladding 
temperature is exceeded, although the 375°C value is not. This can be 
mitigated to some extent by the use of backfills with higher conductivity 
or by reducing the thickness of backfills, but the simplest technique 
appears to be through a reduction in the canister loading, once the 
performance constraint has been established. 
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APPENDIX A 

REPOSITORY DESIGN CONSTRAINTS 

The Westinghouse waste package design efforts are based on a wide 
variety of repository conditions. It is probably premature to consider 
many of the details of repository design at this point, because the 
design will certainly be site specific. Waste package design, too, will 
be influenced by the site chosen and the repository design; an iterative 
procedure will probably be utilized to arrive at the final designs in 
each case. 

Nevertheless, some of the features of repository design need to be 
taken into account at the earliest possible stage. One example is the 
degree of separation chosen for the waste packages. This separation, in 
concert with the canister loading, determines the local areal loading of 
the repository. Criteria may be placed upon this loading and the re-
sulting rock temperature environments. However, the canister spacing 
may be limited by other constraints as well. It has been suggested that 
the centerline-to-centerline separation between emplacement boreholes 
should be at least 3 hole diameters to assure integrity of the rock 
webbing between the holes,1 which would limit the areal thermal loading 
of the repository. This limitation could be mitigated by incorporating 
more rows of canisters in the storage room, but there may be restric-
tions on the width of storage rooms (based on room stability) that would 
also limit the number of rows of canisters. A simple example can be 
given. The local areal thermal loading, L, is determined for a unit 
cell by 

where q is the waste package loading, n is the number of waste packages 
in the unit cell, and A is the area of the unit cell. The unit cell 
area is the product of the canister pitch down the row, the lateral 
separation of the rows, and the combined width of the storage room and 
pillar between rooms. If a 25% extraction ratio is assumed, based on 
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rock, mechanics consideration for the room stability,2 the local areal 
thermal loading is 

L - -S9. 4pW ' 

where p is the pitch of holes down the row, and W is the room width. 
Assuming a minimum hole spacing of 3 diameters, the maximum loading can 
be determined. The minimum pitch is 3D and the room width is 3nD, where 
n is also equal to the number of rows in the room (a margin of 1-hole 
diameter on each side of the outer rows has been assumed to accommodate 
equipment), and the maximum possible loading is 

For the reference PWR spent-fuel design, q = 548 W and D = 1.12 m, so 
the maximum loading would be only 12.1 W/m2. In order for the local 
loading to equal 25 W/m2, the hole diameter would have to be <0.78 m, 
independent of other design considerations. Such a holt would allow 
only ̂ .14 m (<6 in.) of bentonite around the waste package. A peak 
waste package temperature difference of ^20° C would result from use of 
a 1.12-m diameter hole spaced to provide 12.1 W/m2, rather than a 
0.78-m diameter hole (with the thinner layer of bentonite) spaced to 
provide 25 W/m2. 

For DHLW the reference hole diameter is 1.56 m, and the canister 
loading is 310 W at emplacement, amounting to a maximum areal loading 
of only 3.5 W/m2. Although this implies very slight temperature in-
creases, with correspondingly small impacts on other conditions, the 
mining and emplacement costs will be relatively large. 
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