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ABSTRACT

The use of depleted uranium (DU) dioxide (DUO,) particlesis being investigated for usein
repository waste packages (WPs) containing light-water reactor spent nuclear fuel (SNF). The
DUO, may be incorporated into the WP (1) as a particulate fill of all void spaces including the
SNF coolant channels and (2) as a component of the WP structure. The use of DUO, may

() reduce repository criticality concerns, (2) reduce radionuclide rel ease rates from the
repository, and (3) dispose of excess DU. The quantities of DUO, that could be used in the WPs
are defined for alternative WP designs. The alternatives use 2.5 to 8t of DU per ton of SNF on a
uranium-metal basis. If the only change to the WP isfilling all the voids inside the WP with
DUO, particulates, about 3.5t of DU are used per ton of SNF. This beneficial use of DU could
potentially use the entire inventory of DU.

DESCRIPTION OF CONCEPT

The waste package (WP) with depleted uranium (DU) dioxide (DUO,) fill would be similar in
design to that of the proposed Y ucca Mountain (Y M) repository WP. The WP would be first
filled with spent nuclear fuel (SNF) and then filled with DUQO, particles ranging in size from
0.5to 1 mm. The particlesfill void spaces in the WP and the coolant channels within each SNF
assembly (Fig. 1). Particle sizeis chosen to allow efficient filling of the coolant channels. The
proposed Canadian SNF WP uses a particulate fill material (but not DUO,). Canadian large-
scale experiments using dummy SNF assemblies and full-scale WPs have demonstrated the
filling technology. Added DUO, can be used as part of the WP wall structure. The sealed WPs
are placed in the repository, and then backfill is placed between the WPs and the tunnel wall.

For repository applications, DUQO, is the preferred form DU. In addition to the advantages of DU
in the chemical form of DUQ,, as described below, there are three other considerations. First,
anything added to arepository must not compromise its performance. SNF is primarily UO,,
thus, everything in the repository is designed to be compatible with UO,. Thisis not true of
many other chemical forms of DU. Second, the massive studies of the behavior of SNF UO, ina
repository environment are applicable to DUO, repository studies. Third, DU oxides are a
preferred form of uranium if the uranium isto be disposed of.
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Fig. 1. Waste package loading sequence.

REPOSITORY BENEFITS
There are several potential benefits' to the repository in using DUO, as afill material.

Criticality Control

The DU minimizes the potential for nuclear criticality. The average fissile content of light-water
reactor (LWR) SNF is somewhat <1.6 wt % #*U equivalent. This assumes that the plutonium is
equivalent to #°U. Assuming that 65 vol % of the void space is filled with solid DUO, and the
remaining 35 vol % is composed of the spaces between individual particulates, a WP can accept
-3.5t of DU per ton of uranium in the SNF. If the DU has an assay of 0.2 wt % U in 28U, the
average fissile content of the WP with DUO, fill will become -0.5 wt % ?*U equivalent. If
significant mixing of the depleted and SNF uranium occurs as the WP contents degrade, this low
fissile assay would eliminate the potential for nuclear criticality
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Reduced Radionuclide Repository Release Rate

The goal of ageological repository isto contain radionuclides until the most hazardous ones
decay to nonradioactive isotopes. The dominant failure mode of arepository is WP and SNF
failure, which would then be followed by the dissolution of SNF radionuclides in groundwater
and the ensuing movement of the groundwater to the accessible environment. The radionuclides
are primarily incorporated into the SNF UO, pellets and cannot be released until the SNF UO,
degrades. The DUO, fill material, which isin the same chemical form asis the uranium in the
SNF, acts as a sacrificial material to delay the disintegration of the SNF UO,. Because the DUO,
isin particulate form and the SNF UO, is partly protected by the fuel pin clad, the DUQO, should
preferentially react with groundwater. There are four radionuclide isolation mechanisms.

» Chemically reducing conditions. Under oxidizing conditions, SNF UO, reacts with oxygen
in air and groundwater to form U,0,4 and/or UO,;"xH,O. The oxidation process rel eases many
radionuclides to the groundwater. Under chemically reducing conditions, SNF UO, is
thermodynamically stable and the radionuclides are trapped in the UO, matrix. The DUO,
particul ates preferentially react with oxygen in air and groundwater. Removal of the oxygen
in the WP creates chemically reducing conditions for extended times.

* Reduction of groundwater flow. The oxidation of UO, to U,O,, as described above, resultsin
a36 vol % expansion®. This swelling fills inter-particul ate void spaces and reduces the
groundwater flow through the WP. Once alow-permeability zone is created, the water is
expected to flow around the WP—not through it.

» Saturation of the WP water with uranium. The DU saturates water entering afailed WP with
DU. Thisreduces dissolution of SNF uranium with the accompanying reduction in release of
hazardous radionuclides.

* Removal of radionuclides from groundwater. Thefill provides (1) filtering to slow the
escape of radionuclide colloids from the SNF and (2) absorption of selected radionuclides
from the groundwater.

Based on the known behavior of natural uranium ore deposits, the use of DUO, has the potential
to improve WP performance by several orders of magnitude. Field studies show that parts of
natural uranium ore bodies have remained intact with oxidizing groundwater conditions nearby
for geological periods of time. The outer parts of the deposits protect the masses of UO, inside
the deposits by the mechanisms described earlier. Such natural analogs indicate the potential for
excellent waste isolation using DUO, fill. There are significant uncertainties to be addressed.

Radiation Shielding

DU can be used to reduce the radiation levels from the WP. In arepository environment, there
are two different radiation shielding options.
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* Improverepository performance. High radiation fields can react with water and rock
external to the WP to produce chemical species that degrade the WP and accelerate

radionuclide migration. As a consequence, typical WPs contain some shielding to minimize
these effects. Thisshielding is not sufficient such asto allow contact-handling of the WP.

» Smplify operations. The WP can contain sufficient shielding such asto allow contact-

handling of the WP. This simplifiesinterim storage of WP until underground placement and

simplifies underground operations.

DISPOSAL OF EXCESSDU

DU isabyproduct of the production of enriched uranium for commercial power reactors and
defense applications. Worldwide, about 47,000 t are produced annually. Currently, DU

consumption is at somewhat <1,000 t/year. About one-million metric tons are in storage with no

identified uses. About 40% of that inventory isin the United States.

Most of the DU from the commercial nuclear power industry is from the manufacturing of LWR
fuel. Natural uranium with a?**U content of 0.711 wt % is separated into a DU fraction and an
enriched uranium fraction. The enriched uranium (typically 3-5% **U) is fabricated into fuel.

Table | shows the quantities of DU produced per ton of enriched uranium fuel for different

product and DU assays. Typically, 4to 6t of DU with afissile content of 0.20-0.35% U are
produced per ton of enriched uranium nuclear fuel. The DU U assay depends upon the price of

uranium, the price of enrichment services, and other factors.

Tablel. Ratio of DU produced per unit of enriched uranium produced

Enriched product assay (wt % of 2°U)

DU assay
(wt % of V) 2 3 4 5
0.1 2110 3.746 5.383 7.020
0.2 2.523 4.479 6.436 8.393
0.3 3.136 5.569 8.002 10.436
04 4.145 7.360 10.576 13.791
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Asamethod of disposal, the beneficial use of DU in the repository has several advantages.

» Meetsdisposal requirements. Various facilities have been evaluated®* for the disposal of
DU. The assessmentsindicate that if DU is considered a waste, the proposed Y M repository
would meet all requirements for disposal“>. Repository beneficial use of DU is consistent
with disposal requirements.

» Total use of DU. This application can beneficially use some or all the DU, depending upon
the WP design that is selected.

* Norecycleissues. DUO, fill isaconsumptive end use of DU that avoids potential end-of-
product-life disposal issuesin achanging regulatory climate.

» Consistent nuclear futures. From along-term perspective, the world will either develop new
energy sources (e.g., fusion) or deploy breeder reactors. If breeder reactors are fully
deployed, there will ultimately be no disposal of SNF or DU. The SNF will be processed to
obtain fissile material for the breeder reactors, and the DU will be used as afertile material.
If the DU iswith the SNF, both can be recovered simultaneously—if needed. If breeder
reactors are not deployed, it will be necessary to dispose of the SNF and DU.

Technical characteristics of this system support this approach. First, WPs are designed to last
thousands of years and thus alow simplified recovery for similar periods of time. Second,
Canadian experiments on non-DUO, fill indicate that fill materials can be separated from the
SNF without serious damage to the SNF (Forsberg 1997). SNF and DUO, are separable.

WP DESIGNS

Based on the functional uses of DUO,, several preconceptual WP designs have been devel oped.
These designs are to (1) define options and (2) determine how much DU could be reasonably
consumed by this application.

The YM repository will use several types of WPs. The most common WP? is designed for

21 pressurized-water reactor (PWR) fuel assemblies (Fig. 2) and is used as a starting point for the
concepts described herein. The WP capacity is limited by the maximum allowable decay heat
per package—not mass. If the decay heat is excessive, the resulting higher temperatures might
degrade repository performance. A heavier WP with DUO, fill could be deployed. This WP
with SNF has agross weight of 42.28t. The repository is currently planning to accept WPs with
grossweightsup to -75t.

The WP is a stainless-steel cylinder with an internal diameter of 142.4 cm and an internal length
of 458.5 cm. The 5-cm-thick cylinder is covered with a 2-cm corrosion-resistant layer of C-22, a
high-nickel alloy. Inside the cylindrical WP body, an egg-crate structure (called a basket) is used
to hold the SNF in place. The wallsthat make up the basket contain multiple layers. (1) carbon
steel for structural strength, (2) aluminum plates to conduct heat from the SNF to the cylinder
wall, and (3) neutron absorbers to prevent nuclear criticality.
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Fig. 2. 21-PWR fuel assembly waste package.

The cylindrical inside volume of the WP is 7.302 m®. The basket solid volumeis 1.119 m?; thus,
the WP void spaceis 6.183 m®. This void space is divided between the 21 slots for SNF
assemblies (4.935 m®) and the edge spaces between the square grid structure and the round WP
(1.248 m®). Each basket slot has a volume of 0.235 m? —with the 21 slots having atotal void
volume of 4.935 m®. Each slot (22.64 cm x 22.64 cm x 458.5 cm) is somewhat larger than the

SNF assembly to allow for clearance during the loading of SNF. The slot length allows the WP
to be used for SNF assemblies with different heights.

A typical Westinghouse, 17 x17 pin, SNF assembly has an exterior volume (21.4 cm x 21.4 cm
x 409.9 cm) of 0.188 m?, but the solid displacement volume is only 0.07332 n¥; thus, the total
solid displacement volume of the 21 fuel assembliesis 1.540 m®. A fuel assembly is mostly
empty space for water-coolant flow in the reactor; consequently, the fuel assembly void fraction
iIs61 vol %. This particular example of afuel assembly has aweight of 611 kg and contains
401 kg of uranium. The loaded WP will thus contain 8.42 t of uranium in 21 fuel assemblies.
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Several preconceptual designs (Table 1) were developed to examine the placement of DUO, in
the WP. No structural analysis and only limited thermal analysis has been completed. For these
beneficial uses, the closer the DUO, is to the WP, the more effective it is. Consequently, the
analysis starts with DUO, fill only in each SNF basket slot. Each additional design concept adds
DUO, further out from the SNF.

Tablell. Characteristics of WPswith different quantities of DU?#

WP gross wt DUO,/WP Ratio DU to SNF
Case () (9] (U metal)
Existing WP 42.28 0.00 0.00
Minimum use 68.97 24.19 2.53
Full void utilization 75.36 33.08 3.46
Cermet WP (self-
shielding)
100.00 49.10 5.14

100t 125.00 65.38 6.84

125t
DUO, WP (self-shielding)

100t 100.00 55.33 5.79

125t 125.00 77.91 8.15

¥The SNF in the WP contains 8.42 t initial heavy metal. The conversion factor for DUO, to DU is 0.881.

Minimum Use

To obtain the repository benefits, the minimum required usage of DUO, isto fill the WP basket
sots. Thisresultsin DUO, particulates in (1) the coolant channels of the SNF, (2) the spaces
between the SNF assembly and the slot walls, and (3) the spaces above and below the SNF
assembly. The available volume (3.395 m®) is the volume of the 21 WP dots (4.935 nv*) minus
the solid displacement volume of the 21 SNF assemblies (1.540 m®). Given the density of UO,
(10.96 g/cm®) and atypical fill efficiency (65 vol %), the WP will accept 24.19t of DUO,. A
total of 2.53t of DU are disposed of per metric ton of SNF on a uranium basis.

For the fill to perform satisfactorily, another fill material is needed for the 1.248 m® of void
spaces between the square grid structure and the basket structure. Thisisrequired so that DUO,
does not escape from its position next to the SNF and move to these void spaces as the WP
degrades. It isassumed that a particulate fill with adensity of 2 g/cm?is used to eliminate this
problem. Thisadds 2.53t of material. The total WP weight becomes 68.97 t.
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Within the constraints of obtaining performance benefits from using DUO,, this option maintains
the same exterior geometric dimensions while minimizing WP weight.

Full Void Use

This option isidentical to the previous option except that all void spacesin the WP arefilled
with DUO,. In addition to filling the basket slots, the edge spaces between the square grid
structure and the cylindrical WP body are aso filled with DUO,. It maximizes DUO, usage
within the existing WP geometric envelope. The total void volume of this edge spaceis

1.248 m®. It allows the addition of 8.89t of DUO, per WP. A total of 3.46 t of DU are disposed
of per ton of SNF on a uranium-metal basis.

Cermet WP

The cermet WP adds a layer of cermet between the basket structure and the exterior WP shell”.
The WP shell diameter must be expanded to make room for the cermet. The WP shell thickness
is assumed to be unchanged. Asinthe previous case, all void spaces in the basket are filled with
DUO,. The cermet consists of DUO, particulates (D = 10.96 g/cm?) embedded in a steel

(D = 7.86 g/cm®) matrix. The cermet is assumed to contain 65 vol % UO, and 35 vol % stedl. Its
density would be 9.88 g/lcm®. Theratio of DUQ, to steel depends upon the design objectives.
This high loading is chosen to maximize DUO, usage. Lower DUO, loadings will increase the
strength of the cermet.

Two WP gross weight limits are considered: 100 and 125t. These weight limits are chosen
because there is alarge experience base in handling SNF shipping casks of thissize. In addition,
there is significant experience in handling 100-t packages in some underground disposal facilities
such as the Swedish Final Repository for reactor waste facility. Thereislittle experience above
these weight limits.

With the 100-t WP, the cermet provides sufficient radiation shielding® such asto make the WP a
self-shielded WP—except for neutron shielding. An earlier study® examined a transport-disposal
package for 21 PWR SNF assemblies using a different DU fill. One observation from that study
was that for large WPs, the gross weights of optimized self-shielded WPs—with and without DU
fill—are close to each other. The use of fill adds weight but reduces the required shield thickness
inthe WP walls.

With a 100-t weight limit, 24.67 t (100 t - 75.36 t) of material can be added to the WP that
already contains DUO, fill in al void spaces. This added weight isdivided into (a) 22.22 t of
cermet (a9.5-cm-thick layer around the basket structure that contains 16.02 t of UO, and 6.20 t
of steel) and (b) 2.42 t of additional stainless steel and C-22. Because the cermet layer increases
the diameter and height of the WP, additional metal is required for the exterior WP metal shell.
A total of 5.14 t of DU are disposed of per ton of SNF on a uranium-metal basis.
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With a125 t weight limit, 49.64 t (125t - 75.36 t) of material can be added to a WP that aready
contains DUO, fill in all void spaces. This added weight isdivided into (a) 44.78 t of cermet
(a19.12-cm-thick layer around the basket structure that contains 32.30 t UO, and 12.48 t of steel)
and (b) 4.86t of additional stainless steel and C-22. Because the cermet layer increases the
diameter and height of the WP, additional metal is required for the exterior WP metal shell. A
total of 6.84 t of DU are disposed of per ton of SNF on a uranium metal basis.

The design herein adds the cermet to an existing WP. There are also options to use the cermet to
replace the existing WP structural components. This could include both the WP and the basket
structure. Cermets have significant structural strength.

DUO, WP

ThisWP is similar to the cermet WP except that the cermet is replaced by athick layer of DUO,
blocks. Compared to the cermet options, the blocks allow higher DUO, |oadings—the metal
component of the cermet is replaced by DUO,. Because of the unavoidable porosity in UO,
blocks and spaces between ceramic blocks, an average DUO, density (10 g/cm®) somewhat less
than atypical fuel pellet isassumed. There are uncertainties about whether solid DUO, could be
used as ashield material. Theissue of cracking must be addressed. The DUO, does not add
strength to the WP, thus, there are also structural issues that may require added steel and less
DUO.,.

With a 100-t weight limit, an additional 24.64 t of material can be added to aloaded WP that
already contains DUO, fill in al void spaces. This added weight isdivided into (a) 22.25t of
DUO, (a9.4-cm-thick layer around the basket structure) and (b) 2.39 t of additional stainless
steel and C-22. Because the DUO, layer increases the diameter and height of the WP, additional
metal isrequired for the exterior WP metal shell. A total of 5.79t of DU are disposed of per ton
of SNF on a uranium metal basis.

With a 125-t weight limit, an additional 49.64 t of material can be added to aloaded WP that
already contains DO, fill in all void spaces. Thisadded weight isdivided into (a) 44.83 t of
DUO, (a18.9-cm-thick layer around the basket structure) and (b) 4.81 t of additional stainless
steel and C-22. Because the DUO, layer increases the diameter and height of the WP, additional
metal isrequired for the exterior WP metal shell. A total of 8.15t of DU are disposed of per ton
of SNF on a uranium metal basis.

CONSUMPTION

The DUO, consumption for various WP designs can be compared to existing and future DU
inventories. For representative LWR fuel cycles, about half the existing and future DU inventory
can be used as afill material in the void spacesin proposed WPs. All of the inventory can be
used if added DUO, isused in the WP walls.
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CONCLUSIONS

DUO,, as afill materia in repository SNF WPs, may significantly improve the performance of
the repository. Beyond repository improvements, this use of DUO, is a method for DU
disposition that is capable of using the entire existing and future inventory of DU. Thereremain
many technical and economic uncertainties. Research is continuing to reduce these uncertainties.
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APPENDIX A: AN ESTIMATE OF THE DISPLACEMENT VOLUME
OF ATYPICAL PWR FUEL ASSEMBLY

A.1 DISCUSSION

This appendix gives calculated estimates of the (1) handling volume and (2) displacement
volume in water of anuclear fuel assembly for atypical Westinghouse PWR. These calculations
are based on atypical 17 x 17 fuel assembly found in many commercial Westinghouse PWRSs.
For these volume estimates, the PWR fuel assembly characteristics documented by Westinghouse
(1972) and DOE (July 1992) are used. Table A.1 liststhe typical characteristics of mgjor PWR
fuel assembly components. Table A.2 (Saller 1958, Graves 1979, Linde 1979, and Lynch 1989)
lists the densities of those materials that typically comprise the components of a PWR nuclear
fuel assembly.

A.2 CALCULATIONSAND RESULTS
A.2.1 Handling Volume

The handling volume of a17 x 17 PWR fuel assembly can be determined from its external
dimensions. It includes the solid components and the void spaces between those solid
components. Table A.1 reports the nominal total assembly volume as 187,700 cm®. Thisis
based on the product of the square cross-sectional area and the total assembly length, whichis
(more precisely) (21.4 cm x 21.4 cm) x (409.9 cm), or 187,718 cm?®.

A.2.2 Displacement Volume

The displacement volume is the volume of water displaced if the fuel assembly was lowered into
apool of water. It isthe void volume within the assembly that could be filled with another
material, such as DUQO,, in arepository WP. This volume was estimated by combining the
separate volumes estimated for all components of the fuel assembly: (1) rods, (2) top-end
fittings, (3) plenum area, (4) in-core assembly spacer grids, and (5) bottom end fitting. Each of
these components is separately considered and discussed below.

The Westinghouse 17 x 17 fuel assembly consists of a square bundle of rods with 17 rods on
each side. The total number of rodsis 289. There are two types of rods. fuel rods and
instrument-guide tubes. The fuel rods are solid. The instrument-guide tube rods are open tubes.
In the reactor instrument probes or control rods are inserted into these tubes. 1n aWP, these
tubes are open and can be filled with DUO.,.
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TableA.1l. Typical characteristics of a PWR nuclear fuel assembly?

Characteristic Unit of measure Value
Fuel rod (square) array (pure number) 17 x 17
Fuel rods per assembly (pure number) 264
Cross-section dimensions cm 21.4%x21.4
Total assembly length cm 409.9
Fuel rod length cm 386.1
Active fuel height cm 365.8
Fuel rod outer diameter cm 0.914
Tota assembly mass g 611,470
Uranium mass per assembly g 401,130
UO, mass per assembly g 455,060
Zircaloy mass per assembly g 108,400
Hardware mass per assembly g 26,100°
Total metal mass per assembly g 134,500
Nominal volume per assembly cm? 187,700°

2Adapted from Westinghouse 1972 and DOE July 1992.

®I ncludes contributions from the Zircaloy control-rod guide thimbles.

“Includes contributions from stainless steel nozzles and Inconel-718 grids.

9Based on the overall outside dimensions of an assembly. Includes the spacing between the stacked fuel rods of
an assembly.

Table A.2. Densitiesof typical PWR fuel assembly materials®

Density

PWR assembly component Material (g/lcm?)
Fuel uo, 10.96
Cladding Zircaloy-4 6.44
Hardware Inconel-718 8.19
Hardware Inconel-750 851
Hardware Stainless steel (Type 304) 7.90

®Compiled from Saller 1958, Graves 1979, Linde 1999, and Lynch 1989.
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There are 264 fuel rods and 25 instrument-guide tubes. The volume of asinglefuel rod is
determined using the fuel-rod outer diameter and length reported in Table A.1. Since the fuel rod
isacylinder, this givesits volume to be [B x (0.914 cm)% 4] x (386.1 cm), or 253.54 cm® per fuel
rod. For 262 fuel rods, this gives a volume of 66,934 cm®. Asreported by DOE (July 1992), the
total instrument-guide tube mass, comprised of Zircaloy-4, is 11,300 g. Dividing this mass by
the Zircaloy-4 density gives atotal guide tube volume of 1,755 cm®. Thisisthe solid volume of
these 25 tubes. Adding the displacement volumes of the fuel rods (66,934 cm?) and the
instrument-guide tubes (1,755 cm®), yields a displacement volume of 68,689 cn? for all rods.

Volumes for the top-end fitting, plenum area, incore assembly spacer grids, and bottom-end
fitting were determined by applying the material densities of Table A.2 to the documented
masses (DOE July 1992) of the items of these components for a17 x 17 PWR fuel assembly.
Theresults are reported in Tables A.3 through A.6.

The top-end fitting of a PWR fuel assembly includes springs, an upper tie plate, and guide tube
hardware. Asindicated in Table A.3, the volume from all of these itemsis estimated to be

1,062 cm®. Table A.4 gives an estimated volume of 1,512 cn? for the items that comprise the
plenum area. These include the end caps, plenum spring, cladding, and spacer grid. Theincore
hardware components (spacer grids) are estimated to have avolume of 1,181 cm?, asindicated in
Table A.5. Finaly, Table A.6 gives an estimated volume of 877 cm®for the items (lower tie
plate, end caps, and cap screws) of the bottom end fitting.

Combining these results will give the estimated displacement volume in water of atypical 17 x
17 PWR fuel assembly to be the sum (68,689 cm® + 1,062 cm® + 1,512 cm® + 1,181 cm?® +

877 cm?®), or 73,321 cm®. Thisresult gives a calculated void fraction for the 17 x 17 PWR
nuclear fuel assembly to be (187,718 cm?® 1 73,320 cm?® )/187,718 cm?, which is 0.6094, or about
61 vol %.
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Table A.3. Estimated volume of materialsthat comprise the top-end fitting?

Mass Density Volume
Items Material(s) (9) (g/emd) (cmd)
Springs Inconel-718 980 8.19 119.7
Upper tie plate Stainless steel 6,180 7.90 782.3
Guide tube hardware | Zircaloy-4 910 6.44 141.3
Inconel-718 160 8.51 18.8
Top-end fitting total 8,230 1,062.1
2Adapted from DOE July 1992, Saller 1958, Graves 1979, Linde 1999, and Lynch 1989.
Table A.4. Estimated volume of materialsthat comprise the plenum area®
Mass Density Volume
Items Material(s) (9) (g/lcm?) (cm?
End caps Zircaloy-4 530 6.44 82.3
Plenum spring Inconel-750 2,450 8.51 287.9
Cladding Zircaloy-4 6,270 6.44 973.6
Spacer grid Zircaloy-4 960 6.44 149.1
Inconel-718 160 8.19 195
Plenum area total 10,370 15124

2Adapted from DOE July 1992, Saller 1958, Graves 1979, Linde 1999, and Lynch 1989.

Table A.5. Estimated volume of materialsthat comprise the incore har dware components®

Mass Density Volume

Items Material(s) (9) (g/cm®) (cm?)
6 vaned spacer grids Zircaloy-4 5,790 6.44 899.1
Inconel-718 930 8.19 113.6
1 non-vaned spacer grid | Zircaloy-4 960 6.44 149.1
Inconel-718 160 8.19 19.5
Incore total 7,840 1,181.3

#Adapted from DOE July 1992, Saller 1958, Graves 1979, Linde 1999, and Lynch 1989.
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Table A.6. Estimated volume of materialsthat comprise the bottom-end fitting?

Mass Density Volume
Items Material(s) (9) (g/em?) (cmd)
Lower tie plate Stainless steel 5,750 7.90 727.8
End caps Zircaloy-4 790 6.44 122.7
Cap screws Stainless steel 210 7.90 26.6
Bottom-end fitting total 6,750 877.1

#Adapted from DOE July 1992, Saller 1958, Graves, 1979, Linde 1999, and Lynch 1989.
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APPENDIX B: VOLUME OF WP COMPONENTS

B.1 WP CAVITY SIZE

Figure 2 shows the WP for 21 PWR SNF assemblies. The WP is designed to accept awide
variety of PWR fuel assemblies. Theinternal package cavity isaright cylinder with a height of
458.5 cm and adiameter of 142.4 cm. The volume (B x 142.4 cm x 142.4 cm x 458.5 cm/4) is
7,302,000 cm? or 7.302 m®.

B.2 VOLUME OF WP BASKET

The basket is an insert in the WP to hold the SNF in place and prevent nuclear criticality. The
volume of the WPs was derived from the engineering drawings of the WP. The drawingsinclude
alist of al materials and the quantities of materials used to construct the basket. Using the
masses of each material and its density, the volume of each material in the basket was determined
(TableB.1). A summary of the basket materials of construction by component is shown in

Table B.2. Thetotal solid volume of all materialsin the basket is 1.1193 m?.

TableB.1. Calculation of the volume of the WP basket

Density Quantity Volume

Material (kg/m?) (k) (md)
Carbon steel® 7865 5,724 0.7277
Aluminum® 2675 336 0.1256
Neutron absorber® 7760 2,064 0.2660
Tota 8,124 1.1193

Carbon steel specification: SA-516 K02700.
Aluminum specification: SB-209 A96061.
“The neutron absorber is Neutronit A 978, a 304 stainless steel with a high boron content.
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Table B.2. Basket component list and masses

Mass Total mass
Component name (kg) Quantity (kg)
Carbon steel
Basket A-sideguide 27 32 864
Basket A-stiffener 0.72 64 46.08
Basket B-sideguide 36 16 576
Basket B-stiffener 15 32 48
Basket C-stiffener 2.3 32 73.6
Basket corner guide 42 16 672
Fuel basket tube 164 21 3,444
Subtotal 5,723.68
Aluminum
Fuel basket D-plate 21 8 168
Fuel basket E-plate 21 8 168
Subtotal 336
Neutron Absorber
Fuel basket A-plate 85 8 680
Fuel basket B-plate 85 8 680
Fuel basket C-plate 44 16 704
Subtotal 2,064
Totd 8,124
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B.3 VOLUME OF VARIOUS SPACESWITHIN THE BASKET ASSEMBLY

B.3.1 PACKAGE VOID VOLUME

The total void space (6.183 m®) in the empty WP isthe internal volume of the WP (7.302 n?)
minus the solid basket volume (1.119 md).

B.3.2 SNF CHANNEL VOID VOLUME

The SNF assemblies are placed in slots in the basket structure. Each slot is a square box with
equal sides of 22.64 cm and a height of 458.5 cm. Consequently, the volume of each basket is
235,013 cm® (22.64 cm x 22.64 cm x 458.5 cm) or 0.235 n¥. There are 21 slots per WP for a
total slot volume of 4.935 m?,

B.3.3 OTHER VOIDS

The dlots are square structures, but the WP isacylinder. This creates empty void spaces between
the slots and the WP. The volume of this void space (1.248 m°) is the void volume of the WP
(6.183 m®) minus the volume of the 21 fuel slots (4.935 n?).
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APPENDIX C: WEIGHTSOF DIFFERENT WPs

C.1 INTRODUCTION

This appendix describes the methodology used to determine the allowable thickness (X) of a new
material added to the WP between the basket structure and the outer WP for a given incremental
addition to the WP gross weight. When a new material (cermet or DUO,) is added between the
basket structure and the outer structure of the WP, the package dimensionsincrease. This
assumes that the thickness of the external metal structure of the WP remains unchanged. The
guantities of metalsin the outer layer of the WP increase because the radius and height of the WP
have increased. As aconsequence, the WP weight gain from adding a new material is (1) the
new materia plus (2) the added metal to expand the exterior of WP. A simplified methodology
isused for these calculations. Linear approximations of the appropriate equations will be used.

The equations below have been developed for the specific WP as described earlier. The WP
shell is made of Type 316L stainless steel with a density of 8.025 g/cm? with an exterior
corrosion resistance layer of C-22 with adensity of 8.698 g/cm?®. The dimensions are those
shown in Fig. 2 and the earlier appendixes.

C.2 DEVELOPMENT OF EQUATIONS

Total Added Weight = Added weight of new material
+ Added weight from expanded WP.

Added weight of new material = density (D,) x thickness (X) x area (A,)
=D, x Xx A, (Cylinder shell + Top + Bottom)
=D, x X x (B x142.4 cm x458.5 cm + 2 x [B x142.4 cm x142.4 cm /4])
=D, x X x 236,968 cm?

Added weight from expanded WP = Increase in cylinder diameter (W.)
+ increase in top lid diameter (W)
+ increase in bottom lid diameter (W5)

W, = Added area x [Sum over WP materias (thickness WP material i x density WP material i)]
= Added hoop circumference x height x [Sum over i (thickness WP material i x density i)]
= (B x 2X) x 477.5 cm x (5 cm x 8.025 g/cm®*+ 2 cm x 8.698 g/cm®)
= 172,576 g/cm x X



W; = Added area x [Sum over i (thickness WP material i x density i)]
= Hoop circumference x (X thickness) x [Sum over i (thickness WP materia i x density i)]
= (B x 142.4 cm) x X x (9.5 cm x 8.025 g/cm®+ 1 cm x 8.698 g/cm®)
= 37,997 g/lcm x X

W; = Added area x [Sum over i (thickness WP material i x density i)]
= Hoop circumference x (X thickness) x [Sum over i (thickness WP materia i x density i)]
= (B x 142.4 cm) x X x (9.5 cm x 8.025 g/cm*+ 2.5 cm x 8.698 g/cm®)
=43,834 g/lcm x X

Added weight from expanded WP = W + W, + W, = 254,407 g/lcm x X

Total Added Weight = Added weight of new material + Added weight from the larger WP.
=D, X X x 236,968 cm? + 254,407 g/cm x X.

C.3 EXAMPLE CASE

Consider the following example case. The allowable total added weight is 24,640,000 g. The new
material is DUO, with a density of 10 g/cm?®. Using the above equation:

Total Added Weight = 24,640,000 g
= Added weight of new material + Added weight from expanded WP.
=D, x X x 236,968 cm? + 254,407 g/cm x X.
=10 g/cm® x X x 236,968 cn + 254,407 g/cm x X
= 2,369,680 g/lcm?® x X + 254,407 g/cm x X
= 2,624,087 g/lcm? x X

X=9.4cm.

Xisthe thickness of the DUO, layer between the basket structure and the exterior shell of the WP.
The weight of the added DUOQ, is 22.25 t (added weight of new material: first term on the right
side of the equation with two terms). The weight of the added structural material is2.39t (added
weight from expanded WP: second term on the right side of the equation with two terms).



