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ABSTRACT

Neutron and gamma-ray transport calculatians in OY‘IC" and two-dimensional
eylindrical geometry have been performed for a number of high-level waste
and cladding waste conceptual cask shield designs. Stainless-sicel-lined
depleted uranium and lead were the primary gamma-shield materials
considered in this study. The thicknesses of these shield-material regions
were varied until the total dose rate, at 91,44 em (3 ft) from the cask
surface, was less than 1000 mrem/hr for accident environments. Necutron-
shicld matlerials including borated beechwood, water, serpeatine, and
calcium borate were then added to the cask surface until the total dose rate,
at 1,83 m (6 ft) from the eask surface, was less than 10 mrem/hr for
narmal operating iti. . It was d mined that the best combination
of these shicld materials, based on overall cask dimensions was de«

i pleted uranium and borated beechwood.
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PRELIMINARY HIGH LEVEL WASTE CONCEPTUAL CASK DESIGNS
AND AN ASSESSMENT OF A CLAD WASTE CASK

1, Introduction

In (he event recycling of nuclear power plant apent fucl is initlated, shipping containers will
be needed to Lransport the byproduct waste from a reproceasing faeillty to a permanent storage
gite, As the conceptual design work on Auch a facility proceeds, it is important that concurrent
conecptual high level waste (111,W) shipping cask design be conducted to insure the availability of a
fleet of cagks of adequate capacity which interface efficiently with the reprocessing piant as well
as the digposal facility, I'revious design work on shipping |:onl:1incrs"2 has identified a variety

of problemis and provided extensive data on gelected candidate cask materials.

Fhe objective of the present study is to use the concepts from related cask designs along with
updated estimates of radiation and thermal source strengthe and waate concentrations ne a basig
for establishing new HILW shipping cask conceptual designs. ‘These casks would he used to Lrans-
port solidified 11I.W and clad waste expected from nuclear-fuel reprocessing plants, The new
conceptual designs provide nceded detail to bridge the gap from scoping analyses to the engincering
design of ghipping containers. The conceptual designs are presently based only on radiation-

shielding calculations and therefore do not include any structural or thermal analysis.

Funding for this work was provided by the Office of Waale igolation (OWI)

2. Pesoription of High~I.evel Waste and Cladding Waste

High-lcvel waste and cladding waste are generated as byproducts in the reprocessing of
¢ entails chopping the spent

rvactor spent fuel.  Following Kee et al, 3 the cepr ing p.
fuel rods and separating the remaining fuel and fission products from the cladding hulls and fuel
assembly structure by acid leaching. Chemical-geparation techniques are then used to remove
most of the figsile material from the acid solution. The resulting waste material conlaing nearly
all the fission products, roughly 0. 5% of the U and Pu originally present in the spent fuel, and

-~ 09, 5% other actinides generated during the irradiation. Federal regulations require that these
wastes be solidified within a period of 5 years {rom the time the spent fuel is reprocessed and
then shipped to a government repository within 10 years after reproeessing. In cither its liquid
or solidified form, these wastes are termed high-level waste. A current plan for the disposition

of HI.W includes solidification in a borosilicate glass.
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Until a current generation reprocessing plant is in operation, accurate data concerning the
concentration of the waste following solldificatlion are not available. Therefore, for present purposes,

the predictions of Reference 1 have been used to define tl‘m radiation and thermal characteristics of
onc metric ton of heavy metal

HLW. Under these i the waste r from repr
(MTHA) charged to a light-water reactor (L\(/R) is assumed to be solidified In 0. 08 m® (&) n’) of
glass, the upper limit specified in Reference 1. Calculation of the heat source in LWR spent fuel is
reasonably reliable using current methods and data; however, Schmittrolh4 has estimated the un-
certainty in decay heat predietions for nominal LWR epent fuel to be approximately +7%.
Unfortunately, the accuracy of neutron and gamma-ray source predictions for LWR spent (uel

j= nreither as good nor as quantificd as the thermal source.

Figure 2-1 illustrates u potential container design for the solidified H)_.w.5 The steel pipe con-
tainer would provide some protection for the glass during handling and transport. Conceptual con-
tainer designs ure A-m-long cylinders with diameters ranging from 30,48 to 50, 8 cm filled with
2,9 m of glass,

STARDARD
LIFTING PIN

HEBISPHERE HEAD

12 1e, 5T0. PIPE
12.75 10, 0.0.(32.4cm)
12 1n. 1.0.(30.5¢cm)

ey
10 1t (3.05m) CARBGR STEEL OR STAIHLESS SiSEL

8 11 (2.4m)

=~ HEMISPHERE HEAD

Figure 2-1, Potential Design for High-Level-Waste Canister




ial In an id during

The current lifting fixture arrangement has some
ht itis ivable the HLW could travel forward and impact againat the caek lid.

Since the waste cylinder weighs in excesa of 680 kg {1500 ibs), there is a potential for damaging the
lifting fixture, the cask 1id, or the waste canister. Various means of protecting the lifting pin from
direct contact with the cask !id have been considered. One poasible method of reducing potential
damage is by inserting individual collars (that would fit' inside the cask 1id) on top of each canister
(as shown in Figure 2-2), The disadvantage of this concept is that there would be additional pieces
of hardware to handle during loading and unloading of the cask, A prefersble alternative, at least
from the shipping viewpoint, .i8 o make the collar an integral part of the waste canister, This
concept, which is illustrated in Figure 2-3, provides protection for the lifting fixture, not only
during transport, but in all handling operations. If the collar were slotted, it would provide an
additional means of iifting the caniater, Although the exact configuration of the waste canister is

not ial in this 5 tding deaign work, it is important to consider problems associated

with the present canister deaign,

Figure 2-2, High~Level-Waste Canister with Separable Collar
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Figure 2-3. High-Level-Waste Canister with Attached Collar

Since FILW generates appreciable quantities of heat, there is a limitation on the maximum

diameter suitable for the waste cylinder for a given dilution of HLW in glass. If the diameter is

too large, the glass on the canister centerline will melt, Analysis indicates the maximum
allowable diameter for cylinders of borosilicate glass with HLW from 1 MTHM/0. 085 m3(3 rc"’)

glass is 50.8 cm (20 in.) unless cooling fins or other heat transfer techniques are used in the

. B o 8
canisrer interior.

The diameier of the waste cylinder also affects the overall size of the HLW shipping cask.

1 packing is the optimal packing configuretion for waste in a cylindrical cask cavity. If

sensions are limited to a range 30. 48 cm (12 in. ) to 50. 8 cm (20 in, ), the best

nt consigts of seven individual containers (six outer canisters surrounding a

a minimum spacing of 3, 8 em (1.5 in. } is maintained between individual
1.3 cm (0. 5 in,) between the cavity wall and the nearest waste cylinder,
canigters fit in a 108~em~diam cavity; seven 40, 64~cm cylinders in a

i, 2-cm-diam cang in a 163-cm cavity. Thesge canigter dimensions con~
ne sizes, Table 2-1 identifies the pipe sizes considered and lists the
involved for each size. In order to determine shielding requirements,
‘ransporting seven 30. 4B-cm-diam canisters in a 107.4-cm-diam cavity
Aa aluminum basket for supporting the HLW canisters in the cask cavity




TABLE 2-1

i
High-Level Waste Caniater Weighta

40,6 em SCH 30

30.5 cm SCH 40 ipe ;" 50,8 cm SCH 30
pipe Weight (kg/canister) pip
Steel 225 284 T a2
Waste 570 920 1430
Total 785 1204 1502

The neutron and gamma-ray sources associated with the HLW are presented in Table 2-II.
The present generation sources result from analytical work performed at Oak Ridge and made
available to Sandia by the Office of Waste Isolation, The uranium and plutonium recycle sources
were generated at Sandia utilizing the ORIGEN t:ode.15 The energy spectra used were chosen to
correspond to energy groups in exiating neutron and gamma-ray cross-section libraries, The
source strengths are for waste resulting from reprocéssing of spent fuel 1 year after removal
from the reactor and allowing the resulting waste to age for 4 years, Present gencration HLW
refers to waste obtained by reproeessing enriched U fuel which has been used for only one cycle
in the reactor, Uranium recycle HLW is the waste obtained from spent fuel containing uranium
previously extracted for recycle, Similarly, i recycle corresponds to waste from spent
fuel which ins both uranium and ium previously recycled from LWR spent fuel, While

the majority of this work considers only present gener‘ation waste, uranium and plutonium recycle

HLW sources are examined to determine if shipment of these mater!ais poses any unique problems,

The source strengths in the table actually represent a 2:1 mixture of waste from the repro-
cessing of pressurized water reactor (PWR) and boiling water reactor {BWR) spent fuel to approxi-

mate the current proportion of power reactor types in this country.

Cladding waste (CW), another material generated in repr ing apent fuel el is
also a radiation source, CW contains the fuel-element structural materials compriscd of Inconel,

stainless steel, and Zircaloy which remain in the luel dissolver after the removal of fuel and HLW,

Cladding waste is assumed to contain app: i y 0.05% of the i and fission product
originally in the apent fuel, 3 A significant portion of t‘he source is also due to induced radio-
activity, Federal regulations require the storage of CW at a federal repository within 10 years
after its generation, Since the radiation source of CW is large enough to require biological
shielding, some preliminary work was performed to determine the shielding required for a basic

k design y for transportation from the reprocessing plant to a federal

repository, Prior to shipment, the cladding waste would be canistered in a steel pipe after being
compressed to approximately 70% of its theoretical density., Using this compression, the repro-
cesging of 1 MTHM would result in about 0,07 m 2.5 ita) of CW. Table 2-1II indicates the radja-

tion source associated with this waste,




TABLE 2-1I

Five-Year-Old HLW Gamma and Neutron Source per One-Metric-Ton
Heavy Metal Charged to a Light-Water Reactor

Gamma-Ray Group
Average Energy
(MeV)

3.25
2,75
2,38
1.99
1,55
1,10
0,63
0,30

Neutrons

Encrgy Range {AMeV)

3.01-10
1,83-3,01
1,11-1.83
0.55-1,11
0, 111-0, 55
0,053-0, 114

Photon Source/MTHM by Group

Present F
Generation Recycle Recycle

{gammas/s) (gammas/s) {gammas/s)

1,25+9 2,42+9 3, 083+8
3,97+10 7.65+10 1,24+11
5. 08+11 8, B85+11 1.58+12
2,14+12 4. B4+12 5,18412
3,95+13 5,55+13 5, 56+13
2,63+14 2, 80+14 3,87+14
6, 46415 7.66+15 7,084+15
2, 54+14 F3.5714 3, 65414
Neutron Source/ MTHM by Group .

Present TUranium Plutonium ~
Generation HRecycle HRecycle

{neutrons/a} {neutrons/s} {neutrons/s}
4.4747 3.79+7 1,23+9
5.12+7 4, 30+7 1.43+0
4.8247 4, 08+7 1,33+9
4, 20+7 3,65+7 1,1B+8
2,69+7 2,28+7 7.43+48
4, 6046 3.9148 1,248

TABLE 2-10

Five-Year~Old Cladding Waste Gamma and Neutron Source per One-Metric-Ton
Heavy Metal Charged to a Light~-Water Reactor

Gamma-Ray Group
Average Energy
MeV)

25

Neutrons

Energy Range (MeV)
3,01-10
1,83-3.01
1,11-1.83
0.55-1,11
0.111-0, 55
0, 053-0, 111

Photon Source/MTHM by Group

Present Uranium Flutonium
Generation Recycle Recycle
{gammas/s) {gammas/s) {gammas/s)

1,25+ 2.41+6 1,95+

3, 9447 7. 55+7 6. 2047

5,07+8 9. B4+8 17,9248

2,43+8 5, 50+8 2,59+9

2,86+10 4, 01+10 2,83+10
1, 02+1% 1,16+14 0, 68+13
5.01+12 5, 84+12 4, 84+12
2,03+11 2, 74+11 1,95+11

. Noutron Source/M:
i

rce/ MTHM by Group
Uranium

Present Plutonium
Generation Recycle Recycle
{neutrons/s} {neutrons/s) {neutrons/s)
2,3544 1,99+4 7.3245
2, T+ 2,30+ 8,47+5
2,53+4 2,14+4 7.90+5
2,254 1,914 7. 04+5
1,414 1,2044 4.42+5
2,42+3 2, 0543 7,544




3, Radiation Shields and Materials

HLW is & concentrated source of neutron and gamma radiation; shielding is required to

reduce the doge rate to less than specified values at given from the 5§ Carrying
the waste, 4 These limits for the t:tal dose rates are 10 mrem/hr at 1,83 m {6 t} from the
accessible surface of the cask under normal operating conditions; and 1000 mrem/hr at 91,4 cm
{3 ft} from the cask under accident conditions, Since the interaction of neutrons with matter is an
entirely different physical phenomenon than that of gamma rays, it is apparent that materials used

for shietding one type of radiation will be of marginal value for the other type of radiation,

In general, the best practical materials for shielding gamma rays are dense and contain
significant praportions of high-Z elements, This is evident sinee gamma rays in the energy range
of interest {hunvireds of keV to a few MeV) primarily interact by Compton scattering with the
clectrons rather than directly with the nucleus of an atom. Within this photon energy range, pair
p ion will also be imp for nome E of excetlent gamma-ray shield

materials are uranivm, lead, and {to a lesser extént} iron, When the most effective shield is
defined as the thinnest shield needed to accomplish attenuation, the best shield material is yraniun:
which is approximately 60%: more effective than lead of equal thickness and more than twic: as
effective as iron. However, the higher cost and {abrication probiems of uraniurm compared with

alternative shields may offset this size advantage in some applications.

Shielding of neutrons is best achieved by utilizing low~Z materials to moderate the neutrons
and neutron absorbing materials to eliminate them, Physically, neutrons lose energy by elastic
and inelastic collisions with atomic nuclei, The amount of energy transferred in each collision is
a function of the scattering nucleus mass with the greatest fraction of cnergy being exchanged when
the nuclieus and the neuiron have similar atomic masses. 1t is apparent that the interaction of
neutrons with hydrogen is the most effective means of slowing epithermal neutrons, Any mate:ial

taini ignif: ts of hydrage:c ia an excellent neutron-shizld candidate, These

materials include water, wood, organi: resins, and metal hydrides, all of which are abaut equally
efficient in slowing neutrons. To resaove moderated neutrons, a neutroc absorber such as boron
may be included in the hydrogenous material, A difficulty associated with this is that the absorp-
tion of the neutron in some cases results in the preduction of secondary gamma rays as the exeited

nuclei deeay, These gamma rays must also be considered in the overall shielding scheme,

A serious drawback of hydrogenous shields is that nearly all of them tewd to lose significant
Iractions of their hydrogen content at elevated temperatures, None, with the exception of some
hydrides, retains more than a few percent of its original hydrogen content above 1000°F, as the
hydrogen leaves the materials, the neutron-shielding capabilities of the remaining material is

significantly reduced,




Another material which i8 reasonably effective as a neutron ‘thl(l 15 boron ¢arbided (134(').
This materal contiune o graat deal of the faicly Ime-7 clements: horon and carbon  Althaugh nit
At offeriive as Bvde Len g AeLiea nseration, daesc clements are present at a bagh particle
aber density whieh tends to uffset their moderating defictencies  The shivlding efficiency of

136 1 alao unefcted by even exireteely high temperatures. Finally, the material has a large

cutrens as well as X

ous-aveton for fast gh thermal and cpithermal neutsun

Se peew

. H
- SHEOrpHOn VPSS Ser tims with low soeondary gamma enuggion,

The most effeetive shield design for neutrons and gammas together congiats of a number of
tavers of shield matrrial with each intvaded for a specific purpose {compound shield), The layer
eloses1 to the radiabion source in a compound shield may contain high-Z material to attenuate most
- of the primary gannma rays and 1o aid in moderating neutcons hy elastic and inelastic scattering.

Tranam 1= an excelivat choiee since @ possesses such a high atomic number aad has a reasonably

large neutron scattering cross section. The second layer could contiin a low~Z material to sio'y

the acutrans and a hgh neutr ption cre tion material to remove them. A third shield

layer of kigh=7 material wauld rerna the dase rate from scecondary gammas. In praztice, a iwo-
)

. component shield s sufficient 10 meet hasic shieiding requirements,

Candidate materiais for the gamma shieid considered in this study were depleted uranium
233
{0, 37 '7“' by weight), lead, and iron, Neutron shields considered included borated beechwood,

ease

water. Loron corbide, Serpentine, and calcium berate, Borated beechwood with the {rade name
Permati JN is a commercially available prmﬁ.u:ta which hag been uscd oxtensively in the nuciear
industey. Boron cavb:de has also been used (n the nuclear industry, but its proposed use as a
shield in shipping casks is a new application, 2 Serpentine rul:ks is a naturally occurring asbestos
mineral which :etains ils hydration to temperatures as high as 950°F, Calcium barateg is the

commercial name of a number of borated calcium minerals pressed into an asbestos matrix.

H 4, Calculation Description

Que- and twa-dimensional radiation transport caleulations were performed on a series of
candidate ¢ask-shield designs to determine the shield requirements of HLW and CW, AN[S.\JO
and L’-()Tll were the computer codes used, AXNISN is 3 one-dimensienal, discrete ordinates,
transport code with anisotropic scattering capabilities, suitable for one-dimensional slab,

cylindrical, and spherical geometries, DOT i5 a two-dimensional Sn code with applications in

x-y, r-2, amd r-& geomelries. Both cades salve the Boltzmann Transport Equation by making

discrete the energy, space, and angle varisbles,

’fi.c anniysis was performed in two parts: a calculation for the primary gamma-ray shielding
problem and a calcnlation {or the coupled neutron-secondary gamma probiem, The primary gamma
caleulation was performed using eleven cnergy-group PL cross sections generated by the computer
corde GAMLEG, 12 rhe coupled neutron/gamma calcutation was done using 19 neutron energy

groupa and 12 gamma gro The Pl cross-section library in this case was collapsed from the

14
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DNA Few-Group Library, 13 Tables 4« and 4-11 list the energy structure vsed i cach analysis,

Included are the tissue dose rate conversiun factors employed for vach encrgy group,

TABLE 4-1

;
Coupled Xeutron/Gamma Cross-Section Library

Group Structure
Dose Rate Conversion Factor
Groug Upper Envrgy {(MeV) mrem/hr/particle/em?/s
Xeutrons

1 10 01447

2 .ol 0, 1268

a 01201

4 0, 1162

5 0.0508

6 0,01787

7 9,893 (-3)
8 6,912 (-3}
3 4,969 (-1}
10 . 3,601 {-3)
11 3. 3,694 (-3)
12 1 3, 790 (-3)
13 5. 4,05 (-0
14 1 4,275 (-1
15 2, 4,451 (-3)
1 £,07(-5) 4,522 (-3)
17 3,06 (~6) 4.482 (-3)
18 1,13 (~6) 4,317 (-3
19 1,14 ¢~} 3.724 (-3}

Gamma Rays

1 14 8,991 (-3)
2 8.0 7,634 (-3}
3 1.0 6,898 (-3
4 6.0 6,155 (-3)
3 5,0 5,388 (-3)
6 4,0 4.578 (-3)
7 3.0 3,625 ¢-3)
B 2.0 2,920 {-3}
9 15 2,308 {~3)
10 Lo 1,736 (-3)
11 0.7 1,125 ¢-3)
12 0.3 5,297 (-4}
13 0,1 5,822 {-1)



TABLE 4-11

Primary Gamma-Ray (ross-Sectien lioraiy

Group Structure

Dose Rate Conversion Factor

(mrcm/l'u-/Eht.mm/z:mz Is)

Group
1 4.5 (=3)
2 4,00 (-3)
3 ;
14 2.2
5 L8
G 1,35
7 a9
@ 0,4
9 0,2
10 0.1
11 0.01

The primary objective of these calculations was to determine the neutron and gamma-ray
tlose rates at certamn distanees from the cask surface and adjust the thicknesses of the varicus
stinelds unttl o satisfactory dose rote resulted,  Cask operation under hoth normal and acer  nt can-

ditions musi meet the dose rate reguirements, Inthis wark, normal eperation conditions nre de-

fined as the cask loaded to its design capacity with TILW or CW and all the sh: 1ds in place  Accident

conditions were modiled by assuming the cask had lost all perishuble shiclding hut nonperishabile-

as tredated as perishable and, pending ferther evalustion, thiae

shiele t dumaged, Water

wis also 1 to be perishuble, Obtaining this objective entailed initinlly

g owas

Dhorated 1
sutisfying the aceident cask condition by adding primary gamma-shield material to the primary

eld zane until the combined neutron and gammuii-ray dose rate at 91,44 ¢m was less than

ganma

1000 mrem/he. Neotron shiclding material was then added to the eask exterior until the 1,83-m

dose-rate condition for normal eask ration was ulso met,

Tuble 4 M lists the outer cted uranium and icad eonsidered in the culculu-

dora,  Ieeluded are the ussumed tuateriud densities and eompositions used in the work. Natural
denstty and isotopic concentrations were assumed for Jead; the depleted uranium used consisted of
. 238

U at normal density.

< T I and 99,

16



http://ca.sk
http://ts-.ii

TABLE 4-[I1

Shield Material Specificationa

Density Composition
Material (g/em?) {atoms/barn-cm)
Beechwood {a) 1.35 § 0.0482
B 0,00225
C 0,0256
N 0.00232
0 0,028
B,C (b) 2,38 B 0.0649
Cc 0,023
Fe 0.000%
Cu 0, 0255
Stainless Steel {c} 7,90 C  0,00032
Si  0.00169
Cr 0,017
Mn 0,00173
Fe 0.0579
Ni 0,008L
Borositicate {d) 3,20 B ©0,00617
C  0.00416
0 0.031%
si 0,012
Serpentine (¢) 2,55 B 0,0222
00,0499
si 0.0111
Mg 0.0166
Calcium Borate {f) 12 H  0.00896
B 0,0134
00,0259

Ca 0.00224

Assumed composition by weight: 6, 0% H, 3.0% B, 49.0% 0, 38% C. 4% XN,

(a
{6} B4C in a copper matrix, Assumed 70% by volume BZ. 77 CFcO. 015 in Cu.

{c} 304 stainless steel with composition by weight: 0,08% C, 2, 0% Mn, 1,0% Si,
192,0% Cr, 10% Ni, 67,92% Fe.

(d) Composition from SAND77-0274, WIPP Conceptual Design Report,
(e} Serpentine-hydrous magnesium silicate, Assumed composition: 3 ApgO:2 SI0,: 1,0,

Q.

{f) Assumed composition: CaO:3 nzoa:; g

Figure 4-1 illustrates the basic HLW cask design for the t i 1 multigroup
neutron and gamma-ray transport calculations, Figure 4-2 is an ic¢ealized sidewall section of the
cask which presents the configuration used for the one-dimensional calculations, The only
variable parameter considered in these models waa the thickness of the neutron- and gamma-shield
regions. Dimensions, such as the overall length of the cask cavity (304.8 cm), cavity diameter
{107.4 cm), and ateel liner thickness (2. 54 cm) about the primary gamma shield, were held con-
stant for all analyses. The one-dimensional analysca, which were performed primarily to provide
@ basis for the two-dimensional work, were used only to determine the shielding requirements in
the radial direction through the cask sidewalls. The two-dimensional calculations modeled the cask

approximately as shown by Figure 4-1.
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Figure 4-2, Cask Model for One-Dimensional Transport Calculations

A prime difficulty in determining a satisfacto. ; HL\V cask design was that the HLW con-
stitutes o long radiation source. In the caleulations it was assumed the HLW was located uniformly
along the length of the canister to within 8 cm of the cask top and bottom, This did not affect the
shiclding problem in the cask wall or ends but posed a problem in the boundary between these
regions. Limiting line-of-sight paths at the eask corners waz a major difficulty. Two-dimensional
shiclding analyses indicated the inadequacy of early designs, Two possible ¢alutions Lo the probler

of radiation streaming at the corners were consjdered. The first was to ircrease the cask length

until these line-of-gight paths were elimi . H er, this pr re bly increascd
the total weight of the cask. The second, and preferable, solution was to incorporate additional
shielding material in the end forgings or cover. Figure 4-3 illustrates a means for doing this,
Since it was deemed desirable to maximize the structural integrity of the forging, the inser: schema
utilizing additional shielding as an integral part of the lid was chosen, This had the added advantage
of locating the shield material close to the waste, thereby decrcasing the armount of shield material
required, Such a shield design, however, would require some modification of the HLW canister in

the event a canister degign similar to that shown in Figure 2-3 was used.

The HLW generates signifi of decay hrat, and, Since most neutron shicld
materials are poor thermel conductora, Stepc must be taken to prevent the cask from overheating
and the borosilicate glass from melting, Towards this cnd, copper heat-conduction fins extending
through the neutron shield were employed as shown in Figure 4-1. Similar (ins are emgployed in
the conceptual casks designs deseribed in Reference 2, The shape of the fins was sclected to
remove line-of-sight paths between the HLW and the cask exterior through the copper metal. For
computational purposes, the presence of the copper fins was approximated by assuming that 10% |

1 by volume of the material forming the neutron shield was copper, i

i 19
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The cask design eonsidered for the CW shipping cask would be identical to the TILW cask
except the CW cask design would not include a ncutron shield and the cask would have a capacity of
fnine 30 dl-em-diam CW ennisters {cask cavity dinmeter of 1245 em), The canister arrangement

in this vase was one central camster surrounded by o ring of the other cight canisters,  The major

siehhing problem posvd by CW s Ibe primary gamma-ray radiation souree, The seutron source

strenih s relatively insimiticant and e dose rate due to newtrons s suificiently reduced by the

shivlduy necessary to attenuale the gamma rays to safe dose-rate levels,

One-dimensional calenlations were performed to determine the shield requivements for
cladding waste. Depleted uranium and lead were congidered as shiclding materials, Table 4-1V
presents the composition assumed for the cladding waste, [ncluded in the waste were Zirealoy,
402 stainless steel, 301 stainless steel, and inconel, The eomposition reflects a 2;:1 mixture of

structural material from PWR and BWR spent fuel, respectively,

BLE 4-1v

Cladding Waste Alaterial Specifications

Composition Compasition
IHement fatoms/barn-cm) Element {atoms/barn-cm)
C 0, 000038 Mn 0, 000189
Si 0, 000186 Fe 0, 00628
Sn £, 000311 Ni D, 00246
cr 0, 20221 ‘zr 0, 0265



5, Results

Table §-1 preacnts the results of the ane-dimersional calculations for a nmuber of cask shicld

desigms which meet 10 CFR 71 requirements using the present-generation IILW radiation source of

umed cask

Table 2-H, The first two scts of entries in the table provide the dosc rates for the &
aceident candition of total loss of the neutron shield but retention of the primary gamma shicld, AL
previously mentioned, the accident dose-rate limitation is i total of 1000 mrem/he at D141 cin

from the cask surface, lowever to assure that a couservative design bt been obtained, an over-

round 5U0

all safety nctor of 2 was employed thus requiring the aceident doge rate condition to e

wmrem/hr,  Utilizing these results, the effect of adding various neutron shields to the cask was

5 than 10 mrem/hr (ormal

mined until the totad dose rate at 1,83 m frow ihe cask was he

utitized a,

operation conditions for the eask). Actually the safety factor mentioned above

aml the thicknesses of the zeutron shield zone were varied to obtain dosce rales in the neighbirho
of & mrem/hr al 1,83 m. e vemainder of Table 5-1 lists combinations of neutron- and gamma-
ray shiclding materials which were determined to result in aceeptabie 1. B-m dose rates for norm:al

cask condiliona.

TABLI -1

Shielding Rrquirements for Nonrecyele [1LAV
(Estimated by one-di ional calculations corrected for geont try

Gamma Shield Neutron Shield Dose Rale ‘Tolal Dose Rab
{cm) fem} Radiation {orem /hr) __.(nn'(-m/hx')
7 depleted U None Neutron {postaccident) 95 at 91,44 cm 326 at 41,41 em

Gamma (posfaceident) 231 at 91,44 cm

L5 lead None Neutron (pasta- 2ldemt) 280 at 91,44 em 510 at M em
Gamma {pustaceident) at BI. 44 em

7 depleted U 25 beeehwood Neutron 2atl,8m a8
Gamma at 1.Bm

7 depleted U 30 ”20 Neutrou t,tatl, 8m 3.lat L8 n
Gamma 2,0at 1,8 m

T depteted U 25 serpentine Neutron J.1arl,8m 5.4 at L8 m
Gamma 20at1.8m

7 deplett U1 40 caleium borate Neutron G,lati8m 8.2atl.8m
Gamma 2lat .8 m

15 1ead 25 beechwood Neutron Tolat L8 m m
Gumma A.0at 1, 8m

15 lead 30 ”ZO Neutron [L2atl im m
Gamma 2%at1.8m

15 leatd 25 serpentine Neutron 4.6att.Bm §,7atl,Bm
Gamma 2,1 atL,Bm

15 lead 338 calcium borate Neutron 4.2at1,8m T.hat L8 m
Gamma 20atl,8m
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The results of the one~dimensional calculationa have been corrected approximately for
geometric effects, [n Bolving the one-dimensional shielding problem in cylindrical geometry, the
ANISN code considers the height of the cylinder to be infinite, Since the HLW caninters are only
30 long, the results produced by ANISN overestimate the dose rates at 81,44 cm and 1,83 m
from the cask surface. To compensate for this geometry, correction factors of 1,5 and 2, 0 were
nsed for the 81,81 em and 1, 83 m results, respectively, The entries in Table 5-1 were obtained
by dlividing the dose rale results calculated by ANISN by the appropriate geometric correction

factor.

‘I'e evaluate the impact of uranium recycle on a HLW shipping-cask shield design, a repre-
sentative number of the present-generation shicld designa from Table 5-1 were reexamined using
the uranium-reeyele neutron and gamma sources of Table 2-1I, The reaults of this analysis

appeat in Table §=I1, The is that it is pogaiblé to obtain HLW shipping-cask shield

designs suitable for the transportation of hoth pr e ation and ur ecycle HLW. This

is understandable since the total primary gammao source and neutron source from uraninme-recycle

st are approximajely 19% preater and 18% less, respectively, than that of present-generation

waste, These rr-sulrls are within the uncertainty factor used in designing the shields,
1 . ‘
/ TABLE §-11

Comparison of Present-Generation and Uranium Reeyele
11L.W Shielding Requircments™

Dose Rate Total Dose Rate
Neutron Shield Radiatlon {mrem/hr) (mrem/hr)
Nont Neutron (postaccident) 81 mt 91.4 cm 356 at 91.4 cm
Gamma {postaccident) 275 at 91.4 em
2h-cm beech- Neutron 1.0at1.8m 5.0at1.Bm
wood Gamma 4.0at1.8m
U raninm
Reeyele 30-cm water Neutron 0.9at1.8m 3.2at 1.8 m
Gamma 2,32t 1.8m
Guenetabon Nape Neutron (postaccident) 95 at 91.4 cm 326 at 91.4 em
Gamma (postaceldent) 231 at 9t.4 em
Preseat-
Generation 256-cm beech- Neutron l.2at1.8m 4.6at 1.8 m
wood Gamma 3.4at1.8m
Present-
Gegeration 30-crm water Neutron l..1at1.8m 3.1atl1.8m
Gamma 2.0atl.8m

‘Tz eazk case a T-cm depleted uranium gamma shield was used,




The situacion i8 much different when plutonium-recycle HLW is considered, Although the
primary gamma source from plutonium- recycle waste is only twice the primary gamma Source of
present gencration waste, the ncutron source is aboul 25-30 times as great. The difficulty of
dose-rate limitation is illustrated by the results presented in Table 5-111,

satiefying the
In this cose, the utilization of B*C waa consldered, The dose rates in the table are only foc the
postaccident case, In order to obtain normal operation dose-rate limits uging these primary
gamma-shield diricnsions, approximately the same thickneases of neutron shield materials as

previously given in Table 5-1 would be required, A cask capable of safely transporting plutonium-~

sed, Thesce

incorporated into the cask ends and the redial thickness of the end forgings wad iner
irserts (which are shown in Figure 4-3) are ringa of uranium which, whet: included with the
recyele IILW would have an overall diameter more than 30 cm greater for the same payload than

one capable of handling uranivm-reeycle or preaent gencration waste,

TABLE 5-UI

Plutonium Recycle Shielding Requirements ~ Postaccident Condition Only
(Estinated by one-dimensional calculations correeted for geometry}

Shield Materials Dose Rate at 91,44 em
Radiation (in em) (mr~m/hr)
Neutron 28 depleted uranium 585
Neutron 5 depleted uranium + 15 BAIC 470
Neuntron 7 depleted uranium + 20 s
copper
Neutron 23 lead + 10 H4C 915

‘I'he unecetainties involved in these vesults include contribuiions from evrors in the
radintion sources, cross sections (both in their values and himitation Lo a P1 eross-scction set),
dose-rate conversion factors, and multidimensional effeets,  Although ne detailed sensitivity
stuthes were performed, it is estimated that the souree, cross scelion, and dose-rate conversion
Factor uncertainties may yield a total uncertainty in the thickness of any layer of the shield of
approximately +2 cm, This eslimate is bascd on ;nssuming a 20 error in the radiation-sonrce
definition, a 20% combined uncertainty in cross~gection values, and the uncertainty introduced hy
the finite diffcrencing teeinnique used in the ANISN code, The uncertainty introduced by multi-

dimensional effects is diminished in the two-dimensional caleulations,

A cask design which used depieted uranium for the gamma shield and{ borated brechwood fot

the neuwtron shield was examined using the DOT program. Uranium was chosen as the gamma

shield sinee it results {n the smallest diameter cank design.  ‘Fhe beechwood shicld has merit

beeause of its availabillty and shielding efficicncy. Also, in an accident involving a lire, the
hvdrogen content of this material may ot he completely lost. Some beechwodd retention muy he

anticipated since it would take time for the beechwoot te char and a fire may be extingnished
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lculatl however, the beechwood was nssumed

before eharring is In the
to be enlircly renvoved to simulate the worst accident condition, Therefore the resulls are con-
servative, Two-dimensional caleulatians which include serpentine or colcium-borate shield ma-
terials have nat been performed.  Using the two-dimensional beechwood reaults as a basis, it ls

ble ta estimale the thickness requirements of these other materials for producing nn acceptable

pos

cask shield desipn.

fving the postaccident cask ion was again ployed in solving

‘The atrategy of first sati
the Lwo-di i 1 shiclding problem. (uitially, aily gamma-ray shielding material was included

in the cask wall and emds,  IZarly two-dimensional results indicaled a severe streaming problem in
the forging beiween the two shield regions. 'To alleviate this probiem a uranium insert was incor-
porated into the eask ends anct the radial thickness of the end forgings was increased. These inserts
twhich are shown in Figure 4.3) are rings of uranium which, when included with the uranium in the
vask wall and ends, campletely surround the HLW with gamma-=ghielding material. It was found
that 7.5 em of uranium in the cagk wall, §.5 em in the eagk ends, and 5.0 em thick and 12.5 cm
high uranium vings al cach end of the cask were necesgary to reducc the total dose rate at any
lovation 91, 44 ¢m from the cask to a value less than 1900 mrem/hr, These regults account for a
calenlaled kc“, value of 0.09 for the uraniue in the cask and include a 25% incrcnsc1 in the dose
rate due to ground seatter, In order to satisly the normal operation dosc-vate condition at 1,83 m
rram the eagk surface, il was detcrmined that 35 em of beechwood was needed on the side of the
cusk anet 25 em on the ends.  Again, thege values account for the neutron multiplicative property

of the depletst vranium and o 40% increusc“ due to ground scatter effects.

A problem often ociated with two~dimensional diserete ordinates transport caleulations is

the presence of ray effects, Ray effects are attributable to the process of differeneing the contin-

neus angular variable of the Lransport problem into a linite number of discrete angles, If a quadra-
code will peak along

ture with loo few angles is chosen, the fluxes ca by the two-di

thLe quade:dure direclions and have minima in others, a result reflecting the quadrature choice and

situation. The present two-dimensional caleulations were performed using an

not the true physies
S“ qu.nlrature, which, in eylindrical geomelry, consists of 30 different angles. That this was a
auitabile quadrature for avoiding ray effects can be seen in Figures 3-1 and §-2, The dose rate at

4w point bs cqual to the product of the particle integrated flux at that point and the doss rate conversion
factnr integrated over particle encrgics. Examination of the dosc rute thusg provides information
abont ihe total Nux, If ray effects are not present in the results of these caleulations, it would be

reasonable Lo expect the total flux near the cask surface lo be greatest on the centerline'at the cask

wls, and af the center of the casgk side, and to decrease amoothly as the nbservatién point moves

cither axially along the eask from the center of the side or radially from the centerline at the eask
ends,  PFigure 5-1 shows the dose rate as a function of radius on the surface of the cask lid, The

peak dase rate is 79 mrem/hr, The dose rate decreases sméoiﬁly with increasing radius, Tigure
5-2 shows the surface dose rate along the side of the caski the maximum value is 74 mrem/hr. Again,
the dose vate decrenses smoothly as a function of axial position, It is evident the dose rate remains

icant at any lncation directly above HLW, but declines rapidly when the distance from the waste

5. ‘The figures demonstrate that ray effects were not apparent in these calculations,



AS in the one-dimenslonal case, the uncertainties involved ln thuse reaults are contributed to by uncer-
M i 1

taintics in the eross sectlons, tose-rate conversion factors, and the radi sources.
effects arv of lesser importance here than for ope-dimensional results. Under the agsumption of a possibie
1207 error in the radintion-source deflnition, a +20% uncertainty from crosa-gection values, and the uneer-
tainty introdueed by the discretizing procedure and use of P1cross sections, it is believed that the indivigual

shicld-laycer thicknesses required to give the calculated dose rates are aecurate to within £1 em.
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Table 5”-’W provides estimated total weighta of ti‘u‘ez capks capable of 'transportlng 30.48-,
40,64-, and 50,80-cm-diam HLW cylinders, respectively, cased on the 30,48~-cm-diam canister
cask design determined in the two-dimensional analytical work. Implicit in the two larger cask
designs is the assumption that these casks would not need thicker radiatlon shields even though
d by a number of one-

their payloads would be greater. This has been
dimensional ANISN calculations which modeled a cask contalning seven 40.64-cm-diam HLW
bl since the more massive alumlnum baskets and grenter

i s, The isr
HLW self-shieldlng effects in these larger casks provide 1 r

TABLE 5-IV

I .
Material Weight and Cost Estimates for Conceptual HLW Depleted Uranium Casks
(Seven-~canister payload)

Waste
Canlster Materlal Cank Capacity Ratla of
Diameter Cask Weight Tatal Welght tmetrle Waste Welght to Material Cost
em) Material (1000 kg) ¢{metric tonne} tonne) Cask Welght 1000’5 of dollars)
EENY) v 8.2 kL0
Hteel .5 2
NHeechwood 8.2 46.8 4.0 0.08 54
Cu 5.1 6
At 3.3 a
40,63 v 23,2 920
Steel g 8.2 3
Beechwood 0.7 58.9 6.5 0,11 64
Cu 5.8 d
Al 4.5 5
50,80 r 20.1 1150
Steel 1.4 4
Reechwood 1.6 6.1 10.0 0.13 6
6.7 8
Al 6.3 7

The three casks in Table 5-1V have overall diameters {exclusive of the copper fins) of 2.0 m,
2.3 m, and 2,6 m, respecetively. Economy of scale is evident in these results since the payload

" weight divided by the cask total weight increases from 0. 08 for the smaller cask design to 0.13 for

the largest cask. This payload advantage, however, may be offset by such considerations as the
additional cost of shipping a heavier cask, increased difficulty in handling the heavier waste

canisters, and the more serious decay i pr for the larger canisters.

Also shown in Table 57TV are the estimated material costs for the various matenals in the
casks. The estimates are based on $39.7/kg for depleted uranjum, §1,32/kg for,copper. $0.35/kg
for steel, $1.17/kg for aluminum, and $6.60/kg for khe beechwood.

Similar welight and eost estimates have been obtained for cask designs employing lead in
place of depleted uranium as the gamma shield material. These estimates are shown in Table 5-V,
The cost of 1cad assumed was $1.76/kg. From a comparison of the cost estimates In Tables 5-1V

and 5-V it js evident that a lead cask would be considerably cheaper than a corresponding cask

N T gL
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design which utilized depleted uranium as the gamma shield material. The lead cask would also
be about 18% heavier, The cost of transporting this additional weight over the lifespan of the lead

cask would tend to olfset these material cost differences.

TABLE 5-V

,
Material Weight and Cost Eftimates for Conceptual HLW Lead Casks
(Seven-canliater payload)

Waste
Canister Materlal Cank Capachy Ratlo of
Diameter Cask Welght To*al Welght tmetric Waste Welght to Mute
(e Material 11000 kg) (metrle tonne) tonne) Cask Welght (1000°5 of
an.a8 Ph 25.1 1
Steel 8.7 2
Beechwood 6.8 53,5 4.0 0,07 58
u 5.6 v
AL 4.1 3
40. 64 Pb 30.8 51
Steel 1.0 M
Reechwond 10.3 50.3 65 0,09 ]
Cu 6.2 8
AL 4.5 B
50,80 Phb 38.3 a7
Steel 13.4 5
leechwood 12,3 §7.5 10.0 0.1 40
Cu 7.2 “
Al 6.3 K
At the present time, only preliminary work has been pleted o a CW i L
shiclding Jesign, This work involved a number of i ional transport calculations in whict:

the shielding requirements necessary for decreasing the primary gamma-ray flux {0 acceptable
dose rates were determined, The neutron sonrce in cladding waste is of such magnitude as to

[
pree »nt no shielding difficulties,

Only uranium and lead were considered as candidates for the primary gamma-ray shield
material, Both shield possibilities were assumed to be lined with 2, 54-cm thick steel plates.
Table 5-VI presents the results of thege calculations. As In the HLW cask design work an e‘fort
was made to obtain CW shield designs resulting in dose rates of 5 mrem/hr at .83 m from the
cask surface. These resulis are subject to the same errors involved in the one-dimensional HIW

calculations and have been approximately geometry-corrected using a correction factor of 2. The

experience

1 tn the two-d 1 calculations performed for the HLW shipping-cask
preliminary conceptual design indicates there would be no difficulty in extending these one-dirmen-

sional results to a satisfactory CW shipping cask conceptual design,

TABLE 5-VI

Cladding Waste One-Dimensional Results
(Estimated one-dimensional results corrected for geometry)

Shielding Material {cm) Dose Rate (mrem/hr) 3t 1,83 m
§.5 depleted uranium 7.69
13,0 lead 3.67


file:///iawri
file:///iawri

6, Concluslons

1 Conceptual shielding designs for shipping casks capable of transporting present generation
JILW and shielding designs for CW shipping casks have been developed, Primary gamma shield
malcrial candidates were restricted to depleted uranium and lead for both caek types, The neutron

and

shield materials considered for the HLW cask were borated b h d, water, ser

calcium borate,

The results presented in the previous section are indleative of the relative merits of a number
of ghicld materials for conceptual hr..,\;" and CW shlpplng casks. Cask welght, size, cost, licens-
i ability and fabricability all are of auitical Importance In judglng the relative merlts of a particutar
cask design. [t is hoped that Ih);jnl::;rmation contalned In this work will be of value in developing
and evaluating subsequent, more detailed HLW and CW shipping cask designs.
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