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Abstract

The US Department of Energy is developing an integrated nuclear fuel cycle technology under its Advanced Fuel
Cycle Initiative (AFCI). Under the AFCI, waste minimization is stressed. Engineered product storage materials will
be required to store concentrated radioactive cesium, strontium, americium, and curium for periods of tens to hundreds
of years. The fabrication of such engineered products has some precedence but the concept is largely novel. We thus
present a theoretical model used to calculate the maximum radial dimensions of right cylinder storage forms under
several scenarios. Maximum dimensions are small, comparable to nuclear fuel pins in some cases, to avoid centerline
melting temperatures; this highlights the need for a careful strategy for engineered product storage fabrication and
storage.
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1. Introduction

The US Department of Energy is developing an inte-
grated nuclear fuel cycle technology under its Advanced
Fuel Cycle Initiative (AFCI) [1]. Under the AFCI, waste
minimization is stressed. Burned UO2 fuel will undergo
extensive processing to (1) recycle fissionable material
for continued burning in-reactor, (2) recover long-lived
radionuclides for transmutation in transmutation reac-
tors being designed under AFCI, (3) isolate high-
specific-activity cesium and strontium isotopes for decay
storage in monitored low-level storage facilities, and (4)
stabilization of the much-reduced volume of waste mate-
rial designated for geological disposal within the Yucca
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1 The average beta energy was assumed to be 1/3 the
maximum energy due to neutrino emission.
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Mountain underground repository. As part of the pro-
cessing scheme, americium and curium will be separated
from the dissolved fuel, converted to solid form, and
stored for a short period of time (10–50 years) until
burned in the transmutation reactors. However, these
elements generate tremendous amounts of heat due
primarily to 241Am (T1/2 = 432 years) and 244Cm
(T1/2 = 18.1 years) alpha decay products (Ea = 5.49
MeV and 5.80 MeV primarily, respectively). Similarly,
cesium and strontium isotopes will require solidification
and stabilization for prolonged decay storage of 300–500
years. Cesium and strontium also have high-specific-
activity from their decay (137Cs Eb = 0.514 MeV; 90Sr
Eb = 0.546 MeV) and the decay of their short-lived
daughter products (137mBa Ec = 0.662 MeV; 90Y
Eb = 2.28 MeV). Because of the unique endpoint of
these radionuclides under the AFCI, i.e., stable storage
materials for future disposal or processing, they will
have much different fabrication criteria than waste
forms, actinide fuels, or transmutation targets under
investigation by the Japanese, French, or US programs.
Therefore, an important part of the AFCI program is
determining the optimum methods for decay storage of
cesium, strontium, americium, and curium.

The final separation scheme has not been determined,
although the general consensus is that the separation
process will produce a combined cesium and strontium
product stream. It is still unclear whether americium
and curium will be combined or separated into individ-
ual streams. Therefore, our analysis considers these
options:

1. Separation of cesium and strontium in a combined
stream.

2. Separation of americium and curium in a combined
stream.

3. Separation of curium from americium and storage of
curium (americium will exist in a combined TRU
stream and will not be considered as a separate
stream in this analysis).

We do not account for the possibility that Rb and Ba
fission products will be separated along with the Cs
and Sr. The implications of a Rb/Ba/Cs/Sr product
are significant increases in total mass requiring storage,
decreases in specific heat output, and potential effects
on storage material stability. Calculations show that
the storage form dimensions quoted in this paper can
increase by 50% when the cesium and strontium are
diluted with rubidium and barium. Importantly, we do
not consider consequences of storage canister pressuri-
zation that may result from radiolysis or will occur from
helium buildup.

As a first step toward engineered product storage
development, we describe here a thermal transport
model to establish the maximum storage form dimen-
sions for individual storage containers under the sce-
narios described above. The model algorithm was
developed by combining Fourier�s Heat Conduction
equations with Newton�s Law of Cooling while modify-
ing key parameters to account for porosity, solid phase
mixtures, and finned surfaces. We consider storage in
pure form and diluted in a stabilized matrix, and stor-
age in a dry and wet storage facility. Our results
show that even with the prodigious heat that is gener-
ated, the storage form radii for Am/Cm oxides are
slightly larger than current specifications for light water
reactor UO2 fuel and mixed-oxide fuel fabrication.
Radii for Cs/Sr oxides are larger. Under a diluted-
storage-form scenario, we can increase the maxi-
mum radius by adjusting the radioactive load in the
storage form and thereby tailor the durability of the
storage form for long-term decay. Materials such as
alumino-silicates and borosilicate glass for Cs/Sr,
and Zircaloy and uranium dioxide for Am/Cm are
investigated.
2. Algorithm description

2.1. Isotropic volumetric heat source

The heat source was calculated from the decay mode
of the individual radionuclides by converting the decay
energy into a thermal energy, assuming a fractional
deposition of the decay particle in the storage form.
For alpha and beta decay we assumed 100% of the
energy was deposited1 in the storage form since the
average path length of 1-MeV alpha particles in solids
is several micrometers and the path length for 1-MeV
beta particles is several millimeters. Rigorously, the
heat is
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where T1/2 = the half-life of the radionuclide in sec-
onds, N(t) = the number of atoms of the radionuclide
at time t, 1.6 · 10�13 = the units conversion factor
(J/keV), f = the fraction of energy deposited in the
waste form (0.33 for gamma, 1 for beta and alpha)),
Ei,j = the kinetic energy carried by the radiation in
keV, and yi,j,k = the decay mode yield for a particular
decay of the ith gamma ray, jth beta ray, kth alpha
particle.
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2.2. Governing heat transport equations

The general equation for heat transport in a right,
cylindrical storage form (Fig. 1) is
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For long cylinders (ignoring z-axis transport), isotropic
heat conduction (no azimuthal / dependence), and a
homogeneous heat source at steady state (g(r, t) = g0,
dT/dt = 0), we reduce the equation to

dT
dr2

þ 1

r
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þ g0
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¼ 0; ð3Þ

with the general solution

T ðrÞ ¼ �g0r
2

4k
þ C1 ln r þ C2. ð4Þ

The boundary condition in the heated storage form is
the Neumann type. At r = 0,

dT
dr

����
r¼0

¼ 0; ð5Þ

but at the radioactive-material (rad) canister (can) inter-
face we have the convective boundary conditions at an
imperfect interface, or

�krad
dT
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i

¼ hcðT i � T iþDÞ ¼ �kcan
dT
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iþD

. ð6Þ

For the canister, the inner surface is as above and the
outer surface boundary condition is the second kind,
the convective boundary condition to a bulk coolant

T surface ¼ T bulk þ
g0

hfluidA
. ð7Þ

The radial temperature profile within the radioactive
material is then given by
a bRadioactive 
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Fig. 1. Schematic of right, cylindrical storage form.
T radðrÞ ¼ T centerline �
q0

4pkrad

r2

a2

� �
; ð8Þ

where

q0 ¼ pd2

4
g0. ð9Þ

The temperature at the radioactive material-gap inter-
face Trad-gap is

T rad-gap ¼
q0

2phca
þ T gap-can; ð10Þ

the temperature at the gap-canister interface Tgap-can is
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and the resulting centerline maximum temperature is
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2.3. Convective heat transfer coefficient

The model assumes that the storage facility will
implement passive cooling methods so that natural con-
vection is the governing mode. The convective heat
transfer coefficient hconv was derived via the Nusselt
number Nu [2], which is a product of the Grashoff Gr

and Prandtl number Pr. Our model uses the formulation
for a long, horizontal pipe

Nu ¼ 0:518ðGrPrÞ1=4 ¼ hconvD
kfluid

ð13Þ

for 104 < GrPr < 1012, where

Pr ¼ Cplfluid

kfluid
ð14Þ

and Pr = 0.7 for air at the temperature range of interest
(300–900 K) and Pr = 1.7 for water at 363 K,

Gr ¼ D3q2
fluidgbfDT
l2
fluid

¼ D3gbfDT
t2fluid

; ð15Þ

where the volumetric thermal expansion coefficient is

bf ¼
�1

qfluid

dq
dT
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but can be shown for an ideal gas to be

1

T film

¼ 1

1=2 T surface þ T bulkð Þ ð17Þ

and

DT ¼ T surface � T bulkð Þ. ð18Þ
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The kinematic viscosity of air is

mair ¼ �1:1555� 10�14T 3
film þ 9:5728� 10�11T 2

film

þ 3:7604� 10�8T film � 3:4484� 10�6 ð19Þ

and mwater is 2.90 · 10�7 m2/s at 373 K.
It is likely that the engineered product storage forms

will be stored vertically instead of horizontally; however,
the correction between a horizontal form and a vertical
form is small. Kato et al. [3] describe the following rela-
tion for vertical cylinders with Gr < 109:

Nu ¼ 0:683ðGrPrÞ1=4 Pr
0:861þ Pr

� �1=4

. ð20Þ

A plot of Eqs. (13) and (20) (Fig. 2) shows that the two
relations differ by less than 20% in water and 10% in air
coolant.

2.4. Radiative heat transfer coefficient

The radiative heat transfer coefficient hrad was calcu-
lated based on radiation from a long, horizontal cylinder
into a completely absorbing medium [4] where the heat q
is proportional to T4 by

q ¼ A1e1rðT 4
1 � T 4

2Þ; ð21Þ

where A1 is the surface area of the radiating cylinder, e is
the emissivity of the radiating surface material (0.7–1 for
metals), and r is the Stefan–Boltzmann constant
0

10

20

30

40

50

60

70

80

90

5 6 7 8 9

Gr * Pr

N
u

Fig. 2. Nusselt number calculated for long horizontal and
vertical pipes for Gr * Pr values typical for natural convection
in air coolant.
(5.67 · 10�8 W/m2/K4). Combining this with the analo-
gous expression using the Newton Law of Cooling
methodology,

q ¼ hradA1ðT 1 � T 2Þ; ð22Þ

we obtain

hrad ¼ e1r
ðT 4

1 � T 4
2Þ

ðT 1 � T 2Þ
. ð23Þ

The total heat transfer coefficient hfluid from the storage
form surface is given by adding the radiative and con-
vective terms.

hfluid ¼ hconv þ hrad. ð24Þ
2.5. Heat transfer coefficient for finned surfaces

The convective heat transfer coefficient can be
enhanced by incorporating fins onto the surface. We
modeled the effect of fins using the method of Kern
[4]. The efficiency of the fin X is

X ¼ hb;conv
hf ;conv

; ð25Þ

where hb,conv is the convective heat transfer coefficient
for the bare (unfinned) portion of the tube and hf,conv
is the convective heat transfer coefficient for the finned
surfaces of the tube. X is determined by finding the inter-
sect of a family of curves representing the fin size
(dimensionless) and heat transfer coefficient of the unfin-
ned or bare surface. To this end we define the following:

rb = radial distance from center of storage form to
edge of bare cylinder,
re = radial distance from center of storage form to
edge of fin,
hconv = convective heat transfer coefficient of bare
cylinder in fluid,
kfin = thermal conductivity of fin/storage form,
yb = half-thickness of fin,
Auf = unfinned surface area of storage form,
Af = finned surface area of storage area, and
heff = effective convective heat transfer coefficient
based on inner tube radius.

In practice, one calculates the effective surface area
Aeff of the finned cylinder from X as

Aeff ¼ Auf þ XAf . ð26Þ

Then, the effective convective heat transfer coefficient for
the finned cylinder is

Aeff
hf

2prbH
¼ heff ; ð27Þ

where H is the height of the cylinder assumed to be 10
times the diameter.
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Fig. 3. Plot of kmixture versus m for a mixture of Am2O3 and
Cm2O3 (kAmoxide = 0.1 W/m/K and kCmoxide = 2 W/m/K,
h12 = 1.67 · 107 W/m2/K).
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2.6. Effect of porosity on the thermal conductivity

of the storage form

For solids less than theoretical density, krad is re-
placed by kporous. The thermal conductivity of porous
solids with a porosity e, derived by Krupitzka [5], is

kporous ¼ kfluid
krad
kfluid

� �0:280�0:757 log e�0:057 log
krad
kfluid

� �

for 0:2 6 e 6 0:6; ð28Þ

where kfluid is the k of the fluid filling the void space (we
assume air).

2.7. Thermal conductivity of a mixture of material

in the storage form

The thermal conductivity of a mixture composed of a
major (subscript 1) and minor (subscript 2) phase is esti-
mated by Benveniste [6] as

kmixture ¼ k1
2ð1� mÞ þ b ð1þ 2mÞ þ 2 k1

k2
ð1� mÞ

h i
2þ mþ b ð1� mÞ þ k1

k2
ð2þ mÞ

h i
for m 6 p=6; ð29Þ

where m is the fraction of the minor phase. The term b is

b ¼ r2
k1Rk

; ð30Þ

where r2 is the radius of spherical particles representing
the minor phase, and Rk is the Kapitza resistance de-
fined in terms of the convective heat transfer coefficient
(called the Kapitza conductance, h12) at the interface be-
tween major phase 1 and minor phase 2 or

Rk ¼
1

h12
; ð31Þ

where h12 = 1.67 · 107 W/m2/K for diamond in a ZnS
matrix [7]. It is worthy to note that kmixture is not a par-
ticularly sensitive function of h12 for h12 on the order of
107 W/m2/K. In addition, in the range of minor phase
concentration (<15%) kmixture is not a sensitive function
of the particle size of the minor phase (Fig. 3). For k1
and k2 we use the theoretically dense values for the ther-
mal conductivity. If the mixture is less than theoretical
density then the resulting kmixture replaces ksolid in Eq.
(27) to determine the k for the porous mixture.

2.8. Model construction and iteration

The combined equations described in the Methods
section were input into a Microsoft� Excel spreadsheet
as an algorithm that requires user iteration to produce
a unique solution to the temperature profile within the
cylindrical storage form. The centerline temperature is
determined by invoking Eq. (12). krad = kporous is from
Eq. (28) for porous solids or Eqs. (28) and (29) for
porous mixtures. The fluid filling the pore space is air
(k = 0.04 W/m/K @ 500 K). hfluid is from Eq. (22) and
suitably modified in Eq. (25) for finned surfaces. A stain-
less steel canister is assumed, with a wall thickness of
b = 0.005 m. The convective heat transfer coefficient
for the gap hc is fixed at 1000 W/m2/K. The bulk fluid
temperature is fixed at 363 K for air coolant and
313 K for water coolant. Additional parameters needed
for this analysis are given below
Kapitza resistance
 5.99 · 10�6 m2 K/W

Radius of the particulate
in the minor phase
5.0 · 10�6 m
Emissivity of steel canister
 0.9

Kinematic viscosity of water
 2.90 · 10�7 m2/s

Coefficient of thermal
expansion for water
6.54 · 10�4 @ 80 �C
Kinematic viscosity of air
 1.79 · 10�5 m2/s

Specific power for
Am/Cm oxide
0.29 W/g
Specific power of Cs/Sr
oxide
0.18 W/g
The thermal conductivity and density for some materi-
als are given in Table 1.



Table 1
Thermal conductivities W/m/K (and densities g/cm3) at operating temperatures typical of storage forms

Radioactive material, k (and q) Non-radioactive material, k (and q)

UO2 5.19 (10.7) Zircaloy 26.0 (6.5)
Am 10 Zirconia 2.5 (5.9)
Am2O3 0.10 (11.7) Borosilicate glasses 0.5–1
Cm 10 Steel 304 22
Cm2O3 2.0 (12.7) Aluminum 300 (2.7–2.8)
CsCl 0.9 Al-silicates (mullite) 4.0
Cs2O 0.9 (4.6) Air (373 K) 0.0346 (1.17 · 10�3)
Sr 35 Air (500 K) 0.04
SrO 9.0 (5.1) Stainless steel (700 K) 22 (8.0)
89.5% Am2O3/10.5% Cm2O3 0.12 (11.8) He (500 K) 0.22
74% Cs2O/26% SrO 1.02 (4.8) Water 0.6923
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After the user inputs the properties of the storage
form, the user guesses at a and hfluid and the program
calculates the new hfluid by Eq. (24) and the centerline
temperature. This iteration continues until several crite-
ria are met:

• If the coolant is water, the surface temperature of the
canister cannot exceed 90 �C to avoid nucleate boil-
ing or the centerline temperature is equal to 90% of
the absolute melting temperature or stable tempera-
ture,2 indicating the maximum radial dimension of
the storage form.

• The calculated total heat transfer coefficient hfluid
matches the guessed value for the total heat transfer
coefficient.

• GrPr < 1012.

The iteration is facilitated with Microsoft� Excel Sol-
ver. Using Solver, the difference between the user input
value for the total heat transfer coefficient and the calcu-
lated heat transfer coefficient is minimized by modifying
the cells containing the value for a and hfluid under the
constraints that the centerline temperature is equal to
90% of the melting temperature, the rrad > 0, and
hfluid > 0, which ensures a unique solution.
3. Results

Using the model developed here, we calculated
the maximum radii for storage forms consisting of the
radioactive material in a stainless steel canister. The
analysis conditions describe storage of individual canis-
ters in a vault or pool where natural convection cools the
canisters and the fluid (air or water) inlet temperature is
2 Ninety percentage of the melting point was assumed to be
an adequate factor of safety for this analysis. The authors
realize that larger factors of safety may be necessary and use
90% as a starting point.
constant. Vertical and horizontal storage of the canisters
is described. All values for storage-form radii are given
for the radioactive storage material and do not include
the dimensions of the steel canister (0.005-m wall
thickness).
3.1. Pure radioactive products

If the product streams from the separations flow-
sheets are calcined and packaged, the composition of
the radioactive materials will be the oxides. For the
mixed product streams of 10.5% Cm2O3 in 89.5%
Am2O3 (Table 2), the maximum radii rmax are
0.0114 m and 0.0094 m for storage in water and air,
respectively. The density of the storage form does not
significantly affect these values. For a product of 26%
SrO in 74% Cs2O (Table 2), the rmax are 0.040 m and
0.020 m for water and air storage, respectively, at theo-
retical density. Water storage at 70% theoretical density
reduces the maximum radius to 0.026 m for Cs/Sr oxides
because of the lowered thermal conductivity from poros-
ity. The surface temperature for storage in air varies
from 637 K for theoretically dense Am/Cm to 516 K
for 70% porous Cs/Sr. That for storage in water is
322–331 K.

These values are comparable to those of typical
nuclear fuel rods, where thin-rod fabrication technology
is demonstrated. US light water reactor fuels are
0.0047–0.0064 m in radius depending on whether they
are pressurized-water-reactor or boiling-water-reactor
fuel. Mixed-oxide fuel (MOX) from the MELOX plant
(Marcoule site, France) is 0.00475 m in radius [8]. Exper-
imental Breeder Reactor II (EBR-II) fuel pins were
0.00183 m in radius [8]. Certainly, there is industry expe-
rience in fabricating the desired storage form dimensions
since the LWR and MOX fuel dimensions are roughly a
factor of four smaller than the Cs/Sr oxides storage
forms and approximately half the radius of the Am/
Cm oxides. However, LWR fuel is sintered from low-
level radioactive material and EBR-II elements were cast



Table 2
Maximum radii for pure oxide storage forms at various porosities

Coolant Am2O3/Cm2O3 Cs2O/SrO

100% 80% 70% 100% 80% 70%

Air rmax 0.0092 0.0094 0.0094 0.0205 0.0185 0.0174
hrad 27.4 24.6 23.1 23.1 19.5 17.8
hconv 9.92 9.93 9.93 8.61 8.75 8.79
Tsurface 637 605 587 587 540 516

Water rmax 0.0114 0.0113 0.0112 0.0397 0.0294 0.0255
hrad 6.7 6.6 6.6 6.8 6.6 6.5
hconv 975 931 906 816 768 741
Tsurface 327 324 323 331 324 322
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from molten metal; both operations ease processing. The
MELOX MOX fuel is fabricated from blended powders
and sintered in remote glovebox units. With modifica-
tions to shielding and cooling and additional checks
for radiation damage to equipment, it appears that the
MELOX technology is suitable for fabrication of the
engineered product storage forms.

3.2. Fins

Finned canisters can help dissipate the heat. We
assumed the fins extend 150% from the bare surface
(measured radially from centerline), with a half-
thickness of 0.25 mm and 1 mm and covering 20–40%
of the total canister surface. At theoretical density, rmax

for Cs/Sr oxide storage material in air increases 26–68%
over a bare canister depending on the fin dimension and
coverage (Table 3). The fins increase rmax by 15% for
Am/Cm oxides. Storage in water is not benefited by fins
due to the large natural convective heat transfer coeffi-
cients in water.

3.3. Coolant temperature excursion

If the ambient temperature rises considerably the
heat transfer will be affected. Supposing the average
air temperature is 473 K instead of the 363 K assumed
in our previous analysis, the maximum radius of the the-
oretically dense Cs/Sr storage canister is reduced to
Table 3
Parameters for finned Cs/Sr oxide canisters (coverage refers to
the percent of bare cylinder surface occupied by fins)

yb = 0.25 mm,
coverage = 40%

yb = 1 mm,
coverage = 40%

yb = 1 mm,
coverage = 20%

rmax 0.0345 0.0292 0.0258
hrad 12.16 16.22 18.92
hconv 228 68 36
Tsurface 417 491 531.68
X 0.31 0.31 0.31
0.0172 m from 0.0205 m for 363 K ambient coolant
and, for Am/Cm, to 0.00785 m from 0.0080 m for
363 K ambient coolant.

3.4. Fuel age

The out-of-reactor time for nuclear fuels will vary
from fuel assembly to assembly. The age may span 10–
60 years. As the fuel ages intact, the cesium and stron-
tium decay with an approximately 30-year half-life.
Curium decays with an 18-year half-life (dominated by
244Cm) but americium grows into the fuel as a result
of 241Pu decay. We investigated the effect of fuel age
on the thermal load and heat transport of the resulting
storage forms (Table 4). Cesium and strontium recov-
ered from 10-year-old fuel has a thermal power of
0.18 W/g as oxides. Americium and curium has a
thermal power of 0.29 W/g as oxides. In 60-year-old fuel
the thermal power is 0.12 W/g for Cs/Sr oxides and
0.10 W/g for Am/Cm oxides. The resulting rmax for
Cs/Sr oxides is 0.027 m and 0.051 m in air and water,
respectively, and 0.015 m and 0.018 m, respectively, for
Am/Cm oxides.

3.5. Diluted radioactive products

There are various reasons why the high-heat radio-
nuclides would be diluted in non-radioactive materials.
Those reasons include lowering the radionuclide concen-
tration to meet Class C waste classification, reducing the
heat source density, and stabilizing the radioactive mate-
rial in a more durable composite.

We assume that Cs/Sr may be diluted in alumino-
silicate resins (i.e., zeolite, pollucite, or feldspar) or glass
Table 4
rmax for 60-year-old PWR fuel (50 GWd/MT)

Coolant Cs/Sr Ox Am/Cm Ox

Air 0.027 0.015
Water 0.051 0.018
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and Am/Cm oxides in sintered Zircaloy (as an example
of a high k diluent), uranium dioxide, or zirconia
(Fig. 4). We compare these values to the baseline rmax

of 0.0092 m for Am/Cm oxides and 0.0205 m for Cs/Sr
oxides. rmax for Cs/Sr oxides increases by about a factor
of 3 in alumino-silicate and a factor of 2 in glass at 30%
loading. That for Am/Cm oxides increases by a factor of
6.5 in Zircaloy, 5 in UO2, and 4 in zirconia at 30%
loading.

3.6. Pure Cm product

Because Cm and Am have different strategic paths in
the transmutation cycle there is an advantage to isolat-
ing them from each other. This would require short-term
decay storage of the Cm product to concentrate the
plutonium daughters. This lag period is envisioned to
be less than 10 years but it may be as long as 50 years.
The specific thermal power of Cm2O3 is very high
(2.34 W/g for reference fuel) but the melting point is also
high (2280 K). The resulting rmax for theoretically dense
Cm2O3 is 0.0061 m, significantly smaller than for the ref-
erence Am/Cm oxides (0.0092 m); however, the higher k
for Cm2O3 (2.0 W/m/K) reduces the thermal gradient
across the storage form, raising the surface temperature
to 1830 K. Such high-temperature forms are difficult to
handle and containerize. If we restrict the surface tem-
perature to 700 K, then an 80% dense form has a smaller
radius, rmax = 0.0022 m, a reduction of more than a
factor of 4 from the reference Am/Cm oxide.

To increase rmax we can dilute the Cm2O3. High-bur-
nup aluminum-based dispersion fuels have been fabri-
cated for research and test reactors operating at
relatively low temperatures [9]. The aluminum matrix
provides efficient thermal transport (k = 190–300 W/m/
K) but the solidus temperature is relatively low
(Tsolidus = 786 K). We considered 10%, 30%, and 50%
loading of Cm2O3 in aluminum, where rmax is
0.0085 m, 0.0041 m, and 0.0030 m, respectively for a
theoretically dense form.

Similarly to Am/Cm oxides, we consider dilution of
Cm2O3 in Zircaloy. At 10% loading and 80% theoretical
density, rmax is 0.019 m, but the surface temperature is
1050 K. Limiting the surface temperature to 700 K
reduces rmax to 0.010 m.

Therefore, the pure Cm product presents a rather un-
ique problem. In the pure form, the poor thermal con-
ductivity limits the rmax to 0.0022 m. Such a thin rod
has been fabricated routinely for EBR-II, but not with
oxide powders and certainly not with a highly radioac-
tive source. The dilution of the material in a high
thermally conductive material does not provide the
expected benefit of a larger radius. This is due to the
resulting high surface temperature, which makes han-
dling difficult. We must reduce the thermal power of
the radioactive material and simultaneously limit surface
temperatures. Thus, either of two scenarios seems plau-
sible. First, we dilute the Cm in a refractory material.
One candidate is depleted uranium oxide. At 80% dense
and 700 K maximum surface temperature, Cm2O3 mixed
with UO2 powder can be fabricated to 0.010 and
0.0049 m, for 10 and 30% Cm2O3 loading, respectively.
Loading into zirconia (700 K surface temperature) pro-
duces identical values. These values are identical to those
for the case of Cm2O3 in Zircaloy. The other scenario to
avoid centerline melt is to fabricate thin plates such as
those prepared for high-burnup Al-based nuclear fuels
[10]. The powder metallurgical methods for these fuels
may be appropriate for the thin dimensions required
for an Al–Cm2O3 form, since Al-based fuel meat thick-
nesses were quite small – several millimeters in thickness.
There is also a wealth of industry experience in fabricat-
ing fuel plates.

3.7. Sensitivity analysis

We completed a perturbation analysis to quantify the
sensitivity of the centerline temperature to several model
parameters, fi (Fig. 5). We note that the centerline
temperature is relatively sensitive to storage form radius,
htotal in air, and k of the Cs/Sr oxide material. The values
for htotal in air and k for Cs/Sr oxides are low, so small
changes to these values can markedly affect thermal
transport. A change in the radius or linear thermal power
of 10% causes a 7% change in centerline temperature.
Therefore, at 1000 K we would expect a 70 K swing in
the centerline temperature. A similar change in htotal in
air results in a 3.7–4.7% change in centerline temperature
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Fig. 5. Sensitivity analysis showing that the centerline temper-
ature is a relatively strong function f of the hconv in air (–––),
kmixture (- - -), the radius of the storage form (line), and the linear
thermal power (coincides with radius).
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and 2.2–2.7% change for a perturbed k for the radioac-
tive oxide material.

On the other hand, the centerline temperature is not
sensitive to the htotal for water, k for the canister material
(assumes a metal canister), and the convective heat
transfer coefficient in the gap between the storage form
and canister (data not shown). A 10% change in any
of these parameters results in <1% change in centerline
temperature.
4. Summary and conclusions

We describe an algorithm that calculates the temper-
ature profile within high-heat radioactive storage forms
under natural convective cooling. The model can
describe mixed Am2O3/Cm2O3 products, Cs2O/SrO
products, and Cm2O3 products either in pure form or
diluted in several potentially attractive materials. Differ-
ent storage compositions can be easily input into the
model. Porosity and imperfect thermal contact between
the canister and storage material has been accounted.

Pure Am/Cm oxides are limited to canisters with ra-
dii equal to 0.0092 m if stored in air or 0.011 m if stored
in water. The lower thermal power density of pure Cs/Sr
oxides results in maximum radii of 0.020 m in air and
0.040 m in water. Porosity reduces the thermal transport
efficiency of the Cs/Sr oxide significantly, reducing the
maximum radii. Cooling fins increase cooling of the
Cs/Sr oxide canisters more effectively than the Am/Cm
oxide canisters but the added benefit is small and of little
utility.
If the environmental stability of the oxides is consid-
ered too poor for temporary storage or we wish to
modify the thermal transport properties of the storage
products, we can dilute the radioactive oxides. Am/Cm
oxide storage forms can be increased to 0.120 m in
radius if loaded to 10% in a high k matrix such as
Zircaloy. Cs/Sr oxide storage forms can be increased
to 0.128 m in alumino-silicates at 10% loading.

If the fuel separation processes generate a pure cur-
ium product stream then the storage material will be
significantly smaller (0.0022 m for pure Cm2O3). This
is comparable to the EBR-II fuel dimensions. However,
molten metal casting, the process used for EBR-II, will
not be used to fabricate the curium oxide products,
thereby complicating potential unit operations. Even
10% Cm2O3 in Zircaloy or UO2 limits the radius to
0.010 m due to the prohibitively high surface tempera-
tures. Dilution of a pure curium product appears to be
necessary, although thin plates are an attractive option
to thin rods.

Perturbation analysis shows that the model is rela-
tively sensitive to changes in the convective heat trans-
port coefficient if air is the coolant, and to the thermal
conductivity of the storage form mixture, the radius of
the storage form, and the linear thermal power. We
therefore stress the need to experimentally measure cen-
terline temperatures of fuel surrogates and validate the
model described here.

At this point, we can describe potential facility
dimensions based on the engineered product dimensions
and thermal power. In Part II of this study, we explore
proposed storage facility concepts and calculate the
relative sizes of these facilities.
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