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a b s t r a c t

There is an increasing need in the United States and around the world to move used nuclear fuel from
wet storage in fuel pools to dry storage in casks stored at independent spent fuel storage installations or
interim storage sites. Under normal conditions, the Nuclear Regulatory Commission limits cladding
temperature to 400�C for high-burnup (>45 GWd/mtU) fuel, with higher temperatures allowed for low-
burnup fuel. An analysis was conducted with FRAPCON-4.0 on three modern fuel designs with three
representative used nuclear fuel storage temperature profiles that peaked at 400�C. Results were
representative of the majority of US light water reactor fuel. They conservatively showed that hoop stress
remains below 90 MPa at the licensing temperature limit. Results also show that the limiting case for
hoop stress may not be at the highest rod internal pressure in all cases but will be related to the axial
temperature and oxidation profiles of the rods at the end of life and in storage.
© 2018 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Currently, there is a focus on moving fuel out of spent fuel
pools into dry storage systems in the United States and around
the world. Increasingly, this fuel will be high-burnup fuel, greater
than 45 GWd/MTU. The current rod average fuel burnup limit in
the United States is 62 GWd/MTU which corresponds to an as-
sembly average burnup of about 55 GWd/MTU. Previous work has
been carried out to analyze conditions of dry storage Ref. [1] in
low-burnup fuel with older designs. With this in mind, it is useful
to investigate whether the current regulatory limits on fuel in dry
storage still have a valid basis for modern, high-burnup fuel.
Three different fuel designs were analyzed with three different
axial temperature profiles to simulate steady state, bounding, dry
storage conditions. These conditions also encompass bounding
temperatures for drying and loading operations. The varied
analysis characterizes the effects of fuel design and storage sys-
tem design on the cladding conditions. Temperatures were
imposed so that the peak cladding temperature is at the current
licensing limit to bound hoop stress and rod internal pressure
(RIP) results.

1.1. Current regulations

The Nuclear Regulatory Commission has limited the maximum
peak cladding temperature during normal conditions of dry storage
to 400�C (752�F) for fuel with a burnup greater than 45 GWd/MTU.
This limit is set to protect the fuel rod cladding and the storage
system components from damage mechanisms related to high
temperature Ref. [2]. The principle mechanism for cladding damage
at these temperatures is embrittlement due to radial hydride
reorientation. This occurs at high temperatures and stresses where
hydrogen in the claddingwill orient itself into a radial direction due
to the hoop stress in the cladding. This makes the cladding more
susceptible to crack growth and fracture during long-term storage.
With this knowledge, the 400�C thermal limit is meant to keep
cladding hoop stress below 90 MPa Ref. [2]. Previous research
Ref. [2] has determined these temperature and hoop stress limits to
be a reasonable bound for avoiding reorientation.

There is a higher 570�C limit during short-term operations. The
570�C limit may only be applied provided that applicants for a
certificate of compliance under section 10 Code of Federal Regula-
tions 72.3 can show hoop stress remains below 90 MPa Ref. [2].
Applicants do not need to analyze hoop stress if clad temperature
remains below 400�C. Most cask licenses are based on maintaining
the 400�C limit and do not attempt to characterize hoop stress.
However, because of the methodology laid out in Interim Staff
Guidance-11 Ref. [2], it is important to analyze hoop stress at
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400�C and determine if it remains below the 90 MPa limit for hy-
dride reorientation in high-burnup fuel.

1.2. Dry storage system background

Dry storage systems fall into two broad classes, canistered and
noncanistered. An example of a noncanistered system is the TN-32,
shown in Fig. 1. Noncanistered systems consist of grid structures to
support the fuel, with a thick metal wall and support structures for
shielding, heat removal, and structural integrity. The cask interior is
filled with helium which is chosen for its lack of reactivity and its
heat transfer properties.

Canistered systems are more common in the United States than
the noncanistered systems due to their versatility and generally
lower cost. Similar to the noncanistered system, there is a metal
grid to hold the fuel assemblies; however, this grid sits in a rela-
tively thin canister (Fig. 2) instead of the thick walled cask. This
canister may have different industry names, such as multipurpose
canister, dry shielded canister, or transportable storage canister.
This design allows the canister to be placed in a vertical ventilated
storage system such as the HI-STORM 100 (Fig. 2) or a variety of
other systems. For example, a single canister could be placed in
vertical storagemodules, horizontal modules, underground storage
modules, onsite transfer casks, and offsite transportation casks.

Fig. 1. TN-32 used fuel storage cask Ref. [3].
PWR, pressurized water reactor.
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2. Model description

2.1. Application of FRAPCON

For this analysis, the primary goal was to obtain bounding es-
timates for cladding hoop stress and RIP at loading and during
drying operations. To accomplish this, a FRAPCON Ref. [4] base-
irradiation case was extended with an additional time step at
zero power after a typical irradiation history. Temperature profiles
typical of dry storage are imposed on the cladding surface with
coolant pressures that reflect realistic canister fill gas pressures for
this time step. This approach neglects time spent in the fuel pool
(typically a minimum of 5e10 years). This has been neglected
because there is no reason to believe that the pool conditions
would have a large effect on the cladding condition at loading. Rods
in the cooling pool only have decay heat generation, and z100�F
water provides heat removal to maintain low clad temperatures.
These conditions are much less severe than those found in reactor
or those in dry storage. For example, it can be assumed that there
will be no waterside cladding corrosion, no cladding creep, and no
fission product release from the pellets.

2.2. Fuel designs

This analysis focuses on modern designs that are currently in
use and will be placed into dry storage in the future. For boiling
water reactor (BWR) fuel, a generalized 10 � 10 fuel design was
used. For pressurized water reactor (PWR) fuel, two designs were
studied. A 17� 17 designwith UO2 pellets and a 17� 17 designwith
an integral fuel burnable absorber (IFBA) blanket. Other burnable
absorbers are used such as UO2-Gd2O3, but the IFBA design was
chosen because it will result in the highest RIP due to the pro-
duction of helium from the B-10 þ neutron reaction. For the IFBA
model, FRAPCON assumes that all B-10 that absorbs neutron pro-
duces helium that is released to the void volume. The PWR designs
used ZIRLO cladding, and the BWR used Zircaloy-2. These three

designs were chosen because they are expected to be representa-
tive of most light water reactor fuel in use in the United States.

2.3. Power histories

The power histories and axial profiles used in the base irra-
diation are realistic limiting cases meant to give maximum RIP.
Power history for both PWR fuels was nearly the same and is
shown in Fig. 3. The rod average burnup was 45.17 GWd/MTU for
the BWR case. The PWR rod average burnup was 55.02 GWd/
MTU for the 17 � 17 and 57.30 GWd/MTU for the 17 � 17 IFBA
case.

2.4. Temperature profiles

Dry storage conditions result in nonuniform temperature pro-
files at the cladding surface. This is due to the axial decay heat
generation profile of spent fuel and the flow conditions which vary
by storage system design and loading pattern. The typical heat
generation profile is nearly symmetric with steady heat generation
along the active length of the fuel tapering to zero heat generation
at each end. Often, a flat heat generation profile will be used in the
center of the active length as a bounding profile.

For this analysis, three different temperature profiles designated
“vacuum”, “mid flow,” and “high flow” (Fig. 4) were generated
based on thermal modeling experience and generalized models of
storage systems for a range of conditions.

The shape of each temperature profile is driven primarily by
the amount of internal recirculation in the canister and the
resulting heat transfer due to convection. The “vacuum” profile
closely follows the heat generation profile of a spent fuel rod
indicating that there is no significant heat transfer due to
convection. The only significant mechanisms are thermal
radiation and conduction through the backfill gas and fuel
basket because during vacuum drying, the low density of the fill
gas does not allow it to effectively transport energy by convection.
The profile for the vacuum case is also characteristic of a hori-
zontal module. In the horizontal case, there is no significant
driving force for recirculation even though the fill gas density is
higher than the “vacuum” case.

The “mid flow” and “high flow” cases represent a vertical
ventilated storage module with low fill gas density (around
1e2 atm) and high fill gas density (around 5e6 atm). In the “mid
flow” case, the peak of the temperature profile sits in the top third
of the active length of the fuel. This is typical across a wide array of
vertical storage systems, where they are moderately loaded (z60%

Fig. 2. HI-STORM 100 cutaway view Ref. [3].

Fig. 3. Power histories of selected cases.
IFBA, integral fuel burnable absorber.
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design basis) and allow for moderate flow. The “high flow” case
represents analysis carried out on a system with particularly
favorable convection conditions loaded at 100% design basis. It is
unusual for the peak to be this close to the top of the active length
during actual operation; however, it is useful to investigate a case
where the temperature peak is near the plenum of the rod. This will
result in a high plenum temperature and, coupledwith the typically
60e70% of the free void volume being in the plenum at the end of
life, will result in high RIP.

2.5. Oxide formation

During irradiation in the reactor, the zirconium in fuel cladding
reacts with thewater according to Eq. (1) to form zirconium dioxide
and hydrogen.

Zr þ 2H2O/ZrO2 þ 2H2 (1)

Throughout the operation, the zirconium dioxide generated in
this reaction is deposited on the outside of the fuel cladding. In
addition, under irradiation, oxygen is released from the fuel pellet,
and once fueleclad bonding occurs (typically around 20e30 GWd/
MTU), it can form a ZrO2 layer on the cladding inner surface. The
inner and outer layers of oxide have two major effects. The first is
the deposited oxide acts as an insulator for the fuel, causing it to

operate at higher temperatures. The second effect is more impor-
tant in this analysis. The oxide layer has no appreciable structural
strength and, therefore, effectively thins the cladding according to
Eq. (2). This is based on the PillingeBedworth ratio (1.56) of clad-
ding to oxide density Ref. [5]. Hoop stress results are reported in
Section 3 with this effect adjusted for.

teff ¼ tnom � d

1:56
(2)

where,

teff ¼ effective cladding thickness (m)
tnom ¼ nominal cladding thickness (m)
d ¼ oxide layer thickness (m)

2.6. Calculation of hoop stress

In FRAPCON, hoop stress is calculated according to Eq. (3)
Ref. [4].

s ¼ riPi � roPo
t

(3)

where,

s ¼ hoop stress (MPa)
Pi ¼ internal pressure (MPa)
Po ¼ coolant pressure (MPa)
ri ¼ inside radius (m)
ro ¼ outer radius (m)
t ¼ cladding thickness (ro � ri) (m)

The application of this equation in FRAPCON uses the fabricated
values for ri and ro. This does not account for clad thinning dis-
cussed in Section 2. To account for this, the hoop stress is adjusted
bymultiplying a stress factor given by Eq. (4). This adjustment has a
significant impact in the results presented in Section 3.

K ¼ tnom
tnom � teff

(4)

where,

K ¼ Stress Factor
tnom ¼ nominal cladding thickness (m)
teff ¼ effective cladding thickness (m)

2.7. Conservatism

The results of this work are meant to be realistic and bounding
for fuel in dry storage and during loading and drying operations.
Although they do not constitute a complete set of fuel designs, they
are representative of the light water reactor fuel currently in use.
Much of the conservatism this analysis can take credit for is
inherent in the design and operation of dry storage systems. Casks
are licensed for a design basis heat load to ensure peak clad
temperature remains below 400�C (752�F). For licensing purposes,
the supporting analysis for these license submittals must be carried
out in a conservative fashion Ref. [6]. At loading, there are addi-
tional factors that add margin to the peak temperatures. These
include the methods for calculating decay heat and operational
considerations for selecting fuel. Because of these factors, there is

Fig. 4. Peak normalized temperature profiles used.
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no reason to believe that during normal operations, the clad tem-
perature will reach the 400�C limit.

From a thermal standpoint, drying operations are best thought
of as a special condition for spent fuel storage analysis. Vacuum
drying procedures typically do not last long enough for the cask to
reach a steady-state temperature Ref. [7]. This means a transient
temperature solution must be used for accurate clad temperature
predictions during the process. Therefore, it is important to note
that in the field vacuum drying may not always be the limiting
condition for spent fuel. Often, peak temperatures are reached
during operations performed after drying is completed. Thismay be
in transit from the fuel-handling building to the independent spent
fuel storage installations or directly after being stored at the inde-
pendent spent fuel storage installations. This means that the 400�C
peak “vacuum” profile can be expected to give a conservative es-
timate of hoop stress and RIP for drying operations.

For a licensing calculation, a justification of the limiting fuel
design and power history would need to be undertaken by an
applicant. In this case, the analysis is meant to give a realistic bound
for the fuel being loaded into dry storage in the United States. By
analyzing the fuel with the licensing limit as the peak temperature,
a bounding estimate of hoop stress and RIP will be achieved.
Because of the margin to 90 MPa shown in Section 3 and the
favorable comparison with the previous work discussed in Section
3.3, this approach is acceptable for the present analysis.

3. Results and discussion

This section presents results and discussion from the FRAPCON
analysis. Tables 1 and 2 show the maximum hoop stress and RIP
calculated by FRAPCON. The hoop stress results are adjusted for
clad thinning according to Eq. (4). External oxide distribution is
calculated in FRAPCON. For the inner oxide layer, a constant 15
microns is assumed as a bounding value Refs. [8,9]. Pressures listed
are absolute pressure. The effect of different canister fill gas pres-
sure on hoop stress has been factored in. Table 3 lists the plenum
temperature experienced by the rods for each temperature profile.
All hoop stresses remained below the 90 MPa limit for hydride
reorientation. Cladding-irradiated yield stress is 540 MPa. Ref. [5]
Based on the results below, there is no reason to consider rod
burst for undamaged fuel rods at the bounding 400�C limit. The
variations of hoop stress and RIP are discussed in detail below.

3.1. Effect of fuel Design

Comparing the rod designs in all cases, the IFBA fuel shows the
highest internal pressure andhoopstress. This is expectedbecauseof
the increasedgas generationcausedby theburnable absorberduring
irradiation. Previous work by Lanning and Beyer Ref. [1] shows that
initial fill gas pressure and fuel design have a large impact on the
hoopstress calculated fordrystorage. This is confirmedbytheresults
shown here. Generally, the hoop stress experienced in drying is
directly related to RIP. RIP is driven by the initial fill gas pressure and
theamountof gasproducedand released fromthe fuelpellets during
irradiation. These results indicate that fuel design parameters may

be a more limiting consideration than dry storage conditions.
Further studywould bewarranted, but in this analysis, the BWR fuel
is far from the limiting 90 MPa hoop stress even at the licensing
temperature limit. This could mitigate the long-term storage and
transportation concerns of hydride reorientation in BWR fuel.

3.2. Effect of varied temperature profile

The methodology in this analysis characterizes the effects
different temperature profiles have on clad hoop stress and RIP
during storage. Themaximum RIP occurs in the high-flow case. This
is a predictable result because the high-flow profile places the peak
clad temperature very near the top of the active length of the fuel
and, therefore, shows the highest plenum temperature. Similarly,
the lowest RIP is experienced in the vacuum case where the peak is
furthest from the plenum. A cursory look at the pressure results
might lead one to believe that the highest hoop stress would be
experienced in the high-flow case because of the RIP. Table 1 shows
that this is not the case and that the highest hoop stress is seen in
the mid-flow case for all fuel designs analyzed. This result can be
explained by examining the axial distribution of cladding hoop
stress and oxide deposition along the axial length of the rod shown
in Figs. 5 and 6.

A qualitative comparison of the distribution of the stresses and
oxide layer shows them having a similar profile. This is expected
due to the adjustment for clad thinning taken into account by Eq.
(4). In effect, the weakest point in the cladding will be where the
oxide layer is the thickest. Further examination shows that the axial
hoop stress profile and oxide layer profile closely match the shape
of the mid-flow temperature profile in Fig. 4. In Fig. 5, the mid-flow
hoop stress is noticeably offset from both the high and vacuum
cases. In the mid-flow case, high temperature is being applied at
what is already the weakest point in the cladding which causes a
higher predicted hoop stress even though the RIP is lower than in
the high-flow case. This indicates that even if a 400�C temperature
were reached, the limiting case for hydride reorientation would be
a vertical cask with a medium amount of internal recirculation, not
a vacuum drying scenario.

3.3. Standard conditions and comparison with other work

For purposes of comparison, end of life RIP and void volume
have been analyzed at atmospheric conditions. Results for this
analysis are presented in Tables 4 and 5.

Table 1
Maximum hoop stress (MPa) 400�C peak temperature.

Profile Vacuum
(0.004 atm)

Medium flow
(1 atm)

High flow
(6.8 atm)

Fuel
10 � 10 39.4 43.2 39.7
17 � 17 49.3 52.7 49.2
17 � 17 IFBA 77.5 80.6 78.2

IFBA, integral fuel burnable absorber.

Table 2
End of life rod internal pressure (MPa) 400�C peak temperature.

Profile Vacuum
(0.004 atm)

Medium
flow (1 atm)

High flow
(6.8 atm)

Fuel
10 � 10 5.4 6.0 6.3
17 � 17 6.2 6.7 7.0
17 � 17 IFBA 9.7 10.2 10.6

IFBA, integral fuel burnable absorber.

Table 3
Maximum plenum temperature (all fuel types) (�C).

Profile Temperature (�C)

Vacuum (0.004 atm) 264
Medium (1 atm) 348
High (6.8 atm) 397
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The RIP at room temperature draws a useful comparison with
the previous work carried out analyzing spent fuel, by Oak Ridge
National Laboratory (ORNL) Ref. [10] and the Electric Power
Research Institute (EPRI) Ref. [11]. The EPRI conducted a literature
search of RIP data correlated with burnup. The RIPs found in

Table 4 acceptably bound the dataset, with the 17 � 17 results
near the bottom and 17 � 17 IFBA rods near the top. The void
volume also lies within the EPRI dataset. The ORNL report ana-
lyzes rods with an isothermal temperature profile. As discussed in
Section 2, an isothermal temperature profile is not a realistic
scenario and as such is of limited use in comparing internal

Fig. 5. Hoop stress 17 � 17 design.

Fig. 6. End of life oxide thickness 17 � 17 design.
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pressure and hoop stress results. In addition, the ORNL report did
not use FRAPCON's validated IFBA He-release model and, there-
fore, did not capture the interrelated effects of RIP on fuel rod
deformation. However, the void volume predictions in Table 5 fall
within the highest frequency of the ORNL data and can be
compared reasonably because void volume shows minimal
change with temperature and pressure. These comparisons give
confidence that although this analysis studies a relatively small
amount of cases, the results are still representative and conser-
vative for current fuel designs.

4. Conclusions

The results presented in this article show that the cladding hoop
stress in modern fuel designs will likely remain below 90 MPa at
the 400�C limit during normal conditions of storage and transfer
operations, such as vacuum drying. Fuel designwas found to have a
large impact on RIP and cladding hoop stress. The limiting tem-
perature profile was found to be one where medium internal
recirculation is present, rather than the vacuum drying or high-
flow condition. This is due to the axial oxide distribution and
associated clad thinning. Claddings that have higher waterside
corrosion will be more limiting than modern alloys with relatively
low oxide formation. More study may be warranted to characterize
a bounding oxide thickness. All analyses were reasonably repre-
sentative of modern high-burnup fuel and conservative for condi-
tions of dry storage operations.
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