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§ Finite-element, engineering fuel performance code based on 
INL’s open-source MOOSE framework

§ Solution of fully-coupled thermo-mechanics equations in 
1D, 2D axisymmetric or generalized plane-strain, or 3D

1 R.L. Williamson et al., Multidimensional multiphysics simulation of nuclear fuel behavior, J. Nucl. Mater. 423, 149, 2012
2 J.D. Hales et al., Multidimensional multiphysics simulation of TRISO particle fuel, J. Nucl. Mater. 443, 531, 2013

applied by the coolant pressure, but after mechanical contact with
the fuel begins, the hoop stress goes into tension. Due to the contact
and the fission gas release, the tensile load rises to approximately
55 MPa by the end of irradiation.

During irradiation, the fuel is always in thermal contact with the
cladding with a gap heat transfer model described in Ref. [4]. The
high temperatures and exposure to the coolant cause the cladding
to oxidize on the water side. The oxide growth is shown Fig. 5b. On
the cladding adjacent to the inter-pellet gaps, the oxide layer is
thinner because the chamfers and gaps in the fuel pellets inhibit
local heat transfer to the cladding. As discussed in Section 2
hydrogen pickup is proportional to growth of the oxide layer, so
hydrogen pickup is somewhat reduced in the region of the inter-
pellet gap. However, at later times during the irradiation,
hydrogen from elsewhere in the cladding redistributes into the

regions adjacent to the inter-pellet gaps because the Soret effect
causes diffusion towards the lower temperatures there. Ultimately,
despite the locally reduced hydrogen pickup, the rim becomes
thickest in these regions. The effect is demonstrated in Fig. 6, where
we have again set fclamp¼ 0.1 to qualitatively mimic the behavior
seen in post-irradiation examinations of cladding.

After the irradiation, the rod is first cooled by the coolant as the
reactor is brought to the cold zero power (CZP) state. Then the rod
assembly is moved into the spent fuel pool for 3 " 108 s at 308 K,
where the heat transfer coefficient is 400 W m#2 K. When the rod
cools, the pellet stack contracts to a greater extent than the clad-
ding, leaving thickened sections of hydride rim somewhat offset
with respect to the inter-pellet gaps, as shown in Fig. 7. Decay heat
from the fuel keeps the cladding slightly warmer than the water.
However, the temperature is low enough that very soon after the
rodlet enters the spent fuel pool, nearly all of the hydrogen in so-
lution either precipitates or becomes immobile in solution. The cool
temperatures in the cladding prevent any significant diffusion for
the duration of the time in the spent fuel pool. Therefore, there is no
significant physical change in the cladding during the time in the
spent fuel pool.

After the spent fuel pool, the fuel rodlet is dried in a DCSS in a
vacuum environment for 24 h during which the temperature in-
creases rapidly because all of the decay heat must be dissipated by
radiation. NRC regulations limit the maximum cladding tempera-
ture during drying to 400 $ C to reduce the potential for formation
of radial hydrides and cracking. The BISON simulation predicts a
peak cladding temperature very close to 400 $C for these drying
conditions. During this time, hoop stress increases to 70 MPa. The
high drying temperature causes some of the hydride to redissolve
(TSSd¼ 171 wt.ppm at 400 $ C) and redistribute uniformly
throughout the thickness of the clad. The distribution of hydrides
before and immediately after the drying stage is shown in Fig. 8.

Subsequent to the drying stage, the cask is back-filled with he-
lium gas, and the improved heat transfer begins to cool the rodlet.
After several years, the temperature in the cladding reaches the

Fig. 5. BISON prediction of (a) temperature and (b) oxide thickness along the 50-pellet
rodlet. The plot in (a) has been scaled in the radial direction to better illustrate the
temperature gradient.

Fig. 6. From left to right: BISON prediction of temperature in the pellets, temperature
in the cladding, and hydrogen concentration in the cladding near the end of 1 " 108 s
of irradiation. The hydride rim is thickest adjacent to the (relatively cold) inter-pellet
gap. The cladding has been enlarged by 2" in the radial direction to show more detail.
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§ Arbitrary geometry

§ Used to analyze LWR, TRISO, and fast metal and 
oxide fuels

§ Designed for efficient use on parallel computers

fuel performance code

Fig. 6 is a plot of the clad radial displacement versus axial
length, at various times in fuel life. Results from both the discrete
and smeared-pellet calculations are shown for comparison. During
initial power-up, the clad displaces uniformly outward due to ther-
mal expansion and an increase in rod pressure. Then, during the
first 13 MWd/kgU of burnup, clad creep-down results in an inward
displacement of approximately 13 lm. It is interesting to observe
that for the discrete pellet simulation, a small pellet-to-pellet dis-
placement oscillation is evident, well before any contact with the
fuel. This displacement oscillation is the result of an axial temper-
ature variation in the clad of the same frequency, occuring due to
reduced radial heat transfer in regions adjacent to the fuel cham-
fering. Gap closure and mechanical contact occur at approximately
35 MWd/kgU, as was shown in Fig. 5c, causing the clad to reverse
direction and begin displacing outward. For the discrete-pellet
simulation, localized peaks form at pellet-pellet interfaces (the
‘‘triple point’’) due to the hourglass shape of the pellets. The com-
monly observed ‘‘bamboo’’ profile along the clad length is obvious.

A final result in Fig. 7 shows the predicted cracking evolution in
a single pellet at three times during the initial power-up. Colors
indicate level of cracking, with blue being uncracked and red
fully-cracked. Fig. 7a corresponds to a fuel centerline and surface
temperature of 705 and 565 K, respectively, showing that crack ini-
tiation is predicted for a relatively small temperature difference of
140 K. Fig. 7c is at the end of power-up and corresponds to a cen-
terline and surface temperature of 1283 and 798 K, respectively, or
a temperature difference of 485 K. Only a small core region of the
pellet remains uncracked at this time. Note that UO2 exhibits com-
pletely elastic behavior to temperatures of approximately 1500 K
[35], thus the assumed brittle fracture behavior is reasonable.

3.2. Pellet clad mechanical interaction

Instances of cladding failure due to pellet clad interaction occur
for a variety of reasons. One example of such failure occurs during
startups or other power changes as thermal expansion of the fuel
pellet leads to increased stress in the cladding. Plant experience
and testing have resulted in provisions to limit power ramp rates
to allow adequate time for stress relaxation in the clad material.
Such limitations have been successful in preventing cladding fail-
ures. Recently, however, it was confirmed that cladding failures
can still occur in high energy cores when there are geometric
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Fig. 5. Rodlet results showing histories of (a) temperature at the fuel center and
surface and at the clad inner wall, (b) plenum pressure and fission gas release, and
(c) gap closure at the end and middle of a discrete pellet. Comparative results from
the smeared-pellet analysis are included in (a) and (c).

Fig. 6. Clad radial displacement, versus axial length, at various times in fuel life.
Results from both the discrete and smeared-pellet calculations are shown for
comparison.
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Fig. 17. Risø-3 GE7  power history during power ramp.
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Fig. 18. Risø-3 GE7  axial power profile during base irradiation and power ramp.

occur at a burnup of approximately 28  MWd/kgU. On the other
hand, the measured diameter profile following base irradiation
shows no evidence of contact; this is not surprising based on much
lower measured clad creep down.

Comparing the measured and predicted diameter change during
the ramp test indicates BISON does a reasonable job of predicting
the transient mechanical behavior. Permanent change in the clad
diameter results from both creep and instantaneous plasticity and
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Fig. 19. Comparison of the computed and measured rod diameter, as a function of
rod length, for the Risø-3 GE7  experiment.

is driven principally by thermal expansion and gaseous swelling of
the fuel. As noted above, fission gas release is coupled to gaseous
swelling in BISON, as described in Pastore et al. (2013, 2015).

Note that the Risø-3 GE7  validation case is considered in greater
detail in a recent publication (Gardner et al., 2015). There the fuel
is considered as either a smeared column or as discrete pellets and
it is concluded that the final diameter comparison improves when
considering the discrete pellet geometry. In light of this observa-
tion, a future improvement to the BISON validation effort will be
the inclusion of discrete pellet analysis where appropriate.

6. Conclusions

BISON is a next-generation multidimensional fuel performance
code that has been under development at INL since 2009. Code
development is accompanied by essential code and solution verifi-
cation processes. Although designed as a multi-fuels code, to date
BISON has been primarily applied to LWR  fuel. In this validation
study, BISON predictions have been compared to 35 LWR  fuel rod
experiments. Results demonstrate:

• Fuel centerline temperature comparisons through all phases of
fuel life are very reasonable. Deviations between predictions and
experimental data are shown to be within ± 10% for early life
through high burnup fuel and only slightly out of these bounds
for power ramp experiments. Power ramp experiments gener-
ally involve a fuel refabrication process which adds to modeling
uncertainty.

• Accuracy in predicting FGR appears to be consistent with state-
of-the-art modeling and with the involved uncertainties.

• Comparison of rod diameter results indicate a tendency to
overpredict clad diameter reduction early in life, when clad
creepdown dominates, and more significantly overpredict diam-
eter increase late in life, when fuel expansion controls the
mechanical response. During power ramping, comparisons are
very reasonable for low burnup fuel but grow steadily worse at
higher burnups. In contrast to the base irradiation, where the
radial fuel growth is overpredicted, for power ramps the mea-
sured value generally exceeds the prediction indicating the fuel
diameter increase is underpredicted. Initial rod diameter com-
parisons are not satisfactory and have lead to consideration of
additional separate effects experiments to better understand and
predict clad and fuel mechanical behavior.

Results from this study are being used to define and prioritize
future code development and validation activities. High priority
items include:

• An increased emphasis on separate effects validation experi-
ments, especially for fuel swelling and fuel and cladding creep.

• Inclusion of more realistic mechanical models for oxide fuel,
specifically smeared cracking and creep.

• Addition of a relocation recovery model.
• Consideration of discrete pellet geometry in validation cases,

especially for cladding diameter comparisons.
• Expansion of the validation base to include other fuel types

including MOX  and Gd-doped fuels.
• Inclusion of the effects of high burnup structure on fuel perfor-

mance.
• Addition of accident behavior cases (both LOCA and RIA) to the

validation base.
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BISON experimental comparisons of fuel centerline temperature for through-life rods for different burnup ranges3

BISON experimental comparisons of cladding outer 
diameter for the Risø-3 GE7 test3
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Table 2
Overview of the main integral experimental data used for validation of BISON.

Experiment Rod Final Burnup (MWd/kgU) FCT FGR Rod Dia Refs.

IFA-431 1a ≈4 X Hann et al. (1978)
IFA-431 2a ≈4 X Hann et al. (1978)
IFA-431 3a ≈4 X Hann et al. (1978)
IFA-431 (3D) 4a ≈4 X Hann et al. (1978), Hales et al. (2013a)
IFA-432 1a ≈32 X Hann et al. (1978), Sartori et al. (2010)
IFA-432 2a ≈32 X Hann et al. (1978), Sartori et al. (2010)
IFA-432 3a ≈32 X Hann et al. (1978), Sartori et al. (2010)
IFA-515.10 A1b 86.6 X Tverberg and Amaya (2001)
IFA-534 18 59.0 X Sartori et al. (2010)
IFA-534 19 59.0 X Sartori et al. (2010)
IFA-535 809 54.4 X Sartori et al. (2010)
IFA-535 810 54.4 X Sartori et al. (2010)
IFA-562.2 15 56.7 X X Lösönen (1989)
IFA-562.2 16 56.2 X X Lösönen (1989)
IFA-562.2 17 56.2 X X Lösönen (1989)
IFA-597.3 8 68.1 X X Sartori et al. (2010)
Risø-2 GE-m 15.8 X X Sartori et al. (2010)
Risø-3 AN2 40.7 X X Sartori et al. (2010)
Risø-3 AN3 42.0 X X Sartori et al. (2010)
Risø-3 AN4 42.0 X X Sartori et al. (2010)
Risø-3 GE7 40.9 X X Sartori et al. (2010)
Risø-3 II3 17.6 X X X Sartori et al. (2010)
Risø-3 II5 47.6 X X X Sartori et al. (2010)
OSIRIS H09 46.1 X X Sartori et al. (2010)
OSIRIS J12 26.7 X X Sartori et al. (2010)
REGATE 47.0 X X Sartori et al. (2010)
USPWR 16x16 TSQ002 53.2 X X Sartori et al. (2010)
USPWR 16x16 TSQ022 58.1 X X Sartori et al. (2010)
R.E. Ginna 2 51.2 X X Sartori et al. (2010)
R.E. Ginna 4 57.0 X X Sartori et al. (2010)
HBEP BK363 76.0 X IAEA (2012)
HBEP BK365 78.3 X IAEA (2012)
Tribulation BN1/3 50.7 X X Sartori et al. (2010)
Tribulation BN1/4 50.6 X X Sartori et al. (2010)
Tribulation BN3/15 51.1 X X Sartori et al. (2010)

a Only considered first rise to power.
b Included first rise to power in beginning of life comparisons.

comprehensive list of the standard models and assumptions used,
and a more detailed description of each validation case, is available
in the BISON validation report (Perez et al., 2015).

5.2. Validation of thermal behavior

Accurate fuel temperature predictions are essential for fuel per-
formance and safety analysis as all key phenomena taking place
in a fuel rod are dominated by the local temperature (Lassmann,
1988). Numerous experiments have been conducted with in-situ
measurements of the fuel centerline temperature using either a
centerline thermocouple or extensometer. The set of experiments
considered here are identified in Table 2.

5.2.1. Beginning of life thermal behavior
Temperature comparisons during the first rise to power

(referred to as Beginning of Life (BOL) in this paper) are significant
as they isolate several important aspects of fuel rod behavior before
complexities associated with higher burnups are encountered.
Accurate prediction of BOL fuel centerline temperature requires
accurate models for the fuel and cladding thermal conductivity and
gap conductance. The latter depends principally upon the gap gas
conductivity and gap width, which in turn depends on models for
fuel and cladding thermal expansion and fuel relocation.

Fig. 5 summarizes BOL fuel centerline temperature compar-
isons for the set of experiments in Table 2 where such data are
available. Plotted is the predicted versus measured fuel centerline
temperature as the rod power is increased during power-up. For
all cases considered to date, deviations between BISON predictions
and experimental data are less than ±10%. Although measurement

uncertainty is rarely reported, reference (Hann et al., 1978), which
is the data report for the Halden IFA-432 experiment, indicates
temperature measurement uncertainty of ±1% over the temper-
ature range of interest. However, the same report indicates that
the uncertainty in assembly power is on the order of ±6%. Uncer-
tainties in power and in fuel thermal conductivity are expected to
be responsible for most of the uncertainty in the calculated fuel
temperature (Bouloré et al., 2012).

With one exception, all of the comparisons in Fig. 5 involved
experiments and models which were assumed to be axisymmetric.
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Fig. 5. BOL measured vs. predicted fuel centerline temperature for fuel rods in IFA-
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BISON validation database for normal operating conditions 
and power ramps3

3 R.L. Williamson et al., 
Validating the BISON 
fuel performance code 
to integral LWR 
experiments, Nucl. Eng. 
Des. 301, 232, 2016
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Temperature contour plots of the concentric (left) and 
eccentric (right) pellets and fuel temperature profile across 

the diameter of the pellets at the fuel axial mid-plane 
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Fig. 6. BISON result comparisons to experimental data for the concentric and eccen-
tric  test pellets with a ±6% error bar in linear heat rate.

The exception is IFA-431 rod 4, which involved 3D behavior by
design. This comparison is of interest and considered in greater
detail here as it provides an opportunity to exercise and validate
the 3D analysis capabilities in BISON.

IFA-431 rod 4 was designed to analyze the effects of fuel pel-
let eccentricity, defined here as the distance a fuel pellet axis of
symmetry is radially offset from the cladding axis of symmetry.
The fuel rod was 0.62 m in length with the test pellets of inter-
est located in the upper and lower sections of the rod. The upper
test section consisted of 4 annular pellets that were constrained
to remain concentric with the axis of symmetry by a molybdenum
rod through the fuel centerline. The concentric pellets had an initial
fuel-cladding radial gap of 115 !m.  Similarly, the lower test section
consisted of 4 pellets that were held eccentrically using another
molybdenum rod. The eccentricity value for the case considered
here was 90 !m resulting in a minimum and maximum initial radial
gap of 25 and 205 !m,  respectively. The test pellets (top and bot-
tom) were constrained from radial movement by extending the
molybdenum rods into larger diameter pellets above and below the
test pellets. These larger pellets were designed to have a very small
initial fuel/cladding radial gap (25 !m)  and thus thermally expand
into contact with the cladding, locking the test pellets in place dur-
ing the initial rise in fuel temperature. Due to the non-axisymmetric
geometry of this experiment, it was simulated using two  separate
3D models, one for the top section of the rod containing the concen-
tric pellets, and one for the bottom section containing the eccentric
pellets (Hann et al., 1978). The nearly linear rise to power in the
experiment was approximated in the model using a simple linear
ramp from 0 to 20 kW/m over a 90,000 s time period. Since temper-
ature comparisons are made as a function of power, this simplifying
approximation is very reasonable.

Fig. 6 compares the predicted and measured fuel centerline tem-
perature as a function of rod power, for both the concentric and
eccentric pellet configurations. Both experiment and computation
indicate that the fuel centerline temperature is lower in the eccen-
tric pellets than in the concentric pellets. For the eccentric pellets,
BISON slightly underpredicts the temperature at low power and
overpredicts the temperature at higher power. Further note that
for the eccentric pellets, the slope of the predicted temperature
curve drops at a power of approximately 5 kW/m.  This corresponds
to fuel-clad gap closure which, for the eccentric pellets, occurs
early in the power rise due to a small initial gap width. For the
concentric pellets, temperature predictions are very good at low
power but are increasingly overpredicted at higher power. Still,
as demonstrated in Fig. 5, predictions are always within 10% of
measurements. Note that efforts are underway to refine the model

Fig. 7. Temperature contour plots of the concentric (left) and eccentric (right) pellets
and  the fuel temperature profile across the diameter of the pellets at the fuel axial
mid-plane.

and potentially improve comparisons, specifically by including the
thermal behavior of the molybdenum rods and adding discrete
cracking in the fuel pellets.

Fig. 7 shows a side-by-side comparison of the computed temper-
ature fields at peak power for the concentric and eccentric models.
Also plotted are temperature profiles across the pellet diameter at
the axial mid-plane. The difference in the centerline temperature
between the concentric and eccentric pellets is because not only
are the concentric test pellets higher in temperature (as indicated
in Fig. 6) but also the peak temperature of the eccentric pellets is
offset from the centerline, where the thermocouple is located. The
peak fuel temperature of the concentric pellets occurs, as expected,
at the fuel center (TC location) and is approximately 1817 K. The
peak temperature for the eccentric pellets is offset 1.4 mm to the
left of the TC location (see Fig. 7) and is approximately 1644 K (Hales
et al., 2013a).

5.2.2. Through-life fuel thermal behavior
Four cases in Table 2 contained through-life temperature data:

IFA-515.10 Rod A1 and IFA-562 Rods 15, 16 and 17 (Tverberg
and Amaya, 2001; Lösönen, 1989). The four cases were composed
of annular UO2 fuel pellets enclosed in Zircaloy-2 cladding. The
through-life temperature measurements were obtained using cen-
terline expansion thermometers (ET) that were placed inside the
inner diameter of the fuel stack. These ETs spanned the entire length
of the fuel stack and therefore provided average fuel centerline
measurements as derived from their elongation. These rods were
irradiated to high burnups, 75.5 MWd/kg UO2 for IFA-515.10 Rod
A1, and an average of 49.4 MWd/kg UO2 for the IFA-562.2 rods. To
illustrate results, measured vs. predicted plots are given for four
different burnup increments: 0≤ Bu <20, 20≤ Bu <40, 40≤ Bu <60,
and Bu ≥ 60 MWd/kg UO2 as shown in Fig. 8.

For the IFA-515.10 Rod A1 irradiation, it is observed that the
bulk of the data points for all burnup ranges are within the ±10%
error bands as illustrated by the blue circles. At low temperatures
the deviation between BISON and the experiment is small with the
majority of points falling close to the measured equals predicted
(M = P) line. As irradiation progresses it is observed that the
majority of the calculated temperatures remain within 10% of
the experimental values. This indicates that BISON’s fuel thermal
conductivity model accurately captures the degradation of the
thermal conductivity as a function of burnup. The centerline tem-
peratures are strongly influenced by the fuel-to-clad gap model.
As mentioned previously, BISON utilizes a model that is comprised
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the 3D analysis capabilities in BISON.
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3D models, one for the top section of the rod containing the concen-
tric pellets, and one for the bottom section containing the eccentric
pellets (Hann et al., 1978). The nearly linear rise to power in the
experiment was approximated in the model using a simple linear
ramp from 0 to 20 kW/m over a 90,000 s time period. Since temper-
ature comparisons are made as a function of power, this simplifying
approximation is very reasonable.

Fig. 6 compares the predicted and measured fuel centerline tem-
perature as a function of rod power, for both the concentric and
eccentric pellet configurations. Both experiment and computation
indicate that the fuel centerline temperature is lower in the eccen-
tric pellets than in the concentric pellets. For the eccentric pellets,
BISON slightly underpredicts the temperature at low power and
overpredicts the temperature at higher power. Further note that
for the eccentric pellets, the slope of the predicted temperature
curve drops at a power of approximately 5 kW/m.  This corresponds
to fuel-clad gap closure which, for the eccentric pellets, occurs
early in the power rise due to a small initial gap width. For the
concentric pellets, temperature predictions are very good at low
power but are increasingly overpredicted at higher power. Still,
as demonstrated in Fig. 5, predictions are always within 10% of
measurements. Note that efforts are underway to refine the model

Fig. 7. Temperature contour plots of the concentric (left) and eccentric (right) pellets
and  the fuel temperature profile across the diameter of the pellets at the fuel axial
mid-plane.

and potentially improve comparisons, specifically by including the
thermal behavior of the molybdenum rods and adding discrete
cracking in the fuel pellets.

Fig. 7 shows a side-by-side comparison of the computed temper-
ature fields at peak power for the concentric and eccentric models.
Also plotted are temperature profiles across the pellet diameter at
the axial mid-plane. The difference in the centerline temperature
between the concentric and eccentric pellets is because not only
are the concentric test pellets higher in temperature (as indicated
in Fig. 6) but also the peak temperature of the eccentric pellets is
offset from the centerline, where the thermocouple is located. The
peak fuel temperature of the concentric pellets occurs, as expected,
at the fuel center (TC location) and is approximately 1817 K. The
peak temperature for the eccentric pellets is offset 1.4 mm to the
left of the TC location (see Fig. 7) and is approximately 1644 K (Hales
et al., 2013a).

5.2.2. Through-life fuel thermal behavior
Four cases in Table 2 contained through-life temperature data:

IFA-515.10 Rod A1 and IFA-562 Rods 15, 16 and 17 (Tverberg
and Amaya, 2001; Lösönen, 1989). The four cases were composed
of annular UO2 fuel pellets enclosed in Zircaloy-2 cladding. The
through-life temperature measurements were obtained using cen-
terline expansion thermometers (ET) that were placed inside the
inner diameter of the fuel stack. These ETs spanned the entire length
of the fuel stack and therefore provided average fuel centerline
measurements as derived from their elongation. These rods were
irradiated to high burnups, 75.5 MWd/kg UO2 for IFA-515.10 Rod
A1, and an average of 49.4 MWd/kg UO2 for the IFA-562.2 rods. To
illustrate results, measured vs. predicted plots are given for four
different burnup increments: 0≤ Bu <20, 20≤ Bu <40, 40≤ Bu <60,
and Bu ≥ 60 MWd/kg UO2 as shown in Fig. 8.

For the IFA-515.10 Rod A1 irradiation, it is observed that the
bulk of the data points for all burnup ranges are within the ±10%
error bands as illustrated by the blue circles. At low temperatures
the deviation between BISON and the experiment is small with the
majority of points falling close to the measured equals predicted
(M = P) line. As irradiation progresses it is observed that the
majority of the calculated temperatures remain within 10% of
the experimental values. This indicates that BISON’s fuel thermal
conductivity model accurately captures the degradation of the
thermal conductivity as a function of burnup. The centerline tem-
peratures are strongly influenced by the fuel-to-clad gap model.
As mentioned previously, BISON utilizes a model that is comprised

3D analysis of Halden IFA-431 rod 4 
(effects of fuel pellet eccentricity)3

BISON fuel temperature results and 
experimental data for the concentric and 

eccentric pellets cases

BISON LWR Validation

3 R.L. Williamson et al., Validating the BISON fuel performance code to integral LWR experiments, 
Nucl. Eng. Des. 301, 232, 2016 5



Collaboration with POLIMI and JRC Karlsruhe
4 G. Pastore, L.P. Swiler, J.D. Hales, S.R. Novascone, D.M. Perez, B.W. Spencer, L. Luzzi, P. Van Uffelen, R.L. Williamson 
Uncertainty and sensitivity analysis of fission gas behavior in engineering-scale fuel modeling, J. Nucl. Mater. 456, 398, 2015 
5 T. Barani, E. Bruschi, D. Pizzocri, G. Pastore, P. Van Uffelen, R.L. Williamson, L. Luzzi, Analysis of transient fission gas 
behaviour in oxide fuel using BISON and TRANSURANUS, J. Nucl. Mater. 486, 96, 2017

Physically based fission gas release and swelling model with 
diffusional mechanisms plus burst release during transients4,5

BISON LWR Validation

Integral FGR vs time during LWR fuel rod 
power ramp experiment Risø-3 AN4

Integral FGR at EOL for 19 LWR fuel rod 
power ramp experiments

Radial profile of Xe concentration 
at EOL for Risø-3 AN8 and PIE data 

6



• Analyzing the thermo-mechanical response of a BWR fuel rod subject to 
transient events in presence of a 0.1 mm deep missing pellet surface (MPS)6

7

Fig. 9. Cladding mechanical response for baseline case (0.1 mm deep flaw) at end of analysis (time point m), showing contours of (a) hoop stress, (b) von Mises stress and (c)
hoop creep strain from two viewpoints. Displacements are magnified 10!.

164 B.W. Spencer et al. / Nuclear Engineering and Design 307 (2016) 155–171

Zy-2 cladding

He fill gas (0.3 MPa)

UO2 fuel

Missing pellet surface

Multidimensional analysis of MPS defects

6 B.W. Spencer, R.L. Williamson, D.S. Stafford, S.R. Novascone, J.D. Hales, G. Pastore, Nucl. Eng. Des. 307, 155-171, 2016
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• Zircaloy oxidation with Leistikov7 (673K<T<1800K) and Prater-Courtright8 (T>1900) correlations
• Crystallographic phase transition of Zircaloy9

• High-temperature creep of Zircaloy10

• Burst failure criteria including overstress10, plastic instability and overstrain11

Cladding high-temperature models

7 S. Leistikow et al., CSNI/IAEA specialists meeting on water reactor fuel safety and fission product release in off-normal and accident conditions, 1983
8 J.T. Prater, E.L. Courtright, Zircaloy-4 oxidation at 1300 to 2400 C, NUREG/CR-4889, PNL-6166, Pacific Northwest National Laboratory, USA, 1987
9 A.R. Massih, Transformation kinetics of zirconium alloys under non-isothermal conditions, J. Nucl. Mater. 384, 330, 2009
10 F. Erbacher et al., Burst criterion of Zircaloy fuel claddings in a loss-of-coolant accident, Zirconium in the Nuclear Industry, 5th Conference, 1982
11 V. Di Marcello, A. Schubert, J. van de Laar, P. Van Uffelen, The TRANSURANUS mechanical model for large strain analysis, Nucl. Eng. Des 276, 19, 2014
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• Temperature transient tests in steam on PWR-size Zircaloy-4 tubes at 
various internal pressures12,13

12 M.E. Markiewicz and F.J. Erbacher.,. Tech. Rep. KfK 4343, Kernforschungszentrum Karlsruhe, Germany, 1988 
13 F. Erbacher, H. Neitzel, K. Wiehr, Tech. Rep. KfK 4781, Kernforschungszentrum Karlsruhe, Germany, 1990

Ballooning and burst tests REBEKA
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BISON 2D simulations of the REBEKA cases with 1 K/s heating rate

Ballooning and burst tests REBEKA

14 G. Pastore S.R. Novascone, R.L. Williamson, J.D. Hales, B.W. Spencer, D.S. Stafford, Modeling of Fuel Behavior during 
Loss-of-Coolant Accidents using the BISON Code, Proc. of Top Fuel, Zurich, Switzerland, September 13-17, 2015 10

Scaled 4x in the radial direction for visualization

Comparisons of BISON predictions to experimental data of 
cladding burst temperature for the REBEKA tests 



BISON 3D analysis demonstration with azimuthal temperature variation of 30 K 14

14 G. Pastore S.R. Novascone, R.L. Williamson, J.D. Hales, B.W. Spencer, D.S. Stafford, Modeling of Fuel Behavior during 
Loss-of-Coolant Accidents using the BISON Code, Proc. of Top Fuel, Zurich, Switzerland, September 13-17, 2015

Ballooning and burst tests REBEKA

Scaled 3x in the radial direction for visualization

11



• Tests performed at MTA-EK15 on Zircaloy-4 cladding tubes under isothermal 
conditions in the temperature range of 973-1473 K

• 2D BISON simulations were performed for all of the 31 PUZRY cladding tests

Ballooning and burst tests PUZRY

12

Comparisons of BISON predictions to experimental data for time to cladding burst (left) and burst pressure (right). 
Each symbol corresponds to a BISON simulation of one of the 31 PUZRY tests. 

15 E. Perez-Feró et al., Tech. Rep. EK-FRL-2012-255-01/02, Center for Energy Research, Hungarian Academy of Sciences, 
Budapest, Hungary, 2013



• Tenth Halden LOCA test16

• PWR fuel rod pre-irradiated to 61 MWd/kgU

• Modest ballooning, negligible fuel axial relocation

• 2D BISON simulation was performed

16 A. Lavoil, LOCA Testing at Halden; The Tenth Experiment IFA-650.10, Technical Report HWR-974, OECD Halden Reactor Project, 2010

Signals for measured rod inner pressure (PF1), clad temperature 
(TCC), elongation (EC2) and gamma monitor response (MON40) 

Post-test visual inspection for IFA-650.10 showing 
burst opening at two orthogonal orientations 

Cross sectional geometry of the IFA-650.10 test rig 

Halden integral LOCA test IFA-650.10

13



• Cladding ballooning due to high-temperature creep is reproduced

Hoop strain and cladding temperature at peak axial position 
during the post-blowdown period 

Contour plots for hoop strain (left) and cladding 
temperature (right) at the time of burst failure

Halden integral LOCA test IFA-650.10

14



• Predicted time to burst is ~240.5 s after blowdown (experimental ~249 s)

• Cladding diametral strain is overpredicted significantly

Calculated and measured rod inner pressure during 
the post-blowdown phase

Calculated axial profile of cladding outer diameter at the 
end of the test and PIE data

Halden integral LOCA test IFA-650.10

15



• High burnup rod (89.9 MWd/kgU) with significant axial fuel relocation11

• The axial relocation model from Jernkvist and Massih12 is used in BISON
• Early results, differing failure criteria of plastic instability (PI) and overstrain (OS)

Halden integral LOCA test IFA-650.9

11 L.O. Jernkvist and A.R. Massih, Technical Report SSM-2015:37, 2015
12 F. Bole du Chomont, LOCA testing at Halden, the ninth experiment IFA-650.9, HWR-917, OECD Halden Reactor Project, 2009 16

Calculated cladding outer diameter profile at the end of 
the test and PIE data

Calculated fuel mass fraction as a function of axial 
position compared to a gamma scan of 137Cs



• Tests at the CABRI reactor (France) on PWR rods at extended burnup13,14

• Transient tested in a sodium coolant loop with Gaussian-type power pulses
• 4 cases simulated with BISON
• Comparisons against reported data and prior FALCON simulations

Development of a RIA Experimental Benchmark for BISON

Table 1: Overview of REP Na cases

Test REP Na-2 REP Na-3 REP Na-5 REP Na-10
(date) (6/94) (10/94) (5/95) (7/98)
Fuel Type 17x17 UO2 17x17 UO2 17x17 UO2 17x17 UO2
Cladding Type Std Zy-4 Std Zy-4 Std Zy-4 Std Zy-4
Initial enrichment (235U/U %) 6.85 4.5 4.5 4.5
Internal gas pressure (MPa, 20˝C) 0.101 0.31 0.302 0.301
Active length (mm) 1004.9 440.8 563.5 559
Max. burnup (GWd/tU) 33 53.8 64 63
Corrosion thickness (�m) 10 35-60 15-25 60-100
Pulse width FWHM (ms) 9.6 9.5 8.8 31
Energy deposit (J/g) [cal/g] 865 [207] 511 [122.2] 435 [104] 453 [108.3]
Cladding OD (mm) 9.51 9.55 9.51 9.51
Cladding thickness (mm) 0.637 0.596 0.578 0.575
Pellet OD (mm) 8.05 8.19 8.19 8.19
Pellet height (mm) 11.99 13.69 13.74 14.25
Diametral fuel-cladding gap (�m) 186 164 164 164

operating conditions specified in FRAPCON example input files [12]. The RIA simulations used the base irradiation
simulation as the initial conditions by changing the necessary material models (especially the thermal-hydraulic model
from water properties to sodium) and performing a recover option in BISON to continue the RIA simulation where
the base irradiation ended. This method allowed all displacements, any non-linear strains, radial power factors due to
burnup, cladding oxidation, and especially fission gas inventory in the fuel, to be used in the RIA simulation.

2.2 NSRR Water Cases

An overview of NSRR FK cases selected for BISON assessment is shown in Table 2. All nine test rods selected from
the FK series are short rodlets with an active fuel stack length of 102 mm (10 pellets) or 128 mm (12 pellets). Fuel rod
segments for Tests FK-1, FK-2, and FK-3 were irradiated in Fukushima Daiichi Unit 3 for three cycles to a burnup level
of 41 to 45 GWd/tU, and FK-4 – FK-9 were irradiated in Fukushima Daini Unit 2 to a burnup level of 56 to 61 GWd/tU
[7, 8]. The short fuel segment for each rod has a flat axial burnup profile from base irradiation, and a uniform axial
power profile in the RIA transient. All the fuel types are UO2 fuel enriched to 4.5% with zirconium-lined recrystallized
Zircaloy-2 cladding. Those rodlets were tested in the NSRR reactor at room temperature (~20˝C) and atmospheric
pressure (~0.1 MPa) condition.

Table 2: Overview of NSRR FK cases

Test FK1 FK2 FK3 FK4 FK5 FK6 FK7 FK8 FK9
Clad thickness (mm) 0.86 0.86 0.86 0.86 0.86 0.86 0.86 0.86 0.86
Fuel density (%TD) 0.97 0.97 0.97 0.97 0.97 0.97 0.97 0.97 0.97
U235 enrichment (%) 4.5 4.5 4.5 4.5 4.5 4.5 4.5 4.5 4.5
Burnup (GWd/tU) 45 45 41 56 56 61 61 61 61
Pre-test fill gas pressure (MPa) 0.3 0.3 0.3 0.5 0.5 0.1 1.5 1.5 1.5
Peak linear heat rate (W/cm) 228 228 209 350 350 350 350 350 350
Energy deposit (cal/g) 167 95 186 180 100 168 166 90 119
Peak fuel enthalpy (cal/g) 129.52 69.8 144.5 139.5 69.8 130.5 128.6 64.8 89.8
Power Pulse width (ms) 4.5 7 4.5 4.3 7.3 4.3 4.3 7.3 5.7
Failure enthalpy (cal/g) - - - - - 70 62 86

Consortium for Advanced Simulation of LWRs 5 CASL-U-2017-1403-000

Overview of the CABRI REP Na cases considered for BISON assessment 
for RIA analysis

Power pulse and computed (BISON) energy 
deposited and radially averaged fuel enthalpy at 

PPN for REP Na-2

13 F. Schmitz, J. Papin, Journal of Nuclear Materials, 270, 55–64, 1999. 
14 J. Papin et al., Synthesis of CABRI-RIA tests interpretation, Eurosafe Meeting, Paris, France, 2003

RIA tests CABRI REP Na

17



RIA tests CABRI REP Na

18

Figure 2.4: Fuel centerline and cladding inside temperature at PPN comparisons
with FALCON

Table 2.2: BISON calculations compared against FALCON calculations and experimental/reported val-
ues found in literature for REP Na-2.

Property BISON FALCON Experimental/ % %
Reported Di↵erence Di↵erence
Values (FALCON) (Experimental)

Energy Deposition (cal/g) 205 - 207 - -1.0
Peak Fuel Enthalpy (cal/g) 217 200 199 8.7 9.2
Max Fuel Temperature (K) 3024 2948 - 2.6 -
Max Fuel Centerline Temp. (K) 2707 2775 - -2.5 -
Clad Max Inside Temp. (K) 1036 1020 - 1.6 -
Max Hoop Strain (%) 1.36 2.60 3.5 -48 -61
Residual Hoop Strain (%) 0.46 2.20 - -79 -
Max Clad Radial Disp. (µm) 64 135 - -53 -
Clad Radial Disp. Residual (µm) 21 102 135 -79 -78
Fission Gas Released (%) 7.1 - 5.5 - 29
Corrosion thickness (µm) 5 - 4-10 - -

Although thermal behavior is well-predicted by BISON, mechanical results
deviate significantly from both FALCON calculations and measured values. As
shown in Table 2.2, BISON predicts less than half the residual cladding radial
displacement and hoop strain as compared to FALCON and measured values.

11

Figure 2.8: Power pulse, energy deposition and radial averaged fuel enthalpy at
PPN for REP Na-3 case

Table 2.3: BISON calculations at PPN compared against FALCON calculations and experimen-
tal/reported values found in literature for REP Na-3.

Property BISON FALCON Experimental/ % %
Reported Di↵erence Di↵erence
Values (FALCON) (Experimental)

Energy Deposition (cal/g) 122 - 122 - 0
Peak Fuel Enthalpy (cal/g) 136 118 124 15 10
Max Fuel Temperature (K) 2599 2480 - 4.8 -
Max Fuel Centerline Temp. (K) 1904 1960 - -2.9 -
Clad Max Inside Temp. (K) 1002 935 - 7.1 -
Max Hoop Strain (%) 1.19 1.5 2.2 -21 -46
Residual Hoop Strain (%) 0.40 1.10 - -64 -
Max Clad Radial Disp. (µm) 56 81 - -31 -
Clad Radial Disp. Residual (µm) 18 51 55 -64 -67
Fission Gas Released (%) 9.8 - 13.7 - -29
Corrosion thickness (µm) 51 - 35-60 - -

The computed fuel centerline, fuel surface, cladding inside, and cladding
outer surface temperature histories are plotted in Figure 2.9. The fuel center-
line reaches a maximum temperature of just above 1900 K and the maximum
temperature in the fuel reaches 2600 K which occurs a few microns in from
the fuel surface due to the high burnup rim e↵ect. The pellet surface achieves

15

CABRI REP Na-2

CABRI REP Na-3



CABRI REP Na-5CABRI REP Na-2

FALCON results from 15 R.O. Montgomery, Y. R. Rashid. Evaluation of irradiated fuel during RIA simulation tests. Final report. 
EPRI-TR—106387, Electric Power Research Institute, Palo Alto, CA, USA; ANATECH Research Corp., San Diego, CA, USA, 1996.

RIA thermal behavior comparisons

19

Fuel centerline and cladding inner surface 
temperatures at PPN, comparisons between 

BISON and FALCON for CABRI REP Na-2

cladding hoop strain of 0.85% compared to BISON with a prediction of 0.48%
at the PPN.

Figure 2.15: Fuel and cladding temperature histories at PPN for REP Na-5

Figure 2.16: Cladding temperature at PPN comparisons between BISON and
FALCON for REP Na-5

21

Figure 2.21: Fuel and cladding temperature evolutions at PPN for REP Na-10

Figure 2.22: Cladding temperature at PPN comparisons between BISON and
FALCON for REP Na-10

There are no measured mechanical results available, but for this case BISON
again predicts a higher cladding hoop strain than FALCON, 1.19% compared to

26

CABRI REP Na-10

• Code-to-code comparisons with FALCON for fuel and cladding temperatures 
during the RIA transients

Cladding inner and outer surface temperatures at PPN, comparisons between 
BISON and FALCON for CABRI REP Na-5 and Na-10



CABRI Rep Na-2 (33 MWd/kgU)17

16 C.P. Folsom, R.L. Williamson, G. Pastore, W. Liu, Tech. Rep. CASL-U-2017-1403-000, Consortium for Advanced 
Simulation of Light Water Reactors, 2017
17 W. Liu et. al., Bison Fuel Performance Modeling on RIA in a PWR, Tech. Rep. CASL-U-2018-1656-000, 2018

RIA mechanical behavior comparisons

CABRI Rep Na-3 (54 MWd/kgU)17

• Predictions of residual cladding diameter at the end of the test 
deviate significantly from the experimental data

• Cladding elongation comparisons show good agreement with the 
measured values

Cladding elongation comparisons18

20



RIA fission gas release comparisons

21

Left: BISON FGR results with fuel centerline temperature and measured post-test value for CABRI 
REP Na-3 RIA test. The inset shows a shorter time scale around the power pulse period
Right: Micrographs of from RIA tests showing fuel micro-cracking 
(Top: REP-Na 5, Lemoine et al., 2000. Bottom: NSRR JM-4, Nakamura et al., 1996)

View publication statsView publication stats

Fission Gas Induced Cladding Deformation of LWR Fuel Rods under RIA Conditions 931 

is modeled to become smaller as the P/C contact pres- 
sure increases, and to be zero when the contact pres- 
sure becomes higher than 34.5 MPa. Thus, the cracking 
in FRAP-T6 works mostly for thermal calculations to 
change the gap heat transfer, but is less important for 
the deformation while the cladding stays cool. 

The other type of fuel thermal expansion model, 
GAPCON(""), was examined with the earlier NSRR fresh 
fuel tests to simulate the thermal and mechanical fuel 
behavior including the P/C gap performance(2o). The 
GAPCON model assumes that a radial annulus of radius 
(rm) at the peak temperature (Tm) expands freely gen- 
erating cracks with other annuli inside at lower temper- 
atures. Thermal expansion of the outside annulus thick- 
ness, Aria(Ti), are added to the thermal expansion of 
the peak temperature radius, rma(Tm). The GAPCON 
model successfully simulated the fresh fuel tests(20) and 
had no arbitrary input parameter. Thus, the GAPCON 
model is installed in the FRAP-T6 for the irradiated fuel 
test simulations. The thermal expansion models are used 
to calculate fuel radius, rf, in Eq.(3). without the effect 
of the fission gas induced swelling. 

IV. NSRR TEST SIMULATIONS 
1. Assumptions 
In the irradiated BWR fuel Test TS-4 with peak fuel 

enthalpy of 370 J/g, grain boundary separation was ob- 
served in a limited zone of about 200pm thickness at 
the fuel periphery. The separation in Test JM-4, on the 
other hand, occurred widely covering the fuel center with 
peak fuel enthalpy of 703 J/g in which cladding deforma- 
tion was significant, as shown in Photo. 1. The thresh- 
old temperature for the grain boundary separation was 
provisionally assumed to be 1,lOO"C to cause the defor- 
mation of the cladding and subsequent fission gas re- 
lease. The gas was assumed to stay in the grain bound- 
aries while it generated the cladding deformation within 
about 0.2 s. 

Fission gas generation was estimated by ORIGEN2(30) 
and its distribution was based on the radial burnup pro- 
files estimated by RODBURN. The fraction of fission gas 
present in the grain boundaries was assumed to be 15% 
except for the fuel periphery of high burnup PWR fuels. 
The grain boundary inventories was not directly mea- 
sured experimentally for the test rods; thus, the fraction 
was estimated based on FASTGRASS(3') simulation of 
the base irradiation'"). In the high burnup PWR fuels 
for the NSRR tests, fuel restructuring in the periphery 
of about 60 pm thickness was recognized. Cunningham 
et  aZ.(32) suggested that fission gases in the rim region 
were lost from the UOz matrix and likely retained in the 
porosity. The fission gas relocation was observed in a 
region a few times wider than the optically recognized 
rim. To take account of this phenomenon, 100% of the 
fission gas in the fuel was assumed to be located in the 
grain boundaries in the fuel periphery of about 200 pm 

Photo. 1 Grain boudary separation observed 
in Tests TS-4(") and JM-4(") 

thickness for the HBO test simulations. 

2. Results 
The fuel and cladding temperatures estimated for 

Tests JM-4, HBO-3 and TS-4 are shown in Figs. lO(a), 
(b) and (c). The fuel pellets were rapidly heated up 
above 1,500"C at the fuel periphery in all the tests at 
about 0.2 s due to pulse irradiations of about 4 to 7 ms 
half width. The centerline temperature of the LWR fu- 
els, however, remained below 1,lOO"C due to the sharp 
radial power peakings of the fuels. Then, the cladding 
was stressed by the grain boundary fission gases in the 
whole pellet in the Test JM-4 simulation and in the fuel 
periphery in the simulations for Tests HBO-3 and TS- 
4. The cladding stress increased sharply when the P/C 
gap closed by expansion of the fuel pellets, as shown in 
Fig. 11 in the Test JM-4 simulation. The P/C con- 
tact pressure (peak value: 115MPa) due to cladding 
displacement by the pellet thermal expansion during 
the early deformation was higher than the fission gas 
pressure (peak value: 30 MPa). Thus, the deformation 
was dominated by thermal expansion of the pellets until 
about 0.26s. This PCMI generated cladding hoop de- 
formation of about 1% and the stress was relaxed by the 
plastic strain of 0.3% at 0.21 s as shown in Fig. 11. With 
the cladding temperature increase and reduction of yield 
stress, the deformation was then dominated by the fis- 
sion gas pressure from 0.26 s. The cladding deformation 
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BISON FGR results and measured post-test value for RIA tests CABRI REP Na-2 (left) and REP Na-5 (right) 

RIA fission gas release comparisons
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Summary
• Initial LWR applications of INL’s fuel performance code BISON focused on 

normal operating conditions and power ramps. More recently, the analysis of 
design-basis accidents has been considered. 

• Models are included in BISON for high-temperature behavior of Zircaloy 
cladding, fuel axial relocation and transient fission gas behavior.

• Simulations of cladding-only ballooning and burst tests indicate conservative 
predictions of cladding burst during LOCA.

• Simulations of integral Halden LOCA tests demonstrate encouraging 
predictions of rod pressure and time to burst, and fuel axial relocation.  
Predicting cladding strains accurately remains challenging (cf. FUMAC project). 

• Simulations of RIA tests from CABRI REP Na were performed. Thermal results 
are in good agreement with FALCON. Cladding diametral strain predictions 
deviate significantly from experimental data; cladding elongation predictions 
are satisfactory.

• Applying the transient FGR model (developed in collaboration with POLIMI 
and JRC-Karlsruhe) in the analyzed RIA cases provides improved predictions.
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