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CONTRIBUTION OF IDAHO NATIONAL LABORATORY TO THE CRP FUMAC

GIOVANNI PASTORE, RICHARD WILLIAMSON, JASON HALES, KYLE GAMBLE,
RUSSELL GARDNER, JAMES TOMPKINS

Fuel Modeling and Simulation Department, Idaho National Laboratory, Idaho Falls, USA

Abstract. This report summarizes the contribution of Idaho National laboratory (INL) to the
IAEA Coordinated Research Project on Fuel Modeling under Accident Conditions FUMAC.
In line with the original research agreement between INL/US DOE/Battelle and IAEA, work
at INL has focused on both (i) development of INL’s fuel performance code BISON for the
analysis of loss-of-coolant accidents (LOCA) and (ii) simulation of selected FUMAC priority
cases. With reference to code development efforts, models were implemented in BISON for
high temperature cladding oxidation, Zircaloy solid-solid phase transformation, Zircaloy high
temperature creep, cladding burst failure and axial fuel relocation. BISON, analyses were
performed of the FUMAC cases (1) MTA EK tests PUZRY, (2) QUENCH L1 rods 4 and 7,
(3) Halden IFA-650.2 and (4) Halden IFA-650.10. In addition, the REBEKA separate effects
tests were analyzed, including an effort to investigate 3D cladding response in presence of
azimuthal temperature variations. In general, BISON predictions of burst temperature,
pressure and time to burst are very reasonable. Predictions of cladding hoop strain are less
satisfactory and require additional investigation. Finally, results of 3D simulations indicated
that 3D effects are potentially important in fuel rod analysis during LOCAs. BISON results
are made available to the FUMAC project as a contribution to the FUMAC benchmark exercise.

1.  INTRODUCTION

To coordinate and support research on nuclear fuel modeling under accident conditions in
member countries following the Fukushima accident, the International Atomic Energy
Agency (IAEA) sponsored the Coordinated Research Project (CRP) on Fuel Modeling under
Accident Conditions (FUMAC).

The US Department of Energy (DOE) has been developing state-of-the-art capabilities to
simulate of nuclear fuel behavior within the Nuclear Energy Advanced Modeling and
Simulation (NEAMS) and Consortium for Advanced Simulation of Light Water Reactors
(CASL) programs. The result is the BISON code [1], a multidimensional, finite-element
based fuel performance code developed at Idaho National Laboratory (INL). Validation work
for BISON has focused initially on Light Water Reactor (LWR) fuel during normal operating
conditions and power ramps [2]. More recently, significant work has been performed on
BISON development and validation for the analysis of accident scenarios such as loss of
coolant accidents (LOCA) [3,4] and Reactivity Insertion Accidents (RIA) [5,6].

This report gives an account of INL’s accomplishments in the framework of the CRP
FUMAC. The proposal of INL for participation in FUMAC [7] included

* Development of the BISON fuel performance code to include models for phenomena
relevant to fuel rod behavior during LOCAs.

¢ Simulation of some of the FUMAC cases using BISON, with results being made
available to the project.

The work has been performed along the lines outlined in the proposal, with the BISON code
having been extended to simulation of LOCA accident scenarios and applied to the analysis of



several FUMAC cases. In this report we provide a description of BISON developments for
LOCA analysis carried out throughout the project and present and discuss the BISON
simulations. As agreed upon during the First Research Coordination Meeting (RCM1), the
FUMAC cases that have been analyzed with BISON are (1) MTA EK tests PUZRY, (2)
QUENCH LI rods 4 and 7, (3) Halden IFA-650.2, and (4) Halden IFA-650.10. In addition,
simulations of the ballooning tests REBEKA were performed and are included in this report,
in view of the potential interest to the FUMAC project. This additional work included 3D
simulations accounting for azimuthal temperature variations.

The work on BISON development and validation for LOCAs, including INL’s contribution to
FUMAC, has benefited from collaboration between INL and the Halden Reactor Project. This
collaboration has been strengthened by having BISON developers working onsite in Norway.

The structure of this report is as follows. In Section 2 we summarize BISON enhancements
for the analysis of LOCA behavior. In Section 3 we present BISON simulations of the
FUMAC cases, as well as additional calculations of potential interest to the project. For each
of the considered cases, we include a description of the experiment, details of the BISON
setup for the simulations, and a report and discussion of the results. Results are made
available to FUMAC for the benchmark exercise. A final chapter provides conclusions and
recommendations from the INL activities within FUMAC.

2. BISON DEVELOPMENTS FOR LOCA ANALYSIS

From the beginning, BISON has incorporated a large-strain mechanics formulation, essential
to correctly analyze cladding ballooning during LOCAs. In order to capture the complex
material response during accident situations, however, it is also necessary to incorporate in the
code specific models dealing with the high-temperature, transient phenomena involved. For
this purpose, dedicated material models have been incorporated in the thermo-mechanics
analysis framework of BISON. Models are overviewed in this section.

BISON’s capability enhancements for accident analysis performed during this work and
applied to the simulations presented in Section 2 include models for high-temperature steam
oxidation of Zircaloy cladding, crystallographic phase transformation of Zircaloy, high-
temperature cladding creep and cladding failure due to burst [3-4].

In addition, BISON’s model of fission gas swelling and release in UO, was extended to
include a specific treatment of the burst release effect during transients. This transient model
was originally developed based on power ramp data [8,9] and has not been re-calibrated and
validated yet for LOCA transients. However, it has been applied with some success to RIA
design basis accident simulations [6], and can potentially be adapted and applied to the
improved simulation of FGR during LOCA transients. In view of its potential for the
modeling of fission gas behavior during DBAs, this development is deemed relevant to the
FUMAC project and has been included in this report. The development of the transient fission
gas behavior model was carried out in collaboration with POLIMI (Italy) and JRC-Karlsruhe
(European Commission, Germany).

Also, two recent BISON developments for LOCA analysis, i.e., cladding oxidation energy
deposition and axial fuel relocation, have not yet been applied to the simulations described in
Section 3. However, these are new BISON capabilities that are in place and relevant to LOCA
analysis, thus they are deemed of potential interest to the FUMAC project and included in this
report as an additional contribution. These capabilities will be applied in future LOCA
simulations with BISON.



2.1. High-temperature cladding oxidation

The process of oxidation of Zircaloy through an exothermic reaction with the coolant affects
both thermal and mechanical performance of the cladding. In the high temperature range (e.g.,
LOCA) the coolant has become steam, and oxidation proceeds much more rapidly than at
normal LWR operating temperatures. Under these conditions, the kinetics of oxide scale
growth and oxygen mass gain can be described by a parabolic law, with the reaction rate
constant defined as a function of the temperature through an Arrhenius relation [10]:

d
L =4 exp (—RLTI) 2.1)
where ¢ is either the oxide scale thickness, § = s (m), or the oxygen mass, § = g (kg'm™), t
(s) the time, A (m or kg'm™) the pre-exponential factor, Q (J/mol) the activation energy, R
(J/mol-K) the universal gas constant, and T, (K) the metal-oxide interface temperature.
Following the recommendations in [10], the BISON model includes correlations for oxide
scale growth and oxygen mass gain rates in Zircaloy-2/4 appropriate to different temperature
ranges. In particular, the following approach is adopted:

* For metal-oxide interface temperatures from 673 K up to 1800 K, the Leistikov [11]
correlation is used. The Cathcart-Pawel correlation [12] is also available and can be
chosen as an option. The Leistikov correlation has been selected as reference in view
of the larger underlying database, the availability of experimentally determined mass
gain for all tests, and the better fit for lower temperature relative to the Cathcart-Pawel
correlation [10].

* Above 1900 K, the Prater-Courtright correlation [13] is used.

* Between 1800 and 1900 K, a linear interpolation is made. Linear interpolation
between two correlations of Arrhenius type is obtained by a third correlation of the
same type [10].

The values of the parameters in Eq. 2.1 relative to the different correlations are given in Table
2.1.

2.2. Phase transformation of the cladding material

An increase in the cladding temperature above ~1000-1100 K, which may occur during a
LOCA, involves time and temperature dependent phase transformation of the Zr alloy from
hexagonal (a-phase) to cubic (f-phase) crystal structure. Modeling the kinetics of
crystallographic phase transformation is needed for the assessment of the mechanical
properties essential for fuel rod integrity (deformation and burst) during a postulated LOCA.

Table 2.1. Parameters of the correlations for oxide scale (S) and oxygen mass gain (g) at high
temperature [10].

Correlation Ag (m’s™) Qs/R (K) Ay (kg'm™) Q4/R (K)
Leistikov 7.82:10° 20214 52.42 20962
Cathcart-Pawel 2.25-10° 18062 36.22 20100

Prater-Courtright 2.98-107 28420 3.3:10° 26440




The crucial parameter for the transformation kinetics is the evolution of the volume fraction
of the new phase as a function of time and temperature. A model has been implemented in
BISON for calculation of the volume fraction of -phase in Zircaloy-4 as a function of time
and temperature during phase transformation in non-isothermal conditions. The model is
based on [14-16]. The phase transformation rate is expressed by

2 = k(Dlys(T) - y] (22)

where y is the volume fraction of f-phase, y, (/) the steady-state or equilibrium value of y,
and k (s) the rate parameter. The S-phase equilibrium fraction is a sigmoid function of
temperature

Y, = %[1 + tanh (%)] 2.3)
where Teepne and T,y are material specific parameters related to the center and span of the
mixed-phase temperature region, respectively. For Zircaloy-4, T.en: = 1159 — 0.096w (K)
and Tspan = 44 + 0.026w (K) [14] are used, with w being the hydrogen concentration in the
range 0 < w < 1000 wppm (weight parts per million hydrogen). The rate parameter is
expressed in the form

k = koexp (— ) +k,, (2.4)

kpT (t)
where kj is a kinetic factor, E an effective activation energy, kjthe Boltzmann constant, and
k., a constant. For Zircaloy-4, k, = 60457 + 18129|q| (s) and E/k;, = 16650 (K) [14,16]
are used, where q¢ = dT/dt (Ks™) is the heat rate in the range 0.1 < |q| < 100 Ks™'. The
a — [ transformation is purely diffusion controlled, while the f — a transformation is partly
martensitic. This is represented by the constant k,,, given in the form [16]

{km:o a=p (2.5)

k, =0.2 p—-a

The starting temperatures for the onset of @ - @ + f and f — a + [ phase transformations
are calculated as (in kelvin) [14]

. _{ 1083 — 0.152w for0<q<01Ks™ 2.6)
a-a+p — (1113 _ 0.156W)Q0'0118 fOT' 01 < q< 100 Ks—t .
. ~ { 1300 for—01<q<0Ks™* 2.7
Boath = 11302.8 — 8.333]Q|%477 for =100 < q < -0.1Ks™ |

for 0 < w < 1000 wppm. Note that w = 0 is considered in BISON at this time.

The B-phase volume fraction as a function of time is calculated by numerical integration of
Eq. 2.2. The calculated volume fractions of [ phase as a function of temperature at
equilibrium and for temperature variation rates of +10 Ks™' are shown in Fig. 2.1.
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Fig. 2.1. Calculated volume fraction of S-phase as a function of temperature. Equilibrium
conditions (slow temperature variation) and temperature variation rates of £10 Ks™' are
considered.

2.3. High-temperature creep of Zircaloy cladding

During a LOCA, outward creep deformation of the cladding tube under the effect of internal
pressure and high temperature drives cladding ballooning and eventual failure due to burst.
For LOCA analysis, the large creep deformation of the cladding is defined by a strain rate
correlation in the form of a Norton power equation [17-19]:

. Eq
Eorf = Aexp (— E) Ocff (2.8)

where .5 ¢ (s is the effective creep strain rate, A (MPa™s™) the strength coefficient, E, (J mol™)
the activation energy for the creep deformation, T (K) the temperature, g.rf (MPa) the
effective (Von Mises) stress, and n (-) the stress exponent. The material parameters
(Table 2.2) used in the model were obtained from tension tests on Zircaloy-4 tubes [18-19]. In
the mixed phase (a + f) region (Section 2.2), interpolations are made to calculate the Norton
parameters. Depending on the strain rate, different approaches are adopted [18]:

Table 2.2. Material parameters used to calculate creep of Zircaloy-4 [19,20]. LI stands for
linear interpolation.

Phase Eorr (5 AMPa"s")y  E, (Jmol™) n(-)
a any 8737 3.21-10°+24.69 (7-923.15)  5.89
<3-107 0.24 102366 2.33

50% a—50%
aS0% B 500 Llofln(4) LI LI

B any 7.9 141919 3.78




* For &, <3-1073 s, linear interpolation of In (4), n and E, is made between the

values for pure a and middle of a + 8 (50% a—50% [) phase, and between 50% a—
50% [ and pure S phase.

* For épp >3-1073 s, it is assumed that the values of In (A), n and E, vary linearly
between the values for pure a and pure f phase.

To perform the interpolation, the fraction of each phase calculated from a dedicated model as
described in Section 2.2Error! Reference source not found. is used.

2.4. Cladding burst failure model

For determining the conditions for failure due to burst of Zircaloy-4 cladding during LOCA
accidents, the following criteria have been implemented in BISON:

1. An overstress criterion, which assumes that the time of burst is reached when the local
hoop stress equals a limiting burst stress [19]:

oy = oy, (2.9)

where oy is the hoop stress and o}, is the burst stress. The burst stress is calculated
following Erbacher et al.[19] and depends on the temperature and oxygen
concentration. Details can be found in [19] and are not given here for brevity.

2. A plastic instability criterion, which considers cladding burst at the attainment of a
limiting value for the effective plastic strain rate:

Eptefr = € (2.10)

where €, .75 1s the effective plastic (creep + plasticity) strain rate and €, is the
limiting value. Following [21], in BISON we use ,=100 h™ = 2.78-107s™.

3. A combination of the above criteria, which establishes that cladding burst occurs when
either condition 1.9 or 1.10 is fulfilled.

As the overstress criterion may lead to unsafe predictions in low-stress situations [21], either
the plastic instability or the combined criterion are used in our calculations (Section 3).

2.5. Transient fission gas behavior in oxide fuel

Fission gas release (FGR) and gaseous swelling in UO; fuel are computed in BISON by a
physically based model from [22,23]. This model has been recently extended to allow for the
rapid FGR (burst release) during transients [8,9]. This new transient capability was originally
developed and validated based on annealing and power ramp tests, but can be potentially
adapted and applied to DBA transient analysis. Initial application to RIA calculations has led
to promising results [6].

In this model, burst release is interpreted as driven by fuel micro-cracking, which is
associated with gas depletion of the cracked grain faces during transients and with a
corresponding increase in FGR. Gas depletion of a fraction of the grain faces is modeled as a
reduction of the fractional grain-face bubble coverage, F. In particular, Fis scaled by a factor,
f, corresponding to the fraction of non-cracked (intact) grain faces. The reduction of the



fractional coverage effectively leads to a decrease of the amount of gas retained in the fuel —
consequently, of fission gas swelling — and to a corresponding increase of FGR.

We simplify the micro-cracking process into a temperature-dependent behavior, characterized
by a micro-cracking parameter, m. We also observe that the process can only affect intact
grain faces, and write

afl _ dm
[_ _ _Ef (2.11)

atl,

Based on the available experimental evidence, the functional form of m is chosen as a
temperature-dependent sigmoid function

m(T) =1- [1 + D exp (s %)]_% (2.12)

where T, ¢ (K) is the value for the temperature at the inflection point of the function m(T)
(inflection temperature, or temperature of maximum micro-cracking rate), and B (K) and D (-
) are parameters related to the temperature-domain width of the phenomenon and the
deviation from symmetric behavior during heating/cooling transients, respectively. The value
of s (-) is set to +1 during heating transients and to —1 during cooling transients, so that m
increases during both heating and cooling. Combination of Egs. 2.11 and 2.12 leads to a FGR
contribution that activates only during temperature variations (transients). In particular, the
FGR during a temperature transient will result from the time integral of Eq. 2.11 during the
transient.

Model’s characteristics are based on the available experimental evidence of transient FGR
(e.g., [24-27]). The inflection temperature corresponds to what has been observed
experimentally as a critical temperature for the onset of burst release, and Ty, 5;~1773 K above
20-30 GWd/tU burnup (e.g., [27]). Rather than adopting a discrete temperature threshold for
the onset of burst release, we interpret the observations as a continuous but peaked micro-
cracking (hence, gas release) rate as a function of temperature. Burnup dependence of micro-
cracking, and micro-crack healing, are also accounted for, although details are not given here
for brevity. A more extensive description of the model is given in [8,9].

2.6. Cladding oxidation energy deposition

During a LOCA the exothermic zirconium oxidation reaction in high temperature steam may
lead to significant heat deposition in the cladding. This section describes the addition of an
oxidation energy deposition model to capture this effect in BISON.

The conversion of zirconium to zirconium oxide follows the following simple chemical
equation [28]:

2H,0 + Zr -2H, + Zr0, + En (2.13)

The model uses the incremental oxide layer thickness calculated in BISON (Section 2.1) to
calculate the energy added to the cladding. In particular, the energy from the zirconium
oxidation reaction is calculated as [28]:

P= (ﬂ) (AA—V:) (21R,) 6.45 - 10 (2.14)

0.26



where P (Wm') is the linear power from the oxidation reaction, AW (kg'm™) the mass gain per
unit surface due to oxidation during the time step At (s), Ry (m) the initial cladding outer radius,
6.45 - 10° (J-kg™) the heat of reaction, and 0.74/0.26 is the ratio of Zr reacted to O added:

AZr _ 1-026 _ 0.74

274 (2.15)

AW~ 026 026

where AZr (kg-m?) is the mass of zirconium per unit surface area consumed by oxidation during
a given time increment, and 0.26 is the weight fraction of oxygen in ZrO,. Eq. 2.15 underlies the
assumption that all oxygen forms stoichiometric zirconium oxide.

2.7. Axial fuel relocation

Axial relocation of fuel fragments during a LOCA is a phenomenon that causes redistribution of
heat within the rod potentially accelerating cladding failure. As the cladding balloons, fragmented
and pulverized fuel pellets can fall from upper regions of the rod into the ballooned region. The
reduced thermal conductivity of the crumbled fuel and plenum gas mixture, in addition to the
increased heat load due to a larger mass of fuel in the ballooned region, results in higher cladding
temperatures further exacerbating the cladding distention. The ability to model this complex
phenomenon using fuel performance codes is of great importance to ensure accurate predictions
of cladding temperature, cladding strain, and the mass of fuel available for dispersal.

Recently, an empirical model was added to BISON to account for the axial relocation
phenomenon during LOCAs. In particular, the model developed by Jernkvist and Massih [29] has
been incorporated into BISON. The BISON implementation includes (i) the fuel fragmentation
and pulverization model to quantify the number and size of fuel fragments and pulvers, the mass
fractions of both fragments and pulvers, and an effective packing fraction of the fuel particles, (ii)
the axial mass redistribution of the fuel, (iii) the thermal conductivity of the crumbled fuel, and
(iv) the radial heat transfer in the fuel rod in presence of crumbled fuel and axial fuel relocation.
Details of this model can be found in [29], and are not given here for brevity. The current
implementation is based on the 1.5-dimensional capability of BISON. Plans are in place to extend
modeling of axial relocation to 2D and 3D calculations.

Jernkvist and Massih [29] propose two test cases denoted as single balloon and twin balloon.
These test cases were analyzed with BISON in order to verify the implementation of the axial
relocation model. The single balloon verification test is to simulate cladding distention that is
maximum at the midplane of the active length. The twin balloon verification test is to
simulate the effect of having a spacer-grid at the midplane of the active length. The BISON
results of these test cases are compared to the digitized results from the Jernkvist and
Massih’s report [29] in Fig. 2.2. Three panels are shown for each case representing different
times through the duration of the simulation corresponding to 40, 60, and 100 s (final time).
The plots show the mass fraction of fuel as a function of axial position. A mass fraction >1
indicates that mass has accumulated in this region and a mass fraction <1 corresponds to a
region partially (or completely) void of fuel. As expected, in the regions near the maximum
cladding ballooning the mass fractions are largest. It should be noted that at the very top of
the fuel rod the mass fraction remains as 1. This is because the cladding distention is not large
enough in this top layer to allow fuel to relocate out of it. As is evident in both test cases, the
BISON implementation has been verified to be correct as the results match Jernkvist and
Massih’s results extremely well. This model will allow first BISON simulations of LOCA
experiments that exhibited significant axial fuel relocation, such as the Halden IFA-650.9 test
considered in FUMAC.
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3. BISON SIMULATIONS OF LOCA EXPERIMENTS

The BISON code, extended with the modeling capabilities described in Section 2, was applied
to simulations of LOCA experiments, including several FUMAC priority cases. In particular,
BISON analyses for the following cases are presented in this chapter:

* MTA EK separate effects tests PUZRY
¢ Separate effects tests REBEKA

* QUENCH L1 rods 4 and 7

* Halden test IFA-650.2

¢ Halden test IFA-650.10

These are all of the cases agreed upon by INL during the FUMAC RCMI. Although the
REBEKA tests were not included in FUMAC, they were analyzed as part of the LOCA
validation database for BISON. They are included in this report as part of the INL
contribution to FUMAC for completeness and also, for one of the REBEKA cases the 3D
capability of BISON was applied to investigate 3D cladding response in presence of
azimuthal temperature variations. This produced initial insights into 3D effects during
LOCAs, which can be of interest to FUMAC, as discussed during the RCM2 [30]. 3D BISON
simulations are presented in Section 3.2.

The case EON — Segment 2 was also modeled with BISON [36,31]. However, because this
case was later excluded from the FUMAC project, the relative BISON results are not included
in this report. More recently, other LOCA cases (not included in FUMAC) were analyzed
with BISON. These include the Hardy separate effects experiments [32] and the NRU-MT4
and MT6A fuel rod tests [33,34]. These simulations are also not included in this report.
Details can be found in [35].

In the following sections, the analyzed experiments are described and the results of the
BISON simulations are presented and discussed.

3.1. MTA EK separate effects tests PUZRY

INL considered the PUZRY experimental series of isothermal ballooning tests on Zircaloy-4
claddings [36,37]. All of the 31 PUZRY cases were modeled with BISON, although only 6
cases were selected for FUMAC. In this section, we present the overall results for the full set
of 31 cases for completeness. We also provide detailed tabulated results for the 6 FUMAC
cases.

Description of the tests

The PUZRY experimental series [36,37] was performed in order to study the mechanical
behavior (ballooning and burst) of Zircaloy-4 cladding subject to inner pressure transients at
high temperature. In particular, the effects of temperature and pressurization rate on the
deformation and the failure (burst) pressure were investigated.

The samples were tested in a resistance furnace providing isothermal conditions in the
temperature range of 700—1200°C. The inner pressure of the test tube was increased linearly
until the burst of the sample. After an approximately 1000 s heat-up period the sample was
pressurized with Ar gas at a constant pressure increase rate. Table 3.1 summarizes
temperature and pressure conditions for the PUZRY cases selected for FUMAC. The specimens



Table 3.1. Conditions of the 6 MTA EK PUZRY cases selected for FUMAC [36,37].

Test number  Temperature (K)  Pressure ramp rate (MPa/s)

8 1274.15 0.00763
10 1375.75 0.00710
12 1470.85 0.00723
18 1173.35 0.01151
26 971.55 0.01193
30 1073.55 0.02630

were 50 mm long Zircaloy-4 tubes. The specimens’ inner / outer diameters of 9.3 / 10.75 mm
corresponded to the parameters of PWR fuel cladding. Since the experiments were performed
in Ar, cladding corrosion was not investigated.

Setup of the BISON simulations
Details of the BISON setup adopted for the calculations are as follows.

* Finite-element 2D axisymmetric models of the cladding tubes were used.

* Taking advantage of the symmetry of the problem, only the lower half of the heated
cladding length was modeled.

* End plugs were considered by preventing radial motion (i.e., applying zero radial
displacement boundary conditions) to the tube inner surfaces in correspondence of the
plugs. These correspond to the 5 mm end sections of the cladding.

* Time-dependent pressures were simulated by Dirichlet pressure boundary conditions
applied to the tube inner and outer walls.

* The furnace heating was simulated by a Dirichlet temperature boundary condition
applied to the tube outer wall. In the PUZRY database, tubes temperature profiles
along the axial direction are not given. However, applying a perfectly uniform
temperature axially would lead to a distributed ballooning along the tube, while
several experiments showed localized ballooning with maximum strain and burst
occurring near the tube’s mid-plane. This can be interpreted as associated with axial
temperature variations that, albeit small, lead to significant strain axial variations by
virtue of the strong (exponential) temperature dependence of the creep rate (see
Section 2.3). To account for this, we included a slight axial temperature variation in
the BISON simulations. Within FUMAC, Katalin Kulacsy communicated that axial
temperature variations of 5-6 K along the central 50 mm section of the furnace can be
expected, based on measurements performed in another furnace [38]. On this base, in
the BISON simulations we applied a linear temperature profile (simplest possibility in
absence of detailed indications) with the maximum temperature applied at the mid-
plane. The overall (tube end to tube mid-plane) variation was made equal to 6 K, with
the average (tube quarter-length) temperature being equal to the experimental value.

* Prior to the pressure transient, we considered the initial heat-up period by applying
atmospheric (0.1 MPa) pressure to both sides of the tube and ramping the temperature
up from ambient (300 K) to the test temperature over 1000 s. The inner pressure
transient from 0.1 MPa at the experimental rate was applied afterwards, under
isothermal conditions. Outer tube pressure was kept constant at 0.1 MPa.



* The combined overstress and plastic instability criterion for cladding burst failure
(Section 2.4) was used.

Results

We present comparisons of the BISON simulation results for the 31 PUZRY cases to the
experimental data. Figures 3.1 and 3.2 show the comparisons of cladding inner pressure at
cladding burst and time to burst, respectively. Note that the axes in these plots have a
logarithmic scale. The accuracy of BISON predictions appears reasonable.

We also present the BISON results in terms of maximum engineering hoop strain at the
cladding outer surface at the time of burst. Comparisons of calculated strains to experimental
data for the 31 PUZRY cases are shown (on a linear scale) in Figure 3.3. Predictions deviate
from experimental data by up to a factor of ~2.6. Average deviation is of a factor of ~1.7.
Prediction of cladding strains is notoriously difficult for fuel performance codes, even more
for LOCA calculations whereby very high strain rates are reached as cladding burst is
approached. This implies that the maximum strain reached in the calculation is very sensitive
to the specific criterion adopted to determine the time of rod burst (thus, the final time of the
calculation and the time at which strain is considered), since small differences in the final
time may correspond to large differences in the maximum strain. This has been clearly
demonstrated by a previous study by JRC-Karlsruhe where different failure criteria were
tested in cladding ballooning and bust simulations with the TRANSURANUS code [21].

Further investigation and sensitivity analysis of the dependence of calculated strains upon the
choice of the burst criterion (e.g., in line with [21]) and the relative uncertainties is of interest
in perspective. Besides this, further developments of the cladding creep model (e.g.,
considering anisotropic creep) may also improve strain predictions.
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Fig 3.1. Comparison of calculated and measured tube inner pressures at burst for the PUZRY
cases.
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Figure 3.3. Comparison of calculated and measured maximum engineering hoop strain at the
cladding outer surface at the time of burst for the PUZRY cases.

Calculated and experimental burst times are plotted as a function of test temperature in
Fig. 3.4. The reduction of the burst time as a function of the temperature is reproduced.
Deviations of predictions from the experimental data appear to increase at the lower test
temperatures.

In Fig. 3.5 and 3.6 we present comparisons between BISON predictions and experimental
data of burst pressure and time to burst as a function of test temperature, for the 6 FUMAC
cases only. Again, accuracy is very good for the higher temperature cases and grows worse at
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Figure 3.5. Calculated and measured tube inner pressures at burst as a function of test
temperature for the 6 PUZRY cases included in FUMAC.

lower temperatures. Higher discrepancies between calculations and experiments at the lower
temperatures indicate that deviations may be partly due to anisotropic creep behavior, which
is not considered in the BISON model at this time and characterizes alpha-Zr (i.e., in absence
of phase transition to beta-Zr at high temperature, see Section 2.2) [18,19].

Detailed BISON results and experimental data for the 6 PUZRY cases included in FUMAC
are tabulated in Table 3.2.
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Table 3.2. Experimental data and BISON predictions for the 6 FUMAC cases from the
PUZRY experiment. Time to burst is from the beginning of the transient.

Rod Temperature (K)  Burst pressure (MPa) Time to burst (s) Max hoop strain (%)

Experiment BISON Experiment BISON Experiment BISON
8 1274 0.890 0.906 116.7 105.7 80.37 80.7
10 1376 0.653 0.737 92.0 89.8 72.76 29.9
12 1471 0.578 0.636 80.0 74.1 71.62 32.5
18 1173 2.689 1.717 233.7 140.5 74.29 423
26 972 10.605 8.874 888.8 735.4 100.97 81.6
30 1074 7.251 5.951 275.7 222.5 104.28 51.3

3.2. Separate effects cladding tests REBEKA

The REBEKA separate effects tests [19,20,39] are temperature transient tests in steam
performed on single PWR-size Zircaloy-4 tubes at a variety of internal pressures and heating
rates. The purpose of the tests was to establish data of cladding ballooning and burst with
reference to LOCA conditions.

As mentioned before, although the REBEKA tests were not originally included in FUMAC,
BISON simulations are presented here for completeness and including a 3D analysis
demonstration, which is of potential interest to the project.



Description of the tests

The cladding tubes had a fabricated inner/outer diameter of 9.30/10.75 mm, with a 325 mm
heated length, and were heated indirectly by conduction heating from the inside, using an
electrically insulated heater rod. A stack of alumina annular pellets (Al,O3;) was used to
simulate the fuel column. The diametral clearance between the cladding inner diameter and
the pellet outer diameter was 0.15 mm. The test parameters covered a range of 1 to 14 MPa
for the internal rod (He) pressure and 1 to 30 K s™' for the heating rate. The test atmosphere
was almost stagnant steam at atmospheric pressure and at a temperature of 473 K. The
cladding temperatures were measured by thermocouples spot-welded on the outer surface of

the cladding. More details on the experimental apparatus and conditions are given
in [19,20,39].

Setup of the BISON simulations

The considered cases are modeled considering only the cladding, while the alumina pellets are
taken into account by imposing a proper temperature boundary condition at the cladding inner
radius, which accounts for the heat transfer through the inner components. For simplicity,
only the heated portion of the rods was simulated. The internal electric heating was simulated
by a time-dependent Dirichlet temperature boundary condition applied to the tube inner wall
and consistent with the experimental conditions. In particular, a parabolic temperature profile
symmetric with respect to the tube mid-plane was considered, which results from the uniform
axial power generation in the heater rod [39]. To estimate the temperature variation over the
heated length of the cladding, simplified calculations of axial heat conduction within the rod
and convection to the outer steam atmosphere were performed. Pressure equal to the
experimental value was applied at the tube inner wall. A 2-dimensional axisymmetric
quadratic (Quad8 elements) mesh was used to model the geometry of the considered rods. In
addition, to investigate inherently three-dimensional aspects, such as the effect of azimuthal
temperature differences, 3D simulations were conducted employing hexahedral elements
(Hex20 elements). Taking advantage of the symmetry of the problem, only the lower half of
the heated cladding length was modeled in the 2D simulations. For the 3D simulations, a
quarter of the cladding circumference was modeled.

The combined overstress and plastic instability criterion for cladding burst failure
(Section 2.4) was used for the REBEKA simulations with BISON.

Results for 2D simulations

Using the 2D axisymmetric model, simulations were conducted of the REBEKA experiments
with a heating rate of 1 Ks', considering the full range of 1 to 14 MPa for the internal
cladding pressure. As for the 3D model, only one case is reported here, in order to
demonstrate BISON’s ability to assess the impact of azimuthal temperature variations on
cladding ballooning and burst.
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Figure 3.7. Comparison between BISON predictions and experimental data of cladding burst
temperature for the simulations of the REBEKA tests with a heating rate of 1 Ks™.

The predictions of burst temperature at the various internal cladding pressures are compared
to the available experimental data in Fig. 3.7. The trend of increasing burst temperature with
decreasing internal pressure is reproduced, and the quantitative accuracy of predictions is
reasonable. Nevertheless, a moderate but systematic under-prediction is observed. Such
discrepancies may be due to uncertainties inherent in the cladding mechanics, burst, oxidation
and phase transformation modeling, and 3D effects (azimuthal temperature differences) that
cannot be captured by 2D modeling.

Results for 3D simulation

In addition to the above mentioned boundary conditions applied to the 2D simulations, in the
3D simulation an azimuthal temperature gradient was applied. A maximum azimuthal
temperature variation of 30 K was considered, in conformity with the experimental
indications from thermocouple measurements [20]. The results are presented for the
exemplifying case of 10 MPa internal pressure at the time of cladding burst. Figure 3.8 shows
contour plots of temperature, creep strain magnitude, and locations where the local stress
reached the limiting burst stress. The 3D simulation reproduces the non-uniform cladding
ballooning and a localized burst on the hottest side of the cladding, which is consistent with
the experimental observations [20]. Note that the predicted burst temperature is higher (by
about 10 K) than for the corresponding 2D simulation, thus indicating that capturing 3D
aspects such as the effect of azimuthal temperature differences is of importance for fuel
analysis during LOCA accidents. Further investigation of 3D effects in fuel rod analysis
during LOCAs with BISON will be pursued in the future.
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3.3. QUENCH-L1

BISON simulations for the QUENCH-L1 experiment [40] were carried out for rods 4 and 7.
Experimental data was used as much as possible to develop accurate boundary conditions for
the simulations.

Description of the test

During the QUENCH-LI test, superheated steam and argon enter a test rod bundle at the
bottom of the assembly and flow upward. Quenching water is injected from the bottom of the
assembly. The test bundle consists of 21 fuel rod simulators and four corner rods. Each fuel
rod simulator is approximately 2.5 meters in length. The heated length of the rod begins at
692.5 mm from the bottom of the rod, and consists of a central tantalum heater with a
diameter of 6 mm surrounded by 1.575 mm thick ZrO, pellets. The plenum separating the
heater/pellet combination meant to simulate fuel pellets is filled with krypton gas with a gap
between the outer radius of the ZrO, pellets and the cladding of 0.075 mm. The Zircaloy-4
clad of 0.725 mm thickness encases this system. The heated length is 1024 mm long.

Thermocouples along the surface at axial locations ranging from -250 mm to 1250 mm in
increments of 100 mm as well as those in the plenum of instrumented rods collect temperature
data throughout the experiment. Pressure sensors in the plenum as well as the inlet and outlet
record internal rod and system pressures respectively.

The experiment began by applying a total power of 3.5 kW to the electrical bundle. Fuel rod
simulators were then individually backfilled to 55 bar and electrical power was rapidly
increased to 43 kW to initiate the transient. This initial power increase was followed by a
steady increase to 59 kW over the next 87 seconds. The power was then rapidly decreased
back to 3.5 kW with water injection at a rate of 100 g/s beginning at 207 s. The quench



progressed toward the top of the coolant channel (bundle bottom at 246 s, ballooned region at
266 s, whole bundle at 293 s).

Setup of the BISON simulations

Rods 4 and 7 were chosen for consideration since they had the largest number of axial
thermocouples. Results from the instrumentation were used as applicable to define boundary
conditions in the model. The aim of the calculation was to simulate the fuel rod behavior up to
burst and compare to measured burst conditions.

A 2D axisymmetric finite element mesh was developed considering only the headed portion
of the rods. The Ta heater was included along with the ZrO, pellets as hollow cylindrical
pellets fitting around the heater, and the Zy-4 cladding. Material properties of the ZrO, pellets
were obtained from [40].

The plastic instability criterion for cladding burst failure (Section 2.4) was used for the
QUENCH-L1 simulations with BISON.

Development of the boundary conditions

Pressure and temperature data from the experiment were used to build boundary conditions
for BISON. Provided instrument data begins at —100.6 s before the initial power ramp begins
the transient, but a ramp of temperature and pressure for the system initial conditions is
necessary. In addition, the pressure ramp begins well before —100.6 s so is digitized directly
from the plots in [40] to provide accurate plenum conditions. Boundary conditions on the
outside of the cladding depend upon axial position and must be interpolated in a way that both
preserves the original data but predicts the data shape accurately between experiment
collection points as BISON linearly interpolates between provided data points.

Power provided to the inner and outer rod groups over the course of the experiment is detailed
in the collected data and is kept generally the same (3.5 kW total) before the transient occurs.
A ramp from zero power is included before the pressure ramp to stabilize the system. This
ramp, along with the recorded power, is read into the input as a function, and applied as a heat
source.

The gas gap pressure is given from -100.6 s through rod bursts and subsequent quenching.
The initial rod backfill data are digitized from [40], and obtained values are used as the
internal pressure boundary condition from approximately —3000 s to —911 s at which point the
pressure recorded for each rod at -100.6 s is held steady. A sudden drop in pressure for each
rod at around 50 s indicates the point at which the cladding fails via the burst mechanism.
Informing the simulation from experimental pressure data is problematic around this point, as
providing the experiment pressure values to the simulation in cases where the burst time
prediction is later than experiment burst time reduces the pressure on the cladding
prematurely. To address this, pressures from the beginning of the transient until the burst are
fitted to a linear regression model, and this pressure model is used as the plenum pressure
boundary condition from t = 0 s until predicted burst. Employing this modeling scheme does
remove perturbations and the larger the difference between experimental and simulation burst
times, the more the model departs from collected data. However, this is viewed as the most
viable method to predict extended plenum pressure behavior, as the difference between model
and experimental pressure data up until the burst is minimal. By way of example, rod inner
pressure experimental data and linear regression model that is used to inform the BISON
calculation for rod 4 are shown in Fig. 3.9.
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Figure 3.9. Plot of plenum pressure vs. time for Rod 4.

To build the outer cladding temperature boundary conditions, the sampled cladding surface
thermocouple data is conditioned using cubic spline interpolation. Note that the lowest
temperature collection point for rod 4 is at 25 mm while the bottom of the simulated fuel rod
begins at 0 mm. To remedy this gap in the data, we assume system conditions are likely to be
similar before flowing past the heated length of the fuel rod simulators, and data from one
thermocouple recording temperatures from below the heated length of rod 7 is added to the
rod 4 data. By way of example, the data and the interpolated values for rod 4 are plotted in
Fig. 3.10 at several points during the power ramp.

The final boundary condition the simulation requires is the system pressure along the
cladding. Pressures are collected from the inlet and outlet of the cooling loop and values
recorded over time are given in [40]. Pressure along the heated length is linearly interpolated
as the pressure condition along the heated length.

Results

Comparison of metrics between the experiment and calculated models are provided in
Tables 3.3 and 3.4. Cladding burst is predicted to occur at 55.8 and 68.4 s after beginning the
transient heating phase for rods 4 and 7, respectively. The experimental failures were
observed at 55.2 and 54.4 s for rods 4 and 7, respectively. The hoop strain is under-predicted
in both cases by about a factor of 3. Temperature and pressure calculations are very close to
the measured values at the time of failure. Both predicted burst elevations are higher than the
experimental locations but are consistent with the experiment in that burst elevation occurs at
the upper end of the fuel rod simulators.
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Figure 3.10: Rod 4 Temperature vs. axial location on outside of clad.

Table 3.3. Experimental and simulation results for QUENCH-L1 rod 4

Experiment BISON

Burst time (s) 55.2 55.8
Burst elevation (mm) 979 927

Burst inner pressure (bar) 53.9 56.4
Temperature at 950 mm (K) 1154 1117
Max hoop strain (%) 28.9 8.9

Max rod diameter (mm) 15 11.6
Min rod diameter (mm) 13 10.8

Table 3.4. Experimental and simulation results for QUENCH-L1 rod 7

Experiment BISON

Burst time (s) 54.4 68.4
Burst elevation (mm) 953 800
Burst inner pressure (bar) 55.1 56.6
Temperature at 950 mm (K) 1074 1077
Max hoop strain (%) 24.8 8.1
Max rod diameter (mm) 14.7 11.5

Min rod diameter (mm) 12.5 10.8




3.4. Halden IFA-650.2

LOCA tests at Halden (IFA-650 series) are integral in-pile single rod tests. Relative to
separate effects tests, they also provide information on the integral behavior of a fuel rod
during a LOCA accident. The second trial test IFA-650.2 [41] was modeled with BISON.

Description of the test

The test was carried out using a fresh, pressurized PWR rod and low fission power to achieve
the desired temperature conditions. The rod plenum volume was made relatively large to be
able to maintain stable pressure conditions during ballooning. The fabrication characteristics
of the IFA-650.2 fuel rod are reported in Table 3.5.

The fuel rod was located in a standard high-pressure flask in the IFA-650 test rig in the
Halden reactor. A heater surrounding the rod was used to simulate the heat from adjacent
rods. The flask was connected to a high-pressure heavy water loop and a blowdown system.
During normal operation prior to the LOCA test, the rig was connected to the loop and forced
circulation flow conditions existed. Then, the rig was disconnected. A natural convection
phase began, with water flowing up between the fuel rod and flow separator (with heater) and
down between flow separator and flask wall. Full pressure still existed in the rig. LOCA was
initiated by opening the valves leading to the blowdown tank (blowdown phase). The initial
pressure in the loop was ~7 MPa and the counterpressure in the blowdown tank was ~0.2
MPa. The channel pressure decreased to 3-4 bars, and the rig was practically emptied of water
within 30-40 seconds. Stagnant superheated steam surrounding the rod provided inadequate
cooling and the cladding temperature increased quickly (heat-up phase). A low fission power
of 2.3 kW/m was used to simulate decay heat and achieve the desired temperature conditions.
Cladding ballooning and burst rupture occurred during the heat up phase. Measured cladding
temperature at burst was ~815 C. The test was ended by a reactor scram.

Table 3.5. Design data of [IFA-650.2 fuel rod [41].

Fuel material U0,
Fuel density %TD 95.0
U enrichment wt% 2.0
Active stack length mm 500
Pellet OD mm 8.29
Pellet ID mm 0
Cladding material Zy-4
Cladding ID mm 8.36
Cladding OD mm 9.50
Diametral gap pm 70
Free volume cm’ 17.4
Fill gas He

Fill gas pressure MPa 4.0




Setup of the BISON simulation

The rod geometry was modeled following the design specifications from [41] (Table 3.5). The
enriched fuel pellet column was represented with a smeared fuel column. Natural UO, pellets
at the top and bottom of the fuel stack were also included. A single rod upper plenum was
considered, whose volume is the sum of the various plenum volumes in the more complex
real geometry [41]. A 2D axisymmetric quadratic finite element mesh was used.

The combined overstress and plastic instability criterion for cladding burst failure
(Section 2.4) was adopted for the IFA-650.2 simulation.

The boundary conditions (BCs) in terms of linear heat rate and rig pressure were derived from
the raw data from provided by the Halden Project and tabulated for usage in BISON.
Temperature BCs at the cladding outer surface were evaluated based on cladding outer
temperatures, which were measured at two axial positions during the experiment. In
particular, axial temperature profiles at the clad outer surface were obtained using some
simplifying assumptions and imposing coincidence with the measured temperatures at
measurement axial locations. The obtained profiles were used as outer cladding temperature
BCs in absence of detailed thermal-hydraulics calculations. The procedure and assumptions
adopted for the calculation of the temperature BCs used for the BISON simulations of IFA-
650.2 at INL was first discussed on the FUMAC website in advance of the RCM2 [42]. A
detailed description is given hereinafter.

Determination of the thermal boundary conditions

Clad outer temperature axial profiles are obtained based on the following assumptions:

* The effect of radiation is lumped into an “effective” heat transfer coefficient. This
simplification is based on linearizing the radiative heat transfer law q" o (T} — T,})
to q" o hyqq(Ty — T,). Here q"' is the heat flux and h,qq ¢ Tgyerqge and has units of a
heat transfer coefficient. The linearized equation is accurate if T; and T, are close
enough. Under this assumption, the axial clad temperature profile can be written in a
form as if heat transfer were purely convective

T(Z) = Tcool(z) + q”(z)/heff(z) (31)

where z is the axial coordinate, T, the coolant temperature, and h.sf is the
“effective” heat transfer coefficient (convection + radiation).

* The coolant temperature is approximated as the heater temperature at the axial
position z. This is estimated based on the Halden data of measured heater temperature
at two axial locations and a linear interpolation.

* The heat flux is proportional to the local linear heat rate, i.e., q''(2) o q'(z). This is
reasonable provided that the coolant channel conditions are reasonably uniform along
the rod and that no significant axial fuel relocation takes place during the test. From
this assumption and Eq. 3.1, it follows:

T(2) = Teoo1(2) + q'(2) /1" (2) (3.2)

where h*(z) = k hesr(2z) and k is a constant. The local linear heat rate, q'(2), is
obtained from the Halden data.



* h*(z) is determined based on the measured cladding temperatures. For this purpose,
h* is assumed to vary linearly along z

h*(z) = Az + B (3.3)

* The two equations needed to determine the coefficients A and B are the conditions of
T(z) (Eq.3.2) being equal to the measured temperatures at the two measurement
locations (thermocouples at clad outer wall).

The strongest simplification in the above approach is taking a linear fit of the heat transfer
coefficient along the axial direction. When radiation is dominant, h*(z) < ijerage,
approximately, which likely has a maximum at peak power position. However, the above
approach based on measured temperatures may be accurate enough in view of the
uncertainties involved in determining thermal-hydraulic boundary conditions.

Figures 3.11 to 3.14 show the estimated clad outer temperature profiles at selected instants
during different phases of the experiment. Using the measured temperatures and an axially
varying heat transfer coefficient, actually, allows one to capture effects such as the higher
temperature in the lower part of the rod during the blowdown phase, which are difficult to
explain [41] or reproduce through thermal-hydraulics calculations.
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Figure 3.11. Estimated axial temperature profile at cladding outer surface at an instant during

the forced circulation phase of the IFA-650.2 experiment. The measured temperatures at the

thermocouple locations and the linear heat rate (LHR) profile interpolated from Halden data
are also shown.
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Figure 3.12. Estimated axial temperature profile at cladding outer surface at an instant during

the natural circulation phase of the IFA-650.2 experiment. The measured temperatures at the

thermocouple locations and the linear heat rate (LHR) profile interpolated from Halden data
are also shown.
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Figure 3.13. Estimated axial temperature profile at cladding outer surface at an instant during
the blowdown phase of the IFA-650.2 experiment. The measured temperatures at the
thermocouple locations and the linear heat rate (LHR) profile interpolated from Halden data
are also shown.



LOCA test - time of clad burst

1500 2.5
,’.\

1300 2.4
£
g . 3
o 1100 =
5 2
- @
E -
b
g8 g g
€ 900 . 22 £
Q . N -
= ) g
¢ B Thermocouple measurements . pi

A 4
700 —5— Estimated temperature profile 2.1

----- Linear approximation

-#+- LHR profile
500 2
0 100 200 300 400 500
Axial position (mm)

Figure 3.14. Estimated axial temperature profile at cladding outer surface at the time of
cladding burst for the IFA-650.2 experiment. The measured temperatures at the thermocouple
locations and the linear heat rate (LHR) profile interpolated from Halden data are also shown.

Results

In Figure 3.15, calculated inner pin pressure during the LOCA transient is compared to the
on-line experimental measurement, with predicted and experimental time to burst being also
illustrated. The comparison points out that both quantities are predicted reasonably well by
BISON. Rod pressure is moderately over-predicted during the heat-up phase of the test, which
may be ascribed to discrepancies in the calculated plenum temperature and/or evolution of
fuel rod inner volume during ballooning.

In this work, cladding temperature boundary conditions are determined based off the
measured cladding outer temperatures, as detailed above. Clearly, temperature BCs at the
cladding also affect plenum temperature and in turn, plenum pressure. The small “dip” in the
calculated pressure shown in Fig. 3.15 at a time of around 30 s is due to a corresponding dip
in the measured cladding outer temperatures (in particular, from the thermocouples at the
upper axial position) from the Halden data. This behavior will require further investigation.

Fission gas release is very low due to the test being performed with a fresh fuel rod and is not
expected to affect rod pressure significantly.

Calculated time to burst is ~91.1 s after blowdown, i.e., about 7 s before the experimental
time to burst (~98.5 s after blowdown).
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3.5. Halden IFA-650.10

The FUMAC priority case Halden IFA-650.10 [43] has been simulated with BISON. The
developed BISON computational model included a 2D geometric representation of the IFA-
650.10 rod, consistent with the design specifications provided by the Halden Project, power
histories and coolant conditions from the beginning of life through the commercial base
irradiation and the LOCA test. Furthermore, the simulation was informed with the thermal
boundary conditions calculated with the SOCRAT code and provided through FUMAC [44].
We exercised this computational model to obtain a BISON simulation of IFA-650.10 through
all the phases of the experiment and up to cladding burst failure.

Description of the test

The tenth Halden LOCA test, i.e., [IFA-650.10 [43] was carried out using a segment of a PWR
rod that had been irradiated in a commercial PWR (Gravelines 5, 900 MWe, EDF, France) up
to a burn-up of 61 MWd/kgU. During the test a low fission power (25 W/cm) was used to
achieve the desired conditions for high cladding temperatures, ballooning and oxidation. A
heater surrounding the rod and operating at 12 W/cm was used for simulating the heat from
adjacent rods. The average cladding temperature increase rate during the heat-up was around
8 K/s. Cladding failure occurred ~249 seconds after blowdown at a cladding temperature of
~1025 K. The fabrication characteristics of the IFA-650.10 fuel rod are reported in Table 3.6.

The fuel rod was located in a high-pressure flask in the IFA-650 test rig, which was connected
to a high-pressure heavy water loop and a blowdown system. Cladding temperature is
influenced by both rod and heater powers. The flask was surrounded by a shroud and was
placed inside the Halden reactor. The annulus between the shroud and the flask is filled with
moderator (heavy water) at a pressure of 34 bar and a temperature of 235 C. One cladding



Table 3.6. Design data of the IFA-650.10 fuel rod [43,45].

Fuel material U0,
Fuel density %TD 95.32
U enrichment wt% 4.487
Active stack length mm 440
Pellet OD mm 8.21"
Pellet ID mm 0
Pellet length mm 10
Cladding material Zy-4
Cladding ID mm 8.36
Cladding OD mm 9.50
Diametral gap pm 150
Free volume cm’ 17
Fill gas 95% Ar, 5% He
Fill gas pressure MPa 4.0

"For consistency with the fuel-cladding gap width [43,45].

surface thermocouple was located 9.5 cm above the fuel stack bottom, and the other two were
attached 8 cm below the top of the stack. The rig instrumentation also included a fuel pressure
sensor and thermocouples at the inlet and outlet of the rig to measure the coolant temperatures.

The experimental procedure for the IFA-650.10 test is detailed below [43]. Note that we refer
here to the LOCA test performed in the Halden reactor on the pre-irradiated, refabricated
PWR fuel rod. In the BISON simulation, we also considered the commercial base irradiation
preceding the test.

The general test scheme of IFA-650.10 consisted of the following phases:

Preparatory phases. The test started with a preparatory irradiation with effective water
cooling, consisting of a forced circulation phase followed by a natural circulation
phase. The forced circulation phase started with steady state operation at a linear heat
generation rate (LHGR) of 120-130 W/cm, with the outer loop connected and the
pressure in the loop set to ~70 bar. Then the LHGR was decreased to ~25 W/cm. The
power levels were chosen based on the previous test runs and pre-calculations to
achieve the target peak cladding temperature (PCT) of 850 C during the heat-up phase
of the test. Then the flow regime was switched to natural circulation by disconnecting
the rig from the outer loop. Full pressure still existed in the rig. Temperatures in the
rig were left to stabilize for three minutes before blowdown.

Blowdown phase. Valves to the dump tank were opened (blowdown). The channel
pressure decreased rapidly to ~4 bar as water flew out of the pressure flask. The rig
was practically emptied of water in ~71 s, which corresponds to the end of the
blowdown phase (beginning of the dry phase).

Dry or heat-up phase. Stagnant superheated steam surrounding the test rod provided
inadequate cooling and the fuel cladding temperature increased quickly. Much of the
heat removal from the test rod is by radiation to the surrounding heater. Ballooning
and burst occurred during the heat-up phase and were detected from pressure and



temperature signals (burst at ~1025 K, ~249 s after blowdown). The test was ended by
a reactor scram 418 s after blowdown.

The BISON computational model for IFA-650.10

A 2D BISON model of the IFA-650.2 fuel rod was constructed. The fuel pellet stack was
meshed as a smeared column. The plenum length was adjusted such that the initial rod inner
volume was consistent with the rod data [43,45]. For simplicity, the base irradiation was
simulated on the geometry of the refabricated IFA-650.10 rod rather than on the geometry of
the original commercial mother rod. Refabrication in BISON was accounted for by specifying
the temperature, pressure, and volume of the rod filling gas at refabrication.

The plastic instability criterion for cladding burst failure (Section 2.4) was chosen for this
simulation, as it was found to be the most appropriate for the analysis of pre-irradiated fuel
rod experiments.

Time-dependent boundary conditions

Simulation of the commercial base irradiation was included in the BISON analysis of IFA-
650.10. The power history for the base irradiation was digitized from the chart provided
within FUMAC [46] and tabulated for usage as input to BISON. For the coolant conditions
during the base irradiation, typical PWR parameters were adopted, i.e., water at a pressure of
15.5 MPa, an inlet temperature of 580 K and an inlet mass flux of 3800 kg/m’-s was
considered. The heat transfer from the cladding to the coolant was modeled using BISON’s
internal coolant channel model for convective heat transfer under PWR conditions.

The Halden test began with preparatory phases of fuel rod irradiation under coolant conditions
of forced circulation, first, and natural circulation, afterwards. Since the SOCRAT
calculations do not cover these preparatory phases fully [44], to determine the thermal
boundary conditions we adopted a pragmatic approach in which we used the measured
temperatures available from the Halden data. In particular, for these initial phases of the
experiment, we considered an axially flat temperature profile, with the (time dependent)
temperature value being the average of the temperature data measured at two different axial
locations. The temperature profile along the plenum length is also considered as flat, with the
temperature value being equal to the temperature measured by the plenum thermocouple. This
approach guarantees good accuracy as the temperature values are derived directly from the
measurements. The downside of this approach is that axial temperature peaking (which is
associated with power peaking) is not allowed as an axially flat profile is used. This makes
such an approach less suitable for the post-blowdown phases of the test, when cladding
ballooning occurs that presents an axial dependence (localized ballooning and burst in
correspondence of the hottest axial position). This is a consequence of the axial temperature
peaking in the cladding and the strong temperature dependence of Zircaloy thermal creep and
the associated cladding ballooning. Hence, more detailed thermal boundary conditions are
needed for the post-blowdown phases.

The SOCRAT calculated cladding outer temperatures were used from a time 280 s before the
beginning of blowdown onwards (i.e., for the time period where SOCRAT calculated
temperatures are available [44]). Figure 3.16 shows the comparison of the cladding outer
temperatures compared to the Halden measurements at the axial locations where the
measurements were performed. Temperatures are the same as shown in [44] and confirm that
the SOCRAT data were supplied correctly to BISON.



As for the linear heat generation rate (LHGR) history for the rod, this was obtained from the
Halden raw data and tabulated for usage in BISON. As data are provided at different axial
locations, axial linear interpolation was used.

Note that the experimental transient continued beyond the time of burst, but we stop the
simulation at burst time. After burst, factors such as the geometry of the burst opening, fuel
rod depressurization, and possible fuel dispersal all affect fuel rod behavior, and are not
accounted for in BISON. In this work, we rather focus on predicting pre-burst fuel rod
behavior (temperatures, ballooning) as well as the time to burst.

Results

Figure 3.17 shows contour plots of calculated fuel temperatures in the fuel rod at the time of
predicted cladding burst failure. Besides the full rod, separate plots for the fuel and cladding
are shown with specific color scales. The cladding reaches very high temperatures compared
to normal PWR operation values of around 600 K because of the degraded heat transfer to the
coolant during a LOCA that ultimately causes cladding heat-up and ballooning due to thermal
creep.

Figure 3.18 shows a contour plot of calculated hoop strain at the time of predicted burst. The
figure demonstrates how cladding ballooning, with large cladding strain and a maximum
localized near the axial mid-plane of the fuel stack, is reproduced by BISON.
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Figure 3.16 Measured cladding outer temperatures at two different axial locations in the IFA-
650.10 rod during the post-blowdown phases of the test and corresponding temperatures in
BISON (prescribed, from the SOCRAT calculations [44])
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Figure 3.17. Contour plots of calculated temperature in the [IFA-650.10 fuel rod at the time of
cladding burst failure. Full rod (left), fuel only (center) and cladding only (right). The view is
magnified 10 times in the radial direction for improved visualization.
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Figure 3.18. Contour plot of calculated hoop strain in the IFA-650.10 fuel rod at the time of
cladding burst failure. Cladding ballooning as reproduced in the simulation is evident. The
view is magnified 10 times in the radial direction for improved visualization.



Figure 3.19 shows the axial profile of the cladding diameter at the end of the simulation
compared with the experimental data from post-irradiation examinations. BISON is able to
predict cladding ballooning with a physically meaningful profile and with the position of
maximum strain being reasonably close to the experimental observation. However, an over-
prediction of cladding outward strain along the rod is observed.

As already noted in Section 3.1, the accurate prediction of maximum cladding strains reached
during LOCA tests is extremely difficult. In particular, very high strain rates are attained as
cladding burst is approached, which implies that the maximum strain reached in the
calculation is very sensitive to the specific criterion adopted to determine the time of rod burst
(i.e., the time at which the simulation ends and strain is considered), since small differences in
the final time may correspond to large differences in the maximum strain. In order to
potentially improve cladding strain predictions with BISON, further investigation and
sensitivity analysis of the dependence of calculated strains upon the choice of the burst
criterion, as well as further developments of the cladding creep model (e.g., considering
anisotropic creep), are of interest in perspective.

In Figure 3.20, the calculated time evolution of rod inner pressure during the post-blowdown
phases of the IFA-650.10 experiment is compared to the experimental (pressure transducer)
data from Halden. BISON reproduces the experimental behavior with a good accuracy.
Deviations of the calculation from the experimental data may be partly due to a discrepancy
between the calculated and actual plenum temperature (which together with rod inner volume
and gas content determines the plenum pressure) in consequence of the uncertainties in the
temperature calculation and boundary conditions, and the assumptions in the plenum temperature
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Figure 3.19. Calculated cladding outer diameter profile for [IFA-650.10 at the end of the
simulation compared to the Halden experimental data.



calculation itself." Also, the calculated pressure as burst time is approached decreases more
rapidly than experimentally observed. This is expected to be a consequence of calculated
cladding outward deformation (ballooning) and the associated increase in rod inner volume
being more rapid than occurred experimentally. This is confirmed by the calculated cladding
diameter profile at the end of the simulation shown in Fig. 3.19. An improved treatment of
cladding creep that allows for anisotropic behavior, and a refined calculation of the plenum
temperature, may improve our results.

Cladding burst is predicted to occur ~236 seconds after blowdown, i.e., ~13 seconds before
time observed experimentally (249 seconds after blowdown). Furthermore, BISON’s
prediction is conservative as the cladding is predicted to fail before it was experimentally
observed.
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Figure 3.20. Rod inner pressure evolution during the post-blowdown phase of IFA-650.10 and
time to cladding burst. BISON results are compared to the Halden experimental data.

' Plenum temperature in the BISON model of IFA-650.10 is calculated as the average cladding inner
temperature, with only the plenum height considered. Outer fuel temperature, and cladding inner
temperature below the plenum (i.e., along the gap) are neglected. This assumption is deemed
reasonable for an experiment such as IFA-650.10 where the plenum length and volume are high
compared to standard plenum/fuel column ratios [43], so that the gas temperature is predominantly
determined by the inner cladding temperature along the plenum.



4.  CONCLUSIONS

In this report we summarized the contribution of Idaho National laboratory (INL) to the
FUMAC project. In line with the original research agreement, work at INL has focused on
both (i) developments of INL’s fuel performance code BISON for the analysis of LOCAs and
(i1) simulation of selected FUMAC priority cases.

As for code developments, BISON extensions relevant to FUMAC included the incorporation
into the code of the key material and behavior models required to address transient high-
temperature phenomena occurring during LOCAs. In particular, models were implemented in
BISON for high temperature cladding oxidation, Zircaloy solid-solid phase transformation,
Zircaloy high temperature creep, cladding burst failure and axial fuel relocation.

With reference to the simulation of the FUMAC cases with BISON, as originally agreed
several cases were considered, including both separate effects and integral fuel rod tests. In
particular, BISON simulations were performed for the FUMAC cases (1) MTA EK tests
PUZRY, (2) QUENCH LI rods 4 and 7, (3) Halden IFA-650.2, and (4) Halden IFA-650.10.
In addition, simulations of the ballooning tests REBEKA were performed and are included in
this report, in view of the potential interest to the FUMAC project. This additional work
included 3D simulations accounting for azimuthal temperature variations.

All of the 31 MTA EK separate effects ballooning and burst tests PUZRY were simulated
with BISON. Results were reasonable in terms of cladding burst times and pressures. It was
noted that discrepancies between calculations and experimental data may be partly due to
anisotropic creep behavior, which is not considered in the BISON model at this time.
Predictions of maximum cladding strain were less satisfactory, indicating an area of potential
future improvement. It was emphasized that the accurate prediction of cladding strains
reached during LOCA tests is extremely difficult, because very high strain rates are attained
as cladding burst is approached, making the maximum strain reached during the calculation
very sensitive to the specific burst criterion adopted and the associated uncertainties.

Additional separate effects simulations were performed for the REBEKA tests, which also
pointed out a reasonable accuracy of BISON burst predictions (burst temperatures).
Moreover, using BISON’s 3D capability, one of the REBEKA cases was simulated in 3D, to
investigate cladding response in presence of azimuthal temperature variations. Results
indicated 3D effects are potentially important to accurate fuel rod analysis during LOCAs.

BISON simulations of the QUENCH L1 rods 4 and 7 confirmed a good predictive capability
of the code for cladding burst temperatures and pressures, and less satisfactory predictions of
cladding strains. In particular, maximum cladding hoop strains were under-predicted. As
noted above, this is expected to be, to a significant extent, related to the high sensitivity of
calculated maximum strains to the choice of and uncertainties in the cladding burst criterion.

Simulation of the Halden test IFA-650.2 involved determination of the thermal boundary
conditions at the cladding outer wall following an approximate calculation procedure based
on the Halden thermocouple data. Results were compared to experimental data of rod inner
pressure evolution during the test and time to cladding burst. Both quantities were reasonably
well predicted by BISON. Rod pressure was moderately over-predicted during the heat-up
phase of the test, which may be ascribed to discrepancies in the calculated plenum
temperature and/or evolution of fuel rod inner volume during ballooning. Calculated time to
burst was ~7 seconds before the experimental one.



Finally, we presented the BISON simulation of the Halden IFA-650.10 case. The calculation
included all of the phases of the experiment from the beginning of life through the
commercial base irradiation and the LOCA test. The analysis of the LOCA test was informed
with the thermal boundary conditions calculated with the SOCRAT code and provided
through FUMAC. The time to cladding burst failure was predicted with a good accuracy, the
calculated time being within 13 seconds of the experimental one. Furthermore, the calculation
was conservative, the predicted failure time being slightly earlier than experimentally
observed. Also, a comparison of the cladding diameter profile at the end of the test was
shown, pointing out significant discrepancies between experimental and calculated profiles.
However, cladding ballooning was reproduced, with a physically meaningful profile. Finally,
BISON was able to reproduce the experimental evolution of rod inner pressure during the test
with a good accuracy.

The BISON results are made available to the FUMAC project as a contribution to the
FUMAC benchmark exercise.

In perspective, further developments of BISON for LOCA analysis are of interest in order to
enhance the code’s predictive capability for LOCAs. In particular, further investigation and
sensitivity analysis of the dependence of calculated maximum cladding strains upon the
choice of the burst criterion is deemed useful. Also, improvements in predictions of cladding
strain as well as cladding burst may be achieved by considering the anisotropic creep behavior
of alpha-Zr under LOCA conditions. This will require modifying the mechanics models in the
code to consider anisotropic creep strain. Another potential source of discrepancy is the 2D
representation of fuel rod behavior that involves inherently 3D effects such as localized
ballooning and burst associated with azimuthal temperature variations. As demonstrated by
initial 3D simulations with BISON, 3D effects are important for LOCA analysis. Additional
simulations in 3D with BISON to further investigate such effects are of interest in
perspective.

Currently, BISON does not consider the thinning of the cladding metal wall during oxidation,
which can be of importance to cladding mechanical behavior at the high oxidation rates that
can be attained during LOCAs. This could be considered in a finite element code using the
Extended Finite Element Method (X-FEM) to simulate a moving material interface (metal,
oxide). Moreover, internal cladding oxidation is not considered at this time and is of interest
for future developments. Also, a model for hydrogen production and uptake during oxidation
is available in BISON and has been applied to fuel rod lifecycle simulations including spent
fuel storage [47]. However, this model has not been applied yet to LOCA simulations with
BISON, which represents a potential future application. Finally, coupling to thermal-
hydraulics system codes developed at INL is of potential interest for an improved
multiphysics coupling that could result in improved boundary conditions for the BISON fuel
rod calculations under accident conditions.
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