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a b s t r a c t

Cladding failure in a fuel rod during operation in a BWR is analyzed using a FALCON code-based model.
Comparative calculation with a neighbouring, intact rod is presented, as well. A considerable ‘hot spot’
effect in cladding temperature is predicted with the SLICE-DO model due to a thermal barrier caused by
the localized crud deposition. Particularly significant overheating is expected to occur on the affected
side of the cladding of the failed rod, in agreement with signs of significant localized crud deposition as
revealed by Post Irradiation Examination. Different possibilities (criteria) are checked, and Pellet-
Cladding Mechanical Interaction (PCMI) is shown to be one of the plausible potential threats. It is
shown that PCMI could lead to discernible concentrated inelastic deformation in the overheated part of
the cladding. None of the specific mechanisms considered can be experimentally or analytically iden-
tified as an only cause of the rod failure. However, according to the current calculation, a possibility of
cladding failure by PCMI cannot be excluded if the crud thickness exceeded 300 mm.
© 2020 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

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

During an operational cycle of a Boiling Water Reactor (BWR),
indications of rod leakage were detected by the in-reactor moni-
toring system [1]. Further inspection identified two rods with spe-
cific ‘marks’ on the cladding surface indicating potential localized
degradation of the cladding material. The affected rods were
standing in the neighbouring positions, A2 and B1, of the outer row
of the assembly, next to the corner with a 1/3 part-length rod, as
shown in Fig.1. Themarks and the cladding failure positionwere just
below the next-to-last upper spacer, far above the part-length rod
zone, on the cladding sides turned somewhat to the missing-rod
area. Visual inspection of the two rods, just mentioned, showed
that only one rod, A2, had failed, whereas the B1 rod was intact.

The rod leakage was detected close to the end of the first year of
operation of the assembly, ca. 5 days after return to full reactor
power, which followed a reactor scram in response to an un-
planned, very fast thermal transient (see Phase 2 of the power
history for rods A2 and B1 in Fig. 2). The local power in the expected
position of a failed assembly was reduced, and irradiation
continued until the planned cycle end e for about 600 h, as shown
by Phase 3 in Fig. 2. Nonetheless, this post-failure irradiation
by Elsevier Korea LLC. This is an
resulted in secondary degradation of the failed rod, which pre-
vented the power plant from further transportation of this rod to a
Hot-Laboratory for destructive Post-Irradiation Examination (PIE),
and made it difficult to determine the primary failure mechanism.

The first pool-side non-destructive PIE revealed that the marks
on these and some other rods were due to excessive localized
oxidation and/or crud deposition at the cladding surface. Based on
the analysis of PIE data, the affected rods were divided in classes
with sizes of the marks covering the range from ‘weak indications’
(up to 70 mm thick spots) to ‘significant indications’ (up to 260 mm
thick spots), and rods with larger spots that were not allowed for
further reuse. Furthermore, destructive PIE at the PSI Hot-
Laboratory was conducted for three rods, including those with
the ‘weak indications’ and ‘significant indications’. This study has
been showing that the marks on the cladding surfaces, as well as
the corresponding peaks in the Eddy-current measured profiles
were due to localized excessive deposition of the crud and did not
show indications of excessive oxidation.

As far as the fuel behaviour modelling is concerned, efforts have
been focused on development of appropriate models and analysis
methods. Specifically, a new model, SLICE-DO, was proposed using
the main capabilities of the FALCON code [2]. The model utilizes
cross-sectional (rq-plane) geometry for an affected axial node of
the rod to simulate thermal and mechanical effects of localized
oxidation, as well as localized deposition of crud or other foreign
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Fig. 1. A simplified drawing for the fuel assembly corner with the two affected and one
unaffected rod above the part-length rod zone. Shown in red is the coolant sub-
channel as assumed in FALCON calculation of the effective hydraulic diameter. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)
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materials on cladding surface during irradiation. In the first step,
this model was employed as the basis of a methodology for
adjustment of relevant operational limits in consideration of the
Fig. 2. LHGR history of rod A2 during the analyzed operational cycle. Calculation was perfor
second for Phase 2 plus power ramps of Phase 3. Due to different time scales, Phase 2 (tra
effects of localized cladding oxidation [2], with a view to avoiding
further failures of the affected rods remaining in the core.

Regarding the operational cycle when the failure took place, the
calculations were first performed using traditional, full-scale rod
models of the FALCON code, which assumed the axisymmetric rod
geometry. At that stage, assumptions were made of both A2 and B1
rods being unaffected. This analysis utilized appropriate conser-
vative assumptions for the parameters of rod design, design criteria
and operational limits [2] as established by the fuel vendor for
justification of the fuel reliability. The extensive integral analysis,
just mentioned, showed that operation of unaffected rods during
the cycle of interest could not compromise their reliability, sug-
gesting that the mark with significant indications of crud deposi-
tion could be linked with the cladding failure in rod A2.

The current paper is dedicated to interpretation of the rod
failure. The main approach is, basically, to consider fuel behaviour
in the affected axial nodes during the two post-transient power
ramps, which were identified by the integral (full-scale) analysis as
the most challenging from the viewpoint of Pellet-Cladding Me-
chanical Interaction (PCMI) due to the lowest predicted margins to
the conventional design limits. At this stage, the calculation is
performed with the SLICE-DO model of the FALCON code, using the
initial- and boundary-conditions as obtained from the previous,
integral fuel behaviour analysis. The goal is to assess aggravation in
the failure related variables of cladding state (e.g., the peak local
temperature, oxidation, hoop-strain and hoop-stress), assuming
crud-spot sizes as established through PIE, in order to find out
whether or not the local crud deposition could facilitate the clad-
ding failure in rod A2.
med with two FALCON runs, over the calculation restart [19]: first run for Phase 1, and
nsient) was simulated and shown assuming negative time values.



Fig. 3. Calculated relative gap thickness in Node 20 of rod A2 during Phase 1 of the
analyzed operational cycle.
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2. Numerical tools and methodologies used

2.1. FULL model for integral rod analysis

The details of integral calculation of fuel rod behaviour using
FULL type models of the FALCON code were presented in Ref. [2],
which is briefly recapitulated below. This type of analysis has been
performed using a standard finite-element model of the FALCON
code [3e5], which assumes axisymmetric (rz-full strain-constraint)
geometry, which was referred to as the FULL model in Ref. [2]. The
most comprehensive set of physical models, as available in FALCON,
was selected for the current FULL model analysis, viz.: the GRSW-A
model for FGR and gaseous swelling [6]; the Limb€ack-Andersson
model for cladding creep [7]; the MATPRO model for calculation
cladding oxidation with the parameter settings corresponding to
the BWR coolant- and irradiation-conditions [8]. Otherwise, the
standard models of the FALCON code [5] were utilized for:

- Mechanical effects of the initial fuel cracking, employing a
model for the so-called ‘smeared’ cracks [16];

- Reduction of the pellet cladding gap size due to initial fuel
cracking, as calculated by the built-in model of the code
(ESCORE);

- Pellet-cladding frication, assuming a default value of 0.5 for the
model-specific friction coefficient (FRICTN).

The cladding outer surface temperature for the analysis with the
FULL model were calculated internally, using the built-in model of
the FALCON code. The boundary conditions for Linear Heat Gen-
eration Rate (LHGR), as shown in Fig. 2, as well as the histories of
coolant mass-flux, temperature and pressure at the inlet, for rods
A2 and B1 were obtained from calculations with the SIMULATE-3
[9] and TRACE [10] codes. The former was used for steady-state
irradiation during Phase 1 and Phase 3, as shown in Fig. 2. The
latter provided input for the FALCON's FULL models during a very
rapid thermal transient (see Phase 2 in Fig. 2) that had occurred
before the moment when the leaker rod was detected. It is to be
noted, that good agreement was shown between the cladding
temperatures as calculated by the thermo-hydraulic model built in
the FALCON code and the TRACE code for the entire operational
cycle of interest, including the thermal transient just mentioned.

The finite-element mesh for FALCON calculation was designed
to provide detailed axial distribution of the calculated variables of
the pellet- and cladding-state during the irradiation. Specifically,
the axial mesh in the active part of the rods consisted of twenty-five
equal element rows, hereinafter referred to as axial nodes, consis-
tently with the core-physics analysis of the SIMULATE-3 code, and
thermo-hydraulic analysis of the TRACE code. It is to be noted that
themarks on the cladding surfaces, and the position of the failure in
rod A2 corresponded to Node 20 of the mesh in question. The same
radial mesh was used as in the study published recently (see Fig. 2
in Ref. [2]).

The localizedcruddepositiononthecladdingsurface inNode20of
rodsA2andB1wasnot accounted for by the FULLmodel.On theother
hand, conservative setting for calculation models and parameters of
as-fabricated rod geometry was assumed in the analysis, essentially
corresponding to the lowestpossible initial pellet-claddinggap size in
the rods (i.e., the maximum pellet outer diameter, and the minimum
cladding inner diameter). All the assumptions regarding tolerance
bands for the fuel rod parameters and conservative boundary con-
ditions were in line with the methodology as established by the fuel
vendor for the analysis of PCMI failure. Due to these assumptions, a
relatively early closure of the pellet-cladding gap in rods A2 and B1
was predicted, as shown in Fig. 3, i.e., shortly before the thermal
transient, at a pellet burnup of ca. 15 MWd/kgU.
As a result, discernible PCMIwas predicted in Node 20 of rods A2
and B1 during two post-transient power ramps. However, the
calculation showed significant margin to the mechanical failure
limits by the Pellet-Cladding Interaction (PCI) assisted Stress-
Corrosion Cracking (SCC) and PCMI mechanisms. This suggests
that neither the thermal transient, nor the post-transient operation
could challenge reliability of the two rods of interest in case of
absent localized deposition of the crud.

Regarding the current analysis with the SLICE-DOmodel of local
effects in the affected axial node of rods A2 and B1, the results of the
above outlined FULL calculation were used to set the initial con-
dition in the affected node (Node 20) before the thermal transient,
which are presented in Table 1. Specifically, referred to as ‘cold gap
ratio’ is an input parameter of the FALCON code, which is defined as
a ratio of the pellet-cladding gap size (at room temperature) before
the transient to the as-fabricated gap-size. The selected value ad-
justs pre-transient gap size to the value obtained from calculation
of the pre-transient irradiation (Phase 1 in Fig. 2) [16].
2.2. SLICE-DO model for simulation of localized crud effects

SLICE type models of the FALCON code are designed for simu-
lation of behaviour of selected cross-sections (slices) of integral
rods [4]. The models in question utilize, basically, the same finite-
element solutions, as well as models for physical processes and
material properties, as FULL-scale rod models (see Section 2.1), to
account for:

� Heat generation and conduction in the pellet and cladding, and
heat transfer through the pellet-cladding gap;

� Fuel cracking and radial pellet fragment relocation;
� Pellet-cladding friction;
� Thermal expansion of the cladding and pellet;
� Elastic-viscous -plastic deformations and creep in the cladding;
� Elastic-plastic deformations and creep in the fuel pellets;
� Pellet-cladding contact and mechanical Interaction.

Consistently with the FULL analysis, the current SLICE calcula-
tion used the smeared cracking model, in which the crack is
considered as a mechanism that changes the material behaviour
from isotropic to orthotropic, and the material stiffness normal to
the crack surface drops to zero while full stiffness parallel to the
crack is maintained.
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Obviously, prediction of some aspects of integral rod behaviour
falls beyond the scope of SLICE models, such as e.g. cladding- and
fuel stack elongation, biaxiality of cladding stresses, fission gas
release and rod internal pressure.

Besides, the standard versions of the FALCON code provide close
coupling with the GRSW-A model for FGR and fuel swelling with
FULL type models only. Close coupling of GRSW-A into SLICE sim-
ulations is deemed to be incommensurate to their simplicity and
limited scope. A default model of the FALCON code for fuel swelling,
FSWEL, is normally used in SLICE calculations. However, a special,
ad-hoc version of the code was developed within the current ac-
tivity, allowing for the GRSW-A-calculated fuel swelling history
being coupled into SLICE (plane) simulations. To this end, a special
algorithm was implemented in the FALCON code. The history in
question is pre-calculated using a FULL model of the FALCON code
and extracted directly from GRSW-A output files.

The radial mesh utilized by the current SLICE model was the
same as in the FULL model analysis. The azimuthal mesh for the
simulated 180-degree symmetry sector consisted of eighteen
element rows. The nodal mesh assumed nine nodes per each
element: one node in the element centre, four nodes being com-
mon for two adjacent elements, and four nodes being common for
four adjacent elements. Thus, the analysis provided azimuthal
distribution of variables with an azimuthal resolution of 5� (see
Fig. 4).

The specific model for the affected rods, SLICE-DO [2], was
developed for simulation of:
Fig. 4. Schematics of the SLICE-DO model for simulation of localized crud effects. Presented
to scale).
� The mechanical effects of localized water-side cladding corro-
sion due to reduction of the mechanical-load bearing thickness
of the cladding and

� The thermal effects of the oxide or other foreign depositions on
the cladding outer surface with reduced thermal conductivity.

Simulation of localized deposition of the crud deals with the
second of the above-mentioned cases. The crud spot is character-
ized by an effective heat-transfer coefficient (HTC), as schematically
depicted in Fig. 4. The thermal effect is expected due to a relatively
low thermal conductivity of the crud material [11]. Hence, the
thermal conductivity of the crud is a key property to be provided
for the current SLICE-DO analysis. Experimental data for the ther-
mal properties of the specific crud, as observed in the BWR of in-
terest, is so far unavailable. The current conservative approach
utilizes a correlation for thermal conductivity of the ZrO2 in the
crud related calculations. Specifically, the ZOTCON correlation from
MATPRO [8] is used:

l¼1:67þ 3:62� 10�4 T (1)

where l is the thermal conductivity (W/m-K), T the temperature
(K).

Thermal conductivity of the solid (porosity-free) crud was
estimated in Ref. [11] at a value of 4.5 W/m-K. This is about a factor
of three lower than the thermal conductivity of zircaloy (see
description of the CTHCON correlation in MATPRO). Moreover, Eq.
(1) yields a conservative value, which is a factor of ~2.5 lower than
is a zoom-in of the outermost layer of cladding elements in the simulated rod slice (not
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the thermal conductivity of the solid crud assumed in the analysis
of Ref. [11], just mentioned.

On the other hand, the above-mentioned estimate for the
thermal conductivity in Ref. [11] should be reduced if the crud
contains pores, particularly those filled with steam. A compre-
hensive discussion of the effect of porosity on thermal conductivity
of solid materials is presented in Ref. [12] by the example of the
uranium-dioxide fuel. In the first approximation, fuel performance
codes consider thermal conductivity of a porous fuel material as a
linearly decreasing function of porosity [13]:

lðPÞz ð1� 2:5PÞ � lth (2)

where P is the fraction of porosity, lth the thermal conductivity of a
material with the theoretical density (e.g., solid crud).

Hence, for example, a presence of porosity of ca. 20% in a real
crud might halve its thermal conductivity reducing it to an as low
value as estimated by Eq. (1). Therefore, the accepted estimate can
be considered as conservative, unless the crud porosity significantly
exceeds a value of ~20%. Structural characterization of the crud in
the analyzed case was so far largely limited to optical-microscopy
images. On that basis, the crud has been characterized as ‘tena-
cious’, but essentially brittle to support the model assumption
about the crud layer being hoop-stress free [2]. Besides, the author
could identify some signs of porosity in sublayers of the crud at the
metal-crud interface and on the periphery.

The thermo-hydraulic boundary conditions for FALCON calcu-
lation with the SLICE-DO model need to be input, such that the
temperature in the outermost nodes of the cladding mesh equals
the temperature of the cladding-to-crud interface in a real, affected
axial node of the rod. First, the cladding outer surface temperature,
Tcosðt; z ¼ ZDOÞ, in a selected axial position ZDO, during entire irra-
diation period of interest is calculated by FALCON using the FULL
model, with the built-in coolant enthalpy rise model. Next, the
FALCON analysis for the affected axial node during the same irra-
diation period is performed using SLICE-DO, with time-dependent
input values, BULKTEMP and FILMCOEF [14], such that:

T0ðz¼ ZDO; q; tÞ¼ BULKTEMPþ F
FILMCOEF

(3)

where T0 is the temperature at the cladding-to-crud interface (K),
BULKTEMP the user input for external bulk temperature (K),
FILMCOEF the user input for equivalent heat transfer coefficient of
the crud layer (W/K-m2), F the heat flux density through the outer
cladding surface (W/m2), z, q and t the variable designations for
axial coordinate, azimuthal coordinate and time, respectively, ZDO
the axial coordinate (elevation) of the analyzed axial node of the
rod.

The heat flux density through the outer cladding surface, F, is
calculated internally by the FALCON code, based on the analysis of
heat generation and transport in the fuel rod slice, and the user
input for LHGR and Thermo-Hydraulic Boundary Conditions
(BULKTEMP and FILMCOEF). The SLICE-DOmodel utilizes the built-
in finite-element solver of the FALCON code to calculate 2-D non-
axisymmetric heat conduction in the cladding and pellet, and
heat transfer through the pellet-cladding gap. The heat flux
‘bending’ effect around small sized spots was investigated in
Ref. [2].

The user input for external bulk temperature, BULKTEMP, in the
SLICE-DO model is assumed to be equal to Tcosðt; z ¼ ZDOÞ, as
calculated with the FULL model within the FULL analysis:

BULKTEMP ¼ Tcosðt; z ¼ ZDOÞ (4)
where T cos is the cladding outer surface temperature in function of
time as calculated by FALCON with the FULL model, using the built-
in enthalpy rise model, for an axial node of the rod of interest.

The time- and azimuthal-angle- dependent values for the
equivalent heat transfer coefficients, FILMCOEF, are calculated
based on the azimuthal profile of the crud thickness in the affected
axial node:

FILMCOEF¼heff

�
t; q

�
¼ l

d
z

1
d

�
AþB

�
Tcos þ F

0

lðTcosÞ
d

2

��
(5)

where d is the local crud layer thickness (m), l the layer-averaged
thermal conductivity of the crud material, lðTcosÞ the crud ther-
mal conductivity at a temperature of the outer cladding surface.

The heat flux density, F
0
, on the right-hand side of the

approximated Eq. (5) is assessed under the assumptions of
azimuthally uniform, steady-state distribution of temperature and
heat flux in the rod slice considered:

F
0 ¼ LHGR

pD
(6)

where LHGR is the linear heat generation rate in the analyzed axial
node of the rod (W/m), D the cladding outer diameter (m).

Note that calculational uncertainty due to the assumptions just
mentioned is relatively low, because Eq. (5) shows up rather low
sensitivity of the thermal conductivity to temperature, T.

The case specific values for FILMCOEF and BULKTEMP are input
for all the outer nodes of the cladding mesh, as shown in Fig. 4,
through corresponding set cards of the THERMAL command card in
FALCON input files [14]. The nodes are divided into groups with
equal crud layer thickness (d in the affected sector, and zero in the
unaffected sector). The node grouping is implemented through the
IRRADIATION-CONVECTION set card of the MODEL command card.

It is to be noted, that the direct effect of a crud spot on cladding
temperature distribution (the thermal effect) implies also signifi-
cant implicit effects on the mechanical cladding state [2]. Apart
from a trivial effect of the increasing temperature on thermal
expansion of the pellet and cladding, the model accounts for the
effect of local overheating of the cladding that results in a con-
centration of the deformation, with a drastic increase in the local
hoop strain on the affected side of the cladding, and a decreased
hoop strain on the unaffected one.

2.3. Experimental data and boundary conditions for SLICE-DO
analysis

2.3.1. Conservative setting for the parameters of rod design
SLICE-type models of the FALCON code require user input for a

set of initial (as-fabricated) parameters of rod design. The same
conservatism was used in the parameter setting for the current
SLICE-DO analysis as in the integral calculation by the FULL model,
as presented in Table 2. In combinationwith the set of special, local
state specific parameters, as presented in Table 1, the SLICE-DO
input parameters in question are to adjust the initial cross-
sectional (rq-plane) geometry to the state predicted by the con-
servative calculation with the FULL model for Node 20 of rods A2
and B1.

Besides, a few boundary conditions should also be input as
functions of time for the SLICE-DO analysis, which is discussed in
the following sub-sections.

2.3.2. Power history
The LHGR histories in Node 20 of rods A2 during the thermal

transient and two post-transient power ramps, as simulated with



Table 1
Results of FULL analysis for node 20 of rods A2 and B1 after base irradiation in phase
1 as used for SLICE-DO model initiation.

Parameter, units Fuel Rod

A2 B1

Cold gap ratio, 1/1 0.151 0.157
Pellet-averaged burnup, MWd/kgU 15.34 15.28
Fast neutron fluence, n/m2 2.57 � 1025 2.56 � 1025

Rod internal pressure at room temperature, MPa 0.897 0.895
Fraction of He/Xe/Kr in rod free volume, % 95.5/3.8/0.7 95.5/3.8/0.7
Oxide thickness, mm 15.64 15.62

Table 2
Conservative selection for initial parameters of fuel rod design as used for thermo-
mechanical calculation with SLICE-DO model.

Parameter, units Value state in the tolerance band

Relative fuel density Min
Pellet radius Max
Fuel densification Min
Cladding inner diameter Min
Cladding outer diameter Min
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the SLICE-DO model, are shown in red in Fig. 2, in the panes for
Phase 2 and Phase 3, respectively. The power histories in question
are the same as the local power in Node 20 of these rods in the FULL
analysis, viz.: LHGR during the thermal transient was obtained from
the TRACE calculation, while LHGR during the post-transient irra-
diation was calculated by the SIMULATE-3 code. It is to be noted,
that the calculation with SIMULATE-3 and TRACE showed nearly
the same LHGR in the rods A2 and B1.

2.3.3. Rod pressure history
The rod internal pressure (RIP) history during the thermal

transient and post transient irradiationwas input into the SLICE-DO
models through the INTGASPR set card of the GAP command card,
which was exactly the output of the FULL model for this variable
Fig. 5. Input history of RIP in rods A2 and B1 during the thermal transient (left) and the follo
nearly the same pressure in the two rods.
(Fig. 5). This input, in combination with the parameters of gas
composition in the pellet-cladding gap and pellet swelling during
the simulated period are deemed to ensure reasonably good
approximation for the impact of fission gas on the mechanical state
of the cladding and gap conductance. It is to be noted, that the
calculation with FALCON using the FULL model showed nearly the
same pressure in the two rods of interest.

2.3.4. Pellet swelling history
Thermo-mechanical behaviour of the affected nodes (Node 20)

of the rods during the two post-transient power ramps was
investigated using the SLICE-DOmodel, and a special version of the
code allowing for external input of the history of pellet swelling, as
calculated by the GRSW-A model. The pellet swelling history in
Node 20 was obtained from the FULL analysis, as shown in Fig. 6.

The results of the calculation for the peak strain and stress in
cladding of rod A2 during the two post-transient power ramps are
shown in Fig. 7, against prediction of the code with the standard,
FSWEL model for fuel swelling. Due to relatively low level of LHGR
and low fuel burn-up in the analyzed rods, the impact of gaseous
swelling, as accounted for by the GRSW-A model, turned out to be
very low. On that basis, the SLICE-DO calculations for rod A2 were
performed using the standard version of the FALCON code, with the
integrated FSWEL model being employed in SLICE-DO simulations.

2.3.5. Crud spot sizes assumed in calculation
The angular half-size of the crud spot and the thickness of the

crud layer should be specified for the analysis with the SLICE-DO
model, in order to calculate the azimuthal distribution of the
effective heat transfer coefficient in Node 20 of rods A2 and B1.

For the crud thickness to be assumed in calculations, it was
decided that an affected rod of interest should be first ascribed to a
certain class, according to the established classification. This deci-
sion is taken based on experimental data (non-destructive Eddy-
current measurement, and/or destructive PIE). The former is be-
ing available for both analyzed rods, as shown in Fig. 8. The analysis
should then be conducted assuming that a value of crud thickness
wing power ramps (right). Calculation with FALCON-PSI using the FULL model showed



Fig. 6. An example of GRSW-A calculated pellet swelling history in Node 20 of rod A2
used as input in a special SLICE-DO analysis. Presented is the history during Phase 3 of
rod irradiation (see Fig. 2).
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equals themaximum thickness for the class that this rod belongs to.
Specifically, based on the plant data (non-destructive) and further
destructive PIE at PSI, the rods B1 and A2 were ascribed to the
classes of ‘weak indications’ and ‘significant indications’, which
allow for maximum local crud layer thickness of 70 mmand 260 mm,
respectively.

In addition, a special sensitivity study was performed to explore
the effect of angular half-size of the crud spot on variables of the
mechanical state of the affected node in rod A2 during the two
post-transient power ramps. As shown in Fig. 9, the maximum local
hoop strain due to PCMI in the affected cladding node was pre-
dicted to be reached for a crud spot angular half-size of 60�. This
value has been assumed as conservative in the following calcula-
tions with the SLICE-DO model.

On that basis, the crud spot sizes were established to be used in
the current calculations with the SLICE-DO model, which is
Fig. 7. Calculated peak hoop stress (left) and strain (right) in cladding i
summarized in Table 3.
In addition, a sensitivity study for rod A2 was performed

assuming different crud spot thickness, which is discussed below,
in sub-section 3.2.3.
2.3.6. Boundary conditions for calculation of cladding temperature
As pointed out in Section 2.2, the axisymmetric bulk tempera-

ture (BULKTEMP) and the azimuthal distribution of the effective
HTC associated with the crud spot (FILMCOEF) should be defined
and input into the SLICE-DO analysis, as functions of time:

� The former was set equal to the cladding outer surface (i.e. the
outer surface of the crud) temperature as calculated by the FULL
model in Node 20 of rods A2 and B1 (Fig. 10);

� The latter was calculated using Eq. (5), based on the method-
ology described in Section 2.2 (Fig. 11).

As seen in Fig. 11, there is a significant difference between pre-
dicted effective HTCs due to crud layers in rods A2 and B1, noting
that all the other boundary conditions, as presented in the current
chapter, are very close or virtually the same. Hence, a preliminary
conclusion can already be proposed that the crud thickness could
be the most influential parameter that could result in rod A2 failure
and the rod B1 being intact. This conclusion was verified by the
calculationwith the SLICE-DOmodel, which is discussed in the next
chapter.
3. Results and discussion

3.1. Distribution of cladding temperature

The results of SLICE-DO calculation for the temperatures in Node
20 of rods A2 and B1 during the short, ~5-s thermal transient and
the two post-transient power ramps are combined in Fig. 12.

A considerable ‘hot spot’ effect in cladding temperature is pre-
dicted with the SLICE-DOmodel due to thermal barrier imposed by
the localized excessive crud deposition. Particularly significant
overheating is expected on the affected side of the cladding of rod
n affected node of rod A2 during two post-transient power ramps.



Fig. 8. Experimental data from Eddy-current measurement of the total oxide-plus-crud layer thickness for rods A2 and B1.
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A2, with significant indications of crud deposition, which is also
shown in Fig. 13. As seen from the results of the calculation, the
temperature in the overheated part of the cladding (nodes with
azimuthal coordinate q ¼ 0� in Fig. 4) exceeds the one on the un-
affected, ‘cold’ side (nodes with azimuthal coordinate q ¼ 180� in
Fig. 4) by ~150 K.

An immediate consequence of the predicted overheating will be
enhanced localized cladding corrosion due to accelerated oxidation
of the zircaloy at elevated temperature [2]. Moreover, as discussed
in Ref. [2], a localized increase in cladding temperature can result in
an enhanced local hoop strain in the corresponding part of the
Fig. 9. Calculated peak hoop strain in Node 20 of rod A2 during the two post-transient
power ramps. The crud layer thickness assumed in calculation is 260 mm.
cladding due to the increased creep rate and the effect of concen-
tration of the cladding deformation. The effect in question can in-
crease the local hoop strain manifold, resulting in a local strain
being much higher than the one on the unaffected side of cladding,
and even in a cladding with assumed axisymmetric distribution of
crud with the same thickness (see Fig. 9). Potential impact of these
consequences on cladding integrity is discussed in the next section
of the paper.
3.2. Analysis of cladding failure

3.2.1. Possibility evaluation of cladding failure due to crud induced
autocatalytic corrosion

Analysis of previous events of crud induced failure has been
showing that in many cases it was linked to local cladding over-
heating [15]. As suggested in Ref. [15], an important mechanism of
the failures can be the accelerated, wall-through oxidation e nor-
mally away from the location of the thickest crud, which was
referred to as autocatalytic corrosion.

The accelerated oxidation is expected due to a positive thermal
feedback effect of the oxide layer on the oxidation rate. In that
sense, the autocatalytic corrosion is accounted for in FALCON,
because the calculation of oxidation rate assumes the temperature
of the current oxide-to-metal interface. The MATPRO/CORROS
correlation [8] is used for the low-temperature oxidation calcula-
tion with FALCON, which accounts for a mutual effect of tempera-
ture, water-coolant pressure and irradiation. The correlation was
explicitly calibrated by the in-pile data for the temperatures up to
673 K. We suggest that extrapolation of the correlation in question
Table 3
Localized crud spot sizes as assumed in SLICE-DO calculation.

Parameter, units Fuel Rod

A2 B1

Angular half-size of the crud spot (qDO/2), deg. 60 60
Crud thickness, mm 260 70



Fig. 10. Calculated bulk temperature (BULKTEM) in Node 20 of rods A2 and B1 during transient (left) (Phase 2 in Fig. 2) and post-transient power ramps (right) (Phase 3 in Fig. 2) as
input into SLICE-DO analysis.

G. Khvostov / Nuclear Engineering and Technology 52 (2020) 2887e2900 2895
towards a higher temperature of 700e730 K, as estimated with the
current SLICE-DO based analysis (see Fig. 13), is feasible if an
important limitation, as formulated in MATPRO, is fulfilled, viz.:
“Oxide layer thickness is the only quantity calculated by the COR-
ROS subcode. No other layers are found in zircaloy oxidized at
523e673 K”

In order to find out whether the crud induced autocatalytic
corrosion could result in cladding failure due to wall-through
oxidation, and to understand when the crud deposition could
occur, additional analysis was performed. Specifically, the A2-rod
specific SLICE-DO model was run using different assumption on
the moment of crud deposition, along the total history of rod
irradiation during the cycle of interest (see Fig. 2), viz.:
Fig. 11. Calculated effective HTC of the crud layer in Node 20 of rods A2 (lef
� No deposition;
� Deposition just before the transient (Phase 2);
� Deposition at the beginning of the cycle (Phase 1).

The results of these calculations are presented in Fig. 14.
The conservative calculation with an assumption of a 260-mm

crud spot being present on the cladding surface from the very
beginning of irradiation has predicted a sharp peak in the oxide
thickness profile at the cycle end (see red curve in Fig. 14). Although
the obtained value for the oxidized metal thickness under the crud
spot is relatively high (143 mm), it is still a factor of ~4 lower than
the initial cladding thickness, which compromises a hypothesis on
the failure being due to autocatalytic corrosion alone. Data on oxide
t) and B1 (right) during post-transient power ramps (Phase 3 in Fig. 2).
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thickness in the affected axial node of the failed rod, A2 is not
available, because of significant secondary degradation of the
cladding during the entire post-failure irradiation (Phase 3 in
Fig. 2). However, the conservative prediction, just mentioned,
contradicts also with data of destructive PIE for another, intact rod
with similar ‘significant indications’, which has been showing that
the marks on the cladding surfaces, as well as the corresponding
peaks in the Eddy-current measured profiles were due to localized
excessive deposition of the crud, and did not show indications of
excessive oxidation.

On the other hand, calculation with assumed crud deposition
taking place closer to the cycle end, e.g. just before the thermal
transient (Phase 2), resulted in a nearly uniform, axisymmetric
final distribution of the oxide, as shown in pink in Fig. 14, in
Fig. 12. Calculation cladding temperature in Node 20 of rods A2 (top) and B1 (bo
agreement with the data of destructive PIE just mentioned. The
calculation showed just a small increase of the oxide thickness, by
ca. 1.5 mm, in the ‘hot spot’, in comparison to the thickness pre-
dicted in the unaffected part of the cladding. Hence, a conclusion
can be proposed that the crud deposition in A2 rod took place
probably rather late in the operational cycle of interest, shortly
before the failure moment.

An alternative qualitative speculation, which would also be
consistent with the data, could be an assumption about protective
property of the crud with respect to oxidation of the metallic
cladding. Given the crud layer is sufficiently impermeable for the
oxygen, i.e. not letting it reach the crud-metal interface, the crud
deposition in question could result in oxygen starvation and
suppression of further oxide layer growth in the affected part of
ttom) during thermal transient (left) and post-transient power ramps (right).



Fig. 13. Calculated cladding temperature distribution in Node 20 of rod A2 at an RTL of the first post-transient power ramp.
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the cladding. However, the hypothesis in question needs addi-
tional experimental verification.

Based on the above considerations, the current thermo-
mechanical calculations with the SLICE-DO model assumed that
the crud deposition on cladding surface of rods A2 and B1 took
place just before the thermal transient. Noting that the calculation
just mentioned will show that the thermo-mechanical effect of the
very short thermal transient before the failure is virtually negli-
gible, this assumption is effectively equivalent to that the crud
could also be deposited during or just after this transient.

3.2.2. Possibility evaluation of cladding failure due to PCI-SCC
According to the established methodology [16], cladding failure

due to PCI-SCC is impossible if one of the criterion variables, i.e.
peak hoop stress or cumulative damage index (CDI), remains below
certain thresholds.

The results of SLICE-DO calculation for the peak hoop stress in
Fig. 14. Calculated azimuthal distribution of oxide thickness in Node 20 of rod A2 at
the end of failure cycle.
Node 20 of rod A2 during the two post-transient power ramps are
shown in Fig. 15. Presented in Fig. 15 are the results obtained with
the assumption of unaffected cladding, and claddings with signif-
icant and weak indications of crud deposition.

Based on the results of calculation shown in Fig. 15, a conclusion
can be proposed that the failure of rod A2 by the mechanism of PCI-
SCC is unlikely. Indeed, as discussed in Ref. [2], and seen from
Fig. 15, an increase in cladding temperature at the location of a crud
spot results in a faster stress-relaxation and, consequently, decrease
in the predicted peak local hoop stress. Besides, the claddings of the
rods of interest had the inner Zr-liner, for which, the PCI-SCC failure
has been deemed as very unlikely [17].
3.2.3. Possibility evaluation of cladding failure due to PCMI
The results of SLICE-DO calculation for the peak hoop strain in

the overheated part of the cladding in Node 20 of rod A2 are pre-
sented in Fig. 16, noting that it is deemed to be the figure of merit
for predicting cladding failure by the PCMI mechanisms [18]. Spe-
cifically, not exceeding a 1% total strain limit is normally considered
as an indication providing substantial margin to cladding failure.

As seen from the results presented, the two power ramps in the
beginning of the post-transient irradiation (Phase 3 in Fig. 2) were
far more challenging for the integrity of the cladding than the fast
power pulse during the thermal transient (Phase 2 in Fig. 2). The
maximum hoop strain was predicted to be reached during the
second of the two power ramps that followed the transient. This
suggests that the cladding integrity could have been challenged
during this, second power ramp.

Exceeding of the 1% total hoop strain limit is conventionally
accepted as a design criterion for avoiding cladding failure due to
PCMI [18]. The calculated hoop strain did not surpass the limit just
mentioned. Hence, the failure would not be expected, should the
thickness of the crud layer in rod A2 have remained below or equal
to 260 mm, i.e. within the class of affected rods with ‘significant
indications’ of the crud allowed for further reuse.

More results of the SLICE-DO calculation for peak hoop strain in
Node 20 of rod A2 are shown in Fig. 17, where a sensitivity study as
performed assuming somewhat larger thickness of the crud spot is
presented. As seen from the results of calculation in Fig. 17, for
thicker crud layers, a possibility of surpassing the 1% hoop strain
limit cannot be excluded. Specifically, this is feasible from the
viewpoint of SLICE-DO simulation if the real crud thickness before
the power ramps, as assumed in the calculation, is higher than



Fig. 15. Calculated peak hoop stress in Node 20 of rod A2 during two post-transient
power ramps. Angular half-size of the crud spot assumed in calculation is 60�;
Assumption of a thicker localized crud results in faster stress relaxation leading to
decrease in the predicted peak hoop stress.
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300 mm. Besides, this calculation confirms that such affected rods
are not to be accepted for reuse in the further power cycles of the
reactor.

The assumed values of the crud thickness necessary for sur-
passing the 1% total strain limit has turned out to be slightly
higher than the thickness according to ‘Eddy-current’ measure-
ment, which does not exceed 260 mm (see Fig. 8). Possibly, the
crud thickness could be somewhat higher during a few-hour
period, between the scram and a power ramp when the failure
Fig. 16. Calculated peak hoop strain in a ‘hot side’ of failure rod A2 over thermal transient (l
to the transient against more significant PCMI during the power ramps.
occurred. After the failure, the crud could be partly lost, sometime
during ca. 600 h of operation with the leak. The reason could be
the crud pilling/spallation during the post-failure irradiation of the
rod A2.

For the sake of completeness, it is to be noted that the results
just presented were obtained with the SLICE-DO model assuming
smeared cracking of fuel pellets. As discussed in Ref. [20], the
presence of a discrete crack in the pellet can result in additional
local stress and, consequently, overstraining of the cladding in front
of the crack. Indeed, SLICE-DO calculation with an assumed, addi-
tional discrete crack being located against the centre of the crud
spot, as depicted in Fig. 18, has shown that under this assumption
the 1% hoop strain limit would be surpassed already at a crud
thickness of 260 mm (see Fig. 19). However, the pellet cracking in
the beginning of irradiation is a common, inevitable phenomenon
for the uranium dioxide fuels of LWRs, and there are at the moment
no reasons to assume that the crud affected, failed rod had any
specific features with respect to pellet cracking, in comparison to a
normal, unaffected fuel. Consequently, the cladding failure in rod
A2 could hardly be caused by the effect of a discrete crack in
question alone.

Hence, the predicted violation of the established design crite-
rion for PCMI cladding failure could be obtained under the com-
bined conservative assumptions which, on the one hand, is
consistent with the fact that there was only one failure up to now,
that is, not so many compared to the observed numerous signifi-
cant marks. Moreover, the 1% strain limit may be not considered as
a failure threshold, but a strain limit providing substantial margin
to failure. To assume failure when approaching 1% strain is rather
conservative. Besides, the actual failure location in rod A2 had no
similarity to observed and reported PCI/PCMI induced failures but
was rather like examples of claddings affected by the autocatalytic
corrosion [15]. Overall, none of the above-considered, specific
mechanisms could, so far, be experimentally or analytically iden-
tified as an only cause of the rod failure. However, according to the
current calculation, a possibility of cladding failure by PCMI cannot
be excluded if the crud thickness exceeded 300 mm.
eft) and two post-transient power ramps (right). Shown is a weak mechanical response



Fig. 17. Calculated peak hoop strain in Node 20 of rod A2 during two post-transient
power ramps. Different values of crud thickness were investigated. Angular half-size
of the local crud of 60� was assumed.

Fig. 19. Calculated peak hoop strain in Node 20 of rod A2 during two post-transient
power ramps using SLIDE-DO model with and without simulated discrete pellet
crack against the crud-spot centre.
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4. Conclusions and outlook

Fuel rod cladding failure during operation in a BWR was
analyzed with the SLICE-DOmodel of the FALCON code. In addition,
comparative analysis with a neighbouring, intact rod was
performed.

A considerable ‘hot spot’ effect in cladding temperature was
predicted with the SLICE-DOmodel due to thermal barrier imposed
by localized crud deposition. Considerable overheating is expected
on the affected side of the cladding of the failed rod, where sig-
nificant indications of crud deposition were revealed by the Post-
Irradiation Examination (PIE).

Different possibilities (criteria) were analyzed, and Pellet-
Cladding Mechanical Interaction (PCMI) was shown to be one of
the plausible potential threats. It has been shown that PCMI could
lead to discernible concentrated inelastic deformation in the
overheated part of the cladding. Substantial margin to cladding
failure in the other analyzed rod, with weaker indications of the
crud, was confidently predicted, as well.
Fig. 18. SLICE-DO model schematics for calculation with assumed discrete pellet crack
against the crud-spot centre.
Surpassing of the 1% total strain limit in the failed rod could be
calculated when assuming coincidence of the two unfavourable
events, viz.: (i) significant crud deposition (a crud layer thickness of
300e350 mm,orhigher), (ii)which occurred in an axial nodewith the
initial, as-fabricated pellet-cladding gap being close to the minimum
in the corresponding tolerance band (i.e., the maximum pellet outer
diameter, and the minimum cladding inner diameter). With these
assumptions, the SLICE-DO calculation predicted considerable PCMI
during the two post-transient power ramps, resulting in a concen-
trated deformation of the overheated side of the cladding.

Hence, the predicted violation of the established criterion is
obtained under the combined conservative assumptions, which is
consistent with the fact that there was only one failure up to now,
that is, not somany compared to the observed numerous significant
marks. On the other hand, the 1% strain limit is normally not
considered as a failure threshold, but a strain limit providing sub-
stantial margin to failure. To assume failure when approaching 1%
strain is rather conservative. Besides, the actual failure location has
no similarity to observed and reported PCMI. Because the post-
failure irradiation resulted in significant secondary degradation of
the failed rod, it was not possible to transport this rod to a Hot-
Laboratory for destructive PIE, which made it difficult to unequiv-
ocally determine the primary failure mechanism.

Overall, none of the specific mechanisms can, so far, be experi-
mentally or analytically identified as an only cause of the rod fail-
ure. However, according to the current calculation, a possibility of
cladding failure by PCMI alone cannot be excluded if the crud
thickness exceeded 300 mm.

Further experimental and modelling activities have been
ongoing or planned at PSI to bring light into the circumstances of
the failure mechanism(s) of a fuel rod as discussed in the current
paper. The presented SLICE-DO model needs to be fitted with
thermal properties of the crud, as soon as experimental data for the
specific crud, as observed in the BWR of interest is available. Also, a
possibility has been considered to couple the SLICE-DO model with
an advanced 3-D simulation of thermal fuel behaviour [1]. Finally,
the advanced thermal and mechanical analysis of fuel behaviour,



G. Khvostov / Nuclear Engineering and Technology 52 (2020) 2887e29002900
just mentioned, are intended to be integrated into coupled code
system for BWR thermo-hydraulics and water chemistry based
assessment of the crud deposition risks, similar to the one
described in Ref. [21].
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