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a b s t r a c t

Outcomes of the FALCON code analysis-related part of the STARS-ENSI Service Project on Evaluation of
the new U.S.NRC RIA Fuel Safety Criteria and Application to the Swiss Reactors are presented. Substantial
conservatism of the updated safety limits for high-temperature and PCMI cladding failure, as proposed in
the NRC Regulatory Guide RG 1.236, is confirmed. Applicability of the updated failure limits to fuel safety
analysis in the Swiss PWRs, as applied to standard fuel designs using UO2 fuel pellets and SRA Zry-4 as
cladding materials is discussed. Conducting of new integral RIA tests with irradiated samples using
doped- and gadolinia fuel pellets to support appropriate fuel safety criteria for RIA events is
recommended.
© 2021 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

In June 2020, U.S.NRC released a Regulatory Guide [1], herein-
after referred to as RG 1.236, that can be used by licensees in the
analysis of fuel integrity under the conditions of Pressurized-Water
Reactor (PWR) control rod ejection and Boiling Water Reactor
(BWR) control rod drop accidents. The document provides
acceptable safety criteria for avoiding fuel rod failure under two
types of conditions: Pellet-Cladding Mechanical Interaction
(PCMI)-induced failure, and high-temperature failure of the clad-
ding due to its ballooning and burst or oxidation-induced
embrittlement.

For PCMI failure, excess H-uptake-dependent curves for
enthalpy rises were established as failure thresholds. The limits in
question depend on cladding material (RXA- or SRA- zirconium-
based claddings) and initial coolant temperature. Acceptable cor-
relations for evaluation of H-uptake in claddings during base irra-
diation before a Reactivity Initiated Accident (RIA) were proposed
for PWR- and BWR- irradiation conditions and cladding materials.
stov), andreas.gorzel@ensi.ch

by Elsevier Korea LLC. This is an
For high-temperature failure, peak fuel enthalpy failure
thresholds were established as functions of cladding pressure dif-
ferential, i.e., the pressure difference between the Rod Internal
Pressure (RIP) and the external coolant pressure. Acceptable cor-
relations for evaluation of transient Fission Gas Release (FGR)
during an RIA were proposed.

The new U.S.NRC document is a Regulatory Guide, so licensees
could also find other ways to prove that they meet the acceptance
criteria in case of an RIA. This is, in principle, also valid for Swiss
licensees. However, the RG 1.236 seems to be the state-of-the art
method to consider RIA, since it includes newest experimental and
analytical work. Consequently, the Swiss Nuclear Safety Inspec-
torate (ENSI) requested the PSI STARS Program to form an opinion if
the new criteria would be suitable for Swiss plants and fuels, in
compliance with the ENSI-G20 Design and Operation Guideline for
the Reactor Core [2].

The current paper describes outcomes of the FALCON code [3e8]
analysis-related part of the project dealing with a Control Rod
Ejection Accident (CREA) in a PWR under the Hot Zero-Power (HZP)
conditions. An overview of analytical methods for predicting fuel
rod cladding failure during a CREA/HZP event is presented in
Chapter 2 and Chapter 3. In Chapter 4, the appropriate RG 1.236
failure limits are analyzed against the results of calculationwith the
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FALCON code. The summary of the comparative analysis is pre-
sented Chapter 5. The interim conclusions from the analysis are
discussed in Chapter 5 and Chapter 6.
2. Overview of analytical methods for predicting fuel rod
cladding failure during an RIA

2.1. Energetic parameters of a prompt power pulse of the RIA

The energy deposition and the maximum fuel enthalpy during
an RIA transient are conventionally the most important parameters
of a prompt power pulse in the fuel rod from the viewpoint of
possibility of cladding failure. The schematic in Fig. 1 highlights
relationship between the power pulse Linear Heat Generation Rate
(LHGR) history, the energy deposition, and the radial-average fuel
pellet enthalpy.

The energy deposition, E, is defined from the integration of the
power-time curve and tends for the total energy deposited once the
power returns to zero:

EðtÞ¼ ku

�
L
M

�ðt

0

LHRðtÞdt (1)

where (L/M) is the length-to-mass ratio of the fuel stack, LHR the
linear heat generation rate, ku the coefficient for conversion of
measurement units, t the time.

While the LHGR and the total energy deposited are the calcu-
lation inputs, the local fuel enthalpy in a fuel pellet node with
radius r and elevation z is linked to temperature T, as calculated by a
fuel behaviour code:

hðr; z; tÞ¼
ðTðr;z;tÞ

T0¼293 K

cpðqÞdq (2)

where h is the local enthalpy, cp the UO2 fuel specific heat as a
function of temperature, q the temperature as an integration
variable.

It is to be noted that the lower integration limit in Eq. (2) is
Fig. 1. Prompt power pulse schematics showing the relationship between Power,
Energy Deposition, and radial-average fuel enthalpy.
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chosen in line with an instruction of the NRCMemorandum of 2015
[9] and RG 1.236, which reads that for calculating fuel enthalpy,
zero enthalpy must be assumed at a fuel temperature of 20 �C.

The radial-average fuel enthalpy, i.e., the equivalent stored en-
ergy as obtained assuming its uniform distribution across the pellet
radius, is calculated based on the radial enthalpy profile:

Hðz; tÞ¼ 2
R2

ðR

0

hðr; z; tÞ rdr (3)

where R is the pellet radius.
A maximum enthalpy is reached near the late part of the power

pulse as rod cladding-to-coolant heat transfer effects begin to
dominate. Relationship between the energy deposition and the fuel
enthalpy depends on the pulse width defined by the pulse width at
half maximum (FWHM).

The radial-average enthalpy rise is defined as:

DHðz; tÞ¼Hðz; tÞ � Hðz; t0Þ (4)

where Hðz; t0Þis the enthalpy at the beginning of the transient.
The initial enthalpy, Hðt0Þ, equals to zero at cold conditions

(293 K), and to 70.3 J/g (16.8 cal/g) at hot conditions (559 K). For
assessing PCMI failures, RG 1.236 requires defining the fuel
enthalpy rise as the increase of radial-average fuel enthalpy at the
time corresponding to one pulse width after the peak of the prompt
pulse, which is depicted as tm þ FWHM in Fig. 1. For assessing high-
temperature cladding failures, the maximum radial-average fuel
enthalpy during the transient was used.
2.2. Definition of the number of failures during the RIA

RG 1.236 failure limits are proposed to support calculation of the
total number of failures resulting from an RIA event in an LWR. A
comprehensive search for limiting conditions is required to ensure
that the total number of fuel rod failures is not underpredicted, and
all relevant safety limits are satisfied. A failure is predicted if the
calculation shows that a certain safety criterion does not hold,
based on comparison of calculation results with an appropriate
failure threshold (or limit). The total number of failed rods is equal
to the sum of all fuel rods failing each of the cladding failure
thresholds. Analysts do not need to double-count fuel rods that are
predicted to fail more than one of these thresholds.

The failure mechanisms covered by RG 1.236 are resulting from
thermal and thermo-mechanical response of the rod to a prompt
power pulse as accompanying a Control Rod Drop Accident (CRDA)
at CZP conditions in BWRs and a Control Rod Ejection Accident
(CREA) at HZP conditions in PWRs. The RIA transients with a pro-
longed power level and a secondary power pulse following the
prompt reactivity insertion are not considered. In these cases, any
fuel rod predicted to exceed thermal design limits (DNB or cladding
dry-out) must be assumed to fail.

The current calculation with the FALCON code is limited to
analysis of fuel response to prompt power pulses simulating CREA
at HZP conditions in a PWR. The goal is to consider the RG 1.236-
recommended limits against FALCON code results and, hence,
evaluate applicability of the newNRC Guide to the Swiss PWRs. The
general approach to predicting fuel rod failure using FALCON code
analysis is shown in Fig. 2.

Analytical methods for predicting cladding failure by each of the
mechanisms as shown in Fig. 2 are discussed in the following
sections of the current chapter.



Fig. 2. A proposed flow-chart for definition of rod failure number during an RIA based
on RG 1.236-recommended safety limits.

Fig. 3. Empirical failure threshold for oxidation-induced embrittlement [10].
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2.3. Molten fuel failure

Regardless of the code prediction for occurrence of boiling crisis,
a rapid quasi-adiabatic energy deposition results in an increase of
fuel temperature, which can lead to local or extensive fuel melting.
Fuel cladding failure is presumed if predicted fuel temperature
anywhere in the pellet exceeds incipient fuel melting conditions.
The intent of this criterion is to maintain the fuel rod array and
avoid the energetic effects of molten fuel relocation. The criterion
also precludes PCMI being facilitated by molten fuel swelling.

The FALCON-calculated local temperatures in all the integration
points of the pellet mesh are being compared with the calculated
local melting temperature as a function of local burnup. The axial
and radial distribution of power and burnup in the fuel is accounted
for. The molten fuel failure is predicted if the temperature in any
node approaches the melting point, with a 5-per cent margin being
introduced at the stage of result post-processing for conservatism.
The industry approved melting temperature model for UO2 fuel, as
proposed by Phillipponeau [3], was employed in the current FAL-
CON calculation:

Tmelting ¼3120� 0:76� bu (5)

where Tmelting is the melting temperature of UO2 (K), bu the local
fuel burnup (MWd/kgU).

2.4. High-temperature cladding failure

2.4.1. Composite limit for high-temperature cladding failure
Observations from integral transient tests to simulate sub-

cooled conditions leading to DNB, as well as high power RIA-
simulation tests testified that cladding failure by post-DNB opera-
tion occurs by two different modes: oxidation-induced embrittle-
ment and ballooning/burst. FALCON code prediction of cladding
failure by the two mechanisms in question is deemed to be feasible
3743
if the simulated transient results in a boiling crisis, which is when
the calculated cladding-coolant heat flux becomes higher than the
Critical Heat Flux (CHF), with a margin coefficient (DNBR ¼ 1.1)
being introduced for calculation conservatism.

In the Memorandum of 2015, section 3.2.1 of Ref. [9], NRC took
consideration of the conclusion, as proposed by the industry [10,11]
based on the data from NSRR-, BIGR- and IGR- testing programs for
high-temperature failure in low-pressure, unirradiated (or low-
burnup) fuels. As a result of these observations, the peak radial-
average fuel enthalpy failure threshold of 711.3 J/g (170 cal/g) was
admitted in RG 1.236 as the condition to exclude failures due to
oxidation-induced embrittlement. Besides, analysis of the experi-
mental results in the EPRI Reports [10,12] defined the equivalent
cladding temperature as a function of the time after DNB to cause
cladding failure by oxidation-induced embrittlement, as shown in
Fig. 3.

Verification of the RG 1.236-recommended enthalpy threshold
for oxidation-induced embrittlement, using the FALCON fuel
behaviour code, is presented in section 4.3.1 of the current paper.
The cladding surface temperature was calculated with the built-in
enthalpy rise model of the FALCON code, including correlations
for pre-DNB and post-DNB heat transfer coefficient (HTCs) along
with models for CHF, as automatically chosen during code calcu-
lation depending on the user input for coolant conditions (the heat
flux, coolant pressure, mass flow, inlet temperature and quality)
and the equivalent channel hydraulic diameter. The failure would
be predicted at a time point when calculated peak cladding tem-
perature (PCT) and/or DNB duration time exceed the empirical
threshold shown in Fig. 3.

Furthermore, having examined all the available data on high-
temperature (non-PCMI) failures in RIA tests (section 3.2.1 of
Ref. [9]), NRC admitted that there is a clear trend of decreasing
failure threshold with increasing cladding differential pressure. The
trend in question was associated with the failure being caused by
cladding ballooning and burst. In the Memorandum of 2015 and in
RG 1.236, NRC took consideration of the data considered as
providing the evidence of a linear relationship between a balloon
burst failure enthalpy and cladding differential pressure with a
slope of 83.7 J/g/MPa (20 cal/g/MPa).



Fig. 5. Burnup-dependent transient FGR correlations [1].
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However, examination of NUREG-0630 [13] reveals that clad-
ding rupture due to ballooning requires both positive differential
pressure and elevated temperature. Hence, at some point, the
relationship between differential pressure and cladding failure
with a slope of �83.7 J/g/MPawill be no longer valid since cladding
temperature remains low enough to preclude balloon rupture. NRC
took consideration of the data on measured cladding surface tem-
peratures under RIA simulation tests in the NSRR [14], revealing
that no boiling crisis occurred during tests where peak radial-
average fuel enthalpy was less than 334.7e418.4 J/g (80e100 cal/
g). The pre-DNB cladding temperature in the corresponding tests
remained well below 700 K, and under such conditions, ballooning
and rupture of the cladding are unlikely [13], regardless of the
overpressure level. Based on this information, NRC set the lower
threshold for cladding failure to 418.4 J/g (100 cal/g).

Combining the upper- and lower- thresholds with the linear
decrease in cladding differential pressure, just mentioned, yielded a
composite high temperature cladding failure threshold as shown in
Fig. 4.

Conservatism of the RG 1.236 limit for cladding failure by
balloon burst is verified in section 4.3.2 of the current paper using
FALCON code analysis. The failure was predicted if the calculated
peak Cumulative Damage Index (CDI) in the cladding exceeded the
critical CDI value, which was established from the analysis of Hal-
den LOCA tests [15,16]. A special calculation model of the FALCON
code was used, in which, thermal expansion of the pellets was
vanished to exclude PCMI. In this analysis, different values of a
constant rod internal pressure during simulated transients were
introduced through the INTGASPR set card of the FALCON user
input files [4].
2.4.2. Accounting for FGR during RIA transients
RG 1.236 requires accounting for additional transient FGR when

implementing the pressure-dependent failure threshold shown in
Fig. 4. To support implementation of this requirement, NRC pro-
posed acceptable burnup-dependent transient FGR correlations,
based on the extended database [9], which is shown in Fig. 5.

Substantial conservatism of the RG 1.236 model for transient
FGR is verified in section 4.3.3 of the current paper against the
results of calculation with the FALCON code using the mechanistic
model GRSW-A to evaluate FGR in simulated transients. Version
4.03 of the code was employed [5]. Hence, the analysis included
simulation of phenomena of gas trapping during normal operation
[17] and transient specific mechanisms of FGR [7,8].
Fig. 4. RG 1.236 proposed high temperature cladding failure threshold [1].
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2.5. PCMI-induced cladding failure

2.5.1. Hydrogen-dependent PCMI failure limits
In both DNB and non-DNB situations, the rapid increase of fuel

temperature causes a fast thermal expansion of the pellets, which
can be facilitated by gaseous fuel swelling. As a result, strong PCMI
and, eventually, cladding failure can occur.

The revised PCMI cladding failure criteria of RG 1.236 have
replaced the earlier proposed, interim limits of SRP 4.2 [18], Ap-
pendix B. Observation of experimental data on cladding failure due
to PCMI in RIA simulated integral tests [10,19] has revealed that
PCMI failure limits clearly correlate with excess hydrogen content
in the cladding (i.e., the content of hydrogen in excess of its solu-
bility limit, resulting in formation of zirconium hydrides), which
depends on both total H-uptake and cladding temperature at a
Steady-State (SST) just before the RIA transient. Another important
aspect is the orientation of hydrides (radial or circumferential) in
the claddings, which is linked to the alloy metallurgical state (SRA
or RXA) after different cladding thermal annealing treatments
during manufacturing.

In compliance with the analysis as presented in the NRC
Memorandum of 2015 [9], the Regulatory Guide RG 1.236 reads:

“Separate PCMI failure curves are provided for RXA and SRA
cladding types at both low initial cladding temperature condi-
tions (i.e., below 260 �C down to BWR Control Rod Drop Acci-
dents at Cold Zero Power conditions e CRDA/CZP) and high
initial cladding temperature conditions (i.e., at or above 260 �C
covering PWR Control Rod Ejection Accidents at Hot Zero Power
conditions e CREA/HZP). The RXA cladding failure threshold is
further refined for cladding designs with and without a barrier
liner (e.g., sponge or low alloy cladding inside diameter liner).
The SRA cladding failure threshold is applicable regardless of the
presence of a barrier liner. The PCMI cladding failure threshold is
expressed in peak radial average fuel enthalpy rise (Dcal/g)
versus excess cladding hydrogen content (wppm). Excess clad-
ding hydrogen content refers to the portion of total hydrogen
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content in the form of zirconium hydrides (i.e., it does not
include hydrogen in solution).”

Of importance for the current analysis of fuel behaviour in the
PWRCREA under the HZP conditions is the RG 1.236-recommended
PCMI cladding failure limit for SRA claddings (e.g., Zry-4) at or
above a temperature of 260 �C, which is shown in Fig. 6.
2.5.2. Calculation of H-uptake by claddings during pre-transient
operation

Hence, experimental data revealed that H-uptake by claddings
during normal operation has a first order impact on PCMI failure
threshold in an RIA. Hydrogen is absorbed into the cladding during
normal operation mainly because of water-side zirconium
oxidation:

Zrþ2H2O/ZrO2 þ 4H (6)

In the Regulatory Guide draft RG 1.224 [20], NRC proposed
acceptable fuel rod cladding hydrogen uptake models for the cur-
rent commercial zirconium alloys to facilitate the implementation
of new LOCA and RIA fuel safety criteria, including the revised PCMI
limits of RG 1.236. The models were based on PNNL compiled in-
formation on publicly available cladding hydrogen measurements
for normally operated Zry-2, Zry-4, M5™, and ZIRLO™ claddings
[21,22].

Having considered the published data [20e22], NRC concluded
that PWR zirconium alloys had not exhibited the breakaway
hydrogen uptake at high burnup levels as observed in the BWR Zry-
2 data. However, the pickup fraction appears to be alloy specific.
The upper bound pickup fractions were proposed by NRC in RG
1.236 for commercial PWR cladding alloys. These are presented in
Table 1 against the corresponding PNNL evaluations. There is no
explicitly formulated applicability limit for the degree of cladding
oxidation mentioned in the context of the RG 1.236-recommended
model. However, both NRC and Swiss regulations [14] assume a
Fig. 6. Pcmi cladding failure ThresholddSRA cladding at or above 260 �C [1].

Table 1
PNNL and RG 1.236 proposed hydrogen pickup fractions for PWR cladd

Cladding type Hydrogen absorption

PNNL (best estimate/S

Zircaloy-4 15.3%/94 wppm
ZIRLO™ 17.3%/110 wppm
Optimized ZIRLO™ 17.3%/110 wppm
M5™ 10.0%/23 wppm
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design limit of 100 mm for the maximum allowable oxide layer
thickness.

The RG 1.236-recommended hydrogen pickup fractions should
be used, along with a best-estimate prediction of the peak oxide
thickness using an approved model to estimate amount of oxida-
tion, along Eq. (6). The cladding oxidation rate during normal
operation in a LWR depends on alloy composition, operating con-
ditions, and residence time. Fuel performance analytical tools, such
as, e.g., the FALCON code [3], or the FRAPCON-3 code [22], are fitted
with approved oxidation models for normal operation in PWRs and
BWRs.

The FALCON code analysis presented in section 4.4 utilized the
following expression to calculate the total H-uptake vs predicted
oxide layer thickness in the cladding during the simulated base
irradiation in the PWR:

Htot ¼ dOx$XOx2H$4AH

d0$AZr þ dOx$2AO þ dOx$XOx2H$4AH
� 106 (7)

where Htotis the total cladding hydrogen (wppm), d0 the initial
cladding thickness (undeformed and unoxidized), dOx the oxidized
cladding thickness,$XOx2H the fraction of absorbed hydrogen in
total hydrogen generation due to oxidation$AH$AO,$AZr the atomic
numbers for Hydrogen (1), Oxygen (16) and Zirconium (91).

The excess cladding hydrogen content was defined as:

H¼Htot � Hsol (8)

where the hydrogen solubility limit, Hsol, was calculated using the
CTSOL correlation of MATPRO [23]:

Hsol ¼1:332 $105 � exp
�
�4401

T

�
(9)

whereT is the initial fuel temperature before the power pulse (K),
viz.: TCZP ¼ 293 K , THZP ¼ 559 K .

The FALCON calculated monotonous increase of oxide thickness
with burnup was normalized to reach a maximum value of 100 mm
in the end of a selected reference PWR rod power history. A fraction
of absorbed hydrogen of 20% of the total hydrogen generation due
to cladding oxidation was assumed according to the RG 1.236
recommendation for Zry-4 claddings. The normalized oxide thick-
ness and the conservative fraction of absorbed hydrogen,
XOx2H ¼ 0.2, were substituted in Eq. (7), which yielded the history of
total H-uptake. The excess hydrogen content was calculated from
the total H-uptake, using Eq. (8) and Eq. (9). Therefore, a PCMI
failure limit in a simulated CREA under the HZP conditions could be
defined from the RG 1.236 correlation, as shown in Fig. 6, in any
time-point of the base irradiation in the PWR.
2.5.3. CSED cladding integrity model
Alternatively, cladding failure due to PCMI during a simulated

RIA transient can be predicted using a Critical Strain Energy Density
(CSED) cladding integrity model of the FALCON code [10]. The
Strain Energy Density (SED) was proposed by EPRI, in section 2.3 of
ings [1,21].

fraction

td.dev.) NRC RG 1.236 (conservative)

20%
25%
25%
15%
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the EPRI Report 1,021,036 [10], as an analytical criterion to describe
the failure state of the clad material. The SED-based criterion
combines both the stress and strain states, by the definition:

U¼
ð
sijdεij (10)

where sij and εij are the stress and strain, respectively, U the strain
energy density.

Hence, the SED represents the accumulation of the total me-
chanical energy during mechanical loading of the cladding during
an RIA event.

The material resistance to failure can be evaluated in terms of a
critical value of the SED (i.e. CSED) that uniquely characterizes the
failure state due to its independency on the dynamics and multi-
axial condition of a mechanical load, unlike the stress or the
strain, alone:

Uc ¼
ðεf

0

sijdεij (11)

where εf is the material strain at fracture, Uc the critical strain
energy density.

The CSEDs were defined by EPRI from material property tests
[10,12] which provided necessary data for the uniform and total
elongation of the Zircaloy samples, as schematically shown in Fig. 7.

The database of mechanical property tests on irradiated clad-
ding material used by EPRI to develop the CSED relations contained
a variety of cladding designs, irradiation conditions, oxide thickness
Fig. 7. Schematics of ductile specimen shape evolution aga
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levels, and testing conditions (temperature and strain rate). Clad-
ding integrity models based on the total elongation (TE) and uni-
form elongation (UE) strains were developed from the same
material property database. The former assumed the failure strain
in Eq. (11), εf , being equal to the total sample deformation at frac-
ture; the latter used themaximum uniform deformation (see Fig. 7)
as the upper integration limit in Eq. (11).

In the Memorandum of 2015 [9], NRC expressed reservations
about using total elongation because of system instability beyond
uniform elongation due to necking, as depicted in Fig. 7. To
demonstrate applicability of total elongation as a basis for failure
criteria, EPRI referred to the results of several modified burst tests
(see section 2.3.1.2 in the EPRI Report 1021036 [10]). They
concluded, that for more ductile samples, such as unirradiated (as-
pilgered), cold-worked, hydrogen-charged materials, deformation
instability does not occur immediately upon reaching the
maximum of uniform elongation, and samples survive to total
elongation. Less differential area reduction (i.e., necking) is ex-
pected from irradiated material because of lower ductility. How-
ever, the conclusion that samples will survive up to total elongation
remains valid.

The EPRI Report 1021036 [10] proposed correlations for the
CSED (in MJ/m3) in SRA Zry-4 and RXA Zry-2 claddings, assuming
TE and UE criteria, as a function of total pre-transient H-uptake, to
be used for cladding integrity analysis of the FALCON code, as
applied to RIA events. The analysis of PWR CREAs under the HZP
conditions utilized the correlations for CSED in high temperature
Zry-4 claddings (>280 �C):
inst stress-strain curve during an uniaxial tensile test.
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CSEDðTEÞ¼12:33expð�0:001651HÞ þ 2:383 (12)

CSEDðUEÞ¼12:69expð�0:002409HÞ þ 1:861 (13)

where H is the total amount of hydrogen in cladding (wppm), CSED
the critical strain energy density for PCMI failure (MJ/m3).

The above correlations for CSEDs were used along with thermo-
mechanical calculation of the FALCON code to verify the RG
1.236 PCMI failure limit, as shown in Fig. 6. The SED was calculated
in all the elements of claddingmesh throughout the simulated PWR
CREA transients. The cladding failure was predicted when an SED at
a certain element (at any part in the cladding) exceeded a CSED
value.

The PCMI failure analysis in question was performed with the
FALCON code coupled with the GRSW-A model, in consideration of
a mechanical cladding load due to both pellet thermal expansion
and gaseous swelling [7].
Fig. 8. Reference base irradiation history for analysis of fuel response to PWR/CREA
event.
3. Fuel rod design and boundary conditions assumed in the
analysis

3.1. Finite-element model used for calculation

All the calculations were performed using the FALFASST/S-Stand
type of a finite-element mesh in fuel pellets, viz.:

� Twenty-five equal rows of elements were used to form the axial
pellet/cladding mesh, and four equal-area columns was used for
the radial pellet mesh.

� Three equal element columns were utilized in the radial mesh of
the cladding.

Hence, the same number of element rows in axial mesh was
used for simulation of full-length rod base irradiation and rodlet
transient irradiation.
3.2. Pre-transient base irradiation

For the current analysis of CREA transients under the HZP con-
ditions, the generalized seven-year irradiation history has been
used, as was made available by AREVA for fuel behaviour code
benchmark exercises within the IAEA CRP FUMEX III [24] (see
Fig. 8). The rod design is consistent with the design of mother rods
used in the NSRR RIA test VA1 [25] from the FALCON verification-
and-validation (V&V) matrix [7]. The rod reached a peak local
burnup of 83 MW d/kgU at EOL. The data on FGR in different stages
of the base irradiationwas provided within the IAEA CRP FUMEX III
[24].

The original power history was modified by including short
power dips to zero in the middle of each cycle, for the further use of
the FALCON restart [26] from the corresponding zero power states
when analyzing the CREA transients. Predicted parameters of local
fuel state in the restart points of the base irradiation history are
presented in Table 2. Additionally, the calculated total FGR and RIP
in the full-length rod are presented. Also presented in Table 2 are
the values of total H-uptake, as estimated using the methodology
described in section 2.5.2 for the correspondingmaximumvalues of
oxide thickness.

The parameters of full-length rod design and base irradiation
conditions used as the input of the FALCON code are presented in
Table 3.
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3.3. Transient analysis

Prompt power pulses were simulated in ‘challenging’ axial
nodes of the full-length rods in the selected points of the base
irradiation histories. The challenging axial node had the highest
local burnup in a selected time-point of the base irradiation and
was ascribed the most unfavorable values for the pellet-cladding
gap size, fast-neutron fluence, oxide thickness, etc., over all the
nodes of the fuel stack, as presented in Table 2. To evaluate the fuel
response to CREA transients, a short segment of the full-length rod
was assumed to be refabricated into a rodlet with a design being
like in the NSRR RIA tests using a High-Temperature-High-Pressure
capsule [27].

The rodlet parameters and boundary conditions assumed in the
transient analysis are presented in Table 4. The parameters of radial
rod geometry are the same as in the base irradiation calculation
(see Table 3). The initial pellet-cladding gap sizewas set to values as
predicted by the base irradiation calculation for the selected axial
nodes of the full-length rods in the appropriate points of base
irradiation history, using the FALCON input for a cold-gap ratio (see
Table 2). The other parameters of initial fuel state used as inputs for
transient calculations are presented in Table 2.

The input parameters for the enthalpy rise model of the FALCON
code [3] are consistent with those used in the base irradiation
calculation. Correlations for the cladding-coolant heat transfer co-
efficients have being selected automatically, based on the user
input for the parameters of coolant (heat flux, inlet pressure,
temperature, mass flow, void fraction). The automatically selected
correlations for the simulated CREA transients are presented in
Table 5.

It is to be noted that the built-in correlations for the critical heat
flux and pre- and post-DNB heat transfer coefficients of the FALCON
may be conservative when employed in the analysis of prompt
power pulses, as discussed in [7,28]. Besides, for pulse irradiation
tests performed in the NSRR, it has been observed that, for com-
parable energy depositions, corroded fuel rods show lower clad-
ding surface temperatures than fresh rods without a surface oxide
layer [14]. As pointed out in Ref. [14], a possible explanation to the
difference in question is that the oxide layer increases wettability of
the cladding surface, thereby improving clad-to-coolant heat
transfer.

Otherwise, standard models of the FALCON code were



Table 2
Predicted parameters of fuel state in selected points of base irradiation history of PWR rod.

Time, hour 3745 11,715 16,315 25,720 33,495 40,705 47,805 51,406

Peak-burnup node elevation, m 0.818 0.818 0.818 0.818 0.672 0.672 0.672 0.672
Max. burnup, MWd/kgU 7.85 21.64 28.84 45.30 57.37 68.00 77.63 83.00
Max. fast fluence, 1025 n/m2 1.264 3.486 4.644 7.295 9.238 10.890 12.500 13.320
Min. Cold Gap Ratio, m/m 0.470 0.143 0.114 0.121 0.111 0.113 0.130 0.150
Max. oxide thickness, mm 1.89 5.07 6.94 17.90 35.9 57.30 84.00 100.00
Estimated H-uptake, wppm 26.36 71.73 96.44 246.65 491.15 774.7 1117.62 1319.91
Total FGR, % 0.17 0.17 0.15 0.37 1.59 3.95 6.83 8.65
RIP at HZP conditions, bar 33.67 39.69 39.16 39.37 44.48 55.62 70.76 80.84

Table 3
Parameters of full-length rod design and base irradiation conditions.

Place of operation Commercial French PWR

Fuel type PWR 17 � 17
Cladding outer diameter, mm 9.5
Cladding inner diameter, mm 8.25
Cladding material Zry-4 (SRA)
Pellet outer diameter, mm 8.085
Initial fuel density, %DT 95.0
Fuel density after densification, %TD 95.0
Fuel enrichment by U-235, % 4.5
Fuel grain size, mm 11.0
Fuel stack length, m 3.65
Plenum length, m 0.15
Initial fill gas composition/Pressure (RT), MPa He/1.6
Inlet coolant temperature, K/Pressure, MPa 559/15.5
Coolant flow rate, 103 kg/m2-s 3.810
Hydraulic diameter, mm/Channel geometry 4.7/SHROUD
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employed, as in previous RIA-related analysis [7]. Specifically, the
standard (default) value of pellet-cladding friction coefficient,
amounting to 0.5, was assumed in all the calculations.

Transient calculations were conducted for the series of sym-
metric power pulses with a pulse width of 20 ms. A range of energy
deposition in the peak power node from 104.6 to 836.8 DJ/g
(25e200 Dcal/g) was considered (Fig. 9 e left). A nearly uniform
axial power distribution was assumed, as shown in Fig. 9 (right).
Table 4
Parameters of rodlet design and boundary conditions ass

Type of transient

Fuel stack length, cm
Plenum length, cm
Initial fill gas composition/pressure (RT), MPa
Pulse width (FWHM), ms
Peak total energy deposition, Dcal/g
Coolant temperature, K/Pressure, MPa
Coolant flow rate, 103 kg/m2-s
Hydraulic diameter, mm/Channel geometry

Table 5
FALCON code selected models for cladding-coolant heat transfer

Type of transient PWR CREA

Critical heat flux EPRI
Pre-CHF/DNB (mode 1) Single pha
Pre-CHF/DNB (mode 2) Fully deve
Post-DNB/CHF (mode 1) Forced con
Post-DNB/CHF (mode 2) Forced con
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3.4. Results of calculation versus RG 1.236-recommended failure
limits

3.4.1. Enthalpy limit for fuel melting
An example of calculated peak local fuel temperature-to-

melting temperature ratio in a PWR fuel rod during a simulated
CREA/HZP transient is presented in Fig. 10. The local melting is
predicted to occur in the outer part of the pellets, because of the
effects of edge-peaked pellet radial power- and burnup
distribution.

Shown in Fig.11 are the calculated peak temperature-to-melting
temperature ratios during the simulated CREA/HZP transients as a
function of maximum radial-average fuel enthalpy (on the left), and
the predicted fuel enthalpy for the onset of fuel melting as a
function of burnup (on the right). The calculation performed for a
burnup of 83 MWd/kgU results in surpassing the acceptance limit
at a level of fuel enthalpy of 669.4 J/g (160 cal/g). This value is not
bounded by the NRC RG 1.236 composite high-temperature failure
threshold, suggesting 711.3 J/g (170 cal/g) as the upper limit.
However, the predicted melting threshold is higher than the NRC
RG 1.236-recommended PCMI limit for the high burnup fuels
assuming the Zry-4 cladding material in the HZP conditions (see
Fig. 6). Overall, comparison of the appropriate PCMI limit, as shown
in Fig. 6, with the predicted melting threshold, as a function of fuel
burnup (see Fig. 11 e right), has revealed that incipient local fuel
melting will be prevented if the RG 1.236-recommended PCMI limit
is adopted.
umed in transient calculations.

PWR CREA at HZP

5.945
5.0
He/0.1
20
25/50/75/100/125/150/175/200
559/15.5
3.810
4.7/SHROUD

[3].

at HZP

se liquid (DITTUS-BOELTER)
loped subcooled boiling (THOM)
vection transition boiling (Modified CONDIE-BENGSTON)
vection stable film boiling (GROENEVELD)



Fig. 9. Power histories (left) and axial profile (right) for calculation of CREA/HZP transients.

Fig. 10. Calculated distribution of peak temperature-to-melting ratio during a PWR
CREA/HZP transient.
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3.5. Enthalpy limit for DNB

The calculated DNB ratio (i.e., CHF-to-heat flux ratio) during
simulated CREA/HZP transients are presented in Fig. 12. In the
conservative (licensing) safety analysis with the FALCON code, for
which the critical heat flux ratio, DNBR, must be set to 1.1 [4], the
boiling crisis is predicted to occur at values of energy deposition
and enthalpy rise of ca. 209.2e313.8 DJ/g (50e75 Dcal/g), which is
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well below the RG 1.236 limit for high-temperature cladding failure
that covers the range of fuel enthalpies from 100 to 170 cal/g.
3.6. Analysis of failure by high-temperature mechanisms

3.6.1. Enthalpy limit for oxidation-induced cladding embrittlement
As seen from Fig. 13, the calculated DNB duration times are

noticeably short (<5 s) for the simulated transients. Consequently, a
significant margin to the empirical cladding embrittlement
threshold was shown for extremely high fuel enthalpy rises, up to
1046 DJ/g (250 Dcal/g). Therefore, according to the current con-
servative calculation with the FALCON code, cladding failure due to
oxidation-induced embrittlement can be excluded in the CREA/HZP
events in PWRs.
3.6.2. Enthalpy limit for cladding balloon burst
Unlike LOCA transients, the RIA conditions imply significant

heat flux that appears in the cladding after the reactivity insertion,
which suggests significant temperature gradient to occur across the
cladding wall. Consequently, considerable values of hoop stress,
compressive in the hotter (inner) part and tensile in the colder
(outer) part of the cladding, are predicted immediately after the
rapid increase in cladding surface temperature due to boiling crisis,
and after the following rapid decrease in cladding surface tem-
perature due to re-wetting, as shown in Fig. 14. As a result, short-
term tensile hoop stress in the cladding outer elements even in a
rodwith zero pressure differential has being predicted, comparable
with a hoop stress caused by relatively high overpressure, which is
shown in Fig. 15. Consequently, as seen in Fig. 16, the calculation
with the FALCON code has predicted a possibility of a discernible
increase in CDI of the cladding even for zero overpressures given
the pulse enthalpy and, therefore, heat flux through the cladding,
are sufficiently high.

As seen from Fig. 16, the temperature gradient induced stresses,
just mentioned, cannot result in a cladding burst for a peak fuel
enthalpy reached during transients up to 878.6 J/g (210 cal/g),



Fig. 11. Calculated peak temperature-to-melting temperature ratio as a function of maximum radial-average fuel enthalpy (left) and predicted fuel enthalpy for the onset of melting
as a function of fuel burnup (right) for simulated PWR CREA/HZP transients.

Fig. 12. Calculated DNB ratio during PWR CREA/HZP transients.
Note: These special calculations were performed with the boiling crisis being inhibited
(DNBR¼10-38); Numbers indicate the total energy deposition values (Dcal/g) corre-
sponding to the pulses considered.
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which is well above the upper limit of the RG 1.236 high-
temperature threshold (170 cal/g). Keeping the fuel enthalpy
below the corresponding lower limit of 418.4 J/g (100 cal/g) will
largely prevent increase in calculated CDI due to the mutual effect
of temperature gradient and overpressure.

Also, evaluation of the results of calculation, shown in Fig. 17
reveals that preventing of cladding failure by the balloon burst
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requires a reduction of the limiting enthalpy, from 878.6 J/g
(210 cal/g) at zero overpressure to 661 J/g (158 cal/g) at an increase
of overpressure to 40 bar, which is fully bounded by the RG 1.236-
recommended threshold for high-temperature cladding failure.
According to the current analysis, as shown in Fig. 17, for the PWR
CREA/HZP events, application of the RG 1.236 high-temperature
criterion will prevent fuel rod failure due to clad oxidation
induced embrittlement and balloon burst. For high burnup fuel,
fuel melting is predicted to occur at slightly lower enthalpies than
the NRC high-temperature limit, unless the cladding overpressure
is higher than ~15 bar. However, the melting will be prevented if
the RG 1.236-recommended PCMI limit for the corresponding
cladding material (e.g., SRA Zry-4) under the HZP conditions is
applied.

It is to be noted that a positive cladding overpressure in PWR
rods under HZP conditions is unlikely, because of high level of the
external (coolant) pressure (155 bar). The calculated RIP in the
analyzed full-length PWR rod during normal operation remains
below the system pressure (155 bar) up to a burnup of 83 MW d/
kgU, as seen from Table 2.

On the other hand, a conservative calculation with the FALCON
code [6] for a high-power and high-burnup operation of the fuel in
a PWR, known as the AREVA Simplified Cases of the IAEA CRP
FUMEX-II [29], predicted RIP at HZP conditions being higher than
160 bar at the EOL. Overall, the LWR fuel design criteria allow for
RIPs during normal operation exceeding the coolant pressure, with
the only relevant limitation being to prevent the cladding lift-off.
Analysis of Ref. [30] revealed that a significant overpressure,
higher than ~250 bar, is required to cause the clad lift-off in the high
burnup PWR- and BWR fuel rods during SST irradiation. Conse-
quently, a discernible overpressure even during base irradiation in
the modern PWR fuel rods cannot be entirely ruled out. Besides,
additional increase of RIP in RIA transients is expected due to
transient FGR, as discussed in the next section.

Therefore, the high-temperature limits should be separately
addressed by the safety analysis, because failures caused by the
corresponding mechanisms cannot be fully excluded in



Fig. 13. Calculated PCT during PWR CREA/HZP transients (left) against empirical threshold for oxidation-induced embrittlement (right).
Note: This calculation was performed with the boiling crisis being accounted for (DNBR¼1.1); On the left, numbers indicate the total energy deposition values (Dcal/g) corre-
sponding to the pulses considered; On the right, the blue bars indicate maximum calculated Peak Cladding Temperature (PCT) reached during an entire transient (bar level) and
duration of the boiling crisis, from the onset to the moment of rewetting (bar length).

Fig. 14. Effect of temperature gradient on hoop stress distribution in the cladding during a simulated PCMI-free transient.
Note: The cladding hoop stress was calculated with PCMI inhibited due to vanishing pellet thermal expansion, and pressure differential DP being set to zero.
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consideration of mutual impact of SST- and transient- FGR, as well
as variability and uncertainty in the fuel state after base irradiation
and RIA-related boundary conditions.
3.6.3. Transient FGR
The current analysis was carried out with a view of comparison

of the correlation for transient FGR, as proposed in RG 1.236, with
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predictions of the FALCON code using the GRSW-A mechanistic
model, as applied to the PWR CREA/HZP conditions.

Generally, calculated transient FGR during an RIA transient
consists of the two components, which are shown in Fig. 18:

� Instant release due to forced extraction of the intragranular
gases: Theoretical bases of the appropriate model were



Fig. 15. Comparison of effects of temperature gradient and overpressure on hoop
stress distribution in the cladding during a simulated PCMI-free transient.
Note: Cladding hoop stress was calculated with PCMI being inhibited due to vanishing
pellet thermal expansion; Pressure differential DP was set to zero and 80 bar.

Fig. 16. Calculated peak CDI during simulated PWR CREA/HZP transients as a function
of peak radial-average fuel enthalpy.
Note: The cladding hoop stress was calculated with PCMI being inhibited due to
vanishing pellet thermal expansion; Numbers indicate the positive pressure differen-
tials DP (bar) assumed in calculations

Fig. 17. RG 1.236 composite high-temperature failure limit against FALCON calculated
high-temperature-related analytical thresholds for PWR CREA/HZP transients.
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described in Ref. [7] (see Appendix of the paper). Due to a
relatively short duration of the DNB phase being predicted for
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the CREA/HZP events, largely this, instant FGR is expected to
affect fuel rod behaviour during RIA transients, particularly a
possibility of cladding failure by ballooning. A part of the
instantaneously released gas can be trapped by bonding-
assisted traps [17], and be further released by the second,
delayed mechanism [8].

� Delayed release of gases from the opened/fractured grain
boundaries and bonding traps: The parameters of the appro-
priate model were established based on the analysis of Halden
LOCA tests [8]. Presumably, the delayed release has minor
impact on transient fuel behaviour during an RIA per se, because
of a significant time lag (~100 s) between release into the rod
free volume and a predicted moment of grain boundary/traps
fracture. This means that by themoment when a delayed release
considerably contributes to the RIP, the cladding will be already
cooled down. However, the mechanism in question can be
important for evaluation of the post-accident fuel state e for
example, during fuel transportation and storage.

Presented in Fig. 19 are the results of calculation for different
components of transient FGR, as obtained with the FALCON code
coupled to the GRSW-A model, against the RG 1.236 correlation.
Five values of pellet burnup are shown covering the range from
30 MWd/kgU to 83 MW d/kgU. For each value of burnup, eight
values of energy deposition are considered, covering the range
from 104.6 J/g (25 cal/g) to 836.8 J/g (200 cal/g).

Considering the results of calculation shown in Fig. 19, the
following conclusions can be put forward:

� The RG 1.236 correlation is essentially conservative in compar-
ison to the FALCON calculated instant FGR, in the entire ranges
of burnup and energy deposition considered. Consequently, the
use of the RG 1.236 correlation seems to be acceptable for
evaluation of high-temperature cladding failure by clad
ballooning in PWR fuel rods under the CREA/HZP conditions.

� With respect to total (instant plus delayed) FGR, for a burnup
below 50 MWd/kgU, substantial conservatism of the RG 1.236
correlation can be confirmed for the values of enthalpy rise
lower than 732.2 DJ/g (175 Dcal/g). Note that higher values are
not allowed anyway, through the RG 1.236 high-temperature



Fig. 18. An example of calculated instant (left) and delayed (right) transient FGR during PWR CREA/HZP transient (burnup ¼ 68 MW d/kgU, DHmax ¼ 150 cal/g).
Note: The total instant FGR was determined as a predicted transient FGR at the time corresponding to two pulse widths after the peak of the prompt pulse
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failure limit. Hence, the RG 1.236 correlation can be used,
without reservations, for the low and intermediate burnup
levels.

� The low-burnup correlation, for a burnup below 50MWd/kgU, is
bounding for the results of calculation for instant transient FGR
at a burnup of 57 MWd/kgU. This suggests that the low-burnup
correlation is conservative up to the burnup threshold of
50 MWd/kgU.

� For a burnup higher than 50MWd/kgU, the RG 1.236 correlation
is conservative for values of enthalpy rises below 418.4 DJ/g (100
Dcal/g) but may underpredict the total (instant plus delayed)
FGR for the higher pulse energies, noting that, according to the
current analysis, the delayed FGR comes too late for a significant
impact on fuel response to prompt power pulses.

Eventually, e.g., in cases of modified fuel rod design, specific fuel
parameters or operation conditions, audit calculations with
mechanistic models, such as, e.g., the GRSW-A model coupled into
FALCON,might be carried out for the scenarios dealingwith prompt
power pulses with energies higher than 418.4 DJ/g (100 Dcal/g) in
high burnup fuel rods.
1 The burnup limits in Switzerland are plant and fuel specific. The limit of
82 MW d/kgU for local burnup is the highest one for all Swiss plants.
3.7. Analysis of cladding failure by PCMI for PWR SRA Zry-4
claddings under CREA/HZP conditions

3.7.1. Current Swiss vs RG 1.236 PCMI failure limits
The current Swiss PCMI limit for SRA Zry-4 claddings in CREA/

HZP conditions [31] is presented in Fig. 20. The limit is expressed in
maximal allowable pellet enthalpy as a function of pellet burnup.
Obviously, comparison of the Swiss PCMI limit with the appropriate
RG 1.236-recommended failure threshold, as shown in Fig. 6, re-
quires presenting the Swiss limit as a function of hydrogen content,
or the RG 1.236 one as a function of burnup.

The RG 1.236 suggests that, for fuel rods operated in PWRs, a
total H-uptake can be calculated as a function of oxide layer
thickness, using recommended fractions of the absorbed hydrogen
from total hydrogen generation due to the water side cladding
oxidation (see Table 2). The FALCON-predicted monotonous
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increase of the maximum oxide thickness in the rod with burnup
during the simulated base irradiation in the PWR was utilized. This
function was further normalized, to reach the design limit of
100 mm in the end of the selected power history. The normalized
oxide thickness and an RG 1.236-recommended conservative value
for the fraction of absorbed hydrogen, XOx2H ¼ 0.2, were substituted
in Eq. (7), which yielded the history of total H-uptake. The excess
hydrogen content was calculated from the total H-uptake, just
mentioned, using Eq. (8) and Eq. (9). The results of this calculation
are combined in Fig. 21.

Consequently, the Swiss PCMI limit for CREA/HZP conditions
could be compared with the appropriate new NRC criterion. The
limits in question were presented in functions of local burnup and
excess hydrogen content, as shown in Fig. 22. Obviously, the new
NRC limit is bounding for the current ENSI (Swiss) one for a burnup
level higher than ~40 MW d/kgU. Also, it is to be noted that in
Fig. 22 (left) the RG 1.236 PCMI failure threshold is extrapolated
beyond the current U.S.NRC fuel burnup limit of 68 MW d/kgU, to
the current Swiss one, of 82 MW d/kgU.1

In the current reactor designs of Swiss PWRs, there is a relatively
large safety margin compared to the valid RIA limit curve, espe-
cially in the high burn-up region, as seen from the discussion
relating to Fig. 6 in reference [31]. A comparisonwith the criteria of
the U.S. NRC has shown that the Swiss PWRs are also below these
limit curves, even if the safety margin would of course be signifi-
cantly smaller.

3.7.2. PCMI failure limits against results of CSED cladding integrity
model

The FALCON calculation for peak SED in cladding during the
simulated CREA/HZP transients was evaluated against the EPRI's
CSED cladding integrity models for uniform and total elongation, as
given in Eq. (12) and Eq. (13), respectively, for predicting the SRA
Zry-4 cladding failures by PCMI in hot conditions (see Fig. 23).

As shown in Fig. 24, the analysis reveals that application of the



Fig. 19. RG 1.236 correlation against FALCON calculated FGR in simulated PWR CREA/HZP transients.
Note: The hight of vertical bars indicates calculated values for different components of FGR after simulated CREA/HZP transients

Fig. 20. Current Swiss PCMI failure limit for SRA Zry-4 claddings under PWR CREA/HZP
conditions [31].
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RG 1.236-recommended PCMI limit would prevent exceeding of the
CSED (UE)-based analytical failure threshold up to a burnup of
68MWd/kgU. The CSED (TE) threshold would not be exceeded even
in the case of NRC PCMI limit being extrapolated to 83 MW d/kgU.
The current Swiss PCMI limit is not conservative for burnups higher
than ~55 MWd/kgU when considered against the EPRI's CSED
cladding integrity model, for both UE- and TE-based failure
thresholds. As mentioned in section 2.5.3, the U.S.NRC has been
opting for the usage of more conservative, UE-based analytical
threshold for evaluation of PCMI cladding failure, whereas EPRI
points out to that fulfilling of the TE-based one ensures integrity of
themodern claddings. The current Swiss PCMI limits were obtained
using the CSED (TE)-based analytical failure threshold [31]. From
the authors' perspective, the CSED (TE) model can be used if me-
chanical testing shows that a specific cladding type survives up to
total elongation.

A relaxation of the predicted CSED-based failure thresholds
would be possible in the case of reduced cladding oxide thickness
or a lower fraction of absorbed hydrogen from the total generation
due to water-side oxidation. An additional sensitivity analysis was
performed assuming a hydrogen absorption fraction of 10%, i.e., a
factor of 2 lower than the RG 1.236-recommended one for SRA Zry-
3754



Fig. 21. FALCON calculated normalized oxide layer thickness during PWR fuel rod
operation against estimated values of H-uptake.
Note: The hydrogen content in cladding was calculated from predicted oxide layer
thickness assuming a fraction of absorbed hydrogen of 20 %.
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4 claddings. Principally, the chosen value seems to be feasible as,
e.g., seen from the base-estimate data forM5 claddings in Table 1, as
well as from the current general trend for developing Advanced
Technology Fuel (ATF) claddings. As seen from Fig. 25, this addi-
tional sensitivity analysis reveals that application of the RG 1.236-
recommended PCMI limit would largely prevent exceeding of the
CSED (UE) threshold up to a burnup of 83 MWd/kgU. The CSED (TE)
threshold would not be exceeded in the cases of both NRC- and
Swiss PCMI limits up to a burnup of 83MWd/kgU, as well. However,
the ENSI PCMI limit would not rule out surpassing the analytical
CSED (UE) threshold for burnups higher than ca. 68 MWd/kgU.
Fig. 22. Comparison of RG 1.236 and Swiss PCMI failure limits for SRA Zry-4 claddings in C
Note: The PCMI limits were converted (the Swiss limit into function of excess hydrogen c
conservative hydrogen absorption fraction of 20 %.
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4. Discussion

The above described high-temperature and PCMI failure limits
have been plotted in a single diagram, as presented in Fig. 26.
Comparison of the limits reveals that:

� The RG 1.236 composite high-temperature limit is bounding for
the current Swiss PCMI limit in all over-pressurized rods, if any.

� This is not the case for the RG 1.236 PCMI limit, which suggests a
PCMI failure to occur at lower pulse energies than the balloon
burst, at a burnup above 55 MW d/kgU, regardless cladding
overpressure.

� The current Swiss and the RG 1.236 PCMI limits prevent, also,
cladding failure due to oxidation induced embrittlement.
Indeed, the oxidation-induced embrittlement limit for enthalpy,
of 170 cal/g (corresponding to enthalpy rise of 170e16.8 ¼ 153.2
Dcal/g e see the upper plateau of the red curve in Fig. 26), is
lower than (for Swiss PCMI limit) or equal to (for NRC PCMI
limit) the maximum PCMI limits.

� The new NRC limit for PCMI failure is more conservative than
the current Swiss one.

� Incipient local fuel melting in PWR fuel rods during CREA/HZP
transients is prevented if the RG 1.236-recommended PCMI
limits are adopted.

The calculations with the FALCON code have confirmed sub-
stantial conservatism of the updated safety thresholds for high-
temperature and PCMI cladding failure, as proposed in the NRC
Regulatory Guide RG 1.236, within their predefined applicability
limits. Specifically, conservatism of the RG 1.236-recommended
PCMI failure threshold for SRA claddings under CREA/HZP condi-
tions has been shown for burnup levels below 68MWd/kgU, which
is the limit currently accepted in the U.S. Extrapolating of the NRC
PCMI threshold in question to the current maximum design limit
for fuel burnup in Switzerland, of 82 MWd/kgU, was shown
assuming a hydrogen absorption fractions of 10% resp. 20%. This has
REA/HZP conditions as a function of burnup (left) and hydrogen content (right).
ontent, and the NRC one into function of burnup) using the RG 1.236-recommended



Fig. 23. Calculated peak SED during simulated CREA/HZP transients against EPRI CSED
correlations.
Note: The hight of vertical bars indicates calculated peak SED during simulated CREA/
HZP transients. The hydrogen content in cladding was calculated from predicted oxide
layer thickness assuming a fraction of absorbed hydrogen of 20 %.

Fig. 24. RG 1.236 and ENSI PCMI failure limits for SRA Zry-4 claddings in CREA/HZP
against predicted CSED-based failure thresholds.
Note: The current evaluationwas carried out assuming a fraction of absorbed hydrogen
of 20 %; The upper limits of the bars depict calculated enthalpy rise for failure. The
failure is predicted if an upper limit of the bar is lower than the PCMI failure limit.

Fig. 25. RG 1.236 and ENSI PCMI failure limits for SRA Zry-4 claddings in CREA/HZP
against predicted CSED-based failure thresholds assuming a reduced fraction of
absorbed hydrogen of 10%.
Note: The current evaluation was carried out assuming a fraction of absorbed hydrogen
of 10 %; The upper limits of the bars depict calculated enthalpy rise for failure. The
failure is predicted if the upper limit of a bar is lower than the PCMI failure limit.

Fig. 26. Comparison of high-temperature and PCMI limits for SRA Zry-4 claddings in
CREA/HZP conditions.
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shown that the safety margin of Swiss PWRs against the RIA PCMI
limit curve will be reduced significantly, especially in the high
burnup region.

The Guide is not applicable to non-UO2 fuels (e.g., MOX) and
advanced fuel types (e.g., doped pellets, changes in fuel pellet
microstructure or density, changes in zirconium alloy cladding
microstructure or composition, coated zirconium alloy cladding).
Besides, the RG 1.236-recommended safety limits cannot be
applied to fuel rods with pre-existing cladding failure (i.e., leaking
rods) or excessive cladding oxidation exhibiting localized imper-
fections (e.g., spallation, hydride blisters, etc.).

Although the NRC claims applicability of RG 1.236 limits to fuels
with gadolinium, this statement is not supported by data, because
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there have been no pulse irradiation tests with this type of fuels,
nor is there a possibility to verify codes against appropriate data, as
pointed out in the NEA Report [14]. A few pulse reactor tests on
fresh fuel rods with Gd2O3 additions were made at the NSRR in the
mid-eighties [32]. The tests were carried out with extremely high
energy depositions, leading to fuel rod failure by local melting of
the cladding at fuel enthalpies between 265 and 275 cal/g. As of
today [14], no pulse reactor tests have been performed on pre-
irradiated burnable absorber fuel rods to verify applicability of
the RG 1.236 failure thresholds to this type of nuclear fuel. At the
same time, as pointed out in the NEA State-of-the-Art Report [14]
and the NRC Memorandum of 2015 [9], the properties of fuels with
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gadolinia (melting temperature, density, thermal conductivity,
specific heat, radial power/burnup distribution) are different from
UO2, which may aggravate fuel behaviour in RIAs. Hence, integral
RIA tests on irradiated samples using fuel pellets with gadolinia,
additives and doped fuels might be recommended.

With this in mind, a conclusion can be drawn that the RIA-
related requirements of ENSI-G20 [2] would hold if the new NRC
failure thresholds were employed for fuel safety analysis in the
Swiss PWRs, as applied to standard fuel designs, using UO2 fuel
pellets and SRA Zry-4 as the cladding material.

5. Conclusions

The paper describes the outcomes of the FALCON code analysis-
related part of the STARS-ENSI Service Project on Evaluation of new
NRC RIA Fuel Safety Criteria and Application to the Swiss Reactors.

The review of U.S.NRC Regulatory Guide RG 1.236 and under-
lying documents has revealed that the proposed updates in RIA
safety limits are based on the analysis of a comprehensive database,
as obtained from the integral RIA testing programs and separate
effect tests. In its judgement, the U.S.NRC has been accounting for
appropriate evaluations made by its own experts, national labs
(e.g., EPRI and PNNL) and international expert groups (e.g., OECD/
NEAWork Group on Fuel Safety e WGFS). In cases of uncertainties
or disagreement between the underlying data or expert judge-
ments, the U.S.NRC has usually been opting for more conservative
recommendations.

The calculations with the FALCON code have confirmed sub-
stantial conservatism of the updated safety limits for high-
temperature and PCMI cladding failure, as proposed in RG 1.236.
The new NRC limit for PCMI failure is more conservative than the
current Swiss one. Analysis reveals that both high-temperature-
and PCMI- limits should be separately checked by the safety anal-
ysis, because failures caused by the corresponding mechanisms
cannot be fully excluded in consideration of a potential impact of
transient FGR, as well as variability and uncertainty in the fuel state
and RIA-related boundary conditions.

On that basis, a conclusion can be drawn that the RIA-related
requirements of ENSI-G20 would hold if the new NRC limits were
employed for fuel safety analysis in the Swiss PWRs, as applied to
standard fuel designs, using UO2 fuel pellets and SRA Zry-4 as
cladding materials. Integral RIA tests on irradiated samples using
doped- and gadolinia fuel pellets might be recommended to sup-
port appropriate fuel safety criteria for RIA events.
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CPR: Critical Power Ratio
CRDA: Control Rod Drop Accident
CREA: Control Rod Ejection Accident
CSED: Critical Strain Energy Density
CZP: Cold Zero Power
DBA: Design Basis Accident
DNB: Departure from Nucleate Boiling
EOL: End of Life
FWHM: Full Width at Half Maximum
HTC: Heat Transfer Coefficient
HZP: Hot Zero Power
IGR: Pulse Graphite Reactor
LHGR: Linear Heat Generation Rate
LWR: Light Water Reactor
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NSRR: Nuclear Safety Research Reactor
PBF: Power Burst Facility
PCT: Peak Cladding Temperature
PWR: Pressurized Water Reactor
RIA: Reactivity Initiated Accident
RIP: Rod Internal Pressure
RT: Room Temperature
RXA: Re-Crystallized Annealed
SED: Strain Energy Density
SPERT-CDC: Special Power Excursion Reactor e Capsule Driver Core
SRA: Stress Relieved Annealed
SST: Steady-State
TH: Thermal-Hydraulics


