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Purpose

s that the staff of the U.S. Nuclear
Regulatory Commission (NRC) considers, ng a postulated control rod ejection
(CRE) accident for pressurized-water reac d control rod drop (CRD) accident
for boiling-water reactors (BWRs). It define ding fai olds for ductile failure, brittle

failure, and pellet-clad mechanical 1nteract10
radionuclide release fractions fg
limits and guidance for deme

s. It also describes analytical
ations governing reactivity limits.

Applicability

sing of Production and Utilization Facilities,” provides for the
d utilization facilities.

R Part 50, “General Design Criteria for Nuclear Power Plants,” contains
d cria (GDC) for nuclear power plants. Criterion 28 (GDC 28), “Reactivity
Limits,” re@ that the reactivity control systems be designed with appropriate limits on the
potential amount and rate of reactivity increase to assure that the effects of postulated
reactivity accidents can neither: (1) result in damage to the reactor coolant pressure boundary

This regulatory guide is being issued in draft form to involve the public in the development of regulatory guidance in this area. It has not
received final staff review or approval and does not represent an NRC final staff position. Public comments are being solicited on this draft
guide and its associated regulatory analysis. Comments should be accompanied by appropriate supporting data. Comments may be submitted
through the Federal-rulemaking Web site, http://www.regulations.gov, by searching for Docket ID: NRC-2016-0233. Alternatively, comments
may be submitted to the Rules, Announcements, and Directives Branch, Office of Administration, U.S. Nuclear Regulatory Commission,
Washington, DC 20555-0001. Comments must be submitted by the date indicated in the Federal Register notice.

Electronic copies of this draft regulatory guide, previous versions of this guide, and other recently issued guides are available through the
NRC’s public Web site under the Regulatory Guides document collection of the NRC Library at http://www.nrc.gov/reading-rm/doc-
collections/reg-guides/. The draft regulatory guide is also available through the NRC’s Agencywide Documents Access and Management
System (ADAMS) at http://www.nrc.gov/reading-rm/adams.html, under Accession No. ML16124A200. The regulatory analysis may be
found in ADAMS under Accession No. ML16124A198.




greater than limited local yielding, nor (2) sufficiently disturb the core, its support structures
or other reactor pressure vessel internals to impair significantly the capability to cool the core.
GDC 28 also requires that these postulated reactivity accidents include consideration of rod
ejection (unless prevented by positive means), rod dropout, steam line rupture, changes in
reactor coolant temperature and pressure, and cold water addition.

Related Guidance
. NUREG-0800, “Standard Review Plan for the Review of Safety An;

Power Plants: LWR Edition” (SRP), (Ref. 3) provides guidance t
safety analysis reports submitted as part of license application

sis Reports for Nuclear
RC staff for review of
clear power plants.

o SRP Section 15.4.8 provides guidance to the NRC st; ing PWR CRE accidents.

o SRP Section 4.2, Appendix B provides gui staff in reviewing both PWR
CRE and BWR CRD accidents.

. RG 1.183, “Alternative Radiologie ting Design Basis Accidents at
Nuclear Power Reactors,” (Ref. 4) p 2 ting radiological consequences
for design basis accidents.

oht-Wa
deical conseq

escribe to the licensees and public methods that the staff considers
acceptable for use mg specific parts of the agency’s regulations, to explain techniques that
the staff uses in evalue ecific problems or postulated accidents, and to provide guidance to
applicants. Regulatory giides are not substitutes for regulations, and compliance with them is not
required. Methods and solutions that differ from those set forth in RGs will be deemed acceptable if they
provide a basis for the findings required for the issuance or continuance of a permit or license by the
Commission.
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Paperwork Reduction Act

This Draft Regulatory Guide contains information collection requirements that are subject to the
Paperwork Reduction Act of 1995 (44 U.S.C. 3501 et seq.). These information collections were approved
by the Office of Management and Budget (OMB) control numbers 3150-0011 and 3150-0151.

Public Protection Notification

The NRC may not conduct or sponsor, and a person is n
information or an information collection requirement unless t
valid OMB control number.

espond to, a request for
ent displays a currently
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B. DISCUSSION

Reason for Issuance

This guide incorporates empirical data from in-pile, prompt power pulse test programs and
analyses from several international publications on fuel rod performance under prompt power excursion
conditions to provide guidance on acceptable analytical methods, assumptions, and limits for evaluating a
postulated PWR CRE and a postulated BWR CRD accident. This guide replages the PWR CRE analytical
guidance provided RG 1.77.

Background

The NRC staff initially provided guidance for PWR . 74 (Ref. 6). The
state-of-knowledge of fuel rod performance under prompt has increased
significantly since publication of that guidance. This kn or new guidance

Transient Reactor Test Facility (TREAT) research prog

RG 1.77 analytical limits) to include test results from the Facility (PBF) as well as
significant, more recent contributions from rograms at the CABRI research reactor
(France), Nuclear Safety Research Reacto Graphite Reactor (IGR) (Russian
Federation), and Fast Pulse Graphite Reacto n). In 2007, the staff evaluated

the effect of newly discovered burnup-related
performance and issued interi d 87). In 2015, the staff

c ) 3 tirther changes to guidance (Ref.
98). Reference 98 docum ell as the technical and regulatory bases for this

ect the latest state-of-knowledge.

ystem pressure ejecting the control rod and drive
he CEDM housings are capable of withstanding throughout their
luding the steady state and transient operating conditions

subsequently withdra ontrol blade is assumed to be stuck in place, and at a later moment, the
control rod suddenly fa ce and drops to the control rod drive position. This results in the removal of
large negative reactivity from the core and results in a localized power excursion. This accident
encompasses the consequences of all such reactivity control system excursions through postulating the
worst possible combination of rod worth and core conditions.

The uncontrolled movement of a single control rod out of the core results in a positive reactivity
insertion that promptly increases local core power. Fuel temperatures rapidly increase, causing fuel pellet
thermal expansion. The reactivity excursion is initially mitigated by the Doppler feedback and delayed
neutron effects followed by a reactor trip. The prompt thermal expansion of the fuel pellet can cause the
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fuel cladding to fail by PCMI, which is enhanced by the presence of hydrogen in the cladding. Depending
on the initial conditions, fuel cladding may also fail in a brittle fashion from oxygen-induced
embrittlement or in a ductile fashion from rod ballooning and subsequent rupture. Any fuel rod that
experiences cladding failure will release a portion of its fission product inventory to the reactor coolant
system. Radiological consequences resulting from the release of these fission products must be limited to
be within applicable regulations.

General Design Criterion (GDC) 28 of 10 CFR Part 50, Appendix A requires reactivity control
systems to be designed with appropriate limits on potential amount and rate of reactivity increase to
assure that the effects of postulated reactivity accidents can neither result j age to the reactor coolant
pressure boundary greater than local yielding nor sufficiently disturb t , its support structures, or
other reactor pressure vessel internals to impair significantly the cap, cool the core. GDC 28 also
requires that these postulated reactivity accidents include conside jection (unless prevented

the core by challenging fuel rod bundle array geometry. ay cause gross
failure of fuel rods and loss of a coolable core geome
rods will interact with the reactor coolant, producin integrity of
the reactor pressure boundary.

Harmonization with International Stand

The NRC staff reviewed guidance
International Organization for Standardizatiox
(IEC) and did not identify any standards that p
licensees.

Energy Agency (IAEA), the
Electrotechnical Commission
C staff, applicants, or
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C. STAFF REGULATORY GUIDANCE

This guide describes analytical methods and limits that the staff of the NRC considers acceptable
for use when analyzing a postulated PWR CRE accident and a postulated BWR CRD accident.

1. Limits on Applicability

The analytical limits and guidance described may not be directly apphcable to anticipated
operational occurrences (AOOs) and other postulated accidents involving P ive reactivity insertion
(e.g., PWR excess load, PWR inadvertent bank withdrawal, PWR steam ture, BWR turbine trip
without bypass, BWR rod withdrawal error). Furthermore, depending 1gn features, reactor kinetics,
and accident progression, this guide may not be directly applicable ed LWRs and modular
LWRs. Application of this guide beyond PWR CRE and BWR the range of applicability
described below, will be considered on a case-by-case basis.

The applicability of the fuel rod cladding failure
allowable limits on damaged core coolability provided

sholds, fission produc
1s guidance are limited as

se fractions, and

1.1 ++——Currently approved LWR fuel rod desigus éompris slightly enriched UO, ceramic
pellets (up to 5.0 wt% **°U) within cylindrical zirc sed cladding, including designs with
or without barrier lined cladding, ififegral fuel burnab orber (e.g., gadolinium), or a pellet
central annulus

11.1 his-guidance-is-notapphi \n ide- MOBRLuel rod-designs. The

applicability ofdhis.cuidance | = VRUUehiods designs (e.g.. doped pellets
changes in fdelpelet taicrostrud density inges in zirconium alloy
cladding br compd on) will be addressed on a case-by-case basis.

- ‘[Formatted: Indent: Left: 0.88", No bullets or numbering ]
1.1.2 Not app xide (MO el rod designs. — w Formatted: List Paragraph, Outline numbered + Level: 3 +

Numbering Style: 1, 2, 3, ... + Start at: 1 + Alignment: Left +

12 Aligned at: 0.25" + Indent at: 0.88"

+3——As described 2, separate PCMI cladding failure thresholds are provided for different
initial reac peratures and different cladding thermal annealing treatments.

1.2.1 The high temperature PCMI cladding failure threshold curves are applicable to reactor
coolant temperatures at or above 500 °F. Below 500 °F, the low temperature PCMI
cladding failure threshold curves are applicable.

1.2.2 The recrystallization annealed (RXA) PCMI cladding failure threshold curves are
applicable to cladding which has undergone final thermal treatment that produces RXA
metallurgical state, while the stress relief annealed (SRA) PCMI cladding failure threshold
curves are applicable to cladding which has undergone final thermal treatment that
produces SRA metallurgical state. For any other metallurgical condition, the applicant
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should provide ]ustlﬁcatlon for similarity with elther SRA or RXA metallurglcal
condltlon ysta R adding failure-thresh

i ‘[Formatted: Indent: Left: 0.25", Hanging: 0.63"

1.2.3 Due to the dominant role liner fuel test results played in the development of the RXA
PCMI cladding failure threshold curves and the influence of the natural of low alloy liner

on the initial hydride distribution, the applicability of these failyre threshold curves for non-
liner cladding designs is limited to cladding with less than 7, m excess hydrogen.

2. Analytical Methods and Assumptions; - { Formatted: Font: Not Bold

The following analytical inputs, assumptions, and ods are considere table for
evaluating the postulated CRE and CRD accidents.

2.1 Methods and models

2.1.1 Accident analyses should b i pproved analytlcal models and
application methodologies- ant-forca a 5. The analytical
models and computer codes and ]ustlﬁed and the conservatism

uparison with experiment and/or

ormed. In particular, the

ics and changes in flux shapes

m of the ﬂux shapes used for reactivity input and

ergy, and gross heat transfer to the coolant should

ariations of the Doppler effect, power

distribution, fi it arameters, and other relevant parameters should be

included.

;s ‘Tl(.dllV based accident analyses, analytical uncertainties should be <+ - - { Formatted: Indent: First line: 0"

alculating the transient should be a coupled thermal,
nuclear model with the following capabilities: (a) incorporation of all
back mechanisms, (b) at least six delayed neutron groups, (c) both
ymentation of the fuel element, (d) coolant flow provision, and (e)
Initiation.

should be based upon design-specific information-aceounting for

2.14 Burnup-related effects on reactor kinetics (e.g., Befr, 1¥, rod worth, Doppler effect) and fuel
performance (e.g., pellet radial power distribution, fuel thermal conductivity, fuel-clad gap
conductivity, fuel melting temperature) should be accounted for in fuel enthalpy
calculations.

2.2 Initial conditions
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2.2.1 Accident analyses should consider the full range of cycle operation from be-performed-at
beginning of cycle (BOC) and-intermediate-burnup-intervals-up-to-to end of cycle (EOC).

222 Accident analyses at cold zero power (CZP) and hot zero power (HZP) conditions should
encompass both (1) BOC following core reload and (2) re-start following recent power
operation.

223 Accident analyses should consider the full range of power opeggtion be-performed-at
intermediatepowertevelsup to hot full power (HFP) conditi hese calculations should
considereonfirm power-dependent core operating llmlts ontrol rod insertion limits,
rod power peaking limits, axial and azimuthal power jon limits). At lower-power
conditions where certain core operating limits do n; i
potential for wider operating conditions due to xe illati plant maneuvering.

224 The maximum uncontrolled rod worth (thg
blade in a BWR) should be calculated b
control rod positions allowed at a givé

of an ejected rod 1 WR or a dropped
on the following conditio
hver level angdb) additional fu

inserted misaligned or inoperable rod or if allo Pufficient parametr

should be performed to determine the wort| w reactive control rod of all inserted
control rods for the allowed gmgfigurations hig ed above. The evaluation methodology
should account for (1) calcti & Bcertainties in' Xronic parameters (€.g., neutron cross

sections) and (2) allowed povy Base ics. Becau N@Rburaup-dependen orrosion

jup-d&gadent and corrosion-dependent factors that tend to reduce cladding
and allgwable limits on core coolability during fuel rod lifetime, the
flitions M@y involve locations other than maximum uncontrolled rod
tion 2.2.4 (e.g.. uncontrolled rod motion at a core location adjacent to
ssemblies). As such, a more comprehensive search for the limiting
ecessary to ensure that the total number of fuel rod failures is not
; d allowable limits are satisfied. Applicants may need to survey a larger
populati¥ BWR blade drop and PWR ejected rod core locations and exposure points to
identify th&limiting scenarios.

When properly justified, combining burnup-dependent parameters to create an artificial,
composite worst time-in-life (e.g., end-of-life cladding hydrogen content combined with
maximum ejected worth) is an acceptable analytical approach to reduce the number of

cases analyzed.
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2.2.6 The reactivity insertion rate should be determined from differential control rod worth
curves and calculated transient rod position versus time curves.

22.7 For CRE, the rate of ejection should be calculated based on aximum pressure

ol rod and drive shaft,
be taken for the velocity
limiter when determining the rate of withdrawal d

22.8 For at-power scenarios, tThe initial reactor cq
flow rate used in the analysis should be coz
transient phenomenon being investigated
operating range and monitoring uncerfaimtics.

atively chosen, depe’

ge of values should enco! the allowable

229 FFhe-anticipatedrange-offuel thermal props®

tuel-clad gap thermal conductivity,

fuel thermal conductivity) s d cover the fu ¢ over the fuel rod’s lifetime and
should be conservatively scigiNGiMascd on shoulG@nvestisated-to-ensure-conservativ
values are chosensdependings ansient phen@menon being investigated. Time-in-
life specific fuel properties ma¥y Biven bur pecific statepoint analysis.

2.2.10  The moderatqg coefficic oids;€ t pressure changes, and coolant

temperaturg d be calc ¥based on the various assumed conditions of the

fuel and crator usingstandard tragsport and diffusion theory codes. If boric acid shim

is used4n'the moderato e highest boron concentration corresponding to the initial

reactor sta e ed. If appligable, the range of values should encompass the

allowable operating oc (1.8 ieal Specifications in the core operating limits report)
applica alytical accouth monitering-uncertainties.

D er coefficient of reactivity should be based on and compared

< >1s~with available experimental data. Since the Doppler
reflectsithe change in reactivity as a function of fuel temperature,
licting the coefficient as well as predicting fuel temperatures at different
be reflected by conservatism in the application of Doppler feedbacked

ncertainties in p
er levels sho

2.2.12  Contro activity insertion during trip versus time should be obtained by combining the
differential’rod worth curve with a rod velocity curve based on maximum design limit
values for scram insertion times. Alternatively, reactivity may be calculated using control
rod velocity during trip based on maximum design limit values for scram insertion times.
Any loss of available scram reactivity due to allowable rod insertion should be quantified.

2.2.132  The reactor trip delay time, or the amount of time that elapses between the instant the
sensed parameter (e.g., pressure, neutron flux) reaches the level for which protective action
is required and the onset of negative reactivity insertion, should be based on maximum

values of the following: (a) time required for instrument channel to produce a signal, (b)

[\
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time for the trip breaker to open, (c) time for the control rod motion to initiate, and (d) time
required before control rods enter the core if the tips lie outside the core. Allowances for
inoperable or out-of-service components and single failures should be included in the
response of the reactor protection system.

2.3 Predicting the total number of fuel rod failures

2.3.1  Ateach initial state point, the total number of failed rods that must be considered in the
radiological assessment is equal to the sum of all of the fuel gods failing each of the
cladding failure thresholds described in Section C.3, “Fu Cladding Failure
Thresholds,” of this guide. Applicants do not need to count fuel rods that are
predicted to fail more than one of these thresholds.

2.3.2  Figure | provides an acceptable high tempera

rod internal conditions (e.g., moles of
pressure). The amount of transient FGR
correlations provided in Figure 6.

ated using the burnup-dependent

2.3.3  Due to the large variation 1 1 enthalpy rise along the axial
length of a fuel rod, the appl transient FGR for several
axial regions and (2) combine g with the pre-transient gas

inventory, wi alculation essure.

234 Whe 1 cladding¥@ilure thresholds, an NRC-approved alloy-specific
i drogen up model must be used to predict the initial, pre-
transie i semcontent. influence of (1) time-at-temperature (e.g.
residence SOt gs, Sfeaming rate), (2) cladding fluence (e.g.
d phase precipita#€s), (3) enhanced hydrogen uptake mechanisms
ion, proximity to dissimilar metal), and (4) crud deposition should be
approved models either directly or implicitly through the

anluing tha PCM add atlure thresholds—ang

\}

2341 As an alternative, acceptable alloy-specific hydrogen uptake models to

estimate pre-transient cladding hydrogen content are provided in
Sppendin Cedheemeaiie I leee el e dob o L L
" — . mits for-Zi . g 5

2.3.4.2 The measured and estimated cladding hydrogen content in the empirical ~ _ - {Formatted: Font: 11 pt

database used to develop the PCMI failure curves are based on total

DG 1327, Page 11



23.5

hydrogen content, including any hydrogen present in the oxide layer.
Therefore, total hydrogen content should be used to implement these

curves. If an applicant elects to use their own approved alloy-specific
hydrogen model which separates out hydrogen in the oxide layer, then
these curves would no longer be applicable.

2.3.432  The mid-wall cladding average(e-gmid-walb-temperature at the start
of the transient should be used to define the excess hydrogen in the

cladding. Use of the Kearns solubility correlation (Ref. 10) is acceptable.

average fuel enthalpy rise
ith potential axial variability

2.3.4.43  Due to the large variation in predicted,
along the axial length of a fuel rod
in cladding hydrogen content, th,

precipitate in a preferential orientation. F ding, a majority of zirconium
hydride platelets will precigitate in the circu tially orientation. Whereas RXA
cladding tends to exhibit Feide i i hydride platelets. In addition to
fabrication-related effects, Yishyde i i affected by the stress state
prevailing during hydride pr& { . ibed in References 11 and 12,
hydride reorientation from the he radial direction is possible
when the fug dding is loaded ion D&YOR@the hydride reorientation stress
threshold 1 A 85 the possibility of hydride reorientation because
i atelown consistent with the requirements in NUREG-
ection II.1.A.vi, page 4 2-7, Rev1510n 3, March

Fuel o failure may occur almost instantaneously during the prompt fuel enthalpy

rise (due%o PCMI) or may occur as total fuel enthalpy (prompt + delayed), heat flux, and
cladding temperature increase. For the purpose of calculating fuel enthalpy for assessing

PCMI failures, the prompt fuel enthalpy rise is defined as the radial average fuel enthalpy
rise at the time corresponding to one pulse width after the peak of the prompt pulse. For

assessing high cladding temperature failures, the total radial average fuel enthalpy
(prompt + delayed) should be used.
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2.4 Fission product release fractions

2.4.1 Because of the large variation in predicted fuel radial avera;
axial length of a fuel rod, the applicant may elect to (1) c:
product release fraction for each radionuclide for seve
each axial contribution, along with the pre-transient

enthalpy rise along the

e the transient fission

1 regions and (2) combine
state inventories, to obtain
the total radiological source term for dose calcul 4 endix B for further
information.

2.5 Reactor coolant system peak pressure

2.5.1  The pressure surge should be calcul
the fuel, a conservative metal-water re
coolant to determine the variation of heat
volume surge should then de.used in the cal
account fluid transport in
of the pressurizer relief and
the possible pressure reducti@
housing.

nd prompt heat gereration in the
e and the volume surge. The

of the pressure transient, taking into
the steam generators, and the action
. No credit should be taken for
re of the control rod pressure

Fuel Rod Cladg

eposition level and the heat transfer from the rod, the following
phenomena tures increase and may approach melting temperatures (both rim
and/or centerli [ thermal expansion may promote PCMI cladding failure, and local heat
flux may exceed € ) X conditions, prompting fuel cladding temperatures to rise leading to
other potential fuel {3 v anisms.

The following sections define acceptable fuel rod cladding failure thresholds which encompass
each degradation mechanism and failure mode. To ensure a conservative assessment of onsite and offsite
radiological consequences, each of these failure modes must be quantified, and the sum total number of
failed fuel rods must not be underestimated.

Alternative fuel rod cladding failure criteria may be used if they are adequately justified by
analytical methods and supported by sufficient experimental data. Alternative cladding failure criteria will
be addressed on a case-by-case basis.
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3.1 High Temperature Cladding Failure Threshold

The empirically based high temperature cladding failure threshold is shown in Figure 1. This
composite failure threshold encompasses both brittle and ductile failure modes and should be applied for
events initiated from reactor startup conditions up to 5 percent reactor power operating conditionstewer
operating-modes{e-sMode 2 1ess-thanS-pereentreactorpower). Because ductile failure depends on
both cladding temperature and differential pressure (i.e., rod internal pressurgaminus reactor pressure), the
composite failure threshold is expressed in tetal-peak radial average fuel ¢ y (cal/g) versus fuel
cladding differential pressure (MPa).

For at-power alt-ether-operating conditions (i.e., above 5 mere bt e

e Medebfuel), fuel cladding failure is presumed if local hea ermal design limits
(e.g., departure from nucleate boiling and critical power rati

3.2 PCMI Cladding Failure Threshold
The empirically based PCMI claddimg failure thresh e shown in Figures 2 through 5.

hydride orientation, separate PCMI failure & g i and SRA cladding types at both

low temperature reactor coolant conditions (¢ sta i

conditions (e.g., PWR hot zero power). The PG i > d is expressed in peak radial
S : tent (weight parts per million
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Figure 1: High Temperature Cladding Failure Threshold
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Figure 2: PCMI Cladding Failure Threshold—RXA Cladding at High Temperature Reactor
Coolant Conditions
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Figure 3: PCMI Cladding Failure Threshold—SRA Cladding at High Temperature Reactor
Coolant Conditions
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Figure 4: PCMI Cladding Failure Threshold—RXA Cladding at Low Temperature Reactor
Coolant Conditions
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Figure S: PCMI Cladding Failure Threshold—SRA Cladding at Low Temperature Reactor
Coolant Conditions
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Transient Fission Gas Release (%)

40

35

30

25

20

15

10

BU > 50 GWd/MTU: Transient FGR (%) = [(0.26 * AH) - 5]// /

ayd

yavd

s

/ A <50 GWd/MTU: Transient FGR (%) = [(0.26 * AH) - 13]

yd

25

50 75 100 125 150 175 200

Peak Radial Average Fuel Enthalpy Rise (Acal/g)

A\

DG 1327, Page 24



ES Allowable Limits on Radiological Consequences

The accident dose radiological consequences criteria for CRD and CRE accidents are provided in « - - {Formatted: Indent: First line: 0.5"

Regulatory Guide 1.183 (Ref. 4) and Regulatory Guide 1.195 (Ref. 5).

- -For new lig applications, the maximum or coolant
system pressure should be limited to the value that w se stresse pot exceed Emer@@Rey Condition
(Service Level C), as defined in Section III of the ASMEBbiler an ssure Vessel code (Ref. 14). For
existing plants, allowable limits for the reactor pressure bo® pecified in the plant’s UFSAR
should be maintained.

6%. Allowable Limits on Damaged Co

L7+—Thelimiting p adial averag e t ent catastrophic fuel rod failure and < - - ‘[Formatted: Indent: Left: 0", First line: 0.5"

avoiding molten fuel-ceoo,
core geometry and that

py must remain below 230 cal/g. j_- {Formatted: Font: 11 pt

)

e ‘[Formatted: Indent: Left: 0.75", No bullets or numbering

melting is acceptable provided it is restricted to less than 10 + - - {Formaued_ List Paragraph, Indent; Left: 0.75"

)
J

plume ] B peak fuel temperature in the outer 90 percent of the fuel
below shcipient fuel melting conditions

- {Formatted: Font: 11 pt

d-tisrestricted-to-thefu h Formatted: Numbered + Level: 1 + Numbering Style: a, b,
crature-in C, ... + Start at: 1 + Alignment: Left + Aligned at: 0.5" +
Indent at: 0.75"

For fresh and low-burnup fuel rods, the peak radial average fuel enthalpy restriction will likely be
more limiting than the limited fuel eenterline-melt restriction. However, because of the effects of edge-
peaked pellet radial power distribution and lower solidus temperature, medium- to high-burnup fuel rods
are more likely to experience fuel melting in the pellet periphery under prompt power excursion
conditions. For these medium- to high-burnup rods, fuel melting outside the centerline region must be
precluded, and this restriction will likely be more limiting than the peak radial average fuel enthalpy
restriction.
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D. IMPLEMENTATION

The purpose of this section is to provide information on how applicants and licensees' may use
this guide and information regarding the NRC’s plans for using this regulatory guide. In addition, it
describes how the NRC staff complies with 10 CFR 50.109, “Backfitting,” and any applicable finality
provisions in 10 CFR Part 52, “Licenses, Certifications, and Approvals for Nuclear Power Plants.”

Use by Applicants and Licensees

ment to demonstrate
differ from those described in
is and information for the

Applicants and licensees may voluntarily® use the guidance in thi
compliance with the underlying NRC regulations. Methods or solutio:
this regulatory guide may be deemed acceptable if they provide suf]
NRC staff to verify that the proposed alternative demonstrates c
regulations. Current licensees may continue to use guidance t able for complying
with the identified regulations as long as their current lice i

Licensees may use the information in this re i i quire NRC
review and approval such as changes to a facility des
Experiments.” Licensees may use the information in thi e or applicable parts to resolve
regulatory or inspection issues.

Use by NRC Staff

The NRC staff does not mtend or appro¥e i ting of the guidance in this
regulatory gurde The NRC sta D ge to se or commit to using the

y adopt thrs regulatory guide to resolve a generic
to initiate NRC regulatory action that would

does not expect or plan tg
regulatory issue. The 2

issuance of an order requ g de, requests for information under
ther a it to use of this regulatory guide, generic

aff positions in this regulatory guide, as one acceptable means
gulatory requirement. Such discussions would not ordinarily be
considered ba prior versions of this regulatory guide are part of the licensing basis of the

| is latory guide is part of the licensing basis for a facility, the staff may not
represent to the llce licensee’s failure to comply with the positions in this regulatory guide

constitutes a violation.

In this section, “licensees” refers to licensees of nuclear power plants under 10 CFR Parts 50 and 52; and the term
“applicants” refers to applicants for licenses and permits for (or relating to) nuclear power plants under 10 CFR
Parts 50 and 52 and applicants for standard design approvals and standard design certifications under 10 CFR Part 52.

In this section, “voluntary” and “voluntarily” mean that the licensee is seeking the action of its own accord, without the
force of a legally binding requirement or an NRC representation of further licensing or enforcement action.
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If an existing licensee voluntarily seeks a license amendment or change and (1) the NRC staff’s
consideration of the request involves a regulatory issue directly relevant to this new or revised regulatory
guide, and (2) the specific subject matter of this regulatory guide is an essential consideration in the
staff’s determination of the acceptability of the licensee’s request, then the staff may request that the
licensee either follow the guidance in this regulatory guide or provide an equivalent alternative process
that demonstrates compliance with the underlying NRC regulatory requirements. This is not considered
backfitting as defined in 10 CFR 50.109(a)(1) or a violation of any of the issue finality provisions in
10 CFR Part 52.

Additionally, an existing applicant may be required to comply wi
if 10 CFR 50.109(a)(3) applies.

rules, orders, or guidance

If a licensee believes that the NRC is either using this re
the licensee to implement the methods or processes in this re
the discussion in this Implementation section, then the lice eal with the NRC in
accordance with the guidance in NRC Management Dire; .4, “Management O
Backfitting and Information Collection” (Ref. 15) an G-1409, “Backfitting

or requesting or requiring

ines” (Ref. 16).
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AppendixA

Acronyms and Definitions

ADAMS Agencywide documents access and management system
AOO Anticipated operational occurrence

ASME American Society for Mechanical Engigeers
BIGR Fast Pulse Graphite Reactor

BOC Beginning of cycle

BWR Boiling water reactor

CEDM Control element drive mec

CFR Code of Federal Regulatign

CRD Control rod (blade) dg

CRE Control rod ejectig

czp Cold zero powg

Doppler or FTC

Fuel temperatu Be in reactivity/c

fuel temperature

EOC End of cycle

FCI o

FGR

GDC

= >
HZP Hot zero f§

sctrotechnical Commission

4
T

Pellet-clad mechanical interaction

Pressurized water reactor

Regulatory guide

Recrystallized annealed

Special Power Excursion Test Reactor

SRA Stress relief annealed

SRP Standard review plan (NUREG-0800)
TEDE Total effective dose equivalent
TREAT Transient Reactor Test Facility
wppm Weight parts per million

Beff Effective delayed neutron fraction
Ap Change in reactivity, dk/keff
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Appendix B

Fission Product Release Fractions N -

This appendix provides guidance on steady-state and transient gap fission product inventories

available for release following a CRE or CRD accident. The generic steady-state gap fractions and -
analytical approach for calculating steady-state gap fractions are acceptable for use to define the

initial radionuclide inventory for all Non-LOCA design basis accident:
steady state and transient gap fission product inventories should be
transferred to a future revision of RG 1.183 (Ref. 4) and RG 1.195

N

). Please note that for fuel

that is predicted to melt (fuel that reaches or exceed the initiatig erature for melting) as a N
result of the Non-LOCA design basis accidents, the steady st ent gap fission products Nl

are added to the melt activity as discussed in RG 1.183 and

The total fractions of fission products available
equal to the sum of the steady-state fission product gag

temperature for fuel melting) the combineg ion product in ory (steady-state gap plus transient
release) is added to the release due to fuel e uidance rega@ing source term for fuel melting
contained in RG 1.183 and 1.195 remains u

of the core inventory for various radionuclides assumed to be in the « - -
gap fa m eration. The gap fractions from Table B-1 are used in

conj i m; duct inventory calculated with the maximum core radial

peaking . icabi of Tablé®B-1 is limited to UO, fuel rods with a peak rod average power -

history bel O th i 0 envelope depicted in Figure B-1.

w dy-State Fission Product Inventory in Gap -

is appendix guidance for _ -
. . .y <~
til such time when itis -

N
N
N
s

N \
\

\
\
\
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1-132 0.09

Kr-85 0.38

Other Noble Gases 0.09

Other Halogens 0.05

Alkali Metals 0.507

7 The fraction of cesium in the gap provided in Table B-1 assumes a diffusion coefficient from the fuel to the gap that is

2 times the coefficient for Kr-85. Chemical changes that accompany extended levels of reactor fuel burnup may retard
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methods and application of uncertainties. is documented in Reference B-1. As an alternative, a licensee + -0.5" Left + 0", Left + 0.5, Left + 1.06", Left + 4.19",

The derivation of the steady-state fission product gap inventories, including the analytical - - - w Formatted: Indent: First line: 0.5", Tab stops: -0.58", Left

may use the analytical technique described in the attachment to calculate steady-state fission product gap Left
inventories based on specific fuel rod designs or more realistic fuel rod power histories.
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Pellet BU <50 GWd/MTU
Transient FGR = Maximum
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Transient FGR = Maximuy (0.26 * AH)

Where: “h ‘[Formatted: Indent: First line: 0.5"

FGR = Fission gas release,

AH = Increase in radial averag al/o - ‘[Formatted: Indent: First line: 0"

. Y o functiond
An investigation 11§ |' et O dil sinWiffusion coefficients and radioactive decay on
fission prod Mient releds ¢f. B-1143) concltd@d that adjustments to the empirically based

correlatj m m adionuclides.

B4.1 or stable, long-1ivS@isoto] . Kr-85), the transient fission product release is equivalent to

aurnup-dependent

s-134 and Cs-137, the transient fission product release correlations — « - - ‘[Formatted: Indent: Left: 0", Hanging: 0.5"

ould be multiplied by a factor of 1.414.

For volatile, s Wwed radioactive isotopes such as halogensiedine (e.g.ie-, [-131, 1-132, 1-133
1-135) and xenon*and krypton noble gases except Kr-85 (e.g.i-e-. Xe 133 Xe 135, Kr-85m, Kr-

87, Kr-88), the transient fission product release correlations should be

multiplied by a factor of 0.333.

Total Fission Product Inventory Available for Release j_- {Formatted: Underline

the transport of fission products such as cesium in the fuel grains to the fuel-cladding gap region. The staff may
consider credit for retention of cesium in the fuel-cladding region on a case-by-case basis.
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44— The transient fission product release fractions must be added to the steady-state fission
product gap inventory for each radionuclide (present before the event) to obtain the total fission product
inventory available for release upon cladding failureradiotogical sourcetermfor dose-ealeulations. The
sum total of combined fission product inventories from each fuel rod predicted to experience cladding
failure (all failure modes) should be used in the dose assessment. If localized fuel melting is predicted

durm the ostulated acc1dent aAdditional ﬁssmn roduct releases ma need tob
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Figure B-1: Maximum Allowable Power Operating Envelope for Non-LOCA Gap Fractions
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Figure B-26: Transient Fission Gas Release
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Attachment:

ANALYTICAL TECHNIQUE FOR CALCULATING STEADY-STATE
FISSION PRODUCT GAP INVENTORIES

This attachment provides an acceptable analytical technique for calculating steady-state fission
product gap inventories based on specific fuel rod designs or more realistic fuel rod power histories.

Following the analytical technique detailed below, bounding gap inventories gvere developed based on

average power envelope in Figure B-1.

Steady-state gap inventories represent radioactivg
steady-state operation that have diffused within the fug { fuel rod void
space (i.e., rod plenum and pellet-to-cladding gap), 4@ &re available d cladding
failure. Given the continued accumulation of long-lived joactivg opes and the inevif@ble decay of
short-lived radioactive isotopes, the most limiting time-in-~ j aximum gap fraction) for a
particular radioactive isotope varies with fughrod exposure ai wer history. The analytical technique
described in this attachment prescribes th& bounding fue power profiles based on core
operating limits or limiting fuel rod power Ristorte a alytical technique produces a
composite, worst time-in-life (i.e., maximum m ive isotopes). As such, the
steady-state fission product gap inventories ca M 1|ytic@Papproach will be significantly
larger than realistic fuel rod g erage soul

The U.S. Nuclg
mechanical fuel perf8§
such, licensees may not
non-LOCA accidents.

R C) maintains the FRAPCON fuel rod thermal-
t audit calculations for licensing activities. As
el-, or cycle-specific gap inventories for

i\
brm indepe
jastify plani

hniqué d to calculate steady-state gap inventories should include the

dioactive{8otopes, such as krypton (Kr)-85, cesium (Cs)-134, and

i fuel rod thermal-mechanical performance code with established

11 be used to predict the integral fission gas release. The code should
include al conductivity degradation with burnup and should have been
verified agd v ¢d fuel temperatures and stable fission gas release data up to the licensed
burnup of the ™ wlar fuel rod design.

B-1.1 [Long-lived radioactive isotopes will continue to accumulate throughout exposure, with
insignificant amounts of decay because of their long half-lives. As such, maximum gap
inventories for long-lived isotopes are likely to occur near or at the end of life of the fuel

assembly.

B-1.2  As recommended by American Nuclear Society (ANS) standard ANS-5.4, “Method for
Calculating the Fractional Release of Volatile Fission Products from Oxide Fuels” (Ref. B-3), the

DG 1327, Page 39



cesium diffusion coefficient should be assumed to be a factor of 2.0 higher than for the noble gas
nuclides. Because the release fraction is approximately proportional to the square root of the
diffusion coefficient, the cesium release fraction equals the following:

(Gap Inventory)cs.i34. cs-137 = (Gap Inventory)k.ss * (2.0)"° - - {Formatted: Left, Indent: Left: 0.5", First line: 0.5"

Where: (Gap Inventory)k:ss is calculated using an approved fuel performance code.

B-2.  For volatile, short-lived radioactive isotopes, such as iodine (I) (i.e.
1-135) and xenon (Xe) and Kr noble gases (except for Kr-85) (i.e,
Kr-87, and Kr-88), an NRC-approved release model or an NR¢
(e.g., Ref. B-3) shall be used to predict the release-to-birth (R
several depletion time steps from an NRC-approved fuel 2
code. The fuel parameters necessary for use in the A

131,1-132,1-133, and
3, Xe-135, Kr-85m.
orsed ANS-5.4 release model
action using fuel parameters at

operating envelope).

B-2.1 NUREG/CR-7003
Product Release )

and De of ANS-5.4 Standard Fission
PRef. B-4), provides guidance on using the

B-2. ) alf=ki than 6 hours, an approved fuel performance code is used to

5) (S [@ciaDn
B im v im )’nurlide

B-2.1.3 For nuclides with half-lives of greater than 6 hours, the R/B fraction is predicted by multiplyin;
the fractal-scaling factor (Fyuciae) by the predicted Kr-85m (R/B) using Equation 13 of
NUREG/CR-7003, as follows:

[BJ =F (Ej aKr—SSmDi
nuclide /’i
B i,nuclide V i Kr—85m
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The R/B fraction for isotope I-132 should be calculated using this fractal equation even though its
half-life is less than 6 hours (2.28 hours) because its precursor of tellurium (Te)-132 has a
half-life of 3.2 days, which controls the release of I-132.

B-2.1.4 Table B-2 lists the fractal-scaling factors for each nuclide calculated using the following equation
from NUREG/CR-7003:

0.25
a

nuclide/lKr—BSm

nuclide —
ﬂ’nuclideaKr—%m

B-3.  Fission product gap inventories are calculated at a 95-per sroBability and 95-percent
confidence level (95/95).

B-3.1 For short-lived isotopes, the 95/95 upper tolerancg inventory is based he empirical
database used in the development of the fission elease model. For exa he 2011
ANS-5.4 release model standard (Ref. B-3 mends multiglying the best-¢! ate
predictions by a factor of 5.0 to obtain upper t6 \ ories.

B-3.2 For long-lived isotopes, the 95/95 upper tolerance ( Ycap inventory is based on the
verification and validation databa§€ @fthe fuel therma anical code. For example
FRAPCON-3.3 (Ref. B-5) predicte ‘lt]_,._ e fractions ong-lived isotopes exhibit a
standard deviation of 0.028 (absoluts)Based™d alidatio abase of measured stable noble
gases from 23 fuel rods. With a databg m ts, k =2.36, assuming a
normal distribution a =21 degt 5 0 donts RAPCON-3.3 predicted a Kr-85
best-estimate integ : i 2 en the Kr-8%"95/95 upper tolerance gap
inventory (u + 2.36*0.028).

Nominal fuel d i s (excluding@@lerances) must be used.

Ac actor fuc ower historic diverge from reload core depletion calculations

b JSC O vnplas owns or power maneuvering. As a result, the rod power history or
m, entories must bound anticipated operation. Rod power histories

m is based on core operating limits report thermal-mechanical

rating limits or ragi@h falloff €@ es should be used. Any rod power history must be verifiable.

B-5.1 The@& the bounding gap inventories in Table B-1 used a segmented power
history and PWR limiting designs, whereby seven different power histories
were consi§ i h running at 90 percent of the bounding rod average power, with the
exception of yat the linear heat generation rate limit for approximately 9 to 10 GWd/MTU
burnup (rod aver#ge) at seven different burnup intervals.

B-6. A flatter axial power distribution (e.g., low value of Fz) spreads the power and promotes a higher
fission gas release along the fuel stack. A bounding axial power distribution should be used. Any
rod axial power profile must be verifiable.

Each fuel rod design (e.g. 3, part-length, full-length) must be evaluated.
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B-8.  Use the minimum acceptable number of radial and axial nodes as defined in ANS-5.4 along with

the methodology of summing the release for these nodes to determine the overall release from the
fuel to the fuel cladding gap.

The example calculation below illustrates the potential improvement in radiological source term
achievable by calculating less bounding gap fractions. In this example, the licensee elects to calculate gap
inventories based upon cycle-specific rod designs and power profiles. The resulting gap fractions are
significantly lower than the generic, bounding values in Table B-1.
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Table B-2. Fractal Scaling Factors for Short-Lived Nuclides

NUCLIDE NUREG/CR-7003, TABLE 1 FRACTAL
SCALING
FACTOR
Half-Life Decay Constants Alpha
Xe-133 5.243 days 1.53E-06 1.25 2.276
Xe-135 9.10 hours 2.12E-05 1.85 1.301
Xe-135m 15.3 months 7.55E-04 1.005
Xe-137 3.82 months 3.02E-03 0.328
Xe-138 14.1 months 8.19E-04 0.447
Xe-139 39.7 seconds 1.75E-02
Kr-85m 4.48 hours 4.30E-05
Kr-87 1.27 hours
Kr-88 2.84 hours
Kr-89 3.15 months
Kr-90 32.3 seconds
I-131 8.04 days
1-132 2.28 hours .
1-133 20.8 hours 1.439
1-134 52.6 months 0.900
1-135 6.57 hours 1.029

* The 1-132 alpha term accoun
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EXAMPLE CALCULATION
PWR GAP INVENTORIES BASED ON REALISTIC POWER HISTORIES

This example illustrates the potential improvement in the radiological source term from calculating
less-bounding gap fractions. For this example, the licensee elects to calculate gap inventories based on
cycle-specific rod designs and power profiles.

For this cycle, the licensee surveys the reload depletion and identifies the limiting fuel rod power histories
for long-lived stable isotopes and short-lived volatile isotopes. The licensee then makes adjustments to
account for power uncertainties and plant maneuvering. The figure below illustrates the limiting fuel rod
power history for the calculation of stable releases and volatile (R/B) ratios. The licensee has verified that
the full-length UO; fuel rod design is the most limiting.

As discussed in the analytical procedure, maximum stable releases occur at the end of life in fuel rods with
arelatively high power during their second cycle of operation. Maximum volatile (R/B) ratios occur near
the highest rod power at low to middle burnup. A high probability exists that the limiting fuel rod design
and power history identified for the fuel rod thermal-mechanical rod internal pressure analysis will
coincide with that for maximum stable releases. Similarly, the limiting fuel rod design and power history
identified for the fuel rod thermal-mechanical anticipated operational occurrence fuel centerline melt
analysis will coincide with that for maximum (R/B) ratios.
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EXAMPLE CALCULATION

PWR GAP INVENTORIES BASED ON REALISTIC POWER HISTORIES
(Continued)

In this example, the Heensee-used-the-FRAPCON-3.3 code with the ASN-5.4 release model is employed to
calculate the release fraction for stable nuclide Kr-85 and (R/B) ratios for volatile Kr-85m, Kr-87, and
Kr-88 at each depletion time step for the two limiting fuel rod power histories. The licensee followed the
analytical guidance in Regulatory Positions B3-1, BJ-2, and BJ-3 to make adjustments to calculate the
remaining nuclides. While this example employs the FRAPCON-3.3 code, licensees should use an NRC
approved fuel performance code with established modeling uncertainties.

Long-Lived Stable Release:

Kr-8595,'95 = [(FiSSiOl’l gas release)FRAPCON + (kG)FRAPCQN]

Power 1 =[(0.0614) + 2.36*0.028] =0.1275

Power 2 =[(0.0474) + 2.36*0.028] =0.1135

Cs-13495/95 = [(Fission gas release)pRApCON + (kG)FRAp('oN]

Power | =[(0.0614)(2.0)*% + 2.36%0.028] =0.1529

Power 2 =[(0.0474)(2.0)°% + 2.36%0.028] =0.1331

Short-Lived Volatile (R/B) Ratio:

KI-SSmgs/gs = [(Maximum Kr-85m IUB)FRAPC()N * 50]

Power 1 =[(0.0008) * 5.0] =0.0040

Power 2 =[(0.0013) * 5.0] =0.0065

KI‘—8795/95 = [(Maximum Kr—87 R/B)FRAPCON * 5.0]

Power 1 =1[(0.0004) * 5.0] =0.0020

Power 2 =[(0.0006) * 5.0] =0.0030

KI-8895/95 = [(Maximum Kr-88 R/B)FRAPCON * 50]

Power 1 =[(0.0006) * 5.0] =0.0030

Power 2 =1[(0.0009) * 5.0] =0.0045

XB—13395/95 = [(Maximum Kr—85m R/B)FRAPCON * 5.0 * (Fractal Scaling)Xe.m]
Power 1 =1[(0.0008) * 5.0 * 2.276] =0.0091

Power 2 =[(0.0013) * 5.0 * 2.276] =0.0148

Xe-13595/95 = [(Maximum Kr-85m R/B)grarcon *5.0%* (Fractal Scaling)x“gs]
Power 1 =[(0.0008) * 5.0 * 1.301] =0.0052

Power 2 =[(0.0013) * 5.0 * 1.301] =0.0085

1—13195/95 = [(Maximum Kr-85m R/B)FRAPCON * 5.0 * (Fractal Scaling)1.131]
Power 1 =[(0.0008) * 5.0 * 2.395] =0.0096

Power 2 =[(0.0013) * 5.0 * 2.395] =0.0156
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EXAMPLE CALCULATION
PWR GAP INVENTORIES BASED ON REALISTIC POWER HISTORIES

(Continued)
I-13295/05 = [(Maximum Kr-85m R/B)rrarcon * 5.0 * (Fractal Scaling)r.132]
Power 1 =1[(0.0008) * 5.0 * 2.702] =0.0108
Power 2 =[(0.0013) * 5.0 * 2.702] =0.0176
1—13395/95 = [(Maximum Kr-85m R/B)FRAPCON * 5.0 * (Fractal Scaling)l.m]
Power | =1[(0.0008) * 5.0 * 1.439] =0.0058
Power 2 =1[(0.0013) * 5.0 * 1.439] =0.0094
1-13495/95 =[(Maximum Kr-85m R/B)grarcon *5.0%* (Fractal Scaling)pm]
Power 1 =[(0.0008) * 5.0 * 0.900] =0.0036
Power 2 =1[(0.0013) * 5.0 * 0.900] =0.0059
1—13595/95 = [(Maximum Kr-85m R/B)FRAPCON * 5.0 * (Fractal Scaling)l.m]
Power 1 =1[(0.0008) * 5.0 * 1.029] =0.0041
Power 2 =[(0.0013) * 5.0 * 1.029] =0.0067

The cycle-specific fuel rod design and power history gap inventories are listed below along with the generic
bounding values from Table B-13 of this regulatory guide.

GROUP GAP INVENTORY
Bounding Cycle-Specific
1-131 0.08 0.02
1-132 0.09 0.02
Kr-85 0.38 0.13
Other Noble Gases 0.098 0.02
Other Halogens 0.05 0.01
Alkali Metals 0.50 0.16
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Appendix C

Fuel Rod Cladding Hydrogen Uptake Models

The purpose of this appendix is to provide acceptable fuel rod cladding hydrogen uptake models + - - ‘[Formatted: Indent: First line: 0.5" ]
for the current commercial zirconium alloys to aid in the implementation of the hydrogen-dependent
PCMI cladding failure threshold curves. These models also are acceptable for implementing other - - ‘{Formatted: Don't adjust space between Latin and Asian text,}
hydrogen-dependent fuel performance requirements, e.g., ECCS analytical liits on peak cladding Don't adjust space between Asian text and numbers

temperature and integral time-at-temperature (expressed as equivalent cla reacted calculated using
the Cathcart-Pawell correlation (CP-ECR)) as a function of pre-transie; ding hydrogen content. The
models provided in this appendix were originally documented in dr: 24 (Ref. 7).
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Corrosion rates and the amount of corrosion at fuel discharge vary widely across the PWR fleet <« - _ ‘[Formatte d: Indent: First line: 0.5"

(D N/

because of alloy composition, operating conditions, and residence time (i.e., effective full power days
EFPD). Fuel vendors have approved fuel performance analytical tools along with corrosion models. In
general, these corrosion models are capable of predicting a best-estimate corrosion thickness as a function
of EFPD and local operating conditions (fuel duty).

se of measured cladding
R empirical database does
bserved in BWR Zircaloy-2
ideration of the extent
wing upper bound

As described in Appendix A of Reference 7, the staff compiled a
hydrogen content for the current commercial PWR zirconium alloys.
not exhibit the same breakaway hydrogen uptake at higher fluence
data. However, the pickup fraction does appear to be alloy-speci
uncertainty, and variability of the supporting database, the st

pickup fractions:

Zircaloy-4 - 20% hydrogen abs - - ‘[Formatted: Indent: First line: 0.5"

ZIRLOw» - 25% hydrogen abs
Optimized ZIRLO™ - 25% hydrogen absorp
MSe - 15% hydrogen absorptio

These hydrogen pickup fractions best-estimate prediction of the - - ‘[Formatted: Indent: First line: 0.5"

peak oxide thickness using an approved fue el, to estimate the cladding

hydrogen content.

BWR Zircaloy-2 Claddi

ASTM specification (ASTM B351/B351M

{ and Cold-Finished Zirconium and Zirconium Alloy Bars, Rod, and ~ _ - {Formatted: Font: Italic
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An acceptable burnup-dependent BWR Zircaloy-2 hydrogen uptake model is provided below.

H=(47.8 exp[-1.3/(1+BU)] + 0.316BU) * 1.40 BU <50 GWd/MTU
H=(28.9 + exp[0.117(BU-20)]) * 1.40 BU > 50 GWd/MTU
Where:

H = total hydrogen, wppm

BU = local axial burnup, GWd/MTU - - ‘[Formatted: Indent: First line: 0.5"

777777777777777777 - ‘[Formatted: Font: Bold, Underline

A& e ‘[Formatted: Font: Bold, Underline

L J U

Formatted: Indent: First line: 0.5", Don't adjust space
between Latin and Asian text, Don't adjust space between
Asian text and numbers

respective limits on fuel rod burnup, corrosion, and residence models are not
applicable to fuel rods that experience oxide spallation.

The hydrogen models are applicable to currently approv alloys up to their - w
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