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MEMORANDUM TO: Samuel J. Collins, Director
Office of Nuclear Reactor Regulation

FROM: Ashok C. Thadani, Director ,. /
Office of Nuclear Regulator#r966

SUBJECT: RESEARCH INFORMATION LETTER 0202, REVISION OF
10 CFR 50.46 AND APPENDIX K

A significant amount of research has been performed since approval of the Emergency Core
Cooling System (ECCS) rule in 1973. This research has enabled an improvement in the
predictive capability and understanding of postulated accidents in nuclear power plants. In
general, this research demonstrated the existence of a large safety margin between the'
regulatory acceptance limits and expected plant behavior during a loss-of-coolant accident
(LOCA). As a result, 10 CFR 50.46, "Acceptance criteria for emergency core cooling systems
for light-water nuclear power reactors," was amended in 1988 to allow the optional use of
realistic physical models to analyze LOCAs. The basic 10 CFR 50.46 acceptance criteria were
not revised in the 1988 rulemaking change and only minor revisions were made to Appendix K.

Because the 10 CFR 50.46 acceptance criteria are applicable to specific cladding alloys and the
Appendix K models may contain some excessive conservatism, the staff in SECY-O1 -01 33 [11
recommended '(A) changes to the technical requirements of the current 10 CFR 50.46 related
to acceptance criteria and evaluation model(s) and (B) development of a voluntary risk-informed
alternative to reliability requirements In 10 CFR 50.46."

Reference I also identified several possible changes that might be made in Appendix K. These
were:

1. Implementing the 1994 ANS Decay Heat Standard.

2. Replacing the Baker-Just model for metal-water reaction with the Cathcart-Pawel model.

3. Deleting the requirement for steam cooling only for reflood rates of less than 1-inch per
second.

4. Deleting the prohibition on return to nucleate boiling during blowdown.

Efforts related to items I through 4 above that were discussed In Reference 1 have been
completed, and the purpose of this memorandum Is to inform you of the findings. Findings
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can be grouped into three areas; those that pertain to rulemaking and the 10 CFR 50.46
acceptance criteria, those that are related to rulemaking and a revised version of Appendix K,
and those that are related to non-conservatisms in the existing Appendix K. This third set of
findings can be pursued outside the rulemaking process of the first two areas.

Findings on 10 CFR 50 Acceptance Criteria for Rulemaking

First, It remains technically acceptable to retain all of the existing requirements in 10 CFR 50.46
and Appendix K in their present form as an option such that no model changes or reanalysis
would be required. Thus, the current requirements and methods of analysis would be
grandfathered.

Second, the peak cladding temperature limit and the maximum cladding oxidation limit in 10
CFR 50.46 could be replaced by a performance-based requirement that would be independent
of the particular zirconium-based cladding alloy being considered. In particular, this
performance-based approach could allow the deduced peak cladding temperature limit to be
above the current 2200 oF limit, provided that assurance of fuel rod Integrity throughout a LOCA
is demonstrated. The 1 percent total hydrogen generation requirement may be deleted, since
the combustible gas requirements are considered in 10 CFR 50.44, 'Standards for combustible
gas control system in light water-cooled power reactors.' The other two acceptance criteria,
Coolable Geometry and Long Term Cooling, are already performance-based and therefore
need not be revised.

These revisions should provide valuable increases In operating margins without reducing fuel
rod integrity due to a LOCA. Further, these revisions do not specify a particular zirconium-
based cladding material. They are generic, and apply to all zirconium-based alloys. Thus, it will
no longer be necessary to obtain an exemption In order to allow a new zirconium-based
cladding.

Findinos on Appendix K to 10 CFR 50 for Rulemaking

The technical efforts have shown that it is possible to replace correlations prescribed by
Appendix K with correlations that are significantly more accurate. In doing so, some
parameters are estimated more accurately, but this is accompanied by a reduction in overall
analysis conservatism as might be expected.

As known conservatism is removed from Appendix K, there is the possibility that overall results
produced by the revised Appendix K Evaluation Models might become non-conservative. Thus,
there must be a process to ensure that calculations based on a revised version of Appendix K
retain appropriate conservatism. This is consistent with the Commission Opinion for the original
ECCS rule and with the conclusions rendered in SECY-86-318 [2], the Commission paper that
ultimately resulted in the 1988 rule change. Provided that a process is established to ensure
overall conservatism, it would be technically justifiable to make the following revisions:

(1) Replace the 1971 ANS decay heat standard with the 1994 ANS decay heat standard In a
new optional Appendix K provided that there is an appropriate selection of user-specified values
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and a determination of decay heat uncertainty. It is recommended that Regulatory
Guide 1.157 [31 be updated to endorse the 1994 ANS Decay Heat Standard for use in a best
estimate analysis. Details concerning application of the 1994 standard are described in
Attachment 1.

(2) Replace the Baker-Just correlation with the Cathcart-Pawel correlation to account for heat
release from the chemical reaction of steam with zirconium-based cladding materials in a new
optional Appendix K. Regulatory Guide 1.157 could also be updated to endorse the Cathcart-
Pawel model for calculating metal-water reaction heat release for all zirconium-based cladding
alloys in a best estimate analysis. In all cases, an adjustment should be made to account for
the effect of enhanced oxidation at high pressures when analyzing small break LOCAs.
Calculation of cladding oxidation for comparison with the 17 percent limit should continue to be
made with the Baker-Just correlation because that correlation was used In establishing the
17 percent limit. Attachment 2 contains a discussion of these changes.

(3) Delete the requirement for only reflood steam cooling for reflood rates less than one inch
per second in a new, optional Appendix K. Attachment 3 discusses the basis for this change.

(4) Retain the prohibition on return to nucleate boiling during blowdown in a new, optional
Appendix K. Attachment 3 discusses the basis for this recommendation.

Additional Findings Relevant to Apgendix K Evaluation Models

The, staff, in SECY-0l 01 33 [1] also recommended that an assessrment of recognized
non-conservatisms associated with Appendix K be performed. Non-conservatisms are un-
modeled physical processes and simplifications now permitted under Appendix K that may
result In an underprediction of the peak cladding temperature or the maximum cladding
oxidation. Several non-conservatisms were identified as part of this effort. These include (a)
subcooled and saturated boiling in a downcomer annulus during the reflood phase of a LOCA
and the resulting void generation and phase separation, (b) downcomer entrainment and
inventory reduction due to steam bypass during reflood, and (c) fuel relocation following:
cladding swelling during a temperature transient. New Evaluation Models mmAing use of a
revised, optional Appendix K'should'conservatively account for these processes.

The need for retaining some conservatism In the Evaluation Model has become quite clear in
this recent work. As documented In Attachments 4 and 5, the suggested revisions and
non-conservatisms have a significant effect on analysis results. Hence, within the regulatory
framework, applicants making use of the new Appendix K should be required to ensure that the
results are sufficiently and demonstratively conservative, and that the Evaluation Models
appropriately account for non-conservatisms. Evaluation Models making use of the proposed
revisions should be considered new Evaluation Models subject to a technical review.

Finally, It is recommended that a new Regulatory Guide be written to provide guidance to
stakeholders on application of the 1994 ANS Decay Heat Standard and on a revised version of



He

Samuel J. Collins 4

Appendix K. The Regulatory Guide should discuss acceptable user selected inputs when using
the 1994 ANS Standard and determination of decay heat uncertainty, and provide guidance on
Evaluation Models using the new Appendix K. In addition, this Regulatory Guide should include
sufficient guidance to ensure that appropriate levels of conservatism remain. This Regulatory
Guide is expected to be useful to the industry as well as to the staff In making the review
process efficient.

Coordination

The findings discussed by this memorandum have been presented to the ACRS Subcommittees
on Materials and Metallurgy, Thermal-Hydraulic Phenomena, and Reliability & Probabilistic Risk
Assessment. Drafts of this memorandum and its attachments were reviewed by NRR and
ACRS, and their comments have been considered. Many of the findings were also discussed
with Interested stakeholders at a public meeting earlier this year,

Attachments: As stated

REFERENCES:

[1] SECY-01-0133, "Status Report on Study of Risk-informed Changes to the Technical
Requirements of 10 CFR Part 50 (Option 3) and Recommendations on Risk-Informed Changes
to 10 CFR 50.46 ECCS Acceptance Criteria," July 23, 2001.

[2J SECY-86-318, "Revision of the ECCS Rule Contained in Appendix K and Section 50.46 of 10
CFR Part 50," October 28, 1986

[3J USNRC Regulatory Guide 1. 157, "Best Estimate Calculation of Emergency Core Cooling
System Performance," May 1989.
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Introduction

The Office of Nuclear Regulatory Research (RES) has investigated several models and correla-
tions required by Appendix K of 10CFR 50.46 in support of Risk Informed Regulation. As part of
those efforts, the staff stated in SECY-01-0133 that potential non-conservatisms related to
Appendix K would be considered. aNon-conservatisms" refer to those physical processes and
modeling features that are not Appendix K requirements, and may result in lower peak cladding
temperatures (PCT) or equivalent clad reacted (ECR) than would be realistically expected in a
loss of coolant accident (LOCA). The staff is considering rulemaking revisions that would replace
the 1971 Decay Heat Standard by a more realistic decay heat standard. Other models,- Including
the Baker-Just correlation for metal-water heat release, steam cooling for reflood rate below 1-
inch per second, and the prohibition on return to nucleate boiling during blowdown are also being
considered for revision. In each of these cases, the revision will result In a reduction In the exist-
ing conservatism In Appendix K. Thus, the non-conservatisms assume greater importance In
Appendix K based Evaluation Models (EM) for LOCA analysis if not otherwise accounted for or if
the existing conservatism associated with Appendx K Is reduced.

RES has reviewed Information made available to the staff by vendors, produced as part of previ-
ous rulemakings, and obtained through several experimental research programs. Non-conser-
vatisms are discussed and recommendations and guidance are provided on how these non-
conservatisms should be incorporated into existing and future regulatory decisions concerning
revision of Appendix K and 10 CFR 50.46.

Sources of Non-Conservatisms

Non-conservatisms in Appendix V can be attributed to one of three different sources:

1. Thermal-hydraulic processes and fuel behavior that have been observed In experimental pro-
grams since 1973: Since the original rulemaking, many experimental programs have been con-
ducted to gain a better understanding of nuclear reactor thermal-hydraulics. With this improved
understanding, physical processes not recognized, or considered Important In 1973 are now
found to play an Important role in large and small break LOCAs.

2. Large code uncertainties: Uncertainties In predicting the PCT and ECR exist because of sim-
plifications that are made In representing some physical processes, nodalization and numerical
methods used by a computer code, and models and correlations that are applied outside of their
original database. Additional uncertainties exist due to variations In plant operating conditions.
Because of these uncertainties, there is the possibility that the IOCFR 50.46 limits can be
exceeded. This was a topic of concern described by the staff in 1986 in SECY-86-318, (revision
of the ECCS Rule Contained In Appendix K and Section 50.46 of 10 CFR Part 50) which recom-
mended that the Appendix K decay heat guidelines Opt be relaxed unless model uncertainties
were accounted for.

3. Specific models required by Appendix K may themselves be non-conservative. It is possible
that models specified by Appendix K are non-conservative for some applications. An example is
the Dougal-Rohsenow correlation for post critical heat flux heat transfer, which was found after
the original rulemaking to be over-predict heat transfer. This was corrected as part of the 1988
rulemaking. There are numerous other models specified by Appendix K for use In LOCA analy-
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sis. Few have been sufficiently assessed so that their assumed conservatism for LOCA thermal-
hydraulic conditions has been quantified. Currently, none of the Appendix K specified models are
suspected as being non-conservative. It should be noted however, that very few of the models
and correlations specified by Appendix K have been rigorously assessed so as to demonstrate
conservatism.

The recent RES review of 10 CFR50.46 and Appendix K concludes that there are three major
issues that require careful consideration as Appendix K conservatisms are removed as part of
new rulemaking. These are downcomer hydraulics, fuel relocation, and the overall uncertainty
associated with LOCA Evaluation Models. A discussion on each Issue follows.

A. Downcomer Hydraulics

Downcomer hydraulics refers to two processes that were not anticipated In the original 1973
Rulemaking, nor recognized at the time of the 1988 Appendix K revision. The first process is
downcomer boiling, which are the processes of subcooled and saturated boiling that may occur
as fluid In the downcomer Is brought to saturation by heat released by the core barrel, reactor
vessel walls, and lower plenum metal. The second process is reflood downcomer bypass, which
refers to the entrainment and carry-over of downcomer fluid to the break by steam that flows cir-
cumferentiaily around the downcomer from the Intact cold legs. During the Initial part of reflood,
the downcornerwater level Is at an elevation near the bottom of the cold legs. Thus, high velocity
steam entraining droplets from this stratified Interface will occur; decreasing the downcomer
level. Both of these processes are relatively "new". That is, the neither process was recognized
as potential non-conservatisms until the early I 990's. Their effects can, be observed in experl-
mental data as well as in recent calculations with realistic thermal-hydraulic codes.

Downcomer Boilli:r,

The issue of downcorner boiling was first reported to the staff by Westinghouse through a series
of meetings and exchange of Information (1-33. Large break LOCA calculations performed using
a realistic thermal-hydraulics code showed that a second reflood clad temperature rise and the
PCT frequently occurred after downcomer boiling took place. This secondary reflood tempera-
ture rise was attributed to a loss In gravitational head In the downcomer due to the voids that
were generated when boiling. began. This loss in head significantly reduced the flooding rate, and
allowed a prolonged secondary heatup to take place. Evaluation Models based on Appendix K
do not necessarily capture this phenomenon, since modeling of the downcomer and subcooled
boiling may be overly simplified In those types of codes.

It Is Instructive to note the reasons why downcomer boiling has only recently been, observed and
become a concern In large break LOCA analysis. Stored heat In thick metal structures Is
released slowly due to the thickness of the structures, and wall-to-fluld convective heat transfer
coefficients. In a short reflood transient, one In which the core Is quickly quenched, the down-
comer fluid may not have sufficient time to reach Its saturation temperature. As plants uprate in
power however, large break transients necessarily become longer due to the increased decay
heat that must be removed. This allows sufficient time for the fluid temperature to increase to sat-
uration and boiling in the downcomer begins while the core still has considerable energy. Thus,
the downcomer boiling process is dependent on the length of the transient. For long transients,
boiling and voiding In the lower plenum during reflood may also become Important.
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Examples of downcomer boiling and their impact of large break LOCA calculations using Best
Estimate thermal-hydraulic codes are available in the public domain. Reference [4] documents a
calculation for a 4-loop Westinghouse PWR where downcomer boiling initiates a secondary
reflood temperature excursion and an increase in the peak cladding temperature of roughly 222
K (400 F). Similar impacts can be seen for a CEiABB System 80+ unit in References 15] and [6].
An important point, is that prediction of downcomer boiling is not restricted to one particular ther-
mal-hydraulic code, nor any one particular type of PWR.

Experimental verification of downcomer boiling is limited. There are few tests that show an effect
of downcomer boiling on reflooding rate or peak cladding temperature. This Is because most
reflood test facilities have been designed for low pressure operation and the Initial stored metal
heat In the test facilities Is much less than that in a full scale PWR. As a result, downcomer metal
heat Is non-conservatively scaled in mostfcilities, and the effect on reflood rate or PCT Is not
observed in the tests. In the few facilities with sufficient downcomer metal heat, an increase In
cladding temperatures and reduction In reflood rate Is apparent Reference [7 provides a sum-
mary of downcomer boiling observed In experimental tests, and. associated scaling Issues.

Currently, there are no specific criteria in Appendix K that require downcomer boiling to be
Included as part of an Evaluation Model for loss of coolant accident analysis. Section A, Item 6 of
Appendix K requires only that metal heat be accounted for. It does not provide guidance on the
level of detail necessary to model subdooled and saturated boiling in a downcomer, and thus
potentially allows an inaccurate and non-conservative modeling of these complex processes.

Reflood Downcomer Bypass

Emergency core cooling (ECC) bypass refers to process by which water in the downcomer is
swept around the annulus to the broken loop. Typically, this process Is of concern during the
blowdown and refill periods of a la.ge break LOCA, when steam velocities are high and In coun-
terflow to the ECC In the downcorner. During the reflood period ECC bypass has also been found
to occur, although the physical processes involved are different than those in the blowdown and
refill periods. Reflood downcomer bypass refers to the entrainment and sweep out of water from
the top of the downcomer. The water Is entrained by steam flowing from the intact loops across
the top of the downcomer liquid. ECC liquid Injected to the Intact cold legs may also become
entrained in the steam, but can also condense part of the steam flow reducing Its effectiveness to
entrain flow in the downcomer.

Experimental verification of reflood bypass can be seen In the results of UPTF Tests 2 and 25,
and CCTF Tests C24 and C2-9. These tests showed a strong relation between downcomer
water level and ECC entrainment. High rates of entrainment and ECC bypass during reflood
were observed when the water level In the downcomer approached the bottom of the cold legs.
The tests also confirmed significant core - downcomer level oscillations, which helped contribute
to ECC bypass. The entrainment of downcomer water reduces the driving head for core reflood,
similar to the downcomer boiling effect. The effect of reflood downcomer bypass was concluded
to be non-conservative in Reference 8, although the Impact on PCT was not expected to be
large. In a later study [9] however, It was concluded that the UPTF and CCTF experimental tests
under predicted the effect in a PWR, and thus a larger increase In PCT due to reflood down-
comer bypass was possible. Therefore, reflood downcomer bypass is considered a non-conser-
vatism not appropriately accounted for in Appendix K.
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B. Fuel Relocation

-Fuel relOcation refeds to the movement offuel pellet fragments Into regions of the fuel rod where
the claddirg has-ballooned during a LOCA transient This relocation of fuel causes a local
'Increase in the lnear power density (kW/ft) In the ballooned reglon.and higher cladding tempera-
turnes ompared to cases where the fuel does not relocate. The fuel relocation Issue has been
previously considered by the staff as Generic Issue 92 (GI-92), "Fuet Crumbling During LOCA."

Several experimental Investigations using Irradiated fuel rods have documented the existence of
fuel relocation under LOCA conditions. These Include the PBF-LOC tests (10, 11] ifn the U.S., the
FR2 tests [12] In Germany, and'the FLASH5 [13] test In France. In each of these tests, fuel relo-
cation occurred with pellet fragments from upper locations falling Into the ballooned region of
burst cladding. As reported in recent work by IPSN [14], the fuel relocation phenomenon is not
restricted to high bumup fuel, as some data Indicated fuel relocation could occur at burnups as
low as 48 GWdlt.

The original resolution to GI-92 [151 concluded that fuel relocation was a non-conservatism not
appropriately accounted for by Appendix K, but that the estimated effect on large break LOCA
peak cladding temperature of +46 F was bounded by other analysis conservatisms [161. The
Issue of fuel relocation during a LOCA however, remains a toptic of concemi'n Europe, and test
programs In both the U. S. and abroad are attempting to obtain new experimental data to quantify
the effect. More-recent information however [14, 17] suggests that the fuel relocation effect on
PCT may be significantly larger than that assumed. In 01-92. Fuel relocation during LOCA there-
fore, should be considered an Appendix K non-rconservatism with at least a +46 F Impact on PCT.
until new data is available to help quantify the effect.

Currently, the Office of Nuclear Regulatory Research Is pursuing resolution of the Issue through
participation in an experimental program to be conducted In the 2003-2004 tirefrarne. Because
the Issue is old, and the experimental results sould be available In the near future, GI-92 has not
been re-prioritized. With the new experimental information, it should be possible to better quan-

* tify the effect of fuel relocation.

C. Code and Evaluation Model Uncertainty

The purpose of determining the uncertainties associated with a safety analysis Is to provide
assurance that for a postulated accident the applicable limits specified by 50.46(b) are not
exceeded. In developing the original ECCS rule, it was clear that uncertainties and the retention
of sufficient conservatism in the rule were considered important. As quoted from the Commis-
sion Opinion [18] on the ECCS Rule (12/28173),

7he Commission realizes that the knowledge in regard to a number of facets of the analysis of a
loss of coolant accident Is imprecise; ft Is party for this reason that there Is an on-going Water
Reactor Research Program. The Commission Is confident, however, that the criteria and evalua-
tion models set forth here are more than sufficient to compensate for remaining uncedtainties In
the models orin the data.

Continuing research and development will provide a more extensive data base for such items as
heat transfer coefficients during blowdown and spray and reflood cooling, oxidation rates for zir-
conium, fission product decay.heat, steam-coolant Interaction, oscillatory reflood flows, fuel den-
sification, pump modeling and flow blockage. Wth the additional data it may become practical to
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assign a statistically meaningful measure of precision to the calculation. It is probable that, with a
- better data base, some relaxation can be made In some of the required features of the evaluation

models. However, the Commission believes that any future relaxation of te regulations should
retain a margin of safety above and beyond allowances for statistical error."

While the Commission Opinion Is primarily concerned with sufficient conservatism, it Is clear that
the Commission's intent was to bound the statistical error' associated with the analysis meth-
ods. This was also a main concern of the staff in SECY-86-318 [19J, which recommended that
the Appendix K decay heat guidelines JQt be revised unless model uncertainties were accounted
for.

Appendix K to 10 CFR SO currently Includes requirements such as the use of the ANS 1971
Decay Heat Standard for decay heat plus 20 percent, use of the Moody break flow model,
assumption of the worst single failure, etc. In addition, Appendix K Identifies other analysis mod-
els such as use of the modified Baroczy correlation for two-phase pressure friction multipliers, as
"acceptable.3 There Is no assurance that the models identified as acceptable In Appendix K are
necessarily conservative for all of the plant designs or accident scenarios to which they may be
applied. The selection and Implementation of these acceptable models and correlations, along
with other unspecified models, are determined by the applicant As noted In Reference 20, the
models and correlations contained In thermal-hydraulic codes for LOCA have numerous simplify-
ing assumptions and questionable assumptions in their Implementation. Thus, there Is no guar-
antee that the models Identified as acceptable in Appendix K have sufficient conservatism to
compensate for recognized or unanticipated non-conservatisms such as downcomer boiling or
fuel relocation If the 1971 ANS Decay Heat Standard were replaced with a more realistic esti-
mate of decay heat

It is useful to make a distinction between "code uncertainty," and "overall calculational uncer-
tainty." The code uncertainty refers to the limit of accuracy that a thermal-hydraulic comouter
code can calculate the value of a specific'parameter such as the peak cladding temperacL.z
(PCT) or the equivalent cladding reacted (ECR) given a set of initial and boundary conditions.
The code uncertainty Is due to performance of the models and correlations that are part of the
thermal-hydraulic computer code, In addition to uncertainties associated with numerical methods.
The overall calculational uncertainty represents the sum total of the code uncertainty plus other'
sources of uncertainty that may affect the results. These include factors such as the fuel behav-
ior, power distribution,' break size and location, equipment availability, pump and valve perfor-
mance, and plant initial temperature distribution. It also Includes uncertainty associated with the
experimental data used In the code assessment process. When possible, these uncertainty
sources are often conservatively bounded In a safety analysis. The "statistical error discussed in
the Commission Opinion is Interpreted to be the "overall calculatlonal'uncertalnty* in this attach-
ment.

Since the 1988 rulemaking change, new Information has been made available to the staff con-
ceming both code and overall calculational uncertaintles. First, three different vendors have pre-
sented to the staff statistically based methodologies using Best Estimate thermal-hydraulic
codes.In each case, the uncertainties derived by comparing the predicted 95th percentile PCT to
the 50th percentile PCT exceeds 300 F 121, 22, 23]. These relatively large values are due to the
numerous models and correlations that are incorporated into a thermal-hydraulic code, and to
the uncertainties associated with those Individual models. It Is important to realize that while
Appendix K is prescriptive, there are many models and correlations that are "ad hoce and have
relatively poor agreement with experimental data, or are overly simplified. As noted by the ACRS
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[20J, "The science of multiphase flow and heat transferhas not'reached a point where predictions
can be made soley from a basis of secure fundamentals (as they can for many viscous single-
phase flows, for example). Codes have evolved as an elaborate tapestry of interwoven woridng
assumptions and approximate equations and correlations that have proved to be useful. Longev-
fty of these engineering methods Is no assurance of maturity, nor does it guarantee tMat the
codes needno fartherdevelopment andimprovementas new questions arse."

The staff has performed its own calculations usitg a recent version of RELAP to Investigate code
stability and uncertainty. Of particular Interest Is the effect of the exponentially Increasing heat
generation rate due the metal-water reaction no matter what model was used. For example, In
one case using the Cathcart-Pawel correlation, a peak cladding temperature of 25500F at an ini-
tial power of 1.0665 times the nominal power was obtained. When the power was Increased In
the fourth decimal place to 1.0670, the cladding temperature Increased to the melting tempera-
hure. This Is very typical behavior for all Codes and shows the Importance of predicting'a peak
cladding temperature with a high degree of confidence.

An Appendix K based Evaluation Model can be expected to have anroverall calculational uncer-
tainty at least as large as those reported to the staff using realistic codes, since the thermal-
hydraulic codes used In such EMs are significantly less sophisticated. The magnitude of realistic '
code uncertainty is approximately equal to the reduction ih PCT expected if the decay heat were
reduced In a large break LOCA calculation [243. Thus, the 1971 ANS Decay Heat Standard cur-
rently compensates for other models that have a high uncertainty. With a reduction in Appendix K
conservatism by replacing conservative models with more realistic ones, there is the possibility
that the revised Appendix K would produce lower peak cladding temperatures than a best esti-
mate thermal-hydraulics code for the same set of boundary and Initial conditions. Indeed, the
staff has already been presented with information showing that an Appendix K Evaluation Model
with a realistic estimate of decay heat predicts lower clad temperatures than a nominal best esti-
mate calculation without unc.artainty !25J. This is a clear demonstration that Appendix K Evo!:a-
tion Models have significant inaccuracies, and that conservatism In the 1971 decay heat
standard compensates for other code shortcomings.

Second, the development of the Code, Scaling, Uncertainty, and Applicability (CSAU) [263 meth-
odology concluded that both code and overall uncertainties vary In magnitude as a function of
time. It was demonstrated that uncertainties propagate from Initiation to the end of the transient.
Uncertainties that are small for one scenario, may become very large In a different scenario or If
the transient length becomes significant. The Implication of this is Important, as the staff consid-
ers power uprates and small break LOCA analysis. As plants uprate In power, transients can
become longer due to the higher rate of decay heat. In a small LOCA, transients can be several
thousands of seconds in duration even at current power levels. This leads to the possibility that'
models and correlations with small uncertainties can have a very large effect on PCT for a long
transient when this uncertainty Is propagated. Thus, a simple estimate of code uncertainty is not
appropriate, and can be non-conservative if applied without regard to transient length.

Therefore, as Appendix K based Evaluation Models are made more realistic by replacing
selected models and correlations, it Is important to determine the overall uncertainty and incorpo-
rate the uncertainties so that they are functions of time.
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D. Conclusions and Recommendations

A significant amount of research has been performed since approval of the original ECCS rule.
This research enables significant improvement In the predictive capability of hypothesized acci-
dents in nuclear power plants. In several cases, it Is now possible to replace correlations pre-
scribed by Appendix K with correlations that are significantly more accurate. In doing so, the
estimate of critical parameters such as peak cladding temperature and equivalent dad reacted
becomes more accurate, but this is accompanied by a loss of analysis conservatism.

This is particularly important if the requirements to use the ANS 1971 Decay Heat Standard and
the Baker-Just correlation for metal-water reaction are replaced with the ANS 1994 Decay Heat
Standard and the Cathcart-Pawel correlations respectively. The 1971 Decay Heat Standard is:
generally considered to be sufficiently conservative such that It compensates for model inaccura-
cies and known non conservatisms. The proposed revision of other conservative model features,
such as the steam cooling requirement for flooding rates below one inch per second and the pro-
hibition on return to nucleate boiling during blowdown would further reduce conservatism in mod-
els that apply Appendix K

However, as known conservatisms are removed from Appendix K, there is the possibility that
results produced by Appendix K based Evaluation Models will become non-conservative. There
must be clear assurance that caiculations based on a revised version of Appendix K retain an
appropriate level of conservatism. This Is consistent with the Commission Opinion for the original
ECCS rule and with the conclusions rendered In SECY-86-318. Evaluation Models using a
revised version of Appendix K should:

(1) Account for the effects of downcomer boiling, and ECC bypass during the reflood phase. The
Evaluation Models should be capable of calculating subcooled and saturated boiling In a down-
comer annulus for conditions expected during reflood, ._a bnould be capable of calculating the
resulting void generation and phase separation.

(2) Account for the reduction in downcomer inventory during reflood due to steam bypass. The
Evaluation Model should be capable of determining the rate of entrainment as a function of
downcomer level.

(3) Account for the effects of fuel relocation following cladding swell during an accident. The
Evwluation Model should account for the local increase In power and increase In fuel - clad con-
ductance in the relocation zone.

(4) Require that when the calculated ECCS cooling performance is compared to the acceptance
criteria set forth In either an existing or revised version of 10 CFR 50.46, there is a high level of
probability that the criteria would not be exceeded. This statement should require that any Evalu-
afion Model making use of the new Appendix K provide reasonable assurance that the results
produced by it are sufficientiy and demonstratively conservative.

One option that the staff has used In the past to verify conservatism in an Evaluation Model is by
quantifying the code and overall uncertainty. Uncertainties that have been identified as Important
include those from the code constituent models and correlations, models describing fuel behav-
ior, plant initial and boundary conditions, and component performance during a hypothesized
accident. Text that would require this, and has been used by the staff to address the concerns
related to item (4) above Is:
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'Comparisons to applicable experimental data must be made and uncertainties in the analysis
method and Inputs must be identified and assessed so that the uncertainty In the calculated
results can be estimated. This uncertainty must be accounted for, so that, when the calculated

- ECCS cooling performance Is compared to the criteria set forth in paragraph (b) of 10 CFR
50.46, there Is a high level of probability that the criteria would not be exceeded."

'The staff has previously provided guidance that allows the use of realistic models in a LOCA
analysis. An interim approach was discussed in SECY-83-472 [27], and Regulatory Guide 1.157
[28] provided guidance on full Best Estimate calculations of core cooling system performrance.
Both documents discuss estimation of code uncertainties and other features required of codes
using a realistic model for decay heat. The guidance on code and overall uncertainties contained
In these documents could be applied in reviews of Evaluation Models and analyses that make
use of any of the Appendix K revisions proposed by SECY-01-01 33.
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Introduction

An important consideration with regards to the revisions proposed by Reference 1, is the effect
they may have on Evaluation Model results. This section documents the results of several sensi-
tivily studies and estimation of the impact of these model changes and non-conservaffvisms. The
information was derived from several sources including staff assessments, contractor studies,
and reports obtained from vendors and the public literature.

The effect of proposed changes can be significantly different depending on break size. There-
fore, two tables are provided; one for large break LOCA and another for small break LOCA.
Because the large break LOCA analysis frequently limits core power, more work has been per-
formed to Investigate the effects of various parameters for that scenario.

Large Break LOCA

Table I lists the sensitivity estimates for large break LOCk For large break, the effect on PCT
of decreasing decay heat In the analysis by replacing the 1971 ANS Decay Heat Standard with a
more realistic estimate has been found to be worth several hundred degrees F. Existing studies
have used the 1979 ANS Standard, which is more conservative than the proposed 1994 ANS
Decay Heat Standard. Thus, it is reasonable to expect that analyses performed with the 1971
ANS Standard replaced with the 1994 Standard will result in a large break PCT reduction of
nearly 500 OF. (While highly plant dependent, this amount of LOCA margin would allow plant
power upratings of 10 to 20%.)

The effect of replacing the Baker-Just correlation with the Cathcart-Pawel correlation for heat
release due to clad-steam chemical reaction has been es::Tiated to be less than 100 OF. The esti-
mates assume that the clad temperatures are sufficiently high such that the metal-water reaction
rate is important in the calculation (Tclad > 1900 'F). Thus, for plants where the peak clad temper-
atures remain low either due to decay heat model reduction or behavior of the plant itself, the
effect of replacing Baker-Just with Cathcart-Pawel is negligible.

Three studies are cited in the table as providing a rough estimate of the non-conservatism asso-
ciated with neglecting downconer boiling. The Westinghouse estimate of +400 OF is the differ-
ence between the first and second reflood PCTs for a typical 4-loop PWR. The second PCT is
the direct result of the downcomer boiling and would not ha' . occurred if the process had been
neglected in the Evaluation Model. The +700 OF estimate frrm the RELAP simulation is consid-
ered to be high due to excessively high interfacial drag calculated by that code. Together how-
ever, the two estimates suggest that the downcomer boiling effect is significant and may offset
any benefit obtained by a redLct;on i; decay heat.

The effect of fuel relocation is highly variable. In the earliest investigation available (by EG&G),
experimental results were used to determine the +46 OF Increase in PCT. This was used In the
initial resolution of Generic Safety Issue 92 (Fuel Crumbling During LOCA). More recent work
performed in France [9] however suggests the effect to be significantly larger and a strong func-
ti.mn of the packing fraction that cccur - when the fuel relocates. It it likely that new test data will
be needed to fully resolve the issue.
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There are several estimates of code uncertainty. In these estimates, realistic codes were used,
which are considered to be significantly more accurate than Appendix K based Evaluation Mod-
els. From Reference 10 an estimate can be made of the code uncertainty by comparng the 95th
and 50th percentile estimates of the PCT. For the case examined it was +340 "F. It is important
to note however that the uncertainty based on a difference between a 99th (or 100th) and 50th
percentile PCT is significantly larger. Since an Appendix K calculation Is intended to bound all
possible conditions, then the uncertainly based on the 99th and 50th percentile PCTs is more
appropriate for an Appendix K code. In this case, the code uncertainty would be much larger than
+340 "F.

The other estimates of code uncertainty [11, 12, 131 are similar to that in Reference 10. In some
cases, the exact value is not listed in Table 1 in order to Insure that proprietary Information is not
disclosed in this document. The precise values can be obtained in the References cited. The
important point is that the magnitude of the uncertainties are large, and are comparable to the
reduction in PCT obtained by decay heat relaxation. Thus, the "excess' conservatism in the 1971
ANS Decay Heat Standard is seen to compensate for code deficiencies.
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Table 1: Large Break LOCA ,PCT Estimates

Process APCT Basis/Comments

Decay Heat -260 to Recent Westinghouse estimate based on App. K EM calcula-
450 0F tions 12]. ANS 1971 + 1.20 replaced with ANS 1979 + 2a. Cal-

culations performed using BASH-EM.

Decay Heat 372 0F NRC contractor RELAP calculations for CE 2700 MWt (Mlil-
stone 2) plant [3]. ANS 1971 + 1.20 replaced with ANS 1979 +
2a.

Decay Heat -460 OF 1984 Westinghouse study on Appendix K relaxation [43.

Metal Water -45 to -55 Recent Westinghouse estimate assuming the Baker-Just corre-
Reaction f: latiorn is replaced with Cathcart-Pawel for metal-water reaction

heat 12]. Calculations performed using BASH-EM.

Metal Water - 75 ° NRC contractor RELAP calculations with Baker-Just replaced
Reaction by Cathcart-Pawel [3J.

Metal Water -65 'F 1984 Westinghouse stuoy on Appendix K relaxation [4].
Reaction

Downcomer +400 OF Westinghouse estimate from Best Estimate EM calculations for
Boiling W 4-loop PWR [51.

Downcomer +810 OF NRC contractor calculations using RELAP5 for a CE System
Boiling 80+ (3800 MWt) un:it (6].

Downcomer +63 OF Estimate based on WCOBRA/TRAC calculations for an uprated
Boiling + CE System 80+ unit [7]. Both downcomer boiling and ECC
Reflood bypass during reflood were found to be Important and contrib-
Bypass ute to increases in PCT. i

Fuel Reloca- +46 'F EG&G estimate based on experimental tests in PBF (Power
tion BUrst Facility) to address Generic Safety Issue (GSI) 92 [8].

FFuel Reloca- +313 RF C suLI reported In technical paper by IPSN [9] using
ion CAThi;A:E for a Framatome PWR (similar to a Westinghouse 3-

loop PlrWR). A burst zone 70% filling fraction assumed.

Code Uncer- +340 OF' ' AP AT between 95th and 50th percentile uncertainty in a W
tainty 4 Aop F yR for WCOBRAITRAC calculation [10].

N

Code Uncer-
laint-y

+300 OF Difference between the 95th and 50th percentile PCTs for a
.A'zstYnt. i- use RESAR-3S plant using TRAC-PFIIMOD1 [113.

Code Uncer- > +275 J
tainty

;- amete-me ANP large break code uncertainty using realistic
-s:--sio - 'RELAP [121

. .

Code Uncer-
t3inty

> +400 'F C i' cod.e uncertainty using SAFER/GESTER [13]

. _
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